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SUMMARY 

Allelopathy, the chemical interaction between plants, can influence plant community 

structure. Allelochemical compounds can be distributed to the environment in different 

ways, with root exudation very important among them. This thesis reports research to 

examine the allelopathic potential of lucerne (Medicago sativa L.) on other pasture 

species growing in association.  

The Equal Compartment Agar Method (ECAM) was used to evaluate lucerne 

seedling allelopathy on annual ryegrass ( Lolium rigidum)  from a collection of 40 

lucerne genotypes. Significant differences were found among lucerne genotypes as  

measured by an inhibition index which ranged from 3.5% to 45.5% inhibition of 

annual ryegrass root growth relative to the control. Lucerne genotypes were classified 

from strong (eg. cv. Sardi 5) to weak (eg. cv. SARDI 7 Series 2) in respect of their 

impact on annual ryegrass root growth. Annual ryegrass seed germination was also 

reduced in the presence of strong allelopathic lucerne cultivars. A preliminary analysis 

of the chemical basis of lucerne allelopathy was undertaken using a metabolomics 

approach. The sensitive QTOF-MS technique was employed to identify root 

allelochemicals produced by the extreme and moderate allelopathic lucerne genotypes 

identified in the laboratory experiments. Chemical analysis of root extracts and root 

exudates of each genotype was conducted on 14 day-old-seedlings. A total of 1879 and 

1895 mass signals were recorded in the root tissue and exudates of the lucerne 

genotypes respectively. Distributions of total metabolites differed between the 

genotypes. 2-Oxoadipate and 2-hydroxyphenylacetic acid and 2'-deoxyuridine 5'-

mono-phosphate were found only in the root exudates of weakly allelopathic 

genotypes Titan9 and SARDI 7 Series 2 respectively.  These may play a role as 

buffering agents in weakly allelopathic lucerne genotypes against annual ryegrass. 

These findings suggest a genetic basis for allelopathic capability between lucerne 
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genotypes. 

The effects of annual ryegrass (ARG) root exudates on lucerne growth and 

nodulation in laboratory and glasshouse experiments were also investigated. Lucerne 

genotypes showed a range of sensitivities to annual ryegrass root exudates. In the 

laboratory, at the highest density of annual ryegrass, 30 seedlings per beaker, lucerne 

root inhibition was lower for Sardi 5 and L70 , and higher for Cropper 9.5, Haymaster7, 

Force 10, Genesis, WL 925HQ, Titan9 and Stamina GT6. At this density, annual 

ryegrass reduced root growth of Sardi 5 and L70  to 31%and 30%  of their respective 

controls; whereas Cropper 9.5, Haymaster7, Force 10, Genesis, WL 925HQ, Titan9 and 

Stamina GT6 root length was restricted to 14 - 18% of their control. The presence of 

ryegrass also reduced nodule numbers of lucerne genotypes in both laboratory and 

glasshouse conditions.      

Allelopathic interference between lucerne genotypes and annual pasture legumes 

[subterranean clover (Trifolium subterraneum) Leura and Riverina, biserrula (Biserrula 

pelecinus) and French serradella (Ornithopus sativus)] was assessed, the effects varying 

depending on the donor and receiver plant species. Among the 10 lucerne genotypes 

chosen for the experiment, two genotypes, L70 and L56 stimulated Riverina and Leura 

subterranean clover root length; L70 increased Riverina and Leura root lengths by 40% 

and 30% respectively. The other lucerne genotypes inhibited root lengths of all four 

annual legumes. The genotype Cropper 9.5 produced the stronger inhibition to the root 

length of annual legumes compared with Haymaster7 and sardi 5, with Riverina 

subterranean clover and Margurita showing the largest reduction of 24% and Leura the 

least with 14% reduction compared with their control.  Root exudates of all four annual 

legumes inhibited root length of five lucerne genotypes by at least 49%. L70 was the 

most tolerant genotype to the allelopathic effects of root exudates of annual legumes. 
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Other growth parameters of annual legumes and lucerne genotypes were also affected 

depending on the combination of the donor and the receiver species. 

 The effects of ARG and legume (lucerne and subterranean clover) mixed 

combinations were examined. At the density of 20 seedlings /beaker, lucerne genotypes, 

L56 and L70 increased subterranean clover (cv. Riverina) root length by 59% and 48%   

respectively; whereas ryegrass root length was decreased by 44% and 39% by SARDI 

Five and Titan9 respectively under laboratory conditions. In glasshouse conditions, the 

performance of the middle species in mixed culture of ARG and legume was compared 

with its respective control grown alone for above ground parameters. Of the six 

combinations, L70-ARG-Riverina and SAR5-ARG-Riverina produced the largest 

annual ryegrass leaf area, leaf dry weight and shoot dry weight compared with annual 

ryegrass monoculture. The legume in the mixed pastures developed fewer nodules than 

when grown alone.  

It is concluded that substantial genetic variability exists in lucerne genotypes in 

respect of allelopathic capability. The extent to which allelopathy influences total 

sward production will also depend on the associated pasture species and their 

allelopathic capabilities. More research is needed to understand the chemical basis and 

genetic control of these allelopathic capabilities. 
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Chapter 1 General Introduction 

 

 

 

This chapter provides information on the origin, distribution and the importance 

of lucerne; lucerne in Australia; and importance of allelopathy. The research aims and 

objectives are defined here. 

  



2 
 

Chapter 1 General Introduction 

Origin and distribution 

Lucerne (Medicago sativa L.), or alfalfa, is the oldest known cultivated forage plant, 

with historical records of its use dating to 1300 BC in Turkey and 800 BC in Babylonia 

(Hendry 1923). Its value as a forage was easily recognised by the Romans 2000 years 

ago and during the period of the Roman Empire, lucerne was deliberately established in 

all of their provinces (Ahlgren 1949). From its centre of origin in the Caucasus, north-

western Iran, and north-eastern Turkey, it spread first throughout Europe and Asia and 

then finally into the Americas and Australasia (Bouton 2012) . 

Lucerne belongs to the Medicago sativa complex, which includes diploid and 

tetraploid forms of M. sativa ssp. sativa, M. sativa ssp. falcata, and M. sativa ssp. 

glutinosa (Lesins and Gillies 1972). Cultivated lucerne is always autotetraploid (2n = 4x 

= 32) and mainly allogamous. It is distinguished from diploid forms by the larger size of 

its flowers, pods and seeds (Lesins 1970). 

Due to its rich and variable genetic base, lucerne has good adaptability to different 

environment conditions and has a wide area of production. Currently it is cultivated in 

more than 80 countries in every continent except Antarctica with an area under 

cultivation exceeding 35 million ha. It can grow between 55° northern and 50° southern 

latitude, and up to 2500 m above sea level (Ivanov 1988).  

Importance of lucerne 

Lucerne is often known as the ‘king of forages’. Some important specific characteristics 

of cultivated lucerne, which enhance its position as one of the most widely used forage 

crops, are described: 

 It is highly prized as a superior feed for dairy and beef cattle since it is quickly 

digested, high in cell solutes, and low in cell wall and neutral detergent fibres 
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(Conrad and Klopfenstein 1988). Lucerne can be fed fresh as pasture and 

greenchop, preserved as hay and silage, or as dehydrated meal, pellets and 

cubes.    

 Lucerne is an excellent source of high quality protein (Bouton 2001), a 

characteristic particularly important to dairy and beef cattle as well as other 

livestock including swine (Sus spp.), poultry (Gallus spp.), sheep (Ovis spp.) and 

horses (Equus spp.) (Van keuren and Matches 1988). It is also an excellent 

source of calcium, magnesium, phosphorus, carotene and vitamin D. 

 It is well known for its ability to improve soil structure and as a legume, is an 

effective source of biological nitrogen (Bouton 2001). In addition, new uses of 

lucerne include sprouts for salads, nutritional supplements for human diets, a 

bioenergy feedstock, a bioremediation system for removal of harmful nitrates, a 

source of pulp for paper manufacturing, and a ‘factory’ for production of 

industrial enzymes (Bouton 1996).  

Lucerne in Australia 

In Australia, lucerne was  introduced soon after  European settlement in the late 18th 

Century (McMaster and Walker 1970). Up to mid-1970s, the lucerne cultivar, Hunter 

River, was the predominant cultivar grown in Australia, occupying over 95% of the 

total lucerne area (Cameron 1973). The invasion of lucerne aphids into Australia in 

1977 necessitated the introduction and breeding of cultivars with multiple pest 

resistances and adaptation to the Australian environment (Clements et al. 1984; Rogers 

et al. 1978). Improved cultivars have been selected since the 1970s for multiple disease 

and insect resistance, winter tolerance and water logging tolerance to increase its 

adaptability (Lowe et al. 2000; Oram 1990).  
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Importance of allelopathy 

Plants serve as the producers of any ecosystem and thus regulate the functioning of the 

other components. Interactions that regulate plant communities are of fundamental 

importance at the ecosystem level (Oksanen 1990; Vitousek and Walker 1989). 

Allelopathy has a potential role in these agricultural ecosystems (Rice 1984). Plant 

species have the capability to produce and exude allelochemicals into their surroundings 

to affect the growth of other plants in their vicinity. Benefits of using allelopathy in 

mixed crop systems and weed management have been reported (Jabran et al. 2015; 

Putnam and Weston 1986; Rice 1995).  

Selection for genotypes with allelopathic potential has been carried out in several 

crop species and evidence has accumulated that crop cultivars differ significantly in 

their allelopathic activity on the growth of weed and crop species (Ahn et al. 2005; 

Alsaadawi et al. 2012; Mahajan and Chauhan 2013).   

Xuan and Tsuzuki (2002) reported that allelopathic effects of lucerne extracts on 

the germination and growth of lettuce varied depending on the lucerne cultivar. In 

addition, different crop species including wheat (Triticum aestivum), barley (Hordeum 

vulgare), oats (Avena sativa), soybeans (Glycine max), peas (Pisum sativum) and corn 

(Zea mays) showed marked differences in tolerance to lucerne residue extracts and 

exudates (Nielsen et al. 1960; Tsuzuki and Kawagoe 1984). 

Aim and objectives 

The research reported is based on the hypothesis that lucerne genotypes differ in their 

allelopathic impact on companion pasture species and that these impacts are due to 

specific chemicals in the lucerne root exudates. The overall aim is to determine the 

allelopathic impact, through root exudates, of lucerne genotypes on companion pasture 

species with a view to choosing more compatible pasture combinations for increased 

pasture production. 
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The specific objectives of this study were: 

1. To evaluate allelopathic potential of lucerne genotypes against the growth of 

annual ryegrass and characterising metabolomics in root extracts and exudates of 

selected lucerne genotypes (Chapter 3)  

2. To determine the responses of lucerne genotypes to ryegrass allelopathy 

(Chapter 4) 

3. To evaluate allelopathic interference between lucerne and annual legume pasture 

species (Chapter 5) 

4. To determine the chemical ecology of the pasture combination of grass and 

legumes (Chapter 6) 

 

       Chapter 3 focuses on the screening of lucerne genotypes for allelopathic effect 

against ryegrass. The results obtained are then used to identify chemical compounds 

from strong, moderate and weak lucerne genotypes. To achieve these, 40 lucerne 

genotypes were evaluated in laboratory by ECAM method and six lucerne genotypes 

were used for chemical identification by metabolomics. Chapter 4 investigates the 

allelopathic activity of ARG on lucerne genotypes through laboratory and glasshouse 

experiments. The response of lucerne growth and nodulation against ryegrass were 

measured. Chapter 5 and 6 focus on chemical interaction effects among different 

pasture combinations where lucerene, ARG and annual legumes were grown together to 

evaluate performance in the presence of mixed pasture species.   
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Evaluate the allelopathic capability of lucerne genotypes 

against annual ryegrass in laboratory studies  

 Annual ryegrass growth and germination were 

inhibited by some lucerne genotypes 

 Considerable genetic variation exists among lucerne 

genotypes in allelopathic capability 

 

Identify through metabolomics analysis the 

bioactive compounds involved of selected 

lucerne genotypes on annual ryegrass growth in 

laboratory studies  

 Variation in chemical compounds was 

found between genotypes 

Determine the allelopathic capability of annual 

ryegrass against lucerne growth in laboratory 

studies 

 Annual ryegrass also inhibited lucerne 

growth 

 Lucerne genotypes showed different 

degrees of susceptibility to annual 

ryegrass 
Evaluate the allelopathic capability and 

susceptibility among lucerne genotypes and 

annual legumes  

 Some lucerne genotypes and annual 

legumes inhibited on each other’s 

growth   

 Root length of subterranean clover was 

increased by L70 and L56 lucerne 

genotypes  

Evaluate the allelopathic capability of annual 

ryegrass on lucerne nodulation in laboratory and 

glasshouse studies 

 Annual ryegrass reduced lucerne nodule 

numbers 

Determine the chemical ecology of pasture 

combinations in glasshouse study  

 Legumes in mixed pastures had less 

number of nodules than their respective 

monoculture legume 

Higher pasture productivity 
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Abstract 

Alleopathy plays an important role in agricultural practices such as weed control, crop 

protection and crop re-establishment. Lucerne has allelopathic potential which can be 

used for managing weeds. Research indicates that allelopathic activity of lucerne against 

weeds differs with lucerne cultivar and that selection for allelopathic activity might have 

production benefits. The inhibitory effects of lucerne on other crops under a range of 

agricultural production systems have been reported. Many allelochemicals have been 

identified, mainly belonging to the categories of phenolics and saponins.  Elite 

allelopathic cultivars can be identified by screening lucerne germplasm. Some 

researchers suggest that lucerne allelopathy is genetically controlled, but systematic 

research on gene behaviour and inheritance is lacking. In vitro studies are needed to 

isolate, identify and quantify allelochemicals from living lucerne plants and evaluate 

them for their capability for control of weeds, pest and diseases, and to minimise their 

detrimental effects on the growth of lucerne and associated desirable species. 

Key words Allelopathy, allelopathic potential, allelochemicals, inhibition, root 

exudates 

Introduction 

Lucerne or alfalfa (Medicago sativa L.), is among the most valued forages, and is grown 

worldwide as a feed for all types of livestock (Summers 1998). It provides highly 

nutritious forage (Al-Suhaibani 2010; Putnam et al. 2001; Radović et al. 2009; 

Robertson 2006) and is a multi-purpose species being grown for  grazing, hay, silage, 

green fodder, pellets, cubes, seed production, sprouts and protein fractionation 

(Mcdonald et al. 2003). Lucerne is also a good source of calcium, magnesium, 

phosphorus carotene and vitamin D. In addition to its versatility as a feed source, 

lucerne is well known for its ability to improve soil sturucture and as a legume to 

provide biological nitrogen (Summers 1998). Australia is a major producer of both 
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lucerne hay and seed. Australia is  one of the world’s largest lucerne seed producers of 

around 6000 to 8000 t of certified seed, for which the greater part is exported to major 

markets including North and South America, the Middle East and Europe (Kirkby 

2011).  

It is important to increase the productivity of lucerne by biologically safe ways  to 

contribute to sustainable agriculture and ecologic development. In particular, there is a 

challenge to find sustainable and safe control measures against weeds, pests and 

pathogens. Allelopathy is one novel approach to this challenge. 

Allelopathy is a mechanism that refers to the direct or indirect growth inhibition or 

promotion of one plant on the growth of another through production of chemical 

compounds (allelochemicals) which are released into the environment (Rice 1984). In 

agricultural practice, the inhibitory effects are exploited for pest and weed  control 

(Kohli et al. 1998). Many crops have been reported to show inhibitory effects on other 

crops when cultivated either simultaneously or subsequently. This inhibition can be due 

to allelochemicals released from crop plants through processes of leaching (Overland 

1966), decomposition of crop residues (Hegde and Miller 1990; Kalburtji and Gagianas 

1997), volatilization (Oleszek 1987) and by root exudates (Tang and Young 1982).  

Some crops have also shown autotoxicity, which seems to be a self-controlling 

mechanism. Allelopathy in lucerne, however has received limited attention and is 

hereby reviewed. 

The exploitation of lucerne allelopathy may play role in resolving problems in 

agricultural practice, for example to minimize allelopathic impact between associated 

pasture species in the sward as well as control of weeds through selection of appropriate 

allelopathic lucerne genotypes.    
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1. Alleleopathy as a basis for extracting compounds for examining ecosystems and plant 

interactions 

Allelopathic effect of lucerne on other crops 

Root extracts possess chemicals, which may not exude naturally into the rhizosphere. 

There are few reports about lucerne allelopathy and so lucerne extracts may provide 

some guidance to allelopathic possibilities. Both extracts and allelopathy are considered 

here. 

The allelopathic activity of lucerne has been reported towards other crops.  Guenzi 

et al. (1964) claimed that water extracts from lucerne suppressed growth of corn (Zea 

mays L.) seedlings. Lucerne root extracts (Wymansimpson et al. 1991) and root 

exudates (Tsuzuki and Kawagoe 1984) were also allelopathic to the growth of wheat 

(Triticum aestivum), barley (Hordeum vulgare L. Emend. Lam) and radish (Raphanus 

sativus L.) seedlings.  Nielsen et al. (1960) observed that residue extracts of lucerne 

adversely affected the germination, root and shoot length of several crops including 

corn, oat (Avena sativa L.), soybean (Glycine max L.), and peas (Pisum sativum). In 

addition, incorporation of lucerne roots in soil decreased fresh weight of sorghum 

(Sorghum bicolor), an effect confirmed by laboratory experiment of seedling exudates 

(Hegde and Miller 1990).  

The inhibitory effect of lucerne residue allelopathy on the growth of other crop 

species has varied depending on the lucerne variety. Water extracts of both fresh and 

dried material of eight common varieties of lucerne grown in Japan (i.e. Batasu, 

Hisawakaba, Kitawakaba, Makiwakaba, Natsuwakaba, Lucerne, Tachiwakaba and 

Yuba) showed differential inhibition on the germination and growth of lettuce (Xuan 

and Tsuzuki 2002) suggesting a genetic base to the inhibition. The lucerne variety cv. 

lucerne had the strongest allelopathic effect.  
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The inhibitory effects of lucerne allelopathy was shown to  differ with size of the 

lucerne residue particle: Ells and McSay (1991) found that the inhibitory effect of 

lucerne on cucumber germination was greatest with particle size of 1-2 mm. They 

hypothesized that lucerne particles particles <0.25 mm in diameter may have decayed so 

quickly that the toxins had already decomposed prior to cucumber seed germination 

whereas larger particles with smaller total surface area may have decayed so slowly that 

inhibitors failed to reach toxic levels.    

Susceptibilities to lucerne residue allelopathy differed with crop species. Nielsen et 

al. (1960) reported that the growth of timothy (Phleum pratense L.), oats, soybeans, 

peas and corn showed marked differences in tolerance to lucerne residue extracts, with 

timothy being the least tolerant.   

Lucerne allelopathy effects on weeds  

Leaf and root extracts of lucerne have been reported as being allelopathic to a range of 

weeds through inhibition of weed emergence and growth. Under controlled conditions, 

aqueous extracts from lucerne were shown to be allelopathic against a wide-range of 

weed species including barnyard grass (Echinochloa crus-galli Beauv.) pigweed 

(Amaranthus retroflexus L.), little hogweed (Portulaca oleracea L.),  ivy-leaved 

morning glory (Ipomoea hederacea L.), Russian knapweed (Acroptilon repens (L.) 

DC.)  (Chon et al. 2002; Koloren 2007; Sozeri 2003). Phytotoxicity increased with 

increasing extract concentration.  

Chung and Miller (1995c) showed that the phytotoxic effects of lucerne residue 

extracts  differed with the weed species. They tested germination, seedling growth and 

development responses by lambsquarters (Chenopodium album L.), pigweed, velvetleaf 

(Abutilon theophrasti Medic.), crabgrass [Digitaria sanguinalis (L.) Scop.], cheatgrass 
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(Bromus secalinus), and giant foxtail (Setaria faberii Herrm.). Giant foxtail was the 

most tolerant species and lambsquarters was the most susceptible.  

Abdulrahman and Habib (1989) found that root exudates from lucerne seedlings 

caused significant reduction in shoot and root dry weights of bladygrass (Imperata 

cylindrica L Beauv.). Shoot and root dry weight reduction of bladygrass resulted when 

this weed and lucerne were grown together in nutrient culture. Lucerne reduced 

bladygrass shoot dry weight by 42% and root dry weight by 16% compared with the 

bladygrass - bladygrass paired seedling treatment. They reported this was allelopathic 

impact due to in the absence of physical competition which indicated that 

allelochemicals from lucerne root exudates were responsible for the bladygrass 

inhibition. 

The application of lucerne pellets for weed suppression has been investigated in 

laboratory studies (Xuan and Tsuzuki 2001; Xuan et al. 2003) and in the field (Xuan et 

al. 2001). Xuan and Tsuzuki (2001) reported that at 0.43 and 0.57g concentration of 

lucerne in laboratory study and for the field experiment, application of 100kg/1000 m2 

and 160kg/1000 m2 of lucerne pellet, inhibited emergence and growth of weeds. Xuan 

et al. (2001) indicated that lucerne pellets could be used as a natural herbicide in rice 

fields, thereby reducing the inputs of synthetic herbicides.   

Lucerne allelopathy effects on pests and diseases  

Several studies have examined the effects of lucerne allelopathic compounds on the 

incidence of pests and diseases. Many secondary metabolites are known to have 

inhibitory functions against pests and diseases (Golawska et al. 2010; Rice 1984). These 

include phenolic compounds and saponins of lucerne (Agrell et al. 2003; Golawska 

2007; Golawska et al. 2006; Golawska et al. 2008; Oleszek et al. 1992b; Pecetti et al. 

2006; Stochmal et al. 2001a; Stochmal et al. 2001b). Lucerne plants are known to 

accumulate higher contents of saponins during the early stages of development (Francis 
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et al. 2002) and varieties with higher contents of saponins and phenolics are reported to 

be more resistant to downy mildew (Peronospora trifoliorum) and to pea aphid 

(Acyrthosiphon pisum) (Golawska and Lukasik 2009; Stuteville and Skinner 1987). 

Concentrations of saponin and phenolics were inversely correlated to aphid 

reproduction, feeding behaviour, survival and population development (Golawska et al. 

2006; Golawska et al. 2010; Golawska et al. 2008; Mazahery-Laghab et al. 2011). 

These results suggest there is potential to use allelopathy for integrated pest 

management and this is an area that warrants further exploration.   

Effects of other plants on lucerne 

Several researchers have examined the allelopathic impacts of different crops and weeds 

on lucerne. Extracts of barley, oats,  rice (Oryza sativa L.) and wheat  have all been 

shown to inhibit root growth of lucerne  (Chon and Kim 2004). Among these wheat was 

most inhibitory and oats least inhibitory. At the highest extract concentration, wheat and 

oats reduced root length by 87 and 70% respectively. The highest extract solution (40% 

w/v) caused the greatest inhibition. Phenolic compounds were suggested as the possible 

cause of chemical inhibition.  

Seed germination and seedling growth of lucerne have been shown to be reduced 

with increasing extract concentrations of some warm season grasses, namely giant 

foxtail, green foxtail (S. viridis (L.) Beauv), yellow foxtail (S. Glauca (L.) Beauv.), 

pensicola bahiagrass (Paspalum notatum Fluegge), barnyardgrass, Johnsongrass 

(Sorghum halpense (L.) Pers.) and large crabgrass (Digitaria sanguinalis (L.) Scop.). 

These effects were also recorded for cool season grasses such as tall fescue (Festuca 

arundinacea Schreb.), Italian ryegrass (Lolium multiflorum Lam.) and little barley 

(Critesion pusillum (Nutt.) A. Löve; syn. Hordeum pusillum Nutt.) (Martin and Smith 

1994; Smith and Martin 1994).   
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Lucerne germination and seedling growth responded differentially to extracts of 

different plant parts (leaf, stem, flower and root) of black mustard (Brassica nigra L.) 

with flower extract being the most inhibitory (Turk et al. 2003). In USA, Smith (1990) 

found that leaf tissue extracts from certain weeds commonly found in pastures,  such as 

mayweed chamomile (Athemis cotula L.), wild radish (Raphanus raphanistrum L.), 

horsenettle (Solarium carolinense L.), dogfennel (Eupatorium capillifolium Lam. 

