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ABSTRACT 

Chickpea (Cicer arietinum L.) is a major legume crop consumed worldwide. Its 

nutritional value as a pulse and its ability to fix atmospheric nitrogen denote its 

global importance in the cereal-pulse cropping systems. Australia is the largest 

exporter and second largest producer of chickpea after India. Pratylenchus neglectus 

(Rensch) Filipjev & Schuurmans-Stekhoven is a root-lesion nematode that invades, 

feeds, and reproduces in the roots of grain crops including chickpea and wheat 

(Triticum aestivum L.). In Australia, chickpea and wheat are commonly grown in 

rotation and damage by P. neglectus accounts for a large annual economic loss in 

production of both crops. Cultivated chickpea has little genetic diversity limiting the 

potential for improvement to abiotic and biotic resistance through plant breeding. 

However, the chickpea genepool may be expanded through introgression of 

favourable genes present in wild related species. New germplasm collections from 

southeast Turkey of two wild species, C. reticulatum Ladizinsky and C. 

echinospermum P.H. Davis, have substantially increased the previously limited 

world collection of these species. This research assessed 243 C. reticulatum and 86 

C. echinospermum accessions from the 2013 and 2014 collection missions that 

spanned 32 collection sites within Turkey. The accessions were assessed in 

replicated pot experiments under controlled glasshouse conditions. Multi-experiment 

analyses to determine genetic rankings of accessions showed improved resistance in 

wild Cicer accessions compared to Australia’s elite moderately resistant breeding 

cultivar PBA HatTrick. This study is unique, evaluating P. neglectus resistance of 

this collection and providing important information on P. neglectus-chickpea 

interactions which is lacking worldwide. This study has revealed new sources of P. 

neglectus resistance that can be introgressed into commercial chickpea cultivars to 

improve the diversity and level of resistance that chickpea has to this nematode 

species. Results from this study will contribute to a genome wide association study to 

identify markers and candidate genes for P. neglectus resistance. Chickpea cultivars 

with improved resistance provide growers with more flexible crop rotations, a 

reduction of P. neglectus population densities in infested fields and more profitable 

yields. 
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CHAPTER 1: INTRODUCTION 

1.1 Thesis outline 

This thesis encompasses four chapters. Chapter 1 outlines the importance of chickpea 

(Cicer arietinum L.) from both economic and nutritional standpoints. Limitations to 

chickpea production caused by the root-lesion nematode Pratylenchus neglectus 

(Rensch) Filipjev & Schuurmans-Stekhovenis and why finding new sources of 

resistance to this pathogen is important are discussed. Chapter 2 is a literature review 

encompassing relevant research on chickpea, P. neglectus and the new collection of 

wild Cicer germplasm which is the focus of this thesis. Chapter 3 presents the 

research undertaken in this project in the form of the manuscript accepted to the Q1 

international journal Plant Pathology. Chapter 4 summarises the thesis, focusing on 

the research benefits and future directions for this research. 

1.2 Overview 

Chickpea is an important pulse crop, which plays a vital role in food security by 

providing the daily nutritional needs to populations of developing countries and is a 

strong economic resource for exporting countries. Demand for pulses has increased 

worldwide and current price rises has made chickpea more attractive for growers to 

produce. India is the largest producer of chickpea, generating 65% of total global 

chickpea production (Merga & Haji 2019, p. 4). Australia is the second largest 

producer of chickpea, accounting for 14% of chickpea production worldwide (Merga 

& Haji 2019, p. 4). Australia meets almost half of the global export demand 

providing an annual average of 570,000 tonnes of chickpea into the global market 

(Muehlbauer & Sarker 2018, p. 10). At its peak production in 2017, Australia 

exported 1,785,581 tonnes of chickpea into the global market (FAOSTAT, 2022). 

The latest statistics from 2019 show a downturn in export of chickpea at 423,755 

tonnes (FAOSTAT, 2022). The cause of this downturn is related to growing 

conditions in Australia, going through a long period of drought, wavering demand 

from overseas and an increase in import taxes on chickpea imposed by India at the 

time. Although dependent on season, the value of chickpea export from Australia 

varied between 280M AUD to ~2B AUD at its highest peak value from 2009 to 2017 

(Muehlbauer & Sarker 2018, p. 10; ABARES 2020). Chickpeas are also used as an 
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important rotational crop in Australia, replacing nutrients such as nitrogen into the 

soil which makes chickpea a valuable crop in farming systems as well as their value 

from an economic standpoint. In the growing period of 2017-18 chickpeas were 

grown across an area of 1,075,000 hectares in Australia (Bard 2019), highlighting 

their popularity and status as an important commodity in the Australian grains 

industry.  

Chickpea is highly nutritious comprising ~60% carbohydrates, 30% protein, 6% fat 

and the remaining 4% consisting of folate, zinc, iron, magnesium, and B vitamins 

(Hulse 1994, p. 79; Wallace et al 2016, p. 2; Merga & Haji 2019, p. 10). The 

nutritional profile of chickpea fits into both the vegetable and meat food groups 

enabling it to fill the requirement of both (Wallace et al 2016, p. 2). Chickpeas have a 

low glycaemic index (Jenkins et al. 1983, p. 261; Venn et al. 2010, p. 367), have 

been shown to lower the risk of cardiovascular disease (Jukanti et al. 2012, p. 18; 

Gupta et al. 2017, p. 7), reduce cholesterol (Jukanti et al. 2012, p. 18; Wallace et al 

2016, p. 6) and decrease systolic blood pressure (Mollard et al. 2012, p. 115; Gupta 

et al. 2017, p. 7).  

Factors that impact the production of chickpea have a negative influence on growers’ 

profits and supply to trade markets that can result in consumers having limited access 

to their food source and paying inflated prices for the product.  

1.3 The nematode problem 

The genus Pratylenchus is recognised globally as one of the major root-lesion 

nematode (RLN) species constraining many economically important crops (Castillo 

& Volvas 2007, p. 3). Pratylenchus spp. are soil inhabiting, obligate parasites that 

migrate into the roots of host plants causing major root damage, which results in 

nutrient deficiency, reduced water uptake by the plant, and overall yield loss in the 

crop (Castillo & Volvas 2007, p. 3). Pratylenchus neglectus is one of the most 

common and widely distributed species of the genus Pratylenchus worldwide (Bucki 

et al. 2020, p. 14). There is no global economic figure reported for crop loss from P. 

neglectus, however, it is understood to be a globally damaging nematode species to 

many crops including chickpea (Williams et al. 2002, p. 874; Smiley et al. 2005, p. 

958; Ballard et al. 2006, p. 303; Oldach et al. 2014, p. 6; Smiley et al. 2014, p. 1344).  
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In Australia, crop losses, control measures, breeding efforts and cultural practices 

account for 9.6M AUD in costs due to P. neglectus every year (Murray & Brennan 

2012, p. 8). Chickpea is susceptible to P. neglectus; however, it is understood to be 

more tolerant than other crops to P. neglectus damage (GRDC Grownotes 2016, p. 

9). Tolerance can vary with pathogen load and rate of pathogen multiplication with 

some crops having higher tolerance levels than others (Pagán & García-Arenal 2020, 

p. 81). Therefore, when talking about chickpea tolerance, the definition most suited 

is the ability of a plant to endure the effects of nematode damage while nematode 

reproduction still occurs (Cook & Evans 1987, p. 186; Dalmasso et al. 1992, p. 467). 