Small) and bitter sneezeweed (Helenium amarum L.)  reduced seedling growth of 

lucerne more than seed germination.  

2. Autotoxicity 

Autotoxicity is defined as allelopathy that occurs when a plant species releases chemical 

substances that inhibit or delay germination and growth of the same plant species 

(Putnam 1985). Lucerne plants in autotoxic fields are dwarfed, spindly, yellowish and 

have few effective nodules (Webster et al. 1967). Poor reseeding success and reduced 

yield of the following lucerne crop have been found when the preceding crop was 

lucerne (Miller 1983; Nelson et al. 1997). Klein and Miller (1980) have indicated that 

lucerne was difficult to re-establish without rotating to another crop first. Chung and 

Miller (1995a) reported that germination percentage and seedling growth of lucerne 

were significantly decreased by aqueous extract of the same cultivars. They also found 

that lucerne autotoxicity differed with cultivars. Among seven lucerne cultivars 

(Apollo-Supreme, Arrow, Vernal, DK-125, Dawn, Pioneer 5472, and Magnum III), 

Pioneer 5472 and Dawn exhibited the highest and lowest inhibition respectively to the 

same cultivar.    

Stage of lucerne growth can influence autotoxicity. Hedge and Miller (1992) 

reported that extracts from forage at the reproductive stage of growth was more 

inhibitory than forage at the vegetative stage of growth. In addition, different plant parts 
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of lucerne contain different levels of water soluble autotoxic chemicals. Chung and 

Miller (1995b) reported that autotoxic water soluble chemicals were more concentrated 

in the leaf and flower than in root and stem tissues. 

Managing the autotoxic effects of lucerne 

Research has shown that various adverse impacts of allelopathy on agricultural 

production can be ameliorated by efficient management strategies for crop production. 

Putnam (1978) reported that careful crop rotation allows the maximum utility of 

allelopathy with a minimum accumulation of allelochemicals. Rotations with tolerant 

crop species or tolerant cultivars within a crop species will minimise the allelopathic 

effects (Dias 1991; Leigh et al. 1995; Putnam et al. 1983).  Miller (1983) suggested that 

the best previous crop for lucerne establishment is corn, followed by various small 

grains, soybeans. The worst preceding crop is lucerne. Selection of non-allelopathic 

lucerne cultivars or tolerant lucerne cultivars as the next crop is an alternative option. If 

a specific lucerne genotype has natural allelopathic activity, the choice of a tolerant 

lucerne cultivar can be made. Alternatively, if the choice of a tolerant lucerne variety is 

not possible, then the first planting should be with a lucerne variety of less allelopathic 

activity as this would cause fewer phytotoxic problems for the next lucerne crop if the 

residues are retained. Breeding crop varieties with less allelopathic activity was 

emphasised in the former USSR (Grodzinsky 1987). Miller (1992) suggested that the 

autotoxicity problem in lucerne might be solved by new cultivars that do not produce 

various allelochemicals. 

 An adequate time gap is necessary for reseeding lucerne for the healthy growth of 

the subsequent lucerne crop. Lucerne seedling establishment was shown to be more 

successful where lucerne had not been grown for at least two years (Miller 1983). Tesar 

(1993)  indicated that lucerne could be re-established without a significant autotoxicity 
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effect if seeding occurred at least two weeks after destroying the previous lucerne stand 

using tillage or three weeks after killing the previous  lucerne stand with herbicide.   

Methodology for allelopathy 

The laboratory bioassay method is the initial step for investigation of the probable 

involvement of allelopathy (Foy 1999). It is convenient, effective and simplest 

technique to evaluate the allelopathic activity of plant species (Khanh et al., 2007; Wu 

et al., 2000). In addition, laboratory bioassays can demonstrate the potential chemical 

interference among plant cultivars within a limited time frame. Many efforts have been 

directed to the development of laboratory methodologies for sound allelopathic studies. 

These include the ‘relay seeding technique’ (Navarez and Olofsdotter 1996), the ‘plant-

box method’ (Fujii 1992), the ‘equal-compartment-agar-method (Wu et al., 2000) and 

hydroponic methods (Belz and Hurle 2004; Kim et al., 2005). In laboratory different 

instruments including WinRHIZO, leaf area meter are used for plant organs 

measurement. 

The WinRHIZO instrument is used for root measurements and it is based on an 

optical scanner instead of a video camera. WinRHIZO software program is used for 

total length, projected area, root surface area, root tips, branching points and root length 

for different width intervals (Arsenault et al., 1995). It is comparatively low-priced and 

fit for both large and small-scale experiments (Fang et al., 2012). Limitations with this 

technology include: root system measurements over time cannot be observed with this 

program; and root overlap is a major potential source of error in image acquisition as it 

can result in an underestimation of root length (Bauhus and Messier 1999). 

In field conditions, allelopathy and competition take place simultaneously and it is 

very difficult to distinguish these interference mechanisms at the field level (Olofsdotter 

et al., 1999; Wu et al., 2000) without laboratory evaluation backup.  
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Metabolomics 

Metabolomics enables a biochemical analysis of the total metabolite complement of a 

given plant tissue (Kim et al., 2011) and is being used as an important procedure for 

identifying compounds involved in allelopathic interference (D'Abrosca et al., 2013). It 

has been reported that more than 200,000 secondary metabolites have been identified 

from plants and the size of a single plant metabolome is still unidentified (Halabalaki et 

al. 2014). Only tens, hundreds or, rarely, thousands of metabolites are usually included 

in metabolomic datasets and many of these metabolites remain unknown within current 

analytical profiling methods (Hur et al. 2013). In plant metabolomics, a critical step is 

the selection of a proper solvent system for extraction because of the wide chemical 

diversity of secondary metabolites (Hunter, 2008). In addition, the various 

physicochemical properties and a wide range of concentrations in plant secondary 

metabolites makes the analysis more complex (Dunn and Ellis 2005). Therefore these 

issues need to be considered when selecting metabolomics techniques. 

3.  Allelopathy for identification of chemical substances   

Allelopathic chemicals are secondary plant metabolites and play an important role 

in plant–plant, plant–microorganism and plant–insect interactions. Secondary plant 

metabolites are usually considered to be those compounds which do not contribute in 

primary metabolic processes essential for plant survival. These are produced as 

offshoots of primary metabolic pathways (Levin 1976; Luckner 2013). Most  

allelopathic chemicals  arise through the shikimic acid or acetate pathways  (Rice 1984; 

Rizvi and Rizvi 1992). Worsham (1989) reported that roughly 3% of the estimated 

secondary metabolites from plants including microorganisms have been isolated and 

identified. In allelopathy studies, most of the chemicals have been identified are 

relatively simple structure and are either volatile terpenes or phenolic compounds 

(Harborne 1993). Because of their chemical nature, Whittaker (1972) has suggested that 
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these chemicals first arose as a result of herbivore pressure and any allelopathic effects 

are a secondary function.  

Screening bioassays play role as simulation of the natural release of allelochemicals 

from the living plant species into the growing medium (Wu et al., 2000) and simulate 

field conditions to a feasible extent (Foy 1999; Williamson 1990). Allelochemicals from 

plant species are used as natural herbicides. Putnam (1988) reported that allelochemicals 

may not only be directly used as natural product herbicides, but also as lead compounds 

for new herbicide chemistry. Whereas commercial herbicides, which are applied at a 

recommended rate which decreases with time, allelochemicals from living plants are 

presumably being released continually or sporadically. Allelochemicals from the soil 

solution can be removed by plant uptake, microbial degradation and adsorption 

(Weidenhamer 1996). Therefore it is considered that allelochemical toxicity is a 

functional effect of both concentration and flux rate. Concentration indicates static 

availability at a given point in time and flux rate is dynamic availability based on the 

total amount of chemicals moving in and out of the system over a period of time 

(Williamson and Weidenhamer 1990).  

To exert allelopathic effects on target plants, allelochemicals releasing from donor 

plant need to persist in the soil and reach sufficient concentration for effect. An 

accumulation of an allelochemical may occur for only a short period of time, but this 

can be very important if it happens at a critical stage in the growth of a susceptible plant 

or microorganism. Blum et al (1999) reported that allelochemicals in the soil 

environment are exposed to different physiochemical and biological processes, and they 

may be detoxified, made more toxic, or may serve as a carbon skeleton for the 

production of new toxins by soil organisms. In addition, allelopathic effects are also 

influenced by abiotic factors in soil (Rice 1984). Water soluble allelochemicals from 



22 
 

lucerne and red clover root extracts reduced wheat seedling growth in different types of 

soils with various textural properties over time (Oleszek and Jurzysta 1987). The 

seedling growth inhibition was less affected on heavy than on light soils due to higher 

sorption of inhibitors taking place in heavy soils. Lucerne roots mixed into loose, coarse 

and loamy sand and clay loam for a period of 0–8 days were shown to have decreased 

toxicity to wheat seedlings. This decrease happened in heavier soils more quickly than 

in loose sand as a result of the hydrolysis of glycosides by soil microorganisms, which 

were able to detoxify medicagenic acid glycosides by partial hydrolysis of the sugar 

chain to aglycone. These results explain the role of medicagenic acid glycosides as an 

inhibitor to wheat seedling growth, and their fate in various soil environments. 

Pasture species have been shown high levels of allelopathic capability (Chon and 

Kim 2002; Makepeace et al., 1985). Chemical screening of pasture species can 

differentiate allelopathic and nonallelopathic genotypes. The analysis techniques of 

isolation and identification of allelochemicals depend on the nature of chemical 

compounds. Many traditional separation techniques including paper, thin-layer and 

column chromatography have been used for the isolation and identification of 

compounds, but these methods are limited in separation power (Creaser et al., 1989). 

High-performance liquid chromatography (HPLC) has been widely used for the analysis 

of phenolic compounds (An 1995; Blum et al., 1991). The quantitation of phenolics by 

HPLC is limited as many phenolics show similar ultraviolet absorption spectra with 

maxima in a narrow range of 280 – 320 nm (Jaworski and Lee 1987). Gas 

chromatography (GC) is a powerful technique to analyse simple phenolics, particularly 

for quantitation of target compounds (Waterman and Mole 1994). Coupling the GC with 

a mass spectrometer (MS) has increased analytical power and this coupling (GC/MS) 

can identify pure compounds present at less than 1 ng (Liebler et al., 1996). 
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Several phytotoxic substances suspected of causing allelopathic and autotoxic 

effects have been identified from lucerne. Putative allelochemicals are mainly phenolic 

compounds and saponins and are listed in Table 1. Lucerne plants are known to contain 

water-soluble substance(s) that are causative for allelopathic effects (Abdulrahman and 

Habib 1989; Chung and Miller 1995c; Ells and McSay 1991; Hegde and Miller 1990; 

Lawrence and Kilcher 1962). These chemicals reported are mainly cinnamic acid and its 

derivatives such as caffeic acid, vanillic, p-coumaric, hydroxybenzoic, trans-cinnamic 

acid, ferulic acid (Hall and Henderlong 1989; Miller 1996; Newby et al. 1980; Read and 

Jensen 1989), medicarpin (Dornbos and Spencer 1990) and saponin (Miller 1996). 

Usually, allelopathic effects occur due to water-soluble compounds in a concentration 

dependent manner. Waller et al. (1995) reported that saponins from lucerne roots 

inhibited the germination of barnyard grass and cheat (Bromus secalinus) weeds at all 

concentrations (10–5,000 ppm), while that of pigweed, coffee weed (Sesbania exaltata), 

dandelion (Taraxum  officinale) and wheat  at and above 1,000 ppm concentrations. In 

addition, lucerne plant parts differ greatly in the types and amount(s) of aglycones 

present, among which medicagenic acid glycosides are biologically most active and are 

dominant in lucerne roots (Oleszek et al. 1992a).  

It has also been reported that the non-protein amino acid, canavanine from lucerne 

inhibited the growth of tomato cell suspension culture and the growth of cabbage 

radicles (Miersch et al. 1992). Canavanine was found to increase in the early stage of 

seedling development of lucerne.  

The involvement of a complex of allelochemicals suggests that further research is 

necessary to understand fully the chemical basis for lucerne allelopathic and autotoxic 

effects. 
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Compound Sources References 

Phenolic    

Caffeic acid, chlorogenic 

acid, isochlorogenic acid p-

coumaric acid, p-OH-

benzoic acid, ferulic acid 

and quercetin 

Root exudates and residues (Abdulrahman and Habib 

1989) 

Coumarin, trans-cinnamic 

acid, hydro-cinnamic acid, 

m-coumaric acid o-

coumaric acid, p-coumaric 

acid, caffeic acid, ferulic 

acid and salicylic acid 

Leaves, stems, roots and 

seeds 

(Chon and Kim 2002) 

Ferulic acid, 3-hydroxy 

flavones, 7-hydroxy 

flavones, 7,8-hydroxy 

flavones, 5,7-dihydroxy 

flavones, morin hydrate, 

coumarin, , trans-cinnamic 

acid, hydro-cinnamic acid, 

hydro-cinnamic acid, o-

coumaric acid, m-coumaric 

acid, p-coumaric acid and 

salicylic acid 

Shoot (Hegde and Miller 1992) 

Chlorogenic acid and 

salicylic acid 

Leaves (Chung et al. 2000) 

Medicarpin Leaves (Dornbos et al. 1990) 

Medicarpin and 4-methoxy 

medicarpin 

Leaves (Miller et al. 1988) 

   

Saponin   

Saponin Root (Wymansimpson et al. 

1991) 

Medicagenic acid, 

hederogenin, lucernic 

acid,zhanic acid, 

soyasapogenol B, and 

unknown saponins  

Root (Waller et al. 1993) 

Medicagenic acid and 

medicagenic acid 

glycosides 

Shoot (Gorski et al. 1991) 

Medicagenic acid 

glycosides 

Root (Oleszek and Jurzysta 1987) 

Table 1. Allelopathic compounds from lucerne as reported from the literature 
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Conclusions 

The study of lucerne allelopathy, on the one hand, is a method of enhancing a pasture’s 

allelopathic capability for the control of weeds, insects and diseases. Alternatively, it 

also has the potential to alleviate the autotoxic effect against lucerne itself and the 

inhibitory effects of lucerne against other pasture species. . These effects can be 

addressed by the selection of lucerne cultivars that can control pests through allelopathic 

potentiality and selection of combinations of pasture species which are not strongly 

allelopathic to each other.  

To assess the extent to which lucerne can contribute in the plant-plant interference 

mechanism, the first task is to evaluate the existence of genetic variation of allelopathy 

in lucerne under laboratory conditions. Laboratory bioassays are suitable for 

understanding different aspects of allelopathy (e.g. release of chemicals from the donor 

plant, fate and persistence in soil growth and uptake of allelochemicals) (Blum et al. 

1999; Foy 1999).  

The screening for lucerne allelopathy has rarely been supplemented by the analysis 

of allelochemicals, which is an important prerequisite to substantiate the observed 

lucerne allelopathy. A comprehensive chemical analysis of multiple allelopathic 

compounds is required to help reveal the principles of lucerne allelopathy. The role of 

chemical interactions between lucerne and other organisms in the rhizosphere needs 

further study since the same chemical signal may deter one organism while attracting 

another (Bais et al. 2003). 

 The outcomes of research should address the sources of variation in allelopathy 

between cultivars. The bioactivity of the chemicals released by intact roots, however, 

may be compromised by an allelopathic species and could be rendered unavailable by 

the biotic and abiotic influences in soil (Bais et al. 2006; Goodall et al. 2010; Stowe 

1979). The exudation of these chemical substances will determine the allelopathic 
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effects. Metabolomics is an important tool for an unbiased view of metabolites with 

combined principal components analysis. If lucerne cultivars produce and release 

sufficient amounts of herbicidal compounds, then the biochemistry of the exudation 

process needs to be understood.   

Study of the genetic control of the allelopathic trait is important for the 

manipulation of new crop varieties. Genetic manipulation of allelochemical production 

of lucerne should not result in adverse effects on non-target species. Conventional and 

modern plant breeding methods will help strengthen allelopathic capability of a pasture 

crop species but its expression in the field will be reliant on an efficient management 

package. 
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interference of lucerne (Medicago sativa L.) genotypes to annual ryegrass (Lolium 
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This chapter presents results on investigation of lucerne seedling allelopathy on 

germination and seedling growth of annual ryegrass. Forty lucerne genotypes with 

different densities 15, 30, 50 (seedlings/beaker) were evaluated against ryegrass. The 

chemical basis of lucerne allelopathy in extreme and moderate genotypes was also 

studied through a metabolomics approach with an analytical instrument LC-QTOF-MS. 
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Abstract 

Lucerne (Medicago sativa L.) genotypes at varying densities were investigated for their 

allelopathic impact using annual ryegrass (Lolium rigidum) as the target species in a 

laboratory bioassay. Three densities (15, 30, and 50 seedlings/beaker) and 40 lucerne 

genotypes were evaluated by the equal compartment agar method (ECAM). Lucerne 

genotypes displayed a range of allelopathic interference in ryegrass seedlings, reducing 

root length by 5% to 65%. The growth of ryegrass decreased in response to increasing 

density of lucerne seedlings. At the lowest density, Q75 and Titan9 were the least 

allelopathic lucerne genotypes. An overall inhibition index was calculated to rank each 

lucerne genotype. Reduction in seed germination of annual ryegrass occurred in the 

presence of several lucerne genotypes including Force 10, Haymaster7 and Sardi 5. A 

comprehensive metabolomic analysis using Quadruple Time of Flight (Q-TOF) was 

conducted to compare six lucerne genotypes. Variation of chemical compounds was 

found between lucerne root extracts and exudates and also between genotypes. Further 

individual compound assessments and quantitative study at greater chemical 

concentrations are needed to clarify the allelopathic activity. Considerable genetic 

variation exists among lucerne genotypes for allelopathic activity creating the 

opportunity for its use in weed suppression through selection. 

Keywords: Allelopathy, Annual ryegrass, Bioassay, Inhibition, Lucerne,  

Introduction 

Lucerne (Medicago sativa L.) is grown in different climates throughout the world and 

provides forage of high nutritive value for livestock (Al-Suhaibani, 2010; Radović, et 

al., 2009). In Australia, inclusion of lucerne into the pasture-crop phased rotation 

increases water use, reduces deep drainage of water (Ridley et al., 2001; Sandral et al., 

2006; Ward et al., 2001) and also reduces the incidence of dryland salinity (Doole and 

Pannell 2009). It provides a crop disease break (Dalal et al., 2004) and can improve soil 
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nitrogen levels by fixing atmospheric N2(Dalal et al., 2004). Control of ryegrass in the 

pasture phase is important in order to achieve the crop disease break, reduce the 

competition of annual ryegrass in winter crops and reduce the reliance on grass selective 

herbicides. The allelopathic properties of lucerne could be used as a tool to control 

annual ryegrass. 

Allelopathy refers to an interference mechanism in which a plant releases bioactive 

metabolites that adversely affect the growth and establishment of other plants growing 

in the vicinity (Rice, 1984). Allelopathy can influence competiveness between plants 

(Jarchow and Cook, 2009). Most allelopathic effects are inhibitory resulting from the 

release of phytotoxic substances (Wu et al., 1999).  Of the different modes of release of 

allelochemicals i.e. root exudation, leaching from leaves, residue decomposition, or 

volatilization, root exudates likely contribute most phytotoxins released into the 

rhizosphere (Bertin et al., 2003). Different plant parts and residues of lucerne have been 

shown to have an allelopathic influence by reducing the growth of several agricultural 

weeds and crops (Abdulrahman and Habib, 1989; Chung and Miller, 1995; Koloren, 

2007; Xuan and Tsuzuki, 2002). However, root exudates of lucerne cultivars have not 

been evaluated in detail for their allelopathic activity. 

Weed infestations in crops and pastures reduce yield, increase harvesting costs and 

compromise product quality. Dimitrova and Marinov-Serafimov (2008) indicate that 

weeds decreased lucerne forage chemical composition and its palatability. In addition 

lucerne seedlings are very susceptible to competition during establishment (Dixon et al., 

2005) and so weed competition during the initial growth stages of lucerne can lead to 

severe pasture yield losses (Canevari et al., 2007) and commonly expensive pasture 

establishment failure. Competitive hierarchies often form during early stages of plant 

growth (Hoffman et al., 1996) affecting lifetime performance of the sward. The 
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exploration of allelopathic relations between lucerne and its associated species may 

provide an opportunity to manipulate the botanical composition of the pasture sward.  

Further, the competitive ability of a plant can be increased by enhancing plant 

population (Tollenaar et al., 1994). It is possible that increasing the density of the donor 

plant population increases the competitive ability due to increased concentration of root 

exudates in the soil thereby affecting the root growth of the receiver plant species by 

direct exposure to these allelochemicals.  

Lucerne plants are known to contain water soluble substance(s) that are allelopathic 

to other plant species (Abdulrahman and Habib 1989; Chung and Miller 1995; Ells and 

McSay 1991; Hegde and Miller 1990). Different chemical compounds reported are 

mainly cinnamic acid and its derivatives such as caffeic acid, vanillic, p-coumaric, 

hydroxybenzoic, trans-cinnamic acid, ferulic acid (Hall and Henderlong 1989; Miller 

1996; Newby et al., 1980; Read and Jensen 1989) and medicarpin (Dornbos et al., 

1990). The characterisation of these chemicals between strong and weak allelopathic 

genotypes becomes important, as it will help to understand the chemical basis of lucerne 

allelopathy.  

Little is known about the allelopathic interactions between lucerne and weeds. The 

aim of this study was to determine the allelopathic effect of lucerne to ARG. The 

objectives therefore of the study were to evaluate the allelopathic activity among 

genotypes of lucerne seedlings against ARG and assess the effect of lucerne density on 

its allelopathic activity and also to evaluate the metabolite composition in root tissue 

and exudates of allelopathic and non-allelopathic lucerne genotypes. Annual ryegrass is 

one of the worst cropping weeds in Australia. It has been used as a test weed species in 

previous allelopathic studies (Asaduzzaman et al. 2014a; Wu et al 2000a). It germinates 

readily, root measurements are relatively simple and seed is readily available. 

Therefore, ARG was considered as the surrogate weed for this study. 
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Materials and methods 

Tested species 

Forty lucerne genotypes for the bioassay screening were sourced from Australian seed 

companies and from the South Australian Research and Development Institute (Table 

1). Annual ryegrass was used as the test species and its seed was obtained 

commercially. Six lucerne genotypes were selected based on allelopathic capability for 

biochemical analysis. These are two (SARDI Five and Haymaster7) strongly 

allelopathic genotypes, two (Force 10 and L70) medium and two (Titan9 and SARDI 7 

Series 2) weakly allelopathic genotypes against annual ryegrass from bioassay result. 