Wheat (Triticum aestivum L.) is also susceptible to P. neglectus with crop losses 

ranging from 10–32% (Vanstone et al. 1998, p. 187; Taylor et al. 1999, p. 622; 

Vanstone et al. 2008, p. 226). Considering a common crop rotation in Australia is 

chickpea with wheat, the chickpea crop may still yield well because of its tolerance, 

but the subsequent wheat crop could have larger crop losses due to the increase in 

nematode populations in the soil, reducing the benefits chickpea has as a rotational 

crop (Taylor et al. 2000b, p. 596; Hawthorne & Bedggood 2007, p. 2). The most 

effective management strategy for P. neglectus is rotation of resistant crops in 

sequence as shown for P. thornei by Owen et al. 2014 (p. 228). Therefore, breeding 

cultivars with increased levels of resistance is a sustainable, economical, and 

effective long-term solution for managing nematodes (Dalmasso et al. 1992, p. 466; 

Castillo & Volvas 2007, p. 381; Zwart et al. 2019a, p. 2). 

Identifying new sources of P. neglectus resistance in chickpea is vital to the 

improvement of the cultigen. Diversity within cultivated chickpea is small due to its 

limited genetic base due to four genetic bottlenecks during its domestication (Abbo 

et al. 2003, p. 1082) and a previously poor collection of original wild Cicer 

accessions located in genebanks, that could be accessed for breeding programs 

(Berger et al. 2003, p. 1077). To increase the number of wild Cicer accessions 

available in world genebanks, a new collection mission was organised. During 2013–

2018 an international group of scientists from Australia, the United States of 

America and Turkey collected seed of wild Cicer from southeastern Turkey, where 

the progenitor of chickpea C. reticulatum Ladizinsky originated. This new collection 

successfully addressed diversity gaps in previously available wild Cicer germplasm, 

with genetic studies determining the new wild Cicer collection of the species 
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crossable with chickpea, C. reticulatum and C. echinospermum P.H. Davis, to have 

100 times more diversity than cultivated chickpea C. arietinum (von Wettberg et al. 

2018, p. 6). Utilising crop wild relatives in breeding programs provides an 

encouraging solution to incorporate new genetic diversity for abiotic and biotic 

resistance, and improved germplasm of cultivated chickpea. This is because wild 

Cicer is a rich source of genetic diversity that has not been subject to the bottlenecks 

of domestication and has already proved useful in finding new sources of resistance 

to abiotic and biotic constraints (Singh & Ocampo 1997, p. 420; Pande et al. 1998, p. 

13; Collard et al. 2001, p. 272; Abbo et al. 2007, p. 338; Knights et al. 2008, p. 384; 

Thompson et al. 2011 p. 606; Talip et al. 2018, p. 961; von Wettberg et al. 2018, p. 

8; Reen et al. 2019, p. 1277; Newman et al. 2021, p. 373).  

In an international collaborative effort to effectively exploit the genetics of the new 

wild Cicer seed collected for improvement of cultivated chickpea, 26 genotypes, 20 

C. reticulatum and six C. echinospermum were selected to represent the genetic and 

environmental diversity of the new wild Cicer collection (von Wettberg et al. 2018, 

p. 8). These 26 wild Cicer accessions were then crossed into seven chickpea cultivars 

that represented major chickpea growing regions worldwide to create nested 

association mapping (NAM) populations (von Wettberg et al. 2018, p. 8). The elite 

chickpea cv. chosen to represent Australia was PBA HatTrick. Early results from 

phenotypic evaluation of the NAM parents have indicated heat stress tolerance, pod 

borer (Helicoverpa armigera Hübner) resistance (von Wettberg et al. 2018, p. 8), P. 

thornei Sher & Allen resistance (Reen et al. 2019, p. 1273), aschochyta blight 

(Aschochyta rabiei (Passerini) Labrousse)) resistance (Newman et al. 2021, p. 374) 

and cottony soft rot (Sclerotinia sclerotiorum (Lib.) de Bary)) resistance present in 

the selected genotypes. These 26 accessions are included in the total number of 

accessions tested in this thesis.  

This thesis is unique, evaluating the new wild Cicer collection for P. neglectus 

resistance, which provides information on P. neglectus and chickpea interactions, a 

subject with little information available worldwide.  