Sterilisation and pre-germination 

All seeds of lucerne and ARG were surface sterilised by submerging the seeds in 2.0% 

sodium hypochlorite (NaOCl) solution for 15 minutes after which they were rinsed six 

times with sterilised distilled water. The surface sterilised seeds were transferred to a 

petri dish with one sheet of Whatman No. 1 filter paper, moistened with 5 ml sterilised 

distilled water, and sealed with parafilm. All seed samples were then incubated in a 

controlled environment with a light/dark cycle of 12h/12h and a temperature cycle of 

25˚C /15˚C.  
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Table 1 Lucerne genotypes used in the bioassay screening of allelopathy with annual 

ryegrass (Lolium rigidum)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Genotype 

description 

Genotype ssp. Country of origin 

Cultivars Jindera caerulea AUS (RUS) 

 KI Creeper  

Venus  

UQL-1  

Stamina GT5  

Sardi 5  

Q31  

L56 

sativa AUS, USA 

 Aurora  

SARDI Grazer Stamina 

GT6 

sativa  

 SARDI  7 Series 2 Force 7  

Haymaster 7  

Titan 7  

SARDI AT7  

L70  

Q75 

sativa AUS, USA 

 SARDI Ten Series 2 

Force 10  

L91   

ML99  

WL925HQ  

Cropper 9.5 

sativa AUS, USA 

Breeders Lines K 119 sativa AUS (USA) 

 K 249  

K 250  

K 251  

K 252 

falcata x 

sativa 

AUS x KAZ 

 K 208 

K 237  

K 238 

varia x 

sativa 

 

 K 120 (Hunter River) sativa AUS 

Accessions SA37619  

SA10125   

SA10144GT 

sativa TUR, IRN 
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Biological screening and growing conditions 

The equal-compartment-agar method (ECAM) (appendix 3) developed by Wu et al. 

(2000a) was employed for the bioassay screening. Glass beakers (600 ml, 12 cm depth, 

8 cm diameter) containing 30 ml of 0.3% nutrient free water agar were autoclaved.  

Prior studies with a single genotype showed that lucerne density played a major role in 

its allelopathic activity in suppressing annual ryegrass root growth (Zubair et al., 2014) 

(Appendix 1).  Hence for each lucerne genotype, 15, 30, or 50 uniform seedlings per 

beaker were chosen and aseptically transplanted from the germination dish onto one half 

of the agar surface, with the embryo facing up. The beaker tops, which were wrapped 

with parafilm to prevent contamination and evaporation from the agar surface, were 

placed in a controlled growth incubator with a daily 12-hour light/12-hour dark, 

25°C/15°C cycle. After the growth of lucerne seedlings for one week, 10 pre-

germinated seeds of annual ryegrass were aseptically placed on the other half of the agar 

surface. A piece of pre-autoclaved white paperboard was inserted down the centre of the 

beaker with the lower edge of the paperboard kept 1 cm above the agar surface. The 

entire beaker was thereby divided into two equal compartments that were occupied 

separately by lucerne and annual ryegrass seedlings. Competition for light and space 

above the agar surface between lucerne and ryegrass was thus avoided by confining 

seedlings within their own compartments. However, the roots of lucerne could freely 

enter the annual ryegrass section of the agar volume, so that any allelochemicals 

produced and released by the lucerne seedlings could diffuse throughout the entire agar 

medium to influence the annual ryegrass root growth. After sowing ryegrass, the beaker 

was again wrapped with parafilm and placed back in the growth chamber for a further 

seven days co-growth. The receiver species, annual ryegrass, was also grown without 

the influence of lucerne as the control. After a week of co-growth, each annual ryegrass 
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seedling was carefully removed from the agar to avoid root breakage, and the root and 

shoot lengths were measured. 

Allelopathic effect of lucerne on annual ryegrass germination 

Based on the biological screening, 10 lucerne genotypes that covered the full range of 

allelopathy impacts were chosen for further determination of the allelopathic effect 

against ryegrass germination. Pre-germinated seeds of each of the 10 lucerne genotypes 

were sown into 30 ml of 0.3% nutrient free water agar at a density of 50 seedlings per 

beaker. The plants were allowed to grow alone in the agar for 1 week after which 30 

ungerminated seeds of ryegrass were added. The rest of the experimental incubation 

conditions were identical to those described above. Radicle emergence was used as the 

index of germination and was recorded every 24 h for seven consecutive days and 

expressed as percent seed germination. Germinated seeds were removed when each 

count was made. After 72 h or at the time when almost 80% of control seeds had 

germinated, the negative impact on annual ryegrass seed germination as affected by 

lucerne genotypes is defined as the germination reduction.     

Experimental design and statistics 

A complete randomized design with four replications was used for the experiment 

described above. For each genotype, 4 x 4 (1 control + 3 density) = 16 experimental 

units were arranged. Due to the limited space in the controlled growth room, 13 separate 

experiments were needed to test all 40 lucerne genotypes while all experimental 

conditions were identical. With each time the lucerne genotype, cv. Genesis was used as 

the quality control. Raw data for the root and shoot length of annual ryegrass for the 

different densities of each lucerne genotype were used for statistical analysis.  
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The density-response data were further subjected to the analysis of whole-range 

assessment proposed by An et al. (2005). Whole-range assessment is a simple method 

for analyzing allelopathic density-response data. It considers the overall effect or 

response across the range of application rates instead of assessing the effect of each rate 

individually on the test species. The approach used here was to calculate the inhibition 

area of the ryegrass relative to the control (100%) over the range of genotype densities. 

The inhibition area=              
   

  
  where C is the allelochemicals concentration 

or equivalent and CT is the threshold concentration for causing inhibition in annual 

ryegrass. Overall biological activity across the range of concentrations or equivalent is 

then summarised, calculated and presented by a single value the “inhibition index” 

which is defined as the percentage of the inhibition area to the total area, i.e.  inhibition 

index = (inhibition area/total area) x 100, where the total area as defined as 

      
   

 
  WESIA software developed by Liu et al. (2007) was used to compute the 

inhibition area and calculate the ‘inhibition index’ which gives a relative indication of 

the biological activity for each genotype. Genotypes with strong allelopathic activity 

will have large index values whereas small values indicate weak or no activity.   

Data were subjected to analysis of variance using Genstat v17 (VSN 

International, Hemel Hempstead, UK). The model assumptions are- i) the residuals are 

normally distributed ii) the residuals are independent iii) the residuals have a mean of 

zero iv) the residuals have constant variance v) the treatment groups are normally 

distributed vi) homogeneity of variances of the data within factor levels. These model 

assumptions were checked and met in every case. Where significant treatment 

differences were found a Tukey’s pairwise multiple comparison test (Tukey, 1949) was 

used with a family 5% significance level. A significance level of 5% was used 

throughout the analysis. 
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Biochemical analysis by metabolomics approach 

Preparation of root extracts 

Root extract samples were prepared as described by Asaduzzaman et al. (2015). 

Lucerne seedlings of each genotype were grown alone at a density of 50 

seedlings/beaker for 14 days, as described in the laboratory bioassay. The roots were cut 

from the lucerne seedlings and immediately stored at -80°C in a sealed container. The 

frozen root tissue was then freeze-dried for 24 h (Alpha 2–4 LD plus; John Morris). To 

extract metabolites, the freeze-dried root tissue was then crushed to a fine powder using 

liquid nitrogen-chilled mortar and pestle. Sixty mg of the root tissue of each lucerne 

genotype were placed separately into a 2 mL tube chilled in liquid nitrogen. The tube 

was filled with 400 μL 100% methanol solution containing internal standards 
13

C6-

sorbitol (0.5 mg/mL); 
13

C5
15

N-valine (0.5 mg/mL); penta-fluorobenzoic acid (0.25 

mg/mL) and 2-aminoanthracene (0.25 mg/mL) (Roessner and Dias 2013). The tubes 

were vortexed for 30 s and centrifuged for 15 min at 13000 rpm at 4°C. The supernatant 

was transferred to a new pre-labelled 2 mL tube. An amount of 400 mL MQ water was 

added to the remaining pellet and vortexed, centrifuged and the supernatant was 

combined with the previous methanol containing supernatant. Three aliquots of each 

tissue containing 600 µL were prepared and stored at -80°C until analysis.  

Collection of root exudates 

Sample preparation for root exudates was employed as described by Asaduzzaman et al. 

(2015). Lucerne seedlings were carefully uprooted from their nutrient-free agar medium 

and the roots were rinsed twice with 5 mL portions of distilled water to remove any 

adhering agar and root exudates. The washings were pooled with the agar medium (30 

mL). The agar medium was stirred carefully and extracted three times using 5 mL of 

80% methanol. The extracted samples were vortexed and centrifuged and filtered 
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through a 0.22 μm syringe filter into 2mL labelled tubes. Three aliquots of 600 μL of 

each genotype were prepared and stored at -80°C before analysis. 

Metabolites profiling by LC-QTOF-MS 

To assess the metabolite composition differences among the roots of lucerne genotypes, 

targeted and non-targeted metabolite profiling of extracted material was conducted. 

Root extracts and exudates samples were sent to Metabolomics Australia, University of 

Melbourne for analysis. The compounds of lucerne roots were separated on an Agilent 

6520 QTOF MS system (Santa Clara, CA, USA) with a dual sprayer ESI source and 

attached to Agilent 1200 series HPLC system (SantaClara, CA, USA) comprised of a 

vacuum degasser, binary pump, with a thermo stated auto-sampler and column 

compartment. The MS was operated in the positive mode using the following 

conditions: nebuliser pressure 45 psi, gas flow-rate 10 L/min, gas temperature 300°C, 

capillary voltage 4000 V in positive mode (3500 V in negative mode), fragmentor 150 

and skimmer 65 V. The instrument was operated in the extended dynamic range mode 

with data collected in m/z range 70–1700 amu. 

Chromatography  

An Agilent Zorbax Eclipse XDB-C18,  2.1 x 100mm, 1.8µm (Agilent) column was used 

with a flow rate of 400 µL min
-1

, maintained at 40± 1 °C,  resulting in operating 

pressures below 600 bar with a 17 minute run time. A gradient LC method (Table 2) 

was used with mobile phases comprised of (A) 0.1% formic acid in deionized water and 

(B) 0.1% formic acid in acetonitrile. 

A 5 min linear gradient from 5% solvent (B) to 30% solvent (B) was followed by a 

5 min linear gradient from 30% solvent (B) to 100% solvent (B), then a 2 min hold at 

100% solvent (B) and a 5 min re-equilibration at 5% solvent (B). Total time was 17 

minutes. 
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Mass spectrum data processing   
 

Relative qualitative analyses of metabolites in six lucerne genotypes were performed 

using Mass Hunter data analysis software (Agilent Technologies, USA). The extracted 

molecular features of each detected compound were matched with data bases 

(METLIN-AM-PCDL) and mass reference compounds from commercial standards. The 

individual compound was also identified through assessing the outcomes of score (>70), 

hit count (total number of hits in the database) and mass differences (<5.0). 

Results 

Effect of lucerne density 

There was an interaction (P<0.01)   between genotype and density for root growth, but 

not for shoot growth (Table 3). Annual ryegrass root growth was   decreased (P<0.01) 

with increasing density of lucerne when compared with the control, whereas density did 

not consistently affect shoot growth of annual ryegrass (data not shown).  Bioassay 

screening results of the root length of ryegrass for the 40 lucerne genotypes were plotted 

in a density-response curve.  

 

 

6520-QTOF 

Time (min) % B 

0.00 5.0 

5.00 30.0 

10.00 100.0 

12.00 100.0 

12.10 5.0 

17.00. 5.0 

           Table 2. Gradient of Liquid Chromatography method for 6520-QTOF  
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Table 3 Genotype, density and genotype x density effects on root length of annual 

ryegrass in the presence of 40 different lucerne genotypes 

Character Component 
 

F P 

Root Genotype 
 

54 <0.01 

 
Density 

 
988.41 <0.01 

 
Genotype x Density 

 
6.84 <0.01 

Shoot Genotype 
 

4.92 <0.01 

 
Density 

 
72.51 <0.01 

 
Genotype x Density 

 
1.05 0.36 

  

For illustration ease only the four most allelopathic and the four least allelopathic 

genotypes are presented (Figure 1). Almost all the lucerne genotypes reduced the root 

growth of annual ryegrass as density increased although the weakest allelopathic 

lucerne genotype Q75 tended to stimulate annual ryegrass root growth at the low 

density of 15 seedlings per beaker. There was no significant difference among different 

densities of Sardi 7 Series 2, Titan9 and Sardi 10 Series 2 on root growth of annual 

ryegrass. At the highest density, 50 seedlings per beaker, the least allelopathic genotype 

Titan9 reduced root growth by only 3%., whereas the most phytotoxic genotype SARDI 

Five inhibited by 62% ryegrass root length.  
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The combined density results of all genotypes were processed in the WESIA 

software to calculate the overall allelopathic effect of each genotype.   

 

 

 

 

 

 

 

 

Figure 1 Root length for annual ryegrass as influenced by lucerne density and genotype for 

the eight most extreme genotypes. Lucerne genotypes can be classified with low (◊ = SARDI 

7 Series 2, ♦ = Titan9, □ = Q75, ■ = SARDI 10 Series 2) and high (∆ = Force 7, ▼ = K 119, 

○ = k 120, ● = SARDI Five) levels of allelopathy. 
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Variation in lucerne allelopathic potential against annual ryegrass 

Forty lucerne genotypes differed significantly in their allelopathic potential against the 

root growth of annual ryegrass. The allelopathic inhibition index of lucerne against 

annual ryegrass roots ranged from 3.5 to 45.5% depending on genotype (Figure 2). The 

shoot inhibition index of annual ryegrass was lower than that of root inhibition, 

although significant variation was observed between genotypes ranging from 1.2 to 

18.2% (Figure 3). Some genotypes such as SA 10144GT, Titan7, K 249 and Force 7 

exhibited strong inhibition of root length but were less active against shoot growth. 

However, the most allelopathic genotypes Sardi 5, K 120 and Haymaster7 inhibited 

both root and shoot growth of annual ryegrass relative to the less allelopathic genotypes. 

The genotype L70 showed the highest inhibition index value of 18.2% for annual 

Figure 2 Root inhibition indices of 40 diverse lucerne genotypes tested against annual 

ryegrass (P<0.01). 
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ryegrass shoots followed by L56 12.8%. These genotypes were statistically similar to 

both Sardi 5 and K 120 which exhibited the most allelopathic activity on root growth.   

 

 

 

 

 

 

 

 

 

The genotype K 249 had the lowest shoot inhibition index of 1.2% which was not 

significantly different from the two least allelopathic genotypes regarding root 

elongation, i.e. Titan9 and SARDI 7 Series 2. Of the 40 lucerne genotypes, seven were 

strongly allelopathic, significantly inhibiting the root growth of ryegrass with an 

inhibition index of more than 34%. By comparison, two genotypes were very weakly 

allelopathic, with noticeably less inhibition of ryegrass root growth and an inhibition 

index of less than 18%. 

 

 

 

Figure 3 Shoot inhibition indices of 40 diverse lucerne genotypes tested against 

annual ryegrass (P<0.01). 
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Allelopathic effect of lucerne on annual ryegrass germination 

There was no interaction between germinating time and genotype for ARG seeds 

germination (Figure 4). But the genotypes effects were significant (P <0.01). The 

ryegrass seed germination percentage occurred in the control (84.5%) followed by the 

Titan9 (83.17%) treatment and these are significantly different (P <0.01) from WL 

925HQ, Sardi 5, Genesis, L70, Haymaster7 and Force 10. The lowest (P <0.01) seed 

germination of ryegrass was observed in the presence of Force 10 and Haymaster7 

(Figure 4). The impact of these two lucerne genotypes was statistically not different to 

SARDI Five which also exhibited the most allelopathic activity on root growth of 

annual ryegrass.  The seed germinating period was also different (P <0.01) between 

genotypes.  The ARG seed germination percentage was higher (P <0.01) at day of 5, 6 

and 7 compared with on the 3
rd

 and 4
th

 day. After seven days from placement in the 

 

Figure 4 Germination of annual ryegrass seeds in the presence of each of ten lucerne 

genotypes [P <0.01 (genotype), P <0.01 (time), P = 0.999 (interactions)]. 
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agar, non-germinated seeds in the beakers had rotted. Thus inhibition of germination in 

the experiment led to seed death.   

Biochemical analysis 

The distributions of secondary metabolites were studied within the roots extracts and 

exudates of the lucerne genotypes. A total of 1879 (appendix IVA) and 1895 (appendix 

IVB) mass signals was recorded in the root tissue and exudates of the 6 lucerne 

genotypes respectively. The highest number of mass signals was recorded in root 

exudates rather than in extracts. The distributions of total metabolites were different 

between the genotypes (Table 4). Of root exudates compounds, 1484, 1488, 1462 and 

1446 compounds were found in SARDI Five, Haymaster 7, Titan9 and SARDI 7 Series 

2 respectively. 

Table 4. Number of metabolites identified in root extracts and root exudates for each of 

six lucerne genotypes 

Genotype 

Metabolite number in 

root extracts 

Metabolite number in 

root exudates 

Sardi 5 1751 1484 

Haymaster 7 1759 1488 

Force 10 1752 1482 

L70 1671 1385 

Titan9 1764 1462 

SARDI 7 Series 2 1746 1446 

Mean 1740 1458 

SE, P <0.001 14 16 

 

About 50 and 75 compounds were common in root extracts and exudates respectively 

across all genotypes (Table 5). But 2-Oxoadipate and 2-hydroxyphenylacetic acid and 

2'-deoxyuridine 5'-mono-phos-phate were found only in the root exudates of weakly 

allelopathic genotypes Titan9 and SARDI 7 Series 2 respectively. 
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Name Formula Mass RT m/z Score 

Root 

extracts 

Root 

exudates 

l-arginine C6H14N4O2 174.111 0.594 174.11167 80.84 1, 2, 3, 4, 5, 6           — 

l-histidine C6H9N3O2 155.069 0.609 155.06947 98.69 1, 2, 3, 4, 5, 6           — 

n-methyl-d-aspartic acid C5H9NO4 147.052 0.61 147.05315 96.3 1, 2, 3, 4, 5, 6           — 

l-serine C3H7NO3 105.043 0.619 105.04259 83.14 1, 2, 3, 4, 5, 6           — 

l-allothreonine C4H9NO3 119.058 0.625 119.05824 99.82 1, 2, 3, 4, 5, 6           — 

l-aspartate C4H7NO4 133.038 0.625 133.0375 99.62 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 6 

l-asparagine C4H8N2O3 132.053 0.625 132.05349 93.01 1, 2, 3, 4, 5, 6           — 

alpha-d-galactose 1-phosphate C6H13O9P 260.029 0.644 260.02971 97.24 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

(s)-lactate C3H6O3 90.0316 0.647 90.03169 99.97 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

d-glucuronic acid C6H10O7 194.042 0.653 194.04265 81.73 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

d-saccharic acid C6H10O8 210.037 0.656 210.03756 98.02 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

d-(+)-galacturonic acid C6H10O7 194.044 0.656 194.04265 97.7 1, 2, 3, 4, 5, 6           — 

meso-tartaric acid C4H6O6 150.014 0.66 150.01643 75.08 1, 2, 3, 5, 6           — 

l-glutamine C5H10N2O3 146.068 0.67 146.06914 96 1, 2, 3, 4, 5, 6           — 

2'-deoxycytidine 5'-

monophosphate C9H14N3O7P 307.054 0.673 

307.05693 

80.38 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

l-proline C5H9NO2 115.062 0.678 115.06332 97.32 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 6 

6-phosphogluconic acid C6H13O10P 276.023 0.685 276.02463 93.62 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

l-2-phosphoglyceric acid C3H7O7P 185.993 0.689 185.99293 99.55 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

l-carnitine C7H15NO3 161.104 0.691 161.10519 95.05 1, 2, 3, 4, 5, 6           — 

malonate C3H4O4 104.011 0.7 104.01095 99.78 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

d-glucosamine 6-phosphate C6H14NO8P 259.045 0.773 259.0457 98.28 1, 2, 3, 5           — 

galactitol C6H14O6 182.078 0.893 182.07903 95.61 1, 2, 3, 5, 6           — 

Table 5. Metabolites identified in root tissues and exudates of 6 lucerne genotypes 
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isocitric acid C6H8O7 192.028 0.909 192.027 98.35 1, 2, 3, 4, 5, 6           — 

uridine 5'-diphosphate C9H14N2O12P2 404.003 0.91 404.00219 70.66 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 6 

alpha-ketoglutaric acid C5H6O5 146.021 0.911 146.02152 99.73 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

quinate C7H12O6 192.063 0.911 192.06338 77.34 1, 2, 3, 5, 6 1, 2, 3, 4, 5, 6 

oxaloacetate C4H4O5 132.006 0.913 132.00587 99.93 4 1, 2, 3, 4, 6 

guanosine 5'-monophosphate C10H14N5O8P 363.059 0.913 363.05799 99.11 1, 2, 3, 4, 5, 6 1, 3, 4 

methyl beta-d-galactoside C7H14O6 194.077 0.913 194.07903 90.34 1, 2, 3, 5, 6           — 

ascorbate C6H8O6 176.032 0.913 176.03208 76.51 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

pyridoxine C8H11NO3 169.073 0.916 169.07389 76.64 1, 2, 3, 4, 5, 6           — 

5-oxo-d-proline C5H7NO3 129.042 0.919 129.04259 99.74 1, 2, 3, 5, 6           — 

maleic acid C4H4O4 116.011 0.971 116.01095 99.99 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

3,4-dihydroxy-l-phenylalanine C9H11NO4 197.066 0.996 197.0688 84.86 1, 2, 3, 4, 5, 6           — 

l-pipecolic acid C6H11NO2 129.079 1.01 129.07897 82.96 1, 2, 3, 4, 5, 6           — 

citrate C6H8O7 192.027 1.021 192.027 82.19 1, 2, 3, 4, 5, 6           — 

hypoxanthine C5H4N4O 136.037 1.023 136.03851 94.69 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

l-isoleucine C6H13NO2 131.094 1.075 131.09462 82.98 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

purine C5H4N4 120.044 1.124 120.04359 83.01 1           — 

phenylethanolamine C8H11NO 137.083 1.661 137.08406 99.27 1, 2, 3, 4, 5, 6           — 

4-hydroxy benzoic acid C7H6O3 138.031 3.34 138.035 87.52 1, 2, 3, 4, 5, 6           — 

Vanillic acid C8H8O4 168.041 3.75 168.04225 80.81 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

4-methyl-2-oxo-pentanoic acid C6H10O3 130.063 4.473 130.06299 82.75 1, 2, 3, 4, 5, 6  2, 3, 4, 5 

homovanillate C9H10O4 182.057 5.024 182.0579 81.72 1, 2, 3, 4, 5, 6           — 

salicylamide C7H7NO2 137.047 5.152 137.04767 76.39 1, 2, 3, 4, 5, 6           — 

Benzoic acid C7H6O2 122.036 5.81 122. 0364 83.79 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 
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Apigenin C15H10O5 270.054 7.75 270.064 80.61 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

10-hydroxydecanoate C10H20O3 188.141 7.775 188.14124 81.8 1, 2, 3, 4, 5, 6           — 

geranylgeranyl pyrophosphate C20H36O7P2 450.202 9.307 450.19362 70.84 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

gamma-linolenic acid C18H30O2 278.224 11.5 278.22458 80.91 1, 2, 3, 4, 6           — 

myristic acid C14H28O2 228.208 11.67 228.20893 98.27 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

linoleate C18H32O2 280.24 12.046 280.24023 99.47 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

palmitate C16H32O2 256.24 12.644 256.24023 99.55 1, 2, 3, 4, 5, 6 1, 2, 3, 4, 5, 6 

4-aminobutanoate C4H9NO2 103.063 0.975 103.06332 100           — 1, 2, 3, 4, 5, 6 

pyruvate C3H4O3 88.0161 0.674 88.01604 99.99           — 1, 2, 3, 4, 5, 6 

d-glyceric acid C3H6O4 106.027 0.674 106.0266 99.99           — 1, 2, 3, 4, 5, 6 

pterin C6H5N5O 163.049 0.635 163.0494 99.98           — 1,4 

dehydroascorbate C6H6O6 174.016 0.673 174.01643 99.97           — 1, 2, 3, 4, 5, 6 

3-sulfino-l-alanine C3H7NO4S 153.01 0.678 153.00957 99.9           — 1, 2, 3, 4, 5, 6 

succinate semialdehyde C4H6O3 102.032 0.922 102.03169 99.87           — 1, 2, 3, 4, 5, 6 

ll-2,6-diaminoheptanedioate C7H14N2O4 190.095 0.639 190.09535 99.82           — 1, 2, 3, 4, 5, 6 

n-acetyl-dl-serine C5H9NO4 147.054 0.923 147.05315 99.73           — 1, 2, 3, 4, 5, 6 

n-methyl-d-aspartic acid C5H9NO4 147.054 0.923 147.05315 99.73           — 1, 2, 3, 4, 5, 6 

l-glutamic acid C5H9NO4 147.054 0.923 147.05315 99.73           — 1, 2, 3, 4, 5, 6 

d-glucuronolactone C6H8O6 176.033 0.684 176.03208 99.61           — 1, 2, 3, 4, 5, 6 

dihydroxyacetone phosphate C3H7O6P 169.998 0.68 169.99802 99.54           — 1, 2, 3, 4, 5, 6 

palmitoleic acid C16H30O2 254.224 11.959 254.22458 99.44           — 1, 2, 3, 4, 5, 6 

l-cystathionine C7H14N2O4S 222.067 0.668 222.06742 99.28           — 1, 2, 3, 4, 6 

2-oxoadipate C6H8O5 160.037 0.676 160.03717 99.24           — 5 

d-ribose 5-phosphate C5H11O8P 230.019 0.923 230.01915 99.2           — 1, 2, 3, 4, 5, 6 
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trans-aconitate C6H6O6 174.017 0.921 174.01643 99.03           — 1, 2, 3, 4, 5, 6 

fumarate C4H4O4 116.01 0.926 116.01095 99.02           — 1, 2, 3, 4, 5, 6 

thymidine 5'-monophosphate C10H15N2O8P 322.056 0.921 322.0566 99           — 1, 2, 3, 4, 5, 6 

o-acetyl-l-serine C5H9NO4 147.054 0.682 147.05315 98.93           — 1, 2, 3, 4, 5, 6 

galactarate C6H10O8 210.037 0.675 210.03756 98.31           — 1, 2, 3, 4, 5, 6 

2-hydroxyphenylacetic acid C8H8O3 152.046 5.125 152.04734 97.49           — 6 

3-hydroxyphenylacetate C8H8O3 152.046 5.125 152.04734 97.46           — 1, 2, 3, 4, 5, 6 

2,5-dihydroxybenzoate C7H6O4 154.026 3.846 154.0266 97.08           — 1, 2, 3, 4, 5, 6 

d-glucose 6-phosphate C6H13O9P 260.028 0.675 260.02971 95.88           — 1, 2, 3, 4, 5, 6 

d-gluconate C6H12O7 196.057 0.67 196.0583 95.32           — 1, 2, 3, 4, 5, 6 

d-glucosamine 6-sulfate C6H13NO8S 259.038 0.68 259.03618 94.21           — 1, 2, 3, 4, 5, 6 

d-fructose 6-phosphate C6H13O9P 260.028 0.925 260.02971 93.86           — 1, 2, 3, 4, 5, 6 

d-mannose 6-phosphate C6H13O9P 260.028 0.925 260.02971 93.86           — 1, 2, 3, 4, 5, 6 

xanthosine 5'-monophosphate C10H13N4O9P 364.039 0.675 364.04201 86.13           — 1, 2, 3, 4, 6 

alpha-d-glucose 1-phosphate C6H13O9P 260.027 0.671 260.02971 85.87           — 1, 2, 3, 4, 5, 6 

d-(-)-arabinose C5H10O5 150.05 0.654 150.05282 84.22           — 1, 2, 3, 4, 5, 6 

4-methyl-2-oxovaleric acid C6H10O3 130.063 4.3 130.06299 82.59           — 1, 2, 3, 4, 5, 6 

myo-inositol C6H12O6 180.063 0.66 180.06338 81.37           — 1, 2, 3, 4, 5, 6 

mannose C6H12O6 180.063 0.66 180.06338 81.37           — 1, 2, 3, 4, 5, 6 

alpha-d-glucose C6H12O6 180.063 0.66 180.06338 81.37           — 1, 2, 3, 4, 5, 6 

allose C6H12O6 180.063 0.66 180.06338 81.37           — 1, 2, 3, 4, 5, 6 

d-galactose C6H12O6 180.063 0.66 180.06338 81.37           — 1, 2, 3, 4, 5, 6 

l-sorbose C6H12O6 180.063 0.66 180.06338 81.37           — 1, 2, 3, 4, 5, 6 

d-fructose C6H12O6 180.063 0.66 180.06338 81.37           — 1, 2, 3, 4, 5, 6 
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d-tagatose C6H12O6 180.063 0.66 180.06338 81.37           — 1, 2, 3, 4, 5, 6 

d-psicose C6H12O6 180.063 0.66 180.06338 81.37           — 1, 2, 3, 4, 5, 6 

lauric acid C12H24O2 200.177 10.818 200.17763 81.31           — 1, 2, 3, 4, 5, 6 

omega-hydroxydodecanoic acid C12H24O3 216.172 8.637 216.17254 81.06           — 1, 2, 3, 4, 5, 6 

oleate C18H34O2 282.255 12.829 282.25588 80.03           — 1, 2, 3, 4, 5, 6 

elaidic acid C18H34O2 282.255 12.829 282.25588 80.03           — 1, 2, 3, 4, 5, 6 

petroselinic acid C18H34O2 282.255 12.829 282.25588 80.03           — 1, 2, 3, 4, 5, 6 

n-acetyl-l-phenylalanine C11H13NO3 207.088 5.968 207.08954 79.48           — 1, 2, 3, 5, 6 

2'-deoxyuridine 5'-mono-phos-

phate C9H13N2O8P 308.039 0.922 308.04095 77.29           — 6 

nicotinamide mononucleotide C11H15N2O8P 334.06 0.678 334.0566 77.26           — 1, 3, 5 

d-gulonic acid gama-lactone C6H10O6 178.051 0.679 178.04773 76.23           — 1, 2, 3, 4, 5 

stachyose C24H42O21 666.217 0.623 666.22185 76.13           — 1, 4, 5 

selenocystamine C4H12N2Se2 247.937 0.692 247.93309 74.84           — 1, 2, 3, 4, 5, 6 

a 
Number indicates whether the compound is found in the tissue of the six genotypes: 1 = SARDI Five, 2 = Haymaster 7, 3 = 

Force 10, 4 = L70, 5 = Titan9 and 6 = SARDI 7 Series 2. “—’’ = not present.
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Discussion 

A wide range of allelopathic activity exists within the lucerne genotypes tested. This 

research, together with other published studies in lucerne (Xuan and Tsuzuki, 2002) 

suggests that there is a genetic basis to allelopathy. Xuan and Tsuzuki (2002) conducted 

experiments to investigate varietal differences in allelopathic potential in lucerne plants 

to lettuce and found that the degree of growth inhibition of lettuce varied with the eight 

common Japanese lucerne cultivars. Studies of the genetic control of crop allelopathic 

activity are increasing in frequency endeavouring to locate DNA markers allied with the 

production of allelochemicals (Dilday et al., 1998; Jensen et al., 2001; Xu et al., 2012). 

The present study indicates that there is substantial variation in allelopathic activity 

between seedlings of lucerne genotypes, thereby providing the prospect of the 

development of allelopathic lucerne cultivars for weed suppression.  

     The root inhibition of ryegrass by lucerne genotypes was more pronounced than 

that of shoot inhibition (Figure 2 and 3). Shoot production is most likely a result of seed 

reserves augmented by nutrients taken up by roots and so the effects will be observed 

later than they are in root growth which is curtailed by direct exposure to the 

allelochemicals. Correlation between root and shoot inhibition of species has been 

shown to be weak e.g. Asaduzzaman et al (2014); Wu et al (2000b). Lucerne genotypes 

demonstrated similar patterns in the density-response curve for annual ryegrass root 

growth and there was a density by genotype interaction (P<0.01). This indicates that the 

agronomic parameter of density has a role in lucerne allelopathy, with higher densities 

inducing greater inhibition for both weakly and strongly allelopathic genotypes. At a 

high lucerne seedling density per beaker, the degree of annual ryegrass root inhibition 

by all genotypes was significant when compared with the control. As lucerne seedling 

number increased, the active concentration of allelochemicals exuded by lucerne 

seedlings was presumed to increase accordingly, resulting in greater inhibition of 
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ryegrass root growth. At this density the concentration of allelochemicals had extended 

well beyond the threshold concentration required to produce an effect. Olofsdotter et al. 

(2002) noted that any compound can be toxic if applied at a high enough dose. A 

differential stimulatory allelopathic effect was apparent at the lower density of 15 

lucerne seedlings per beaker in Titan9 and Q75. However, the possibility of a slight 

stimulatory effect at low concentrations (i.e. low densities) of allelochemicals (Rice, 

1984; Streibig, 1988) could complicate any analysis at these low levels. Extrapolation 

of these laboratory results to the field cannot be made because of the myriad other 

factors influencing the outcome.  

     Williamson and Weidenhamer (1990) reported that the toxicity of 

allelochemicals depends on their bioactive concentration, which is determined by the 

concentration of allelochemicals at a given point and the flux of toxin in and out of the 

system. From Fig. 1, it is apparent that there was a genotypic effect in addition to a 

concentration effect. It is also possible that, if the set of allelochemicals is similar for all 

lucerne genotypes, then the genotypic variation in allelopathy was due to the amount of 

allelochemicals they exude. Both the composition and concentration of these exudates 

determine their effect. It has yet to be shown whether the differential allelopathic effect 

was due to different mixtures of exudate compounds or to varying concentrations of the 

same compounds. The chemical composition of lucerne exudates remains unknown.  

In research on allelopathy, the germination response of seed is a commonly 

measured parameter, usually being inhibition (occasionally stimulation) of germination 

(Leather and Einhelling, 1986). Williams and Hoagland (1982) noted that many 

compounds delayed rather than inhibited germination. The current data showed that 

some lucerne geonotypes inhibited ARG seed germination. Strongly allelopathic 

conditions commonly led to strong inhibition whereas weakly allelopathic genotype did 

not show germination inhibition.   
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The highest number of compounds was recorded in root extracts of Titan9 followed 

by Haymaster 7 although the latter exuded more compounds than Titan9. This indicates 

that root contents do not necessarily reflect exudate constituents, consistent with the 

findings of Wu et al. (2001).  

In previous studies vanillic acid, flavones, benzoic acid and their derivatives have 

been reported as potential allelochimicals (Abdulrahman and Habib 1989; Hegde and 

Miller 1992). In this study, these compounds were identified in root extracts (vanillic 

acid, benzoic acid 4-hydroxy benzoic acid and apigenin) and in root exudates (vanillic 

acid, benzoic acid and apigenin) of all six lucerne genotypes. The expression of the 

allelopathic effect not only depends on particular compounds being synthesized but also 

on the ability of the genotypes to actively and sufficiently exudes these into their 

rhizospheres. For instance, here 2 genotypes were weakly allelopathic, but still 

contained potential phytotoxic metabolites (Table 5) in the roots although their 

inhibitory effects on annual ryegrass were weak. Previous researchers have 

demonstrated that increasing concentrations of allelochemicals from donor crops 

through higher densities resulted in greater inhibition of receiver species (Belz et al., 

2005; Seal et al., 2004). Most identified metabolites in root tissues were common in all 

six lucerne genotypes. However, few compounds were found only in the root exudates 

of weakly allelopathic genotypes. It may be the case that these compounds act as 

buffering agents to reduce the threshold levels of other potential allelochemicals in these 

weakly allelopathic genotypes.  Similar result has been reported by Seal et al. (2004) 

who showed that the amounts of dicarboxylic acids (hydroxyphenylacetic acid) were 

higher in non-allelopathic rice root exudates. 

Hence it is important to know which compound or compounds play the major role 

for lucerne allelopathy in order to manage the impact in the field. This is best achieved 

by identification and quantification of their presence and absence in the exudates of 



63 
 

strong and weak allelopathic lucerne genotypes but this current study unfortunately did 

not identify unique bioactive compounds in the strongly allelopathic lucerne genotypes, 

most probably because of undetectable concentrations in their root exudates. 

In the present research, the phytotoxic effects on the receiver plant (annual 

ryegrass) are expressed in laboratory agar medium from lucerne roots. The question of 

whether this outcome represents likely outcomes in the field is pertinent. Strong 

correlations between laboratory (using ECAM) and field allelopathic outcomes have 

been found in Australian studies by Seal et al. (2008) in rice (r = 0.84**) and 

Asaduzzaman et al. (2014b) with canola (r = 0.77**). 

In conclusion, the work showed that root and shoot growth inhibition of annual 

ryegrass was related to allelopathic compounds released or produced by lucerne 

genotypes. It suggests that there exists a strong likelihood that breeding for allelopathy 

in lucerne could produce cultivars that have a high capability for inhibiting.  

Competition from annual ryegrass in the field and reduce the risk of establishment 

failure through weed competition. Further research is needed to understand the complex 

chemical relations between lucerne and its companion plants to maximise the synergies 

of the sward.    
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Chapter 4 

 

H. M. Zubair, J. E. Pratley, G. A. Sandral, A. W. Humphries, A. Price, S. Nielsen 

(2016). Allelopathic interference of annual ryegrass (Lolium rigidum) on lucerne growth 

and nodulation. Plant and Soil [to be submitted] 

 

 

Lucerne genotypes have been shown to differ significantly in their allelopathic 

capability against the root growth of annual ryegrass (Chapter 3). This chapter reports 

investigation of lucerne growth and nodulation responses to root exudates of annual 

ryegrass under laboratory and glasshouse conditions. Growth responses of ten 

genotypes under laboratory and two lucerne genotypes under glasshouse conditions 

were tested against different densities of ryegrass. In the nodulation study, two lucerne 

genotypes with six rhizobium concentrations were used. 
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Abstract 

Laboratory and glasshouse experiments were undertaken to evaluate the allelopathic 

effects of annual ryegrass (ARG) root exudates against growth and nodulation of 

lucerne genotypes. Different densities of ryegrass were used to determine growth 

responses of lucerne genotypes (ten genotypes under laboratory and two genotypes 

under glasshouse conditions). Lucerne genotypes showed different degrees of 

sensitivity to ARG with Cropper 9.5, Haymaster7, Force 10, Genesis, Titan9 and 

Stamina GT6 root growth being particularly sensitive to ARG allelopathy under 

laboratory conditions. The root and shoot inhibition of lucerne was increased with 

increasing density of ARG. Root hair length and shoot dry weight of lucerne was 

decreased  by ARG density. The effect of ARG on lucerne nodulation was also 

evaluated using Sardi 5 and Titan9  (in both laboratory and glasshouse) at 6 rhizobium 

(Sinorhizobium spp)  concentrations (0, 0.6, 1.5×10, 1.5×10
2
, 1.5×10

3
, 1.5×10

4
 colony 

forming units/ml).  Reduction in nodule number was observed in the laboratory when 

lucerne genotypes were grown with ARG. Increasing annual ryegrass density also 

reduced nodulation under glasshouse conditions. The variability identified within and 

between lucerne populations suggests that there is scope to reduce allelopathic 

interference of ARG on seedling lucerne growth and improve the compatability of these 

species in pasture mixtures at establishment. 

Keywords: Allelopathy, Annual ryegrass (Lolium rigidum), Inhibition, Alfalfa 

(Medicago sativa), Nodulation 

Introduction 

A plant may interfere with the growth of a neighbouring plant through competition 

and/or allelopathy. Allelopathy refers to an interference mechanism in which a plant 

releases into the surrounding environment bioactive metabolites that negatively affect 
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the germination, establishment and growth of other plants growing in the vicinity 

(Anaya 1999).    

Annual ryegrass  is a cross pollinated grass native to the Mediterranean region and 

introduced to Australia in 1880 (Kloot 1983) . It establishes high populations and its 

biomass has a high nutritive value for livestock. The species is strongly adapted to avoid 

drought and it withstands high grazing pressure (Anson et al., 1997; Emeterio et al., 

2004). Annual ryegrass is sown alone or in mixed pastures with legumes to provide 

more pasture biomass and a nutritionally balanced diet for grazing ruminants (Ran et al., 

2014).   

Detrimental effects of ARG have been reported for different crop species 

including lupin (Lupinus albus), barley (Hordeum vulgare), wheat (Triticum aestivum) 

and canola (Brissica napus) (Amini et al., 2009; Amini et al., 2011; Moore et al., 2010). 

Emeterio et al., (2004) evaluated the allelopathic potential of L. rigidum on L. 

multiflorum Lam., Dactylis glomerata L. and lucerne. Annual ryegrass seeds adversely 

affected seedling growth and development of the three species. Related species, Lolium 

perenne and L. multiflorum from the same genus are reported to produce allelopathic 

compounds that interfere with plant growth (Chung and Miller 1995; Kraus et al., 2002; 

Wardle et al., 1996). In addition, a close relative, fine fescue (Festuca arizonica), has 

been reported to produce detectable amounts of m-tyrosine as the major active 

component in root exudates that had phytotoxic effects (Bertin et al., 2007).  

Leaf leachates and root exudates of some weeds have been shown to adversely 

affect nodulation in white clover (Trifolium repens), red kidney beans (Phaseolus 

vulgaris) and Korean lespedeza (Lespedeza stipulacea) (Rice 1968, 1971; Weston and 

Putnam 1985). However, no studies reported to date have assessed the allelopathic 

potential from root exudates of annual ryegrass on lucerne.  
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The aim of this study was to evaluate the allelopathic capability of ARG against 

lucerne genotypes. The objectives of this research  were i) to determine the possible 

allelopathic impact of living annual ryegrass on seedling growth  of lucerne genotypes,  

ii) to predict whether a high density of ryegrass seedlings might inhibit seedling 

establishment of newly sown lucerne  genotypes  and iii) to investigate whether such 

inhibition might extend to root nodulation in the legume. This would then enable 

determination as to the most appropriate combination of genotypes to minimise the 

negative allelopathic impacts from annual ryegrass.        

Materials and methods 

Plant materials 

Seed of annual ryegrass was obtained commercially. Ten lucerne genotypes (SARDI 

Five, Haymaster7, WL 925HQ, Force 10, L70, Genesis, L56, Cropper 9.5, Stamina 

GT6, Titan9) were selected for evaluation based on their demonstrated high, medium 

and low allelopathic responses to annual ryegrass ( Chapter 3). Agar (technical grade) 

was purchased from Sigma Aldrich (St. Louis, USA).  

Pre-germination of seeds 

Seeds of each lucerne genotype and annual ryegrass were surface sterilised by soaking 

in 2.0% sodium hypochlorite (NaOCl) solution for 10 minutes, then rinsed six times 

with sterilised distilled water. The surface sterilised seeds were transferred to a petri 

dish with one sheet of Whatman No. 1 filter paper, moistened with 5 mL sterilised 

distilled water and sealed with parafilm. The seeds of lucerne and annual ryegrass were 

then incubated in a light/dark cycle of 12h/12h and a temperature cycle at 25˚C /15˚C 

controlled environment. Lucerne seeds were incubated for 48 h, and annual ryegrass 

seeds were incubated for 72 h. 
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Laboratory – experiment 1 

Five densities (0, 5, 10, 20, and 30 seedlings/beaker) of annual ryegrass were evaluated 

by the equal compartment agar method (ECAM). The ECAM method, developed by 

Wu et al. (2000) was employed to evaluate the allelopathic impact of annual ryegrass on 

the ten lucerne genotypes. Glass beakers (600 mL, 12 cm depth, 8 cm diameter) 

containing 30 mL of 0.3% nutrient free water agar were autoclaved. Annual ryegrass 

densities comprised 5, 10, 20, 30 seedlings per beaker. Pre-germinated seeds of annual 

ryegrass were sown aseptically onto one half of the agar surface. The beakers were 

enclosed with parafilm to prevent contamination and evaporation from the agar surface, 

and were positioned in a controlled growth incubator with a daily 12-hour light/12-hour 

dark, 25°C/15°C cycle. After the growth of annual ryegrass seedlings for one week, 10 

pre-germinated seeds of each of 10 lucerne genotypes were sown aseptically on the 

other half of the agar surface. A piece of pre-autoclaved white paperboard (11 cm x 8 

cm) was inserted down the centre of the beaker as divider with the lower edge of the 

paperboard kept 1 cm above the agar surface. The entire beaker was thus divided into 

two equal compartments that were occupied separately by annual ryegrass and lucerne 

seedlings. Thus avoiding competition for light and space above the agar surface 

between the species. The roots of ryegrass could freely enter the lucerne compartment 

of the agar volume and thus any allelochemicals produced and released by the ryegrass 

seedlings could diffuse throughout the entire agar medium to influence lucerne root 

growth. After sowing lucerne, the beakers were again wrapped with parafilm and placed 

back in the growth cabinet for a further seven days co-growth. The growth of receiver 

species, lucerne, was also grown alone as a control. After a week, each lucerne seedling 

was carefully removed from the agar to avoid root breakage, the shoot lengths were 

measured using a ruler and the root morphologic parameters were measured by a 

WinRhizo root scanner. A randomized complete block design with four replications was 
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used for the experiment described above. Raw data for the shoot length and root 

morphological parameters of lucerne genotypes for the different densities of annual 

ryegrass were used for statistical analysis.  

The density-response data were further subjected to the analysis of whole-range 

assessment which was previously described (Chapter 3).   Briefly, instead of assessing 

the effect of each individual rate on the test species, the overall effect or response across 

the whole range of application rates is considered by whole range assessment. The 

approach required here was to calculate the inhibition area of the lucerne compared with 

the control (100%) over the whole range of ryegrass densities on the X axis. The 

inhibition area=              
   

  
  where C refers to the allelochemical 

concentration or equivalent and CT is the threshold concentration for causing inhibition 

in lucerne genotypes. Overall biological activity across the range of concentrations or 

equivalent is then summarised, calculated and presented by a single value ‘inhibition 

index’ which is defined as the percentage of the inhibition area to the total area i.e.  

inhibition index = (inhibition area/total area) x 100, 

where the total area as defined as       
   

 
  WESIA software developed by Liu et al. 

(2007) was used  for computing the inhibition area and calculating of ‘inhibition index’, 

which gives a relative indication of the biological activity of ARG against lucerne 

genotypes.   Large index values indicate that the genotype is sensitive whereas small 

values indicate tolerance. The calculated inhibition index was also analysed.  

Laboratory – Experiment 2 

A modification of Gibson’s tube culture technique (Gibson 1963)  was used for growing 

the lucerne plants. Agar, (25mL of 0.5% nutrient free water agar) was added to each 

glass tube (150 x 25 mm). The tubes were plugged with foam bungs. After autoclaving, 

the tubes were sloped so that the agar extended to the top of the tube. Pre-germinated 
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seeds of annual ryegrass at the density of four seeds per tube were aseptically sown on 

the middle position of the agar surface in one row. The tubes were then kept in a growth 

incubator at the above conditions. Seven days later, pre-germinated seeds of SARDI 

Five and Titan9 at a single seed per tube with six different rhizobium concentrations (0, 

0.6, 1.5×10, 1.5×10
2
, 1.5×10

3
, 1.5×10

4
 colony forming units/mL) at 1 mL per tube were 

added to the agar surface of the tube and placed back in the growth chamber for seven 

days. ‘The plate count method’ was used for rhizobium enumeration (Vincent 1970) . 

After 7 days of growing in concert, the ryegrass seedlings were removed and 2 mL of 

nutrient solution were included per glass tube and incubated for another four weeks in 

the growth incubator. Half strength Jensen’s (1942) nutrient solution was used. Nodule 

numbers were counted after four weeks. The growth of lucerne seedlings without 

ryegrass was the control. The tubes were arranged in a completely randomized design 

along with eight replications under controlled condition.   