1.4 Aims and objectives 

The aim of this thesis was to evaluate the wider collection of annual wild Cicer, C. 

reticulatum and C. echinospermum, collected in Turkey during 2013 and 2014. This 
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was to identify new sources of resistance to P. neglectus for future introgression into 

cultivated chickpea. The main objectives of this study was to conduct glasshouse 

trials and combine experimental results from four experiments conducted over four 

years of experiments by multi-experiment analyses to (i) assess 329 wild Cicer 

accessions comprising 243 C. reticulatum and 86 C. echinospermum for resistance to 

P. neglectus, (ii) compare levels of resistance in the two wild species C. reticulatum 

and C. echinospermum to that in cultivated chickpea (C. arietinum), (iii) assess the 

geographical clustering of resistance to P. neglectus, if any and (iv) identify if any of 

26 genetically diverse wild Cicer accessions used as NAM parents have resistance to 

P. neglectus.  

This new collection provides an important opportunity to access new sources of 

resistance to P. neglectus, potentially contributing previously unavailable resistance 

genes for research and chickpea breeding purposes. Resistant accessions identified in 

this collection can be introgressed into commercial chickpea to improve current 

levels of resistance to P. neglectus. Cultivars with increased P. neglectus resistance 

and genetic diversity will have a positive impact worldwide by allowing more 

flexibility in grower rotations and reduction in P. neglectus population densities 

resulting in more profitable and resilient chickpea crops.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction  

The root-lesion nematode Pratylenchus neglectus is a major pathogen in the 

Australian grain regions causing financial losses to the Australian chickpea 

(Cicer arietinum) industry through crop damage and the cost of control measures 

to prevent further yield losses. Determining resistance of chickpea to nematodes 

necessitates a knowledge of the crop, the pathogen, and the ecological and 

environmental conditions. This chapter aims to provide a comprehensive review 

of current literature on chickpea and P. neglectus, focusing on the importance of 

chickpea wild relatives and how they can advance resistance breeding in 

Australia and globally. 

2.2 Chickpea (Cicer arietinum)  

One of the earliest cultivated legumes first grown in the Middle Eastern areas of 

the world is chickpea (Singh 1997, p. 161), a self-pollinating crop with a strong 

global demand. Chickpea cultivation is documented as early as 8,000 BC to 

10,000 BC in northwest Syria and is one of the world’s oldest cultivated plants 

(Tanno & Willcox 2006, p. 198). Subsequently, chickpea cultivation spread to 

Africa, Europe and particularly India (Merga & Haji 2019, p. 4). Its popularity 

has increased dramatically in western countries over the last decade because of 

its importance in human nutrition, supplying starch, protein, and cholesterol-

lowering dietary fibre (Perez-Hidalgo et al. 1997, p. 66) and important amino 

acids (Jukanti et al. 2012, p. 11). Two main types of chickpea are grown, Kabuli 

and Desi (van der Maesen 1987, p. 12). They are differentiated by seed size, 

shape, and colour, with Kabuli being larger, round and a pale cream colour 

compared to Desi that is smaller and brown in colour (Figure 1).  
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Figure 1. Differences between Cicer arietinum seed types, (a) Kabuli and (b) 

Desi (H Rostad 2021, personal photograph). 

Chickpea is grown in a broad range of climates and soils, adapting to 

ecologically different parts of the world from where it was first grown in 

crumbly, stony soil rather than tilled regions (van der Maesen 1984, p. 95). The 

majority of chickpea grown in northern Australia is the Desi type, which prefers 

semi-arid tropical regions (Muehlbauer & Singh 1987, p. 100). Kabuli is 

favoured for growing in southern Australia, with this type preferring temperate 

regions (Muehlbauer & Singh 1987, p. 100).  

Chickpea has a beneficial role as a rotational crop with cereals, supplying 

nitrogen to the soil (Herridge et al. 1995, p. 546) and as a non-host of the fungus 

Fusarium pseudograminearum O'Donnell & T. Aoki, the cause of crown rot