Glasshouse experiment 

Two lucerne genotypes, SARDI Five and Titan9 were used as test species in this 

experiment based on previous findings. Pre-germinated seeds of annual ryegrass were 

sown in cylindrical PVC pots (90 mm diameter; 210 mm height). Each pot was filled 

with 1.6 kg (oven dry basis) brickie sand. The sand was pasteurised with steam. All pots 

were maintained at a water content of approximately 80% of field capacity by daily 

weighing and watering with deionised water. Annual ryegrass densities used were 0, 5, 

10 and 20 seedlings and there were four circles of these densities per pot. After the 

growth of annual ryegrass seedlings for a week, single pre-germinated seed of each of 

two lucerne genotypes were sown in the middle of the each circle. Pots were inoculated 

with six different rhizobium concentrations (0, 0.6, 1.5×10, 1.5×10
2
, 1.5×10

3
, 1.5×10

4
 

colony forming units/ml) at 1 mL per lucerne plant. After 7 days of growing in concert, 

the ryegrass seedlings were uprooted and N-free nutrient solution was 
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applied[CaSO4.2H2O (0.215 g/L), MgSO4.7H2O (0.205 g/L), KH2PO4 (1.975 g/L), 

H3BO3 (0.00238 g/L), MnCl2.4H2O (0.01518 g/L), ZnSO4.7H2O (0.00718 g/L), 

CuSO4.5H2O  (0.000666 g/L), (NH4)2MoO4 (0.001442 g/L), CoCl2·6H2O   (0.000396 

g/L) and Fe-EDTA (0.0306 g/L)]. The growth of lucerne seedlings without ryegrass was 

the control. Plants were grown under natural lighting in the glasshouse from April to 

June in Wagga Wagga, NSW, Australia. Temperatures were regulated between 25°C 

(max) and 15°C (min). Three replicates were used and pots were arranged in a 

completely randomised design. Lucerne plants were harvested four weeks after 

uprooting annual ryegrass.                                                          

Shoots were separated from roots. Roots were washed from the sand and the root 

data were assessed by scanning and image analysis using WinRhizo software (Regent 

Instruments, Montreal). Nodules were counted for accuracy. This is done relatively 

easily by scan images. In addition, images of fully elongated root hairs were taken using 

a Nikon SMZ 25 Stereo microscope fitted with a Nikon DS-Fi2 camera. Ten images 

were captured per plant and root hair lengths of  10 root hairs per image were measured 

using ImageJ software (Rasband 1997-2014). Root and shoot dry mass were determined 

after drying at 70°C. 

Statistical analysis 

Data were subjected to analysis of variance using Genstat v17 (VSN International, 

Hemel Hempstead, UK). The experiments analysed in this chapter are all based on 

randomised block designs. The model assumptions are- i) the residuals are normally 

distributed ii) the residuals are independent iii) the residuals have a mean of zero iv) the 

residuals have constant variance v) the treatment groups are normally distributed vi) 

homogeneity of variances of the data within factor levels. These model assumptions 

were checked and met in every case (except where indicated in the results). Where 

significant treatment differences were found a Tukey’s pairwise multiple comparison 
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test (Tukey, 1949) was used with a family 5% significance level. A significance level of 

5% was used throughout the analysis. 

Results 

 Laboratory – experiment 1 

The interaction between lucerne genotype and ryegrass density was significant (P 

<0.01) for lucerne root length, but there was no significant interaction for shoot length 

of lucerne (Table 1). For lucerne root length (% of control), preliminary analysis 

indicated unequal variances for the treatment factor levels so that subsequent analysis 

required a weighted least square analysis. Annual ryegrass root exudates were highly 

inhibitory against the seedling growth of various lucerne genotypes. Experiment results 

showed that the density of annual ryegrass significantly (P <0.01) reduced the lucerne 

seedling root length (Figure 1). At the highest density, 30 seedlings per beaker, lucerne 

root inhibition by annual ryegrass exudates tended to be lowest for SARDI Five, L70 

and L56, and highest for the remaining seven lucerne genotypes. At the highest density, 

annual ryegrass reduced root growth of SARDI Five, L70 and L56 to 31%, 30% and 

25% of their controls root length respectively; whereas the greatest root inhibition was 

observed in Cropper 9.5 which only produced a root length 14% of its control.  

 

 

Character Source  F p 

 Lucerne genotype  29.54 <0.01 

Root Ryegrass denisty  994.45 <0.01 

 Genotype x Density  3.97 <0.01 

 Lucerne genotype  2.91 <0.01 

Shoot Ryegrass denisty  19.63 <0.01 

 Genotype x Density  0.83 0.73 

Table 1 ANOVA table for the effect of annual ryegrass density on the root and shoot 

length (as percent of control) of 10 lucerne genotypes 
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Figure 1 Root length for 10 lucerne genotypes as influenced by annual ryegrass density (P 

<0.01)   
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In the presence of ryegrass (10 seedlings/beaker), L70, L56 and SARDI Five 

showed the greatest variability (P <0.01) for root length within lucerne populations 

(Figure 2). Variability (P <0.01) of root length within lucerne populations in the 

absence of ryegrass seedlings was also evident (Figure 3), although L70, L56 and 

SARDI Five were not the most variable. 

The allelopathic inhibition index of annual ryegrass against lucerne genotype 

roots ranged from 41. 2 to 69. 2% depending on genotype (Table 2). Annual ryegrass 

showed stronger suppression of root length in Cropper 9.5, Haymaster 7, Force 10, 

Genesis, Titan 9 and Stamina GT6 genotypes ranging in inhibition index from about 69 

to 63% and were not different. Annual ryegrass produced a much lower index value of 

41.18% for L70 followed by SARDI Five roots. However, the inhibition index 

differences of ryegrass against shoot growth of lucerne genotypes were not significant, 

ranging from 4.79 to 16.07% (Table 2).  
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Figure 2 Variability of root growth within lucerne populations in the presence of annual 

ryegrass (10 seedlings/beaker) (P <0.01) 
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Number Lucerne genotypes Root inhibition index 

(%) 

Shoot inhibition index 

(%) 

1 Cropper 9.5  69.19 a 13.03 a 

2 Haymaster7   68.57 ab 16.07 a 

3 Force 10   67.78 ab 11.81 a 

4 Genesis   67.73 ab 15.61 a 

5 Titan9   65.01 ab 12.39 a 

6 Stamina GT6   62.74 ab  13.13 a 

7 WL 925HQ 61.57 b 7.02 a 

8 L56 53.92 c 5.42 a 

9 SARDI Five 50.07 c 11.5 a 

10 L70 41.18 d 4.79 a 

      Mean inhibition index                                60.77                                   11.07   

      Inhibition index LSD (5%)                          6.37                                   10.33 
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Figure 3 Variability of root growth within lucerne populations in the absence of annual 

ryegrass seedlings (P <0.01) 

 

Table 2 Inhibition indices of annual ryegrass for root and shoot growth of 10 lucerne 

genotypes under laboratory conditions. Allelopathic index determined using WESIA 

software (Liu et al. 2007)  
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In case of lucerne root surface area, preliminary analysis indicated unequal 

variances for the treatment factor levels so that subsequent analysis required a weighted 

least square analysis. The interaction effect of ARG density and lucerne genotypes was 

significant (P <0.05) for lucerne root surface area (Figure 4).  Root surface area of all 

lucerne genotypes was inhibited by highest density (30 seedlings / beaker) of ARG    

which is significantly different from control and the density of 5 seedlings/beaker. At 

the highest density, root surface area of lucerne genotypes L56 and L70 were least 

inhibited (P <0.05) than that of other lucerne genotypes including Haymaster7, Genesis, 

cropper 9.5 and WL 925HQ.      

 

Figure 4 Root surface area of 10 lucerne genotypes as influenced by annual ryegrass density 

(P <0.05) 
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Laboratory – Experiment 2 

No significant differences were observed in nodule numbers between the lucerne 

genotypes in the presence of ryegrass at any rhizobium concentration (data not shown). 

The nodule numbers of SARDI Five and Titan 9 were reduced by the root exudates of 

ARG relative to the control (Figure 5). Nodule numbers of Sardi 5 and Titan9 were 

reduced (P <0.01) sixfold to eightfold respectively when lucerne genotypes were grown 

with ARG.    

Glasshouse experiment  

There was no interaction between ryegrass density, lucerne genotypes and rhizobium 

concentration on lucerne root hair length (Figure 1 in appendix VI).  The main effects of 

lucerne genotype, rhizobium concentration and their interactions were not significant. 

But the main effect of annual ryegrass density had a significant (P <0.05) effect on 

lucerne root hair length (Figure 6). The lowest root hair lengths recorded were 436 um 

and 433 um at the densities of 10 and 20 respectively compared with control (475 um).  

 

Figure 5 Nodule number of lucerne genotypes as influenced by presence of annual ryegrass 

(P <0.01) 
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For lucerne shoot dry weight, there were no interactions between ryegrass density, 

lucerne genotypes and rhizobium concentration (Figure 2 in appendix VI). But the main  

 

 

 

effects ARG density (P <0.001), genotype (P <0.001) and their interaction ARG 

density x genotype (P <0.01) were significant for shoot dry weight (Figure 7). 

However, the presence of annual ryegrass reduced (P <0.01) shoot dry weight of 

lucerne genotypes and dry weight of Sardi 5 was reduced with increased density of 

annual ryegrass (Figure 7), a trend (P <0.05) was evident in SARDI Five genotype. At 

the highest density (four circles of 20 ryegrass seedlings/pot), dry weight of Sardi 5 was 

lower than that of Titan9. 

 

 

 

 

Figure 6 Root hair length responses to root exudates of different annual ryegrass densities 

(P <0.05) 
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Figure 7 Shoot dry weight response of lucerne genotypes to root exudates of different 

annual ryegrass densities (P <0.01)    

 

Annual ryegrass density and rhizobium concentration did not affect nodule 

numbers of lucerne genotypes (Figure 3 in Appendix VI). The effect of ARG density 

was significant (P <0.01) for lucerne nodule number (Figure 8). The presence of annual 

ryegrass reduced (P <0.01) nodule number compared with lucerne planted alone 

(Appendix 2). At the highest density (four circles of 20 ryegrass seedlings/pot) nodule 

numbers were 17 per pot relative to those in the absence of ryegrass at 30 per pot.       
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Discussion 

Experimental findings showed that the root parameters (Table 1 and Figures 1 and 4) 

and nodulation (Figure 5) of the lucerne genotypes were inhibited by the presence of 

annual ryegrass. The effects on root length, root surface area, shoot dry weight (Figure 7 

and Table 5 in Appendix V) differed depending on the ryegrass density and lucerne 

genotype. Present results are similar to those observed by other researchers who found 

inhibition of seedling growth on other crop and pasture species by annual ryegrass 

(Emeterio et al., 2004; Moore et al., 2010). At higher density of ryegrass seedlings per 

beaker, the degree of root inhibition of all lucerne genotypes was significant when 

compared with the control. As ryegrass seedling number increased, the active 

concentration of allelochemicals exuded by ryegrass seedlings was presumed to increase 

accordingly, resulting in greater inhibition of the root growth of lucerne. There is no 

difference among lucerne genotypes in their response to ARG root exudates at a density 

of 30 ARG seedlings per beaker (Figure 1). At this density (the highest density), all 

 

Figure 8 Total nodule number response to root exudates of different annual 

ryegrass densities (P <0.01)    
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lucerne genotypes were inhibited by ARG, which suggests that concentration of 

allelochemicals had extended well beyond the threshold concentration required to 

produce an effect. Olofsdotter et al. (2002) noted that any compound can be toxic if 

applied at a high enough dose. The results indicate a different degree of sensitivity 

between genotypes, and suggest that root length of Cropper 9.5, Haymaster7, Force 10, 

Genesis, Titan9 and StaminaGT6 may be more sensitive to allelopathic effect to annual 

ryegrass.  

Figure 2 and 3 illustrated variability within populations, since lucerne genotypes are 

heterogenous mixtures of individuals grouped by common traits. The genotypes with 

the highest average root growth are also the genotypes with the greatest amount of 

variability for this trait. Root length of L56, L70 and SARDI Five were least inhibited 

(P <0.01) by the presence of annual ryegrass. They also had high levels of diversity for 

root length in the presence of ryegrass, but did not exhibit this same level of diversity 

compared with other cultivars in the absence of ryegrass.  Lucerne and some grasses 

have been also reported to have high levels of diversity for different traits (Humphries et 

al., 2006; Oram and Lodge 2003; Oram et al., 2009; Pecetti et al., 2006) which enables 

selection to be made for genetic improvement. The diversity of responses found here for 

allelopathy suggest that through selection and breeding the opportunity exists for 

improvements in allelopathic tolerance in lucerne. However the extent to which this 

effect still applies under field conditions would firstly need to be established to warrant 

allelopathic selection criteria in lucerne. Strong correlations between laboratory (using 

ECAM) and field allelopathic outcomes have been found in Australian studies by Seal 

et al. (2008) (r = 0.84**) and Asaduzzaman et al. (2014) (r = 0.77**). 

Both laboratory and glasshouse experiments have shown that root exudates from 

ryegrass affect the development of nodules in lucerne genotypes. Nodule development 

involves interaction between rhizobia and legume root hairs (Limpens and Bisseling 
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2003; Schultze and Kondorosi 1998). The development of a root nodule is under the 

control of nodulation (nod) genes (Eckardt 2006). Legume roots secrete flavonoids 

which perform as signals to activate the expression of nod genes resulting in the 

production of rhizobial nod factors that cause root cortical cells to breakdown and 

develop into nodules (Schultze and Kondorosi 1998; Spaink 2000). Levizou et al. 

(2002) have reported inhibition of root hair formation by allelochemicals and the  

findings here indicate that the presence of ARG or increasing annual ryegrass density 

can reduce root hair length (Figure 6) and number of nodules formed (Figure 5 and 8).  

Allelochemicals from root exudates of annual ryegrass may have suppressed any of 

these processes.  

What remains to be determined to ensure maximum lucerne production in pastures 

is which individual trait or combination of traits (i.e. root length, shoot length, dry 

weight, nodulation) is the most important priority for selection. Root length looks the 

most promising feature to respond to selection.  

Conclusions 

Lucerne genotypes grown in association with living annual ryegrass exhibited different 

tolerance levels to ryegrass root exudates. Scope exists to select genotypes of lucerne 

which are tolerant of ryegrass root exudates and thus are capable of higher production 

and greater persistence in lucerne grass mixed pastures.  
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way allelopathic interference between lucerne (Medicago sativa L.) genotypes and 

annual legume pasture species. Flora [to be submitted] 

 

 

 

 

In the previous chapters (3, 4) it was shown that lucerne and ARG had allelopathic 

capability on each other’s growth. It is also important to determine allelopathic 

capability among lucerne and other associated pasture species in respect of their 

desirable companion species. This chapter presents results that evaluated allelopathic 

capabilities between lucerne and annual legumes. Ten lucerne genotypes and four 

annual legume pasture species were tested as both donor and receiver.  
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Abstract 

The effects of root exudates of lucerne (Medicago sativa L.) and four annual legume 

pasture species were investigated for allelopathic impact both as donor and receiver 

species in a laboratory bioassay. Among the ten lucerne genotypes tested, eight lucerne 

genotypes inhibited root length of all four annual legumes and two lucerne genotypes 

(L70 and L56) stimulated root length of subterranean clover (Trifolium subterraneum)  

cultivars Riverina and Leura. The stimulation effect on root growth of subclover by L70 

was greater than by L56. Riverina and Leura root lengths were increased by 140% and 

130% respectively by L70 root exudates.  Root exudates of the four annual legumes had 

a variable impact on root growth of lucerne genotypes, SARDI Five, Titan9, L56, L70 

and Cropper 9.5. All annual legumes [biserrula (Biserrula pelecinus) and subterranean 

clover cvv. Leura and Riverina] except French serradella (Ornithopus sativus) reduced 

root length of L70 by 49-74% and SARDI Five by 63-83%. In addition, shoot length, 

root surface area and root diameter of annual legumes and lucerne genotypes were also 

influenced depending on the combination of the donor and the receiver species. Results 

suggested that two way allelopathic interactions occurred i.e. root exudates of lucerne 

genotypes (cv. Cropper 9.5, Force 10, Genesis, Haymaster7, L70, L56, SARDI Five, 

Stamina GT6, WL 925HQ, Titan9) were used as donor species which influenced on the 

growth of annual legume receiver species (biserrula cv. Mauro, French serradella cv. 

Margurita, subterranean clover cv. Leura and Riverina). Annual legume was also used 

as donor species which impacted receiver lucerne growth. The outcome depends on the 

interaction of donor and receiver component of each species. A greater understanding of 

the allelopathic interactions between lucerne and annual pasture legumes could be used 

to design more compatible, productive and persistent pasture mixtures.   

Keywords: Allelopathy, Biserrula pelecinus, Ornithopus sativus, Trifolium 

subterraneum, bioassay, Medicago sativa, root exudate  
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Introduction 

Pasture legumes have been widely used in Australian farming systems since the 1930s 

(Morley and Katznelson 1965). In permanent pastures and crop: pasture sequences the 

pasture phase helps to maintain farming system sustainability by providing a range of 

ecosystem services, including the addition of biologically fixed nitrogen to improve soil 

fertility (Peoples and Baldock 2001) and benefits to soil structure (Howieson et al., 

2000) and hydrology (Sandral et al., 2006). Where lucerne is established, annual 

legumes are often sown as companion species to help fill the gaps between lucerne 

plants and to increase winter production. In the cropping zone of south eastern Australia 

a pasture of this type may last for 3 to 6 years before it enters a cropping phase of 

similar length. This sequence of pasture and crop is often referred to as ‘phase farming’ 

and requires the pasture to be sown after each cropping phase. The other predominant 

pasture crop sequence used has a shorter crop pasture phase (e.g. 1:1, 1:2, 2:1 and 2:2 

years options) and the pasture is sown once and expected to survive as seed through the 

cropping phase and re-establish in the pasture phase. This system is often referred to as 

‘ley farming’ and by its very nature provides little opportunity for the inclusion of 

lucerne. Consequently the context of this research may be applicable to phase farming 

and permanent pasture systems. Australian agriculture is highly dependent on legume 

based pastures (An et al., 2007) so as to reduce nitrogen fertilizer inputs in the cropping 

phase and provide nitrogen to companion species in permanent pasture systems. Weeds 

cost the livestock industry approximately $ 2.1 billion  per year (Meat and Livestock 

Australia 2015) and low cost methods of reducing these losses would provide 

significant benefits (Sloane and King 1988). Allelopathy of pasture legumes may have a 

role to play in reducing the costs of weeds and maintaining an adequate legume content 

in phase farming and permanent pasture systems. 
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Allelopathy has frequently been suggested as an important factor in regulating the 

structure of plant communities (Rice 1984; Rutherford and Powrie 1993; Smith and 

Martin 1994). Allelopathy is a mechanism where the effect of one plant species on 

another occurs through the release of chemical substances which may be either growth 

inhibiting (i.e. antagonistic) or promoting (i.e. synergistic), depending on the 

compounds released and the target plant species (Ma et al., 2014).  Consequently 

allelopathy could play a beneficial role in different cropping systems, including phase 

farming (Ben-Hammouda et al., 2001) as well as in permanent pasture systems.   

Allelopathic interactions have been reported between pasture residues and pasture 

plants (Leigh et al., 1995; Slater et al., 1996). In previous studies, different plant parts 

and residues of lucerne have been reported to influence the growth of other crops 

(Nielsen et al., 1960; Xuan and Tsuzuki 2002). This research showed that there were 

allelopathic differences among the lucerne varieties and target crop species. Other 

researchers (Chon and Kim 2004; Martin and Smith 1994; Smith and Martin 1994; Turk 

et al., 2003) have also shown the allelopathic impact of several plant species on lucerne 

growth. In addition, root growth of a wide variety of annual and perennial legumes was 

adversely affected by the allelopathic activity of phalaris (Phalaris aquatica) and 

certain crops (Halsall et al., 1995; Leigh et al., 1995).  

The importance of the annual/perennial legumes combination in Australian pastures 

warrants consideration of the role allelopathic interference plays in this combination. 

The objective of this research was to characterize the allelopathic influence of root 

exudates of lucerne and annual pasture legumes as both donor and receiver.      
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 Materials and methods 

 Test species 

Ten lucerne genotypes (cv. Cropper 9.5, Force 10, Genesis, Haymaster7, L70, L56, 

SARDI Five, Stamina GT6, WL 925HQ, Titan9) and four annual pasture legumes  

(biserrula cv. Mauro, French serradella cv. Margurita, subterranean clover cv. Leura and 

Riverina) were obtained from Australian seed companies and from the South Australian 

Research and Development Institute (SARDI).  

 Sterilisation and pre-germination 

The pre-treatment of the seeds and growth chamber incubation conditions were identical 

to the procedures previously described (Chapter 3). Lucerne and annual legumes seeds 

were surface sterilised by submerging the seeds in 2.5% sodium hypochlorite (NaOCl) 

solution for 15 minutes and rinsed six times with distilled water. The seeds were 

transferred to a petri dish with one sheet of Whatman No. 1 filter paper and moistened 

with 5 mL sterilised distilled water.All seed samples were then incubated in a light/dark 

cycle of 12h/12h and a temperature cycle at 25˚C /15˚C for 48 h, subterranean clover 

seeds were incubated for 72 h.  

 Growth chamber incubation conditions 

The equal-compartment-agar method (ECAM) developed by Wu et al. (2000) was 

employed to  determine the allelopathic interference between lucerne and annual 

legumes. Briefly, 30 pre-germinated donor plant seeds were sown on the agar surface 

onto one half of a glass beaker (600 mL, 12 cm depth, 8 cm diameter)   containing 30 

mL of 0.3% nutrient free water agar were autoclaved. Agar (technical grade) was 

purchased from Sigma Aldrich (St. Louis, USA).    

After the growth of donor plant seedlings for one week, 15 pre-germinated seeds of 

the receiver plant were aseptically placed on the other half of the agar surface. All the 
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beakers were placed in a controlled growth incubator for a further 7 days with a daily 

12-hour light/12-hour dark, 25°C/15°C temperature cycle.  

Response of annual legumes to lucerne root exudates 

The equal-compartment-agar method (ECAM) bioassay was used to screen 10 lucerne 

genotypes (donors) for their allelopathic impact on 4 annual legume pasture species 

(receivers). The receiver species (annual legume) was also grown without the influence 

of lucerne as the control. The incubation conditions were identical to those described 

above.  

Response of lucerne to annual legume root exudates 

To determine if the four annual legumes (biserrula, French serradella, subterranean 

clover cvv. Leura and Riverina) had allelopathic effects against 5 lucerne genotypes 

(Sardi 5, Titan9, L56, L70 and Cropper 9.5), pre-germinated annual legume seeds were 

sown into 30 mL of 0.3% nutrient free water agar at 30 seedlings per beaker. The plants 

were allowed to grow alone in the agar for 7 days after which 15 pre-germinated seeds 

of lucerne were added. Lucerne genotypes grown in the absence of legume were the 

control treatments. The incubation conditions were identical to those previously 

described.  

Experimental design and statistical analysis 

Each experiment was arranged in a randomised complete block design with 4 replicates. 

After a week of co-growth of lucerne with annual legume, the root data were assessed 

by scanning and image analysis using WinRhizo software (Regent Instruments, 

Montreal). Shoot lengths were measured to the nearest 0.5 mm using a ruler. Data were 

subjected to analysis of variance using Genstat v17 (VSN International, Hemel 

Hempstead, UK). The model assumptions (mentioned in Chapter 3) were checked and 

met in every case. Where significant treatment differences were found a Tukey’s 
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pairwise multiple comparison test (Tukey, 1949) was used with a family 5% 

significance level. A significance level of 5% was used throughout the analysis.  The 

receiver tolerance to allelopathy was examined by contrasts of the log receiver response 

for the presence of allelopathy less the log for the receiver response measured in the 

absence of allelopathy. This can be described by   

100 x [EXP {LN (allelopathy affected response)-LN (no allelopathy response)}]. 

Values on this scale are the same as percent reductions described as (allelopathy 

affected response) / (no allelopathy response) x 100.  

Results 

Response of annual legumes to lucerne root exudates 

The interaction effect between lucerne genotypes and annual legumes was significant (P 

<0.01) for root length of annual legumes. There were differences (P <0.01) among the 

10 lucerne genotypes in their ability to suppress or stimulate the root length of the 

annual pasture cultivars Mauro, Leura, Riverina and Margurita (Figure 1). Of the  10 

lucerne genotypes, eight (Cropper 9.5, Force 10, Genesis, Haymaster 7, SARDI Five, 

Stamina GT6, WL 925HQ and Titan9) inhibited (P <0.01) root length of all four annual 

legumes, while two (L70 and L56) stimulated (P <0.01) root length of Riverina and 

Leura (Figure 1a). Leura was the least inhibited (P <0.01) among the four annual 

legumes. L70 increased Riverina and Leura root lengths by 140% and 130% 

respectively, compared with the control (Figure 1a). In contrast to the increased root 

length response of the subterranean clover, L70 and L56 did not stimulate root length of 

Mauro, while Margurita root length was reduced by both lucerne genotypes.  
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Figure 1 (a) Root length (as percentage of control) of annual legumes, Margurita, Mauro, 

Riverina and Leura (P<0.01) and (b) root length (mm) of annual legumes as influenced by 

root exudates from lucerne genotypes (P <0.01)   
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The root length of all annual legumes in the presence of L70 was 24.72 -53.29 mm 

(Figure 1b). Control root length of Margurita and Riverina were greater than Mauro and 

Leura and this relative relationship tended to occurr within most lucerne genotypes with 

the clear exception of L56 and L70. The presence of lucerne genotypes did not affect 

shoot growth of the annual legumes (data not shown). 

There was an interaction effect (P <0.01) between lucerne genotypes and annual 

legumes for root diameter of annual legumes (Figure 2). Root diameters of Leura, 

Riverina, Margurita and Mauro were affected (P <0.01) by lucerne genotypes when 

compared with their controls (Figure 2a). Among the four annual legumes, only 

Margurita root diameter was increased (P <0.01) by 20.57% and 19% from root 

exudates of L56 and L70 respectively (Figure 2a). The largest reduction (P <0.01) in 

root diameter was recorded in Leura compared with the control to exudates from L56 

(Figure 2a). Root diameters of controls were smallest for Margurita (0.47 mm) and 

Mauro (0.54 mm) which were different from the largest root diameters of Leura (0.86 

mm), (Figure 2b).  

Response of lucerne to annual legume root exudates 

The interaction of annual legumes and lucerne genotypes was significant (P <0.01) for 

lucerne root length (Figure 3). Exudates from the living roots of all annual legumes 

inhibited (P <0.01) root length of the five lucerne genotypes by at least 49% (Figure 3). 

Effects on root length were variable (P <0.01) among genotypes.  For example L70 was 

the most (P <0.01) tolerant genotype. Root lengths of L70 and SARDI Five were 

reduced by 49-74% and 63-83% respectively from Mauro, Riverina and Leura exudates 

(Figure 3a). Riverina had the least effect on L70.  Among the four annual legumes, 

Leura had the largest inhibitory effect (P <0.01) on root length of lucerne. The absolute 

root lengths for five lucerne genotypes ranged from 13.28 – 32.41 mm and 8.22- 16.36 
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mm when they were grown with Riverina and Leura respectively (Figure 3b). Root 

lengths of the controls were greatest (P <0.01) for L70 (63.19 mm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 (a) Root diameter (as percentage of control) of annual legumes, Margurita, Mauro, 

Riverina and Leura (P<0.01) and (b) root diameter (mm) of annual legumes as influenced by 

root exudates from lucerne genotypes (P <0.01)  
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There was significant interaction (P <0.01) between annual legumes and lucerne for 

lucerne shoot length (Figure 4).  Shoot length of Cropper 9.5, SARDI Five and Titan9 

was reduced (P <0.01) by Leura and Margurita compared with the control. Of the four 

annual legumes, Leura caused the greatest inhibition (P <0.01) to shoot lengths of 

Figure 3 (a) Root length (as percentage of control) of five lucerne genotypes, Cropper9.5, 

L56, L70, SARDI Five and Titan9 (P<0.01) and (b)  root length (mm) of five lucerne 

genotypes as influenced by annual legume root exudates (P <0.01)   
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lucerne genotypes (Figure 4a). SARDI Five was more affected (P <0.01) by Leura, with 

its shoot length ranging from 16.25 – 22.02 mm in the presence of annual legumes 

relative to L70, L56 and Titan9 in the presence of Riverina (Figure 4b) . 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 (a) Shoot length (as percentage of control) of five lucerne genotypes, Cropper 9.5, 

L56, L70, SARDI Five and Titan9 (P<0.05) and (b) shoot length (mm) of five lucerne 

genotypes as influenced by annual legume root exudates (P <0.01) 

 



104 
 

The interaction effect between annual legumes and lucerne was not significant for 

lucerne root diameter (data not shown). But the main effect was significant (P <0.01). 

Among the four annual legumes, Leura and Margurita stimulated (P <0.01) the root 

diameter most (Figure 5).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion 

The results have been presented by absolute data and percentage of control. The 

absolute data show an assessment of the vigour of the genotypes as well as an 

expression of allelopathic tolerance. The percentage data allow a comparison based on 

allelopathy tolerance only. Root length and diameter of annual legumes were examined 

to establish if roots were shorter and thicker or longer and thinner as a result of 

exposure to lucerne exudates from different genotypes.  

 

Figure 5 Root diameter (mm) of lucerne genotypes, as influenced by annual legume root 

exudates (P <0.01)     
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An effort has been made in this study to evaluate allelopathic capabilities of plants 

which are grown in association. This study demonstrated that root exudates of both 

lucerne genotypes and annual legumes displayed allelopathic activity and influenced 

each other’s growth (Figure 1, 2, 3 and 4). Shoot length was less sensitive than root 

length to allelopathy (Figure 3 and 4), as also observed in other plant species (Batish et 

al., 2007; Mandal 2001). The release of allelopathic substances from root exudates 

would have a direct immediate effect on the root growth of other plants growing in 

intimate association. Reduced root length may impede for nutrient uptake ability 

particularly immobile nutrients such as phosphorus. Plants with a higher root foraging 

ability could produce 90% of maximum dry matter at a lower soil test phosphorus 

concentration (Sandral et al. 2015; Haling et al. 2015).  In this research allelopathy also 

affected root length. For example, L70 increased (P <0.01) the root length of Leura 

(Figure 1) while Leura caused a significant reduction (P <0.01) in root length of L70 

(Figure 3). This may influence phosphorus acquisition.  Among the lucerne genotypes, 

root exudates of L70 and L56 stimulated root growth of Riverina and Leura 

subterranean clover. These results are consistent with those of other workers (Macias et 

al., 2003; Taiwo and Makinde 2005) in suggesting that the enhancement is due to the 

presence of growth promoting compounds. Taiwo and Makinde (2005) reported that 

extracts from Mexican sunflower (Tithonia diversifolia) containing such compounds 

promoted the growth of cowpea (Vigna unguiculata L.).  

The present study also demonstrated that annual legume root exudates inhibited 

root growth of all lucerne genotypes evaluated although the inhibition effects differed 

depending on the plant species. In this study, lucerne genotypes L70 and L56 appear to 

be relatively compatible growing in conjunction with Riverina and Leura subterranean 

clover. 
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Conclusions 

The study showed that different pasture species growing in association can provide 

differential responses to allelopathy. For full benefits of allelopathy in mixed culture 

systems, there is a need to explore the allelopathic potential that exists in different plant 

species growing in mixtures. The two way allelopathic process observed in these studies 

suggests that should these same effects also occur in the field, these allelopathic 

interactions  need to be taken into consideration in selecting companion components of 

pastures whereby mutual tolerance of allelochemical exudates is maximised thereby 

relieving the pasture sward of competitive inhibition. 
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Chapter 6 

 

H. M. Zubair, J. E. Pratley, G. A. Sandral, A. W. Humphries, S. Nielsen (2016). 

Chemical ecology of the pasture combination of grass (annual ryegrass) and legumes 

(lucerne and subterranean clover). Biologia Plantarum [to be submitted] 

 

 

In previous Chapters 3, 4 and 5, root exudates interactions between lucerne and annual 

ryegrass and lucerne and annual legumes were examined, but interaction effects of the 

three components were not evaluated in mixed plantings. Therefore this chapter 

evaluated interrelations between annual ryegrass and legumes in mixed plantings. In a 

laboratory study, four lucerne genotypes, ryegrass and subterranean clover were used. 

Six different combinations of lucerne, ryegrass and subterranean clover were 

subsequently tested in a glasshouse experiment.  
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Abstract 

Laboratory and glasshouse experiments were undertaken to investigate the species 

interactions within a mixed pasture comprising lucerne (Medicago sativa), subterranean 

clover (Trifolium subterraneum  Riverina) and annual ryegrass (Lolium rigidum). Two 

densities (10, and 20 seedlings/beaker) and 4 varieties of lucerne were evaluated by the 

equal compartment agar method (ECAM) with slight modification of the laboratory 

bioassay. The glasshouse experiment included six different combinations of lucerne 

genotypes (L70 and SARDI Five), subterranean clover ( Riverina) and annual ryegrass, 

each in proportion (1:1:1). In the laboratory, Riverina root length was increased by 59% 

and 48% by L56 and L70 root exudates respectively; whereas ryegrass root length was 

decreased relative to the control by 56% and 61% by SARDI Five and Titan9 

respectively. In addition, Riverina had longer shoots and thinner roots in the presence of 

lucerne genotypes L56 and L70, while root surface area of Riverina was reduced by 

SARDI Five and Titan9. SARDI Five and Titan9 decreased the root surface area of 

ryegrass, but increased root diameter. Among the combinations tested, L70-ARG-

Riverina and SAR5-ARG-Riverina produced a higher leaf area ranging from 155 to 

158%, leaf dry weight from 139 to 142% and shoot dry weight from 137 to 142% 

compared with a ryegrass monoculture in the glasshouse. Legumes in mixed pastures 

had fewer nodules than their respective sole legume control. The variability identified 

among pasture species may be useful in choosing compatible species in pasture 

mixtures at establishment.    

Keywords: allelochemical, mixed culture, root exudates, inhibition   

Introduction 

Lucerne (Medicago sativa L.) is grown over a wide range of climatic conditions as an 

important forage crop. As a legume it able to produce high yields without nitrogen 
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fertilisation (Al-Suhaibani 2010) and is commonly grown with companion species such 

as a grass or annual legume in a mixed pasture. Legume/grass pastures are used in many 

parts of the world (Francis 1986) in order to maximise use of resources such as space, 

light and nutrients (Li et al. 2003; Willey 1990), reduce use of inorganic nitrogen 

fertilisers (Crews and Peoples 2004), improve water use efficiency (Dear et al. 2000; 

Lolicato and Cook 1993), reduce weed growth (Carruthers et al. 1998; Weil and 

McFadden 1991) as well as improve pasture quality and quantity (Mpairwe et al. 2002).   

Legumes are an important component of a mixed pasture sward through their ability to 

fix atmospheric nitrogen and their high nutritive value (Smith et al. 2015). The fixed 

nitrogen can be transferred to companion plants for utilisation through  root exudation 

(Lory et al. 1992; Paynel et al. 2008), livestock digestion and decomposition of 

senesced plant material (Trannin et al. 2000).   

When swards are planted in combination, their growth is influenced by several 

plant interactions, including resource competition (Li et al. 1999) and by interference 

through allelochemicals of root exudates (Ridenour and Callaway 2001). Root exudates 

have been suggested as an important factor in regulating the structure of plant 

communities (Rice 1984; Rutherford and Powrie 1993; Smith and Martin 1994) and it 

may involve both positive and negative communications in the rhizosphere (Shukla et 

al. 2011). If the companion plant species have suitable and compatible morphological 

and physiological properties, the productivity of the mixture will be enhanced compared 

with pure stands of each species due to reduced competition and better use of 

environmental inputs. Research shows such yield advantages (Morris and Garrity 1993). 

For instance, in a mixture of lucerne and corn (Zea mays), Smith and Carter (1998) 

recorded higher hay and corn yields relative to yields of the single species. Higher 

lucerne density has also been shown to reduce seed yield and regeneration of 

subterranean clover in mixtures (Dear et al. 2000; Wolfe and Southwood 1980).    
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The objectiveof this study was to evaluate the production of lucerne, subterranean 

clover and annual ryegrass in mixed swards relative to their production in pure stands 

based on a previous study of their chemical interactions. 

Materials and methods 

Choice of species and varieties 

Four lucerne genotypes SARDI Five, Titan 9, L70 and L56 were selected for this 

laboratory experiment. Among these, SARDI Five and Titan 9 had negatively 

influenced both ryegrass and subterranean clover ( Riverina) whereas L70 and L56 had 

positively influenced subterranean clover ( Riverina). These contrasting effects were 

used as the basis for the current studies.  

Seeds of ryegrass were obtained from a commercial source and subterranean clover 

from the South Australian Research and Development Institute (SARDI). Four lucerne 

genotypes (L70, L56, SARDI Five and Titan 9) were sourced from Australian seed 

companies and SARDI.  

Sterilisation and pre-germination 

All seeds of lucerne, annual ryegrass and subterranean clover were surface sterilised by 

soaking the seeds in 2.5% sodium hypochlorite (NaOCl) solution for 15 minutes after 

which they were rinsed six times with distilled water. The surface sterilised seeds were 

transferred to a petri dish with one sheet of Whatman No. 1 filter paper, moistened with 

5 mL sterilised distilled water, and sealed with parafilm. The lucerne seeds were then 

incubated for germination in a light/dark cycle of 12h/12h and a temperature cycle at 

25˚C /15˚C for 48 h, for ryegrass and 72 h for subterranean clover.  
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Laboratory experiment  

The equal-compartment-agar method (ECAM) developed by Wu et al. (2000) was  

modified to evaluate the allelopathic interference of lucerne on the test species. Glass 

beakers (600 mL, 12 cm depth, 8 cm diameter) containing 30 mL of 0.3% nutrient free 

water agar were autoclaved. For each lucerne genotype, 10 or 20 uniform seedlings per 

beaker were chosen and aseptically transplanted from the germination dish onto the 

middle line of the agar surface. The beaker tops, which were wrapped with parafilm to 

prevent contamination and evaporation from the agar surface, were placed in a 

controlled growth incubator with a daily 12-hour light/12-hour dark, 25°C/15°C cycle. 

After the growth of lucerne seedlings for one week, 10 pre-germinated seeds of annual 

ryegrass and subterranean clover were placed 2 cm distant on the either side from 

lucerne seedlings. After sowing the test species, the beakers were again wrapped with 

parafilm and placed back in the growth cabinet for a further seven days co-growth. For 

the control, the receiver species were grown without the influence of lucerne. After a 

week, the test seedlings were carefully removed from the agar to avoid root breakage. 

Shoot lengths were measured using a ruler and the root morphologic parameters were 

measured by WinRhizo root scanner.     

Randomised complete block design with 4 replications was used for the experiment 

described above. The receiver tolerance to allelopathy was examined by contrasts of the 

log receiver response for the presence of allelopathy less the log for the receiver 

response measured in the absence of allelopathy. This can be described by  

100 x [EXP {LN (allelopathy effected response)-LN (no allelopathy response)}] 

Values on this scale are the same as percent reductions described as  

(allelopathy affected response) / (no allelopathy response) x 100. 
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Glasshouse experiment 

Pre-germinated seeds of two lucerne genotypes (L70 and SARDI Five), subterranean 

clover (cv. Riverina) and annual ryegrass species were sown in cylindrical PVC pots 

(90 mm diameter; 210 mm height). Each pot was filled with 1.6 kg (oven dry basis) 

brickie sand. The sand was pasteurised with steam. All pots were maintained at 80% of 

field capacity by weight. Watering took place three times a week with deionised water. 

Before sowing the pasture species, nutrient solution [CaSO4.2H2O (0.215 g/L), 

MgSO4.7H2O (0.205 g/L), KNO3 (0.845 g/L), (NH4)2SO4 (0.1375 g/L), NH4NO3 (0.083 

g/L), KH2PO4 (1.975 g/L), H3BO3 (0.00238 g/L), MnCl2.4H2O (0.01518 g/L), 

ZnSO4.7H2O (0.00718 g/L), CuSO4.5H2O (0.000666 g/L), (NH4)2MoO4 (0.001442 

g/L), CoCl2·6H2O   (0.000396 g/L) and Fe-EDTA (0.0306 g/L)] was applied to each 

pot. Pasture species were sown as both a pure species and in mixed swards in different  

 

 

Middle pasture species Pasture species/pot 

Annual ryegrass Annual ryegrass +  Annual ryegrass + Annual ryegrass 

Annual ryegrass L70 + Annual ryegrass + Riverina 

Annual ryegrass SARDI Five + Annual ryegrass + Riverina 

L70 L70 + L70 + L70 

L70 Riverina + L70 + Annual ryegrass 

Riverina Riverina +  Riverina +  Riverina 

Riverina L70 + Riverina +Annual ryegrass 

Riverina SARDI Five + Riverina +Annual ryegrass 

SARDI Five SARDI Five +  SARDI Five +  SARDI Five 

SARDI Five Riverina + SARDI Five + Annual ryegrass 

Table 1 Pasture species in pure (mono) and mixed populations with different 

combinations. The middle pasture species (in bold) in the mixtures is the one being 

monitored relative to its control 
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species combinations (Table 1). Every pot contained 15 plants in three rows; either all 

of the same species, or five of each pasture species. Pots were inoculated the day after 

sowing with a slurry of peat inoculums containing the appropriate strain of rhizobium 

(lucerne- Group AL and Riverina- Group C) at 10 mL per legume row. For annual 

ryegrass, deionised water was applied instead of inoculant. Plants were grown under 

natural lighting in the glasshouse and temperatures were partially regulated between 

25°C (max) and 15°C (min). Four replicates were used and pots were arranged in a 

randomised complete block design. Pasture species were harvested six weeks after 

sowing. 

Leaves, stems and roots were separated after harvesting. Roots were washed from 

the sand and the root data were assessed by scanning and image analysis using 

WinRhizo software (Regent Instruments, Montreal). Nodule numbers were counted 

from the scanned image. The leaf area was measured using a leaf area meter (LI-COR, 

inc. Lincoln, Nebraska, USA, Model LI-3100). The plant parts (leaves, stems and roots) 

were then packaged in paper bags separately and dried at 70°C for dry weight 

determination.     

In the case of above ground data, the middle pasture species in all combinations 

were compared with their respective control. Control pasture species data were divided 

by three (equivalent to 5 plants) for comparison with combinations. Below ground data 

(root length, root dry weight and nodulation percentages) were compared at pot level. 

For root and nodulation percentages data, relevant control pots (ARG, L70, Riverina 

and SARDI Five) were added together and divided by three to provide a comparison 

with the treatment: e.g. (ARG control + L70 Control + Riverina control)/3 was 

compared with the treatments L70-ARG-Riverina, Riverina- L70-ARG and L70-

Riverina-ARG).  
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Data analysis  

All the experimental data were subjected to analysis of variance using Genstat v17 

(VSN International, Hemel Hempstead, UK). The model assumptions are- i) the 

residuals are normally distributed ii) the residuals are independent iii) the residuals have 

a mean of zero iv) the residuals have constant variance v) the treatment groups are 

normally distributed vi) homogeneity of variances of the data within factor levels. These 

model assumptions were checked and met in every case. Where significant treatment 

differences were found a Tukey’s pairwise multiple comparison test (Tukey, 1949) was 

used with a family 5% significance level. A significance level of 5% was used 

throughout the analysis. 

Results  

 The interaction between lucerne genotype, density and pasture species was significant 

(P <0.05) for root lengths of annual ryegrass and Riverina (Figure 1).  Both annual 

ryegrass and subterranean clover Riverina were inhibited (P <0.01) or stimulated (P 

<0.01) depending on the lucerne genotype and density level. At the highest density, 20 

seedlings per beaker, SARDI Five and Titan9 exudates decreased (P <0.01) annual 

ryegrass root length whereas L70 and L56 exudates increased (P <0.01) root length of 

Riverina compared with control (Figure 1a).  The Riverina root length in the presence of 

L56 and ryegrass root length in the presence of SARDI Five were 60.76 mm and 40.66 

mm respectively (Figure 1b).   

There was no interaction between genotype and density on the root diameter of 

ryegrass and Riverina (Figure 4 in appendix VI). The interaction between lucerne 

genotype and species was significant (Figure 2). Among the four lucerne genotypes 

SARDI Five and Titan9 exudates increased (P <0.05) the root diameter of Riverina.  
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Figure 1 (a) Root length response (as percentage of control) of annual ryegrass and Riverina to 

root exudates of lucerne genotypes with different densities (P <0.05) and (b) root length response 

(mm) of annual ryegrass and Riverina to root exudates of lucerne genotypes with different 

densities (P <0.05) 
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Riverina root diameter was increased (P <0.05) by the presence of Titan9 relative to 

L56 and L70.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Root surface area was not significant by the interaction of lucerne genotypes, density 

and pasture species (Figure 5 in appendix VI). But there was significant (P <0.01) 

interaction found between lucerne genotype and density (Figure 3). L56 and L70 

increased and Sardi 5 and Titan9 decreased root surface area at the highest density (20 

seedlings/beaker) compared with control. No significant interaction was observed 

between lucerne genotypes, density and pasture species (Figure 6 in appendix VI) for 

shoot length. However, the interaction effect of density and species influenced (P 

<0.05) shoot length (Figure 4).  Annual ryegrass shoot length was reduced (P <0.05) at 

the density of 20 seedlings/beaker and 10 seedlings/beaker compared with control.  

 

Figure 2 Root diameter response (mm) of annual ryegrass and Riverina to root exudates of 

lucerne genotypes (P <0.05) 
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 Figure 4 Shoot length response (cm
2
/10 plants) of annual ryegrass and Riverina to 

different densities of lucerne genotypes (P <0.05) 

 

 

 

 
Figure 3 Root surface area response (cm

2
/10 plants) of pastures to root exudates of lucerne 

genotypes with different densities (P <0.01) 
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 Leaf area and leaf dry weights were higher (P <0.01 for leaf area; P <0.05 for leaf 

dry weight) for annual ryegrass grown in mixed culture (L70-ARG-Riverina and SAR5-

ARG-Riverina) than for ryegrass grown in monoculture (Figure 5 and 6). Leaf area and 

leaf dry weight of ryegrass in mixed culture were 48.54 – 49.32 cm
2 

and 0.2 – 0.21 g 

respectively compared with ryegrass alone being 31.64 cm
2
 and 0.14 g respectively 

(Figure 5b and 6b). Stem dry weight of annual ryegrass growing in mixed culture (L70-

ARG-Riverina) and (SAR5-ARG-Riverina) were not significant compared with the 

ryegrass control (Figure 9 in appendix VI).  
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(a) 

 

(b) 

 

Figure 5 (a) Leaf area (as percentage of control) of annual ryegrass (ARG) in monoculture and in 

the middle position of mixed culture (P <0.01) and (b) leaf area (cm
2
) of annual ryegrass (ARG) 

in monoculture and in the middle position of mixed culture (P <0.01) 
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(a) 

 

 

(b) 

 

Figure 6 (a) Leaf dry weight (as percentage of control) of annual ryegrass (ARG) in monoculture 

and in the middle position of mixed culture (P <0.05) and (b) leaf area (cm
2
) of annual ryegrass 

(ARG) in monoculture and in the middle position of mixed culture (P <0.05)   
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Annual ryegrass growth in mixed populations resulted in a higher (P <0.05) shoot dry 

weight than in ryegrass alone (Figure 7b). Shoot dry weight of annual ryegrass was 

increased by 37 and 42% in the presence of SAR5-ARG-Riverina and L70-ARG-

Riverina respectively compared with the ryegrass control. 

In respect of the legumes involved, there were no differences measured in leaf 

areas, leaf dry weights, stem dry weights and shoot dry weights of L70 (Riverina-L70-

ARG), Riverina (L70-Riverina-ARG and SAR5-Riverina-ARG) and SARDI Five 

(Riverina-SAR5-ARG) in mixed culture relative to their respective monocultures (L70, 

Riverina and SARDI Five)  (Figure 7, 8, 9 and 10 respectively in appendix VI). The 

lack of responses contrasted with that of annual ryegrass when in the middle position. 
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(b) 

 

 

Figure 7 (a) Shoot dry weight (as percentage of control) of annual ryegrass (ARG) in 

monoculture and in the middle position of mixed culture (P <0.05) and (b) shoot dry weight 

(g) of annual ryegrass (ARG) in monoculture and in the middle position of mixed culture (P 

<0.05). 
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Root length and root dry weight percentages also did not differ between the 

mixtures and the monocultures (Figure 11 and 12 respectively in appendix VI). The 

legume monoculture (Riverina) however produced higher number of nodules than 

Riverina in middle position mixtures (Figure 8).   

 

 

 

 

 

 

 

 

 

Discussion 

The results have been presented by absolute data and percentage of control. The 

absolute data shows an assessment of the vigour, i.e. the competitiveness of the pasture 

species as well as an expression of allelopathic tolerance. The percentage data allows a 

comparison based on allopathy tolerance only. Root length, root diameter, root surface 

area and shoot length were influenced, indicating the presence of chemical substances 

from root exudates.  L70 and L56 increased root growth parameters of Riverina whereas 

SARDI Five and Titan9 decreased annual ryegrass root growth parameters. It was 

assumed that increased or decreased growth parameters of Riverina or annual ryegrass 

 

Figure 8 Nodule numbers (as percentage of control) Riverina (Rive) in monoculture 

and mixed culture (P <0.05) 
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might have resulted from allelopathic effects from allelochemicals being exuded from 

lucerne roots. The impact of   genotypes on othetest species is genotype-specific. 

Allelopathic effects vary for different receptor plant species as both stimulation and 

inhibition effects were observed on seedling growth of Riverina and annual ryegrass. In 

allelopathy research, scientists have generally ignored the stimulatory effects, possibly 

because stimulatory effects are often not as remarkable as inhibitory effects. However 

there are several reports of allelopathic growth promotion of plants by other plants. Neil 

and Rice (1971) indicated that decaying material and root exudates of western ragweed 

(Ambrosia psilostachya) inhibited bunch grass (Andropogon ternaries) but also 

stimulated growth of the perennial grass species Tridens flavus and Leptoloma 

cognatum. It was also reported that effects of western ragweed were due neither to 

mineral nor physical properties of the soil nor to competition.  

       In addition other studies have shown that white clover (Trifolium repens), Rhodes 

grass (Chloris gayana), Mariscus cyperinus and Ixeridium gracile were sensitive to the 

allelo-chemicals in Eupatorium adenophorum extracts; interestingly, lucerne was 

insensitive to this chemical (Zheng and Feng 2005). Various plant species release 

different types and amounts of chemicals depending on the plant species composition 

(Makoi and Ndakidemi 2007). Rice (1979) suggested that stimulatory or synergistic 

effects would be expected when multiple allelopathic agents are present while Rizvi et 

al. (1989) reported that allelochemicals, which inhibit the growth of some species at 

certain concentrations, may stimulate the growth of other species at the same 

concentrations.  

Leaf area, leaf dry weight and shoot dry weight were higher for annual ryegrass 

grown in mixed culture compared with ryegrass grown in monoculture. But these 

parameters were not influenced in Riverina, L70 and SARDI Five monoculture and 
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their relative mixed culture but nodule numbers were impacted. The current experiment 

showed higher above ground biomass for annual ryegrass and lower nodule numbers for 

legume in mixed cultures compared with their relative monocultures. Frankow-Lindberg 

and Dahlin (2013) found in a mixture of grasses (Phleum pratense and Lolium perenne) 

and legumes (Medicago sativa and Trifolium pratense), the yield of mixtures exceeded 

that of monocropped grasses but not monocropped legumes. In the current studies, the 

initial cause for the observed effects should be at the root level, since other conditions 

were identical throughout the experiment. Chemicals from root exudates released by the 

mixed pasture species may have stronger effects than those released by a species’ own 

roots in the control treatments, unless autopathy is in play. Grasses are known to exude 

allelochemicals (Sanchez-Moreiras et al. 2003) which can reduce the growth and 

nodulation of legumes (Batish et al. 2007; Wardle et al. 1994). Ledgard and Steele 

(1992) reported that in the long term of grass/legume mixed pastures, dominance of 

grass occurs resulting in reduced biological nitrogen fixation. Therefore, grass and 

legume compete for available soil nitrogen which negatively influences legume 

production. In our study, annual ryegrass out-competed legumes in the mixture and 

limited legume nodulation.  It can be postulated that interference may have a role to 

play in adversely affecting legume production in the longer term in the field. These 

allelopathic processes have the greatest effect in early species growth and therefore are 

likely to affect the composition of the pasture sward, reinforcing the need for 

compatible species combinations. 
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Chapter 7 General Discussion and Conclusions 
 

 

    Allelopathy can be exploited as a valuable tool in    pasture communities. The 

applications include management of the interrelations between companion species in a 

mixed sward as well as the interrelations between pasture species and weeds. This thesis 

has considered the pasture relationships with lucerne as the key component.    

A crucial step in this endeavour is the establishment of the allelopthic interaction 

of lucerne on commonly associated pasture species.  In this study, the evaluation has 

been performed through the biological screening of lucerne genotypes for their 

seedling allelopathy towards seedlings of different pasture species and evaluation 

of the chemical compounds also evaluated by metabolomics using advanced analytical 

equipment (LC- QTOF-MS). It also examined the responses of lucerne 

genotypes to the allelopathic effects of companion pasture species. Finally, 

observations have been made on the performance of different combinations of grass 

and legume pasture species.   

 

In the bioassay study, annual ryegrass was used both as a grass component of the 

pasture mix and as a test surrogate weed against which to screen the lucerne 

genotypes. Laboratory results showed that high densities of lucerne (Chapter 3) and 

annual ryegrass (Chapter 4) enhanced allelopathic activity against the receiver species. 

Although the lucerne density used in the bioassay was much higher than that in a 

typical pasture field, the bioassay needs a minimum density of the small seedling 

roots to enable the allelopathic effect to be quantified. The allelopathic activity of 

lucerne root exudates increased with sowing density for most genotypes. Density 

strengthens allelopathic activity by increasing the amount of allelochemical in the total 

root exudates of the donor species.  Belz et al. (2005) reported that density- dependant 
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allelopathy is determined by the quantity of the active compounds, which  varies with 

the cultivar and can be parameterized by the slope of density-dependent curves. 

Furthermore a single responsible compound can affect a specific biochemical site of 

the receiver plant whereas compounds in a mixture are likely to  affect several 

molecular sites (Streibig 1988). 

 

Lucerne allelopathy reported here appears to be a quantitative trait because it is 

normally distributed across the test genotypes. However, this hypothesis needs 

experimental confirmation using a segregating population from a cross between 

extreme parents. The production and exudation of a small number of active 

metabolites may be under relatively simple genetic control but the expression is 

blurred by the genetic background in the various genotypes. Further research is needed 

in lucerne to understand the underlying tradeoffs that may constrain allelopathy. 

 

The results for the bioassay used here (Chapter 3) showed that a wide range of 

allelopathic capability exists among lucerne genotypes. SARDI Five and K 120 were 

ranked as the most allelopathic while Titan9 and SARDI 7 Series 2 were ranked as the 

least allelopathic in terms of root inhibition of ryegrass. L70 inhibited ryegrass shoot 

length most but root length inhibition was medium. The composition and concentration 

of these exudates determines their effect: either the rate of root exudation or the 

concentration of bioactive compounds in the exudates may be lower in the weakly 

allelopathic genotypes.  A metabolomics approach allows the measurement of a wide 

range of compounds involved in the plant–plant interaction (D'Abrosca et al., 2013). In 

addition, such an approach provides advantages to highlight synergistic or additive 

effects which are proposed but very difficult to demonstrate.  To date, researchers 

have identified various compounds suspected of causing allelopathic effects from 

lucerne, but no attempt has been made to screen genotypes on the chemical basis. For 
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this reason, the present research reports the evaluation of the chemical basis for 

observed lucerne allelopathy using a metabolomics approach.  Few allelopathic 

compounds were identified (Chapter 3) in root extracts (vanillic acid, benzoic acid 4-

hydroxy benzoic acid and apigenin) and in root exudates (vanillic acid, benzoic acid and 

apigenin) of all six lucerne genotypes. Although 2 genotypes were weakly allelopathic, 

but still contained potential phytotoxic metabolites in the roots although their inhibitory 

effects on annual ryegrass were weak. It is possible that weakly allelopathic genotypes 

did not exude allelopathic compounds in sufficient amounts to affect annual ryegrass. 

However, further research is needed to clarify chemical interrelations between lucerne 

and other companion pasture species in mixed sward.  

The allelopathic response of the receiver species must also be considered when 

evaluating potential interference between associated plant species in the field. As such, 

the allelopathic impact of annual ryegrass on lucerne seedlings was examined (Chapter 

4). Seedling growth of lucerne genotypes (high, medium and low allelopathic activity 

against ryegrass, Chapter 3) was inhibited by the annual ryegrass root exudates. 

Lucerne root inhibition varied with lucerne genotypes (Chapter 4). Root lengths of the 

lucerne genotypes L70 and SARDI Five were the least sensitive and other genotypes 

including Cropper 9.5, Haymaster7, Force 10, Genesis, Titan9 and Stamina GT6 were 

the most sensitive to annual ryegrass root exudates.  This finding suggests that highly 

and weakly allelopathic genotypes SARDI Five and Titan9 respectively (Chapter 3) 

also showed high and low tolerance to ryegrass root exudates respectively (Chapter 4). 

Lucerne/annual ryegrass interactions were also examined via glasshouse trials (Chapter 

4).  In both laboratory and glasshouse studies, lucerne nodule numbers were reduced 

when ryegrass and lucerne were grown in combination, suggesting that inhibitors 

present in the ryegrass root exudates restricted the growth of the lucerne root system or 

reduced the activity of the rhizobia or both, resulting in poor nodulation. While 
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laboratory bioassays are necessary to separate the effects of allelopathy and 

competition, glasshouse experiments provide useful confirmation of these allelopathic 

effects in a soil context.  

The allelopathic effect from lucerne root exudates on ARG as well as the effect 

from ARG on lucerne were genotype specific; that is all lucerne genotypes did not 

show allelopathic capabilities to ARG equally, nor were lucerne genotypes equally 

susceptible to ARG (Chapter 3 and 4). This variable impact or susceptibility represents 

inherent differences in physiochemical and morphological characteristics of test 

species.  

Allelopathy involves selectivity by receptor plants i.e., allelopathic responses 

differ for different receptors. Thus strongly or weakly allelopathic lucerne genotypes 

against annual ryegrass may not act similarly against all other associated pasture 

species in mixed swards. Investigation of the interaction of lucerne genotypes against 

multiple companion pasture species needs to occur.  

Allelopathic interactions between lucerne and annual pasture legumes were 

evaluated for their effect on the growth of each other. Of the 10 lucerne genotypes, root 

exudates of L70 and L56 stimulated subterranean clover (cv. Riverina and Leura) root 

growth. In particular, L70 increased Riverina root length by 40% (Chapter 5). But the 

L70 genotype (intermediate allelopathic activity) inhibited annual ryegrass root length 

(Chapter 3). Strongly allelopathic genotype Sardi 5 and the weak allelopathic genotype 

Titan9 to ryegrass (Chapter 3) did not show a significant difference in allelopathic 

activity to annual pasture legumes (Chapter 5). Root exudates of annual legumes 

inhibited root length of all five lucerne genotypes and effects were variable among 

genotypes (Chapter 5). These results confirm the specificity of receptor plants in mixed 

pastures. It also suggests that, if lucerne genotypes, either L70 or L56 are grown with 

subterranean clover, their combinations are compatible and mixed sward production 
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may potentially increase. 

Mixed combinations of lucerne genotypes, ARG and subterranean clover were 

selected (Chapter 6) based on the previous experiments (Chapter 3, 4 and 5) for 

contrasting compatible pasture combinations. Lucerne genotypes produced differential 

effects on annual ryegrass and Riverina subterranean clover in mixed plantings in the 

laboratory and glass house studies (Chapter 6). In the laboratory study, SARDI Five and 

Titan9 reduced ryegrass root growth parameters, an effect also observed in lucerne/ 

ryegrass co-growth (Chapter 3). The other two genotypes L56 and L70 increased 

subterranean clover (cv. Riverina) root length, a trend also observed when lucerne was 

grown with subterranean clover (Chapter 5). Root exudates have the potential to 

influence positive or negative interactions between plants. The concentration threshold 

of the allelochemicals in the root exudates of different associated pasture species that 

would have possible allelopathic effects therefore differs from one target species to 

another. In the glasshouse trial, aboveground biomass of annual ryegrass was increased 

in the presence of legume pasture species but there was no increase in legumes biomass 

relative to their respective monocultures. There may be an interference effect in species 

mixtures where the grass outcompeted the legume. Mixed culture produced lower 

number of nodules than the respective legume monocultures (Riverina, L70 and SARDI 

Five). In grass/legume mixtures, interferences from grasses can suppress N2 fixation of 

legumes (Butler 1988); symbiosis between N2 fixing bacteria and the legume is 

impeded resulting in poor formation of nodules. Rice (1968) reported that grass roots 

can indirectly suppress legumes by exuding substances that deter nodulation. 

Grass/legume combinations have greatest effect in early species growth due to 

allelopathic interference and therefore are likely to affect the long term productivity of 

the pasture sward. 
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 In summary, this study showed that lucerne root exudates had allelopathic activity 

against companion pasture species, i.e., grass and annual legumes. The grass and annual 

pasture legumes also showed allelopathic activity against lucerne growth.  Strong 

interference of annual ryegrass in grass/legumes pasture combinations reduced nodule 

numbers in the legumes, indicating that this negative effect of legume production might 

be reflected over the lifetime of the pasture.  

In conclusion, allelopathic activity in mixed swards varies with different pasture 

species and their varieties. This variability between pasture species may be useful in 

choosing species with greater compatibility in pasture mixtures in the establishment 

phase.    

As allelopathic activity of lucerne genotypes is selective in this study, further in 

vitro screening of different lucerne allelopathic genotypes is required using other 

common associated pasture species and their varieties including perennial grasses such 

as phalaris (Phalaris spp.), perennial ryegrass (Lolium perenne), tall fescue (Festuca 

arundinacea) and cocksfoot (Dactylis glomerata). Further evaluation in the field in 

different seasons and locations is needed to confirm these suppressive or stimulative 

attributes. At this level, all interactions between the physical environment and co-

existing organisms, which could be expected to have substantial impact on the 

expression of allelopathy, can be observed. Quantitative chemical analysis in 

conjunction with bioassays will help clarify the allelopathic activity. Finally, an analysis 

of the genetic basis of lucerne allelopathy would enable the identification of the genetic 

markers linked to the production of allelochemicals so that they could be included in 

any breeding program for new varieties. 

 

 

 



139 
 

References 

 

Belz RG, Hurle K, Duke SO (2005) Dose-response-a challenge for allelopathy? 

Nonlinearity in Biology, Toxicology and Medicine 3:173-211 

Butler JHA (1988) Growth and n2 fixation by field-grown Medicago-littoralis in 

response to added nitrate and competition from Lolium multiflorum. Soil Biology 

and Biochemistry 20:863-868 

D'Abrosca B, Scognamiglio M, Fiumano V, Esposito A, Choi YH, Verpoorte R, 

Fiorentino A (2013) Plant bioassay to assess the effects of allelochemicals on the 

metabolome of the target species Aegilops geniculata by an NMR-based approach. 

Phytochemistry 93:27-40 

Rice EL (1968) Inhibition of nodulation of inoculated legumes by pioneer plant species 

from abandoned fields. Bulletin of the Torrey Botanical Club 95:346-358 

Streibig JC (1988) Herbicide bioassay. Weed Research 28:479-484 

 



 

140 
 

Appendices 

 

Appendix 1: Conference paper 

 

Zubair HM, An M, Pratley JE, Humphries A (2014) Allelopathic potential of root exudates of lucerne on 

annual ryegrass. In: Baker M (Ed) Proceedings of the 19th Australasian Weeds Conference. 

Tasmanian Weed Society, Hobart, Australia, pp 451-453 

 



451

Nineteenth Australasian Weeds Conference

Summary Lucerne  (Medicago sativa L.),  also 
known as alfalfa in other countries, is a highly pro-
ductive forage legume producing high quality feed for 
livestock. Yields deteriorate due to weed infestation. 
Herbicides are a key strategy for weed control, but the 
evolution of weeds resistant to herbicides requires con-
sideration of alternative options such as allelopathic 
lucerne varieties  for weed suppression. To evaluate 
the  allelopathic  prospects  of  lucerne,  a  laboratory 
based  root  exudates  bioassay was  conducted  using 
the  equal-compartment-agar method  (ECAM). The 
allelopathic effects of different growth periods (0, 2, 
4, 6, 8, 11, 15 days) and density (0, 5, 10, 15, 20, 30, 
40, 50 pre-germinated seeds per beaker) of  lucerne 
(var. Genesis) against annual ryegrass (Lolium rigidum 
Gaudin) were investigated. The root and shoot lengths 
of annual ryegrass were measured. Results indicated 
that lucerne growth for 4–8 days had the most inhibi-
tive effect on the root growth of annual ryegrass. The 
root inhibition of annual ryegrass was increased with 
increasing  density  of  lucerne. Growth  period  and 
density of  lucerne however did not affect  the shoot 
growth of annual ryegrass.

Keywords Allelopathy, growth period, density.

INTRODUCTION
Lucerne  (Medicago sativa L.)  is grown  in different 
climates  throughout  the world  and provides  forage 
with high nutritive value for livestock (Al-Suhaibani 
2010, Radović, Sokolović  and Marković  2009).  Its 
high level of digestible protein makes it a highly valued 
forage (Al-Suhaibani 2010). Weed infestations in crops 
and pastures reduce the quantity of yield, increase har-
vesting costs and compromise product quality. Weeds 
have been shown to decrease lucerne forage chemical 
composition as well as its palatability (Dimitrova and 
Marinov-Serafimov 2008). 

Herbicide applications are a major tool for weed 
control in crops and pastures (Kidston, Ferguson and 
Scott 2010). However, weeds continue to evolve her-
bicide resistance threatening environmental sustain-
ability and  the viability of crop production  (Peltzer 
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et al. 2009). Australia  has  the  challenge of  limited 
synthesised herbicide options for effective weed con-
trol due to resistance and so alternative means of weed 
management need to be evaluated.

Allelopathy is a mechanism that refers to the direct 
or  indirect  detrimental  or  beneficial  effects  of  one 
plant on the growth of another through production of 
chemical compounds (allelochemicals) released into 
the environment (Rice 1984). Root exudates represent 
one of the largest direct inputs of plant chemicals into 
the rhizosphere environment (Bertin, Yang and Wes-
ton 2003). Allelochemicals produced by plants have 
potential  to reduce  the effects of weeds  in  the field 
as biological herbicides and provide an alternative to 
commercial herbicides (Khanh et al. 2005).

Research has shown that extracts of different plant 
parts and residues of lucerne have allelopathic effects 
on the growth of lucerne itself (aotopathy) and several 
agricultural weeds  (Abdulrahman  and Habib  1989, 
Chon et al. 2002, Chung and Miller 1995). Further-
more, plant competitive ability can be  increased by 
increasing plant  population  (Tollenaar et al.  1994), 
thereby  lessening  the  negative  effects  from weeds 
(Berkowitz 1988). Further, growth duration affects the 
release of the allelochemicals in lucerne (Chung and 
Miller 1995a). Thus, crop growth period and density 
may have agronomic potential for non-chemical weed 
management. A preliminary experiment was conducted 
to  determine  the  allelopathic  potential  of  lucerne, 
through its density and early growth period, against 
annual ryegrass (Lolium rigidum Gaudin).

MATERIALS AND METHODS
Seed sterilisation and pre-germination Seeds of 
lucerne (var. Genesis) were surface sterilised by soak-
ing the seeds in 2.0% sodium hypochlorite (NaOCl) 
solution  for  15 minutes,  then  rinsed  six  times with 
sterilised distilled water. The surface sterilised seeds 
were  transferred  to  a  Petri  dish with  one  sheet  of 
Whatman No. 1 filter paper, moistened with 5 mL of 
sterilised distilled water, and sealed with Para film. 
Similarly,  annual  ryegrass  seeds were  placed  to  a 
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Petri dish. The seeds of lucerne and annual ryegrass 
were then incubated in a light/dark cycle of 12h/12h 
and a temperature cycle of 25°C /15°C in a controlled 
environment facility.

Growth period and density of lucerne A simple 
laboratory bioassay, the ECAM (equal-compartment-
agar method)  developed  by Wu  et al.  (2000) was 
used to evaluate the allelopathic potential of lucerne 
to annual ryegrass. The treatments comprised seven 
different  lucerne growth durations (0, 2, 4, 6, 8, 11 
and 15 days). At each growth time, 30 pre-germinated 
and uniform lucerne seeds were sown on the aseptic 
agar surface of one-half of a glass beaker (600 mL) 
which was prefilled with 30 mL of 0.3% water agar. 
The beakers were sealed with Para film and kept in a 
controlled growth incubator (light/dark 12/12 h and 
25°C/15°C). After  growth  of  the  lucerne  seedlings 
for 0, 2, 4, 6, 8, 11, and 15 days, 10 pre-germinated 
seeds of ryegrass were transplanted on the other half 
(lucerne seeds were sown on the other half) of the agar 
surface. A piece of  pre-autoclaved white  cardboard 
was inserted across the centre and down the middle 
of  the beaker with  the  lower edge of  the cardboard 
kept 1 cm above the agar surface. The entire beaker 
was  thereby  divided  into  two  equal  compartments 
that were occupied separately by lucerne and ryegrass 
seedlings. Competition above the agar surface between 
lucerne and ryegrass was thus avoided by confining 
plants within their own compartments. The roots of 
lucerne  freely entered  the  ryegrass compartment  so 
that any allelochemicals produced and released by the 
lucerne seedlings could diffuse throughout the entire 
agar medium to influence ryegrass root growth. After 
ryegrass sowing, the beakers were again wrapped with 
Para film and placed back in the growth incubator for 
seven days. The growth of annual ryegrass alone was 
included as the control. The root and shoot lengths of 
the ryegrass seedlings were measured. 

A second density experiment was conducted as 
per the above conditions. The lucerne densities used 
were 5, 10, 15, 20, 30, 40, and 50 seedlings per beaker. 

Experimental design The  experiments were  set 
up using a  randomised complete block design with 
four  replications  under  controlled  conditions. Data 
were subjected to analysis of variance using GenStat 
version 16.

RESULTS 
Lucerne  grown  for  4  days  significantly  decreased 
ryegrass  root  length.  Inhibition  increased  with 
extended  lucerne  growth  period  and  reached  a 
maximum  after  8  days  (Figure  1).  Increasing  the 

lucerne  growth period beyond 8  days  produced no 
further  significant  inhibition. The  effect  of  lucerne 
density on ryegrass root  length was also significant 
(Figure 2). 

Increasing  the  density  of  lucerne  seedlings 
significantly  inhibited  the  root  growth  of  annual 
ryegrass. The highest root length inhibition of annual 
ryegrass was  found  at  the  density  of  50  lucerne 
seedlings per beaker (Figure 2). At this density, lucerne 
reduced annual ryegrass root growth by about 62%. 
Lucerne growth period and density did not affect shoot 
growth of annual ryegrass.

Figure 2. Effect of various densities of lucerne on 
root and shoot length of ryegrass. LSD (root) = 9.04, 
LSD (shoot) = 10.01, P <0.05.

Figure 1. Effect of different growth periods of lu-
cerne on root and shoot length of ryegrass. LSD (root) 
= 8.73, LSD (shoot) = 9.39, P <0.05.
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DISCUSSION
The results indicated that the allelopathic activity of 
root  exudates of  lucerne was growth period-related 
and the maximum inhibition was caused by lucerne 
growth between 4  and 8 days. Huang et al.  (2003) 
found a similar trend in wheat seedling phytotoxicity 
where  the  concentration  of  allelopathic  compounds 
was greatest between 6–8 growing days after which 
the concentration declined. One explanation for this 
could be associated with the limited half life of these 
compounds in agar medium. We found that increasing 
the  density  of  lucerne  increased  ryegrass  root 
inhibition, most likely due to increased concentration 
of root exudates in the agar medium. Olofsdotter et al. 
(2002) noted that any compound can be toxic if applied 
at a high enough dose. Our results suggest that there 
is  sufficient  allelopathic  potency  to  further  explore 
the allelopathic prospects of lucerne against weeds.
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Appendix 2: News letter 

 

Hasan Muhammad Zubair (2015) Allelopathic interactions between lucerne (Medicago 

sativa L.) and annual ryegrass (Lolium rigidum) 
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Pre-germinated lucerne seeds on agar surface 

 

 

Lucerne seedlings grew alone for 7 days at controlled conditions 

Co-growth of lucerne and annual ryegrass in separated compartment 

Appendix III The Equal Compartment Method (Wu et al., 2000) used in the 

laboratory bioassay 
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Retention time (min) 

Appendix IVA Total number of aligned compounds (1879) in root extracts of six 

lucerne genotypes (RT vs Mass) 
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Appendix IVB Total number of aligned compounds (1895) in root exudates of six 

lucerne genotypes (RT vs Mass) 
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Appendix V: Statistical Tables 

Table 1 Overall root and shoot inhibition index of 40 lucerne genotypes against annual 

ryegrass 

Character Component df ms LSD0.05 P 

Root Genotype 39 834.02 5.72 <0.01 

 Residual 117 17.08   

Shoot Genotype 39 56.77 6.26 <0.01 

 Residual 117 20.51   

 

Table 2 Lucerne root length in the presence and absence of annual ryegrass   

Lucerne genotypes Lucerne root length (mm) in the 
presence of annual ryegrass (10 

seedlings/beaker) 
mean 

LSD0.05 P 

L70 37.97   
L56 32.67   
SARDI Five 31.75   
WL 925HQ 16.75   
Force 10 16.17   
Cropper 9.5 15.85   
Titan9 15.32   
Stamina GT6 14.92   
Genesis 14.86   
Haymaster7 12.38   
  6.2 <0.01 

 Lucerne root length (mm) in the absence 
of annual ryegrass 

  

L70 60.52   
L56 65   
SARDI Five 58.70   
WL 925HQ 55.38   
Force 10 60.72   
Cropper 9.5 64.85   
Titan9 54.92   
Stamina GT6 50.9   
Genesis 56.65   
Haymaster7 54.75   
  6.8 <0.01 
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Table 3 Root and shoot inhibition index of annual ryegrass tested against 10 lucerne 

genotypes  

Character Component df ms LSD0.05 P 

Root Lucerne genotype 9 354.19 6.37 <0.01 

 Residual 27 19.3   

Shoot Lucerne genotype 9 64.01  ns 

 Residual 27 50.7   

 

Table 4 Impact of annual ryegrass density on root surface area of 10 lucerne genotypes  

Character Component df ms LSD0.05 P 

 ARG density 4 191.07 0.32 <0.01 

Root Lucerne genotype 9 12.99 0.46 <0.01 

 Density x genotype  36 0.8637 1.04 <0.05 

 Residual 147 0.5548   

 

Table 5 Effect of annual ryegrass with different rhizobium concentrations on nodule 

number of lucerne genotypes  

Character Component df ms LSD0.05 P 

 Genotype 3 42.43 0.43 <0.01 

Nodule Concentration 5 35.19 0.53 <0.01 

 Genotype x concentration  15 9.29 1.07 <0.01 

 Residual 161 1.17   

 

Table 6 Lucerne root hair length response to root exudates of different annual ryegrass 

densities influenced by different rhizobium concentrations  

Character Component df ms LSD0.05 P 

 ARG density 3 15200 31.30 <0.05 

Root hair length Lucerne genotype 1 141  ns 

 Rhizobia concentration  5 8695  ns 

 Density x genotype x 

concentration 

15 3410  ns 

 Residual 94 4473   
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Table 7 Lucerne shoot dry weight responses to root exudates of different annual 

ryegrass densities influenced by different rhizobium concentrations  

 Shoot dry weight (g) mean 

mean 

Treatments 
and 
interactions 

LSD0.05 P 

Annual ryegrass densities     
0                      0.079     
5  0.064    
10  0.058    
20  0.046    
  Density 0.007 <0.001 

Lucerne genotypes    
SARDI Five    0.054    
Titan9  0.07    
  Genotype 0.005 <0.001 

Rhizobium concentration    
0                       0.067     
0.6                     0.06     
15                    0.06     
150                      0.058     
1500                      0.066     
15000                                      0.06    
  Concentration  ns 

Density x Genotype    
Density SARDI Five 

 
Titan9    

0 0.07   0.079     
5 0.05    0.073     
10 0.04    0.071     
20 0.03  0.055  Density x   
     genotype 0.01 <0.01 

Density x concentration    
Density 0 0.6 15 150 1500 15000    
0 0.09  0.07  0.074  0.07  0.09  0.08    
5 0.07 0.06 0.07 0.06 0.06 0.06    
10 0.06 0.06 0.06 0.05 0.06 0.06    
20 0.05 0.05 0.04 0.05 0.04 0.05 Density x   
       concentration  ns 

Density x genotype x concentration    
Density Genotype 0         0.6     15     150     1500      15000    
0 SARDI 

FIVE 
0.09   0.06  0.07  0.06     0.1         0.09  

 
 

  

Titan9 0.09   0.08  0.08   0.07    0.09  0.06   
5 SARDI 

FIVE 
0.05   0.06  0.07   0.05    0.05  0.05   

Titan9 0.08   0.06  0.08   0.07    0.08  0.07    
10 SARDI 

FIVE 
0.05   0.05  0.04   0.04    0.05 0.04    

Titan9 0.07   0.07  0.07   0.07    0.07 0.07    
20 SARDI 

FIVE 
0.04   0.04  0.03   0.04    0.04 0.04    

Titan9 0.06   0.06  0.04   0.06    0.05 0.06 Density x   
    genotype x   
    concentration  ns 
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Table 8 Lucerne nodule number responses to root exudates of different annual ryegrass 

densities influenced by different rhizobium concentrations 

 Nodule number  

mean 

Treatments 
and 
interactions 

LSD0.05 P 

Annual ryegrass densities     
0 30.28    
5 21.72    
10 18.44    
20 17.53    
  Density 4.32 <0.01 

Lucerne genotypes    
SARDI Five 18    
Titan9 26.04    
  Genotype 3.06 <0.01 

Rhizobium concentration    
0 17.88    
0.6 20.71    
15 21.75    
150 21.21    
1500 21.08    
15000 29.33    
  Concentration 5.30  ns 

Density x Genotype    
Density SARDI Five 

 
Titan9    

0 27.33  33.22     
5 18.89  24.56     
10 13.89  23     
20 11.67  23.39  Density x   
     genotype  ns 

Density x concentration    
Density 0 0.6 15 150 1500 15000    
0 24.5  30 24 27            35.83      40.33    
5 14.33       19.67    25.33       20.33       16           34.67      
10 16.33 18.17    20.83       19.33      17.67      18.33    
20 16.33 15 16.83       18.17      14.83       24 Density x   
    concentration  ns 

Density x genotype x concentration    
Density Genotype 0         0.6     15     150     1500      15000    
0 SARDI 

FIVE 
15      22.3    22     32.3     28         44.3    

Titan9 34      37.6    26     21.6     43.6      36.3    
5 SARDI 

FIVE 
9        19.3    19      13        12             41    

Titan9 19.6    20      31.6   27.6    20  28.3  
10 SARDI 

FIVE 
10.6    14      18.3   14.3   13.3      12.6    

Titan9 22       22.3   23.3   24.3     22         24    
20 SARDI 

FIVE 
9.3      8.6      6        15.3    12.6      18    

Titan9 23.3    21.3   27.6    21        17        30   
  

Density x 
genotype x 

  

   concentration  ns 
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Table 9 Annual legumes root length responses to root exudates of 10 lucerne genotypes  

 Annual legumes root length (mm) 

mean 

Treatments 
and 
interactions 

LSD0.05 P 

Lucerne genotypes       
Control 32.25    
Cropper 9.5 20.83    
Force 10 22.16    
Genesis 22.40    
Haymaster 7 23.96 
L56 32.16    
L70 35.91    
SARDI Five 23.44    
Stamina GT6 22.42    
Titan9 22.68    
WL 925HQ 21.87    
  Lucerne   
  genotype 1.77 <0.01 

Annual legumes       

Mauro 20.06    

Leura 20.97 

Riverina 29.17    

Margurita 31.65    

  Annual   

  legume 1.07 <0.01 

Lucerne genotype x annual legume    
 Mauro Leura Riverina Margurita    
Control 24.97 24.53 38.23 41.27    
Cropper 9.5 18.45 17.67 21.16 26.03    
Force 10 19.19 17.75 22.35 29.36 
Genesis 17.99 16.78 23.55 31.30 
Haymaster 7 20.29 19.09 22.66 33.81 
L56 21.67 30.85 44.50 31.64   
L70 24.72 31.74 53.29 33.89    
SARDI Five 19.38 19.41 23.86 31.11    
Stamina GT6 17.66 17.64 24.85 29.52    
Titan9 19.18 17.52 21.69 32.32    
WL 925HQ 17.15 17.64 24.75 27.93 Lucerne   
     genotype x   
     annual   
     legume 3.54 <0.01 
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Table 10 Annual legumes root diameter responses to root exudates of 10 lucerne 

genotypes 

 Annual legumes root diameter (mm) 
           mean 

Treatments 
and 
interactions 

LSD0.05 P 

Lucerne genotypes       
Control 0.67    
Cropper 9.5 0.64    
Force 10 0.62    
Genesis 0.64    
Haymaster 7 0.63 
L56 0.64    
L70 0.63    
SARDI Five 0.62    
Stamina GT6 0.64    
Titan9 0.66    
WL 925HQ 0.64    
  Lucerne   
  genotype 0.03 <0.01 

Annual legumes       

Mauro 0.50    

Leura 0.79 

Riverina 0.79    

Margurita 0.48    

  Annual   

  legume 0.02 <0.01 

Lucerne genotype x annual legume    
 Mauro Leura Riverina Margurita    

Control 0.54 0.86 0.83 0.47    
Cropper 9.5 0.5 0.77 0.85 0.46    
Force 10 0.48 0.79 0.76 0.46 
Genesis 0.49 0.81 0.79 0.47 
Haymaster 7 0.49 0.79 0.79 0.44 
L56 0.47 0.74 0.79 0.57   
L70 0.48 0.77 0.7 0.56    
SARDI Five 0.5 0.73 0.8 0.46    
Stamina GT6 0.5 0.8 0.79 0.45    
Titan9 0.5 0.83 0.83 0.47    
WL 925HQ 0.5 0.83 0.76 0.47 Lucerne   
     genotype x   
     annual   
     legume 0.06 <0.01 
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Table 11 Lucerne root and shoot length responses to root exudates of annual legumes 

 Lucerne root and shoot length (mm) 

mean 

Treatments 
and 
interactions 

LSD0.05 P 

Lucerne root length (mm) 

Annual legumes       
Control 52.4    
Mauro 21.27   
Leura 12.18    
Riverina 20.25    

Margurita 15.32 Annual   

  legume 1.57 <0.01 

Lucerne genotypes    
Cropper 9.5 20.93    
L56 26.98    
L70 31.66    
SARDI Five 20.01    
Titan9 21.83 Lucerne   
  genotype 1.6 <0.01 

Annual legume x lucerne genotype     
 Cropper      L56        L70       SARDI       Titan9     
 9.5                                           Five    
Control 46.61         56.27     63.19     48.29        47.63     
Mauro 20.31         23.54     25.88     18.09        18.54    
Leura 10.22         14.36     16.36     8.22          11.75     
Riverina 14.51         22.45     32.41     13.28        18.61 Annual   

Margurita 13               18.30     20.47    12.18         12.64 legume x   

  Lucerne   

  Genotype 3.56 <0.01 

 Lucerne shoot length (mm)    
Annual legumes       
Control 24.94    
Mauro 23.93    
Leura 21.46   
Riverina 24.32    

Margurita 23.10 Annual   

  legume 0.8 <0.01 

Lucerne genotypes       
Cropper 9.5 23.78    
L56 24.47  

 
  

L70 24.79   
SARDI Five 20    
Titan9 24.71 Lucerne   
  genotype 0.84 <0.01 

Annual legume x lucerne genotype    
 Cropper L56        L70       SARDI        Titan9    
 9.5              Five    
Control 26.65         24.57    25.37     22.02        26.11    
Mauro 25.45         23.98    24.32     20.98        24.93    
Leura 20.75         23.08    24.15     16.25        23.06    
Riverina 23.3           25.63    26.22      20.37       26.06 Annual   

Margurita 22.75         25.1      23.9        20.37       23.37 legume x   

  Lucerne   

  Genotype 1.87 <0.01 
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Table 12 Lucerne root diameter responses to root exudates of annual legumes 

 Lucerne root diameter (mm) Treatments 
and 
interactions 

LSD0.05 P 

mean 

Annual legumes       
Control 0.42    
Mauro 0.58   
Leura 0.62    
Riverina 0.55    

Margurita 0.62    

  Annual   

  legume 0.02 <0.01 

Lucerne genotypes    
Cropper 9.5 0.57    
L56 0.56    
L70 0.55    
SARDI Five 0.54    
Titan9 0.56    
  Lucerne   
  genotype 0.015 <0.05 

Annual legume x lucerne genotype     
 Cropper      L56        L70       SARDI       Titan9     
 9.5                                           Five    
Control 0.44            0.41       0.4        0.42           0.44    
Mauro 0.57            0.6         0.57      0.56           0.59    
Leura 0.61            0.61       0.62      0.61           0.62     
Riverina 0.58            0.56       0.52      0.54           0.53    

Margurita 0.63            0.62       0.62      0.58           0.64    

  Annual   

  legume x   

  Lucerne   

  Genotype  ns 

 

 

 

 

 

 

 

 

 



157 
 

 

Table 13 Root length response of annual ryegrass and Riverina to root exudates of 

lucerne genotypes with different densities 

 Root length (mm) of annual ryegrass 

and Riverina  

mean 

Treatments 
and 
interactions 

LSD0.05 P 

Lucerne genotypes       
L56 61.23    
L70 59.17   
SARDI Five 42.35    
Titan9 43.15 Lucerne   
  genotype 2.07 <0.01 

Lucerne density    
D0 55.85    
D10 48.43    
D20 50.15 Lucerne   
  density 1.8 <0.01 

Species    
Annual ryegrass            62.85    
Riverina 40.10    
 Species 1.47 <0.01 

Lucerne genotype x density    
        D0                     D10                       D20        

 
 
 

 
 L56  55.85                60.43                    67.41 

L70    55.85                59.48                    62.17    
SARDI Five  55.85                36.69                    34.51    
Titan9                          55.85      37.11                    36.5   Genotype x   
 density   3.6 <0.01 

 Density x species    
 Annual ryegrass                   Riverina    
D0           73.02                             38.68  

 
Density x 

 
 

 
 D10           58.73                             38.13 

D20           56.81                             43.48  
  species   2.55 <0.01 

Genotype x density x species    
     
  Annual ryegrass Riverina    
 D0 73.02 38.68    
L56 D10 73.44 47.43    
 D20 74.06 60.76    
 D0 73.02 38.68    
L70 D10 71.72 47.24    
 D20 67.68 56.66    
 D0 73.02 38.68    
SARDI Five D10 45.51 27.87    
 D20 40.66 28.35    
 D0 73.02 38.68    
Titan9 D10 44.25 29.98    
 D20 44.85 28.15 Genotype x   
    density x   
    species    5.09 <0.05 
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Table 14 Root diameter response of annual ryegrass and Riverina to root exudates of 

lucerne genotypes with different densities 

 Root diameter (mm) of annual 

ryegrass and Riverina  

mean 

Treatments 
and 
interactions 

LSD0.05 P 

Lucerne genotypes       
L56 0.52    
L70 0.53   
SARDI Five 0.56    
Titan9 0.58 Lucerne 
  Genotype            0.02 <0.01 

Lucerne density    
D0 0.56    
D10 0.55    
D20 0.54 Lucerne   
  density    ns 

Species    
Annual ryegrass                                    0.32    
Riverina                                                  0.77    
 Species 0.018 <0.01 

Lucerne genotype x density    
        D0                     D10                       D20        

 
 
 

 
 L56    0.56                   0.5                        0.5       

L70    0.56                   0.52 0.53     
SARDI Five   0.56                   0.57                     0.56    
Titan9                         0.56                   0.61                     0.57 Genotype x   
 density 0.04 <0.05 

 Genotype x species    
 Annual ryegrass                   Riverina    
L56         0.31                                 0.72    

 L70         0.32                                 0.75  
SARDI Five         0.33                                 0.79 
Titan9         0.33                                 0.82  Genotype x   
  species 0.03 <0.05 

Genotype x density x species    
    
  Annual ryegrass Riverina    
 D0 0.31 0.8    
L56 D10 0.31 0.69    
 D20 0.31 0.69    
 D0 0.31 0.8    
L70 D10 0.32 0.73    
 D20 0.33 0.73    
 D0 0.31 0.8    
SARDI Five D10 0.34 0.79    
 D20 0.34 0.78    
 D0 0.31 0.8    
Titan9 D10 0.36 0.86    
 D20 0.34 0.81 Genotype x   
    density x  ns 
    species   
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Table 15 Root surface area of annual ryegrass and Riverina to root exudates of lucerne 

genotypes with different densities 

 Root surface area (cm
2
/10 plants) of 

annual ryegrass and Riverina  

mean 

Treatments 
and 
interactions 

LSD0.05 P 

Lucerne genotypes       
L56 9.16    
L70 8.98   
SARDI Five 6.56    
Titan9 6.86 Lucerne   
  genotype 0.66 <0.01 

Lucerne density    
D0 8.20    
D10 7.58    
D20 7.89 Lucerne   
  density  ns 

Species    
Annual ryegrass                                    6.31    
Riverina                                                  9.48    
 Species 0.47 <0.01 

Lucerne genotype x density    
        D0                     D10                       D20        

 
 
 

 
 L56       8.20                  9.03                       10.25 

L70       8.20                  8.92                        9.82    
SARDI Five       8.20                  5.89                        5.6    
Titan9                         8.20                   6.49                        5.88 Genotype x   
 density 1.14 <0.01 

 Density x species    
 Annual ryegrass                   Riverina    
D0         6.83                                   9.58  

 
Density x 

  
 D10         6.17                                   9.00  

D20         5.92                                   9.85  
  species  ns 

Genotype x density x species    
    
  Annual ryegrass Riverina    
 D0 6.83 9.58    
L56 D10 7.79 10.27    
 D20 7.61 12.89    
 D0 6.83 9.58    
L70 D10 7.04 10.79    
 D20 7.02 12.62    
 D0 6.83 9.58    
SARDI Five D10 4.86 6.93    
 D20 4.33 6.86    
 D0 6.83 9.58    
Titan9 D10 4.98 8    
 D20 4.73 7.03 Genotype x   
    density x   
    species  ns 
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Table 16 Shoot growth parameters of annual ryegrass and subterranean clover 

(Riverina) in monoculture and in the middle position of their mixed culture   

Monoculture and 

Mixed culture 

Shoot growth parameters 

mean 

Treatments LSD0.05 P 

 Leaf area (cm2/5plants)     

Annual ryegrass 31.64    

L70-ARG-River 48.54    

SAR5-ARG-River 49.31    

  Annual ryegrass 9.4 <0.05 

Riverina 33.96    

L70-River-ARG 38.61    

SAR5-River-ARG 33.67    

  Riverina  ns 

 Leaf dry weight (g/5 plants)    

Annual ryegrass 0.14    

L70-ARG-River 0.20    

SAR5-ARG-River 0.20    

  Annual ryegrass 0.05 <0.05 

Riverina 0.09    

L70-River-ARG 0.1    

SAR5-River-ARG 0.09    

  Riverina  ns 

 Stem dry weight (g/5 plants)    

Annual ryegrass 0.06    

L70-ARG-River 0.09    

SAR5-ARG-River 0.08    

  Annual ryegrass  ns 

Riverina 0.08    

L70-River-ARG 0.08    

SAR5-River-ARG 0.08    

  Riverina  ns 

 Shoot dry (g/5 plants)    

Annual ryegrass 0.21    

L70-ARG-River 0.3    

SAR5-ARG-River 0.29    

  Annual ryegrass 0.07 <0.05 

Riverina 0.18    

L70-River-ARG 0.18    

SAR5-River-ARG 0.17    

  Riverina  ns 
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Appendix VI: Graphs 
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Figure 1 Root hair length response to root exudates of different annual ryegrass densities 

influenced by different rhizobium concentrations [P = NS (interactions)] 
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Figure 2 Shoot dry weight response to root exudates of different annual ryegrass 

densities influenced by different rhizobium concentrations [P = NS (interactions)]   
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Figure 3 Total nodule number response to root exudates of different annual ryegrass 

densities influenced by different rhizobium concentrations [P = NS (interactions)]   
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Figure 4 (a) Root diameter response (as percentage of control) of annual ryegrass and 

Riverina to root exudates of lucerne genotypes with different densities (P = NS) and (b) root 

diameter response (mm) of annual ryegrass and Riverina to root exudates of lucerne 

genotypes with different densities [P = NS (interactions)]  
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Figure 5 (a) Root surface area response (as percentage of control) of annual ryegrass and 

Riverina to root exudates of lucerne genotypes with different densities (P = NS) and (b) root 

surface area response (cm
2
/10 plants) of annual ryegrass and Riverina to root exudates of lucerne 

genotypes with different densities [P = NS (interactions)]  
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Figure 6 (a) Shoot length response (as percentage of control) of annual ryegrass and Riverina to 

root exudates of lucerne genotypes with different densities (P = NS) and (b) shoot length response 

(cm
2
/10 plants) of annual ryegrass and Riverina to root exudates of lucerne genotypes with 

different densities [P = NS (interactions)] 
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Figure 7 Leaf area (cm
2
) of L70, Riverina (Rive) and Sardi 5 (SAR5) in monoculture and in the 

middle position of mixed culture (P = NS for L70, Riverina and Sardi 5) 
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Figure 8 Leaf dry weight (g) of L70, Riverina (Rive) and Sardi 5 (SAR5) in monoculture and 

in the middle position of mixed culture (P= NS for L70, Riverina and Sardi 5) 
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Figure 9 Stem dry weight (g) of annual ryegrass (ARG), L70, Riverina (Rive) and Sardi 5 

(SAR5) in monoculture and in the middle position of mixed culture (P= NS for annual 

ryegrass L70, Riverina and Sardi 5) 
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Figure 10 Shoot dry weight (g) L70, Riverina (Rive) and Sardi 5 (SAR5) in monoculture and 

in the middle position of mixed culture (P = NS for L70, Riverina and Sardi 5) 
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Figure 11 Root length (as percentage of control) of annual ryegrass, L70, Riverina and Sardi 5 

and their different combinations (P= NS for annual ryegrass, L70, Riverina and Sardi 5) 

 

Figure 12 Root dry weight (as percentage of control) of annual ryegrass, L70, Sardi 5 and 

Riverina and their different combinations (P= NS for annual ryegrass, L70, Riverina and 

Sardi 5) 
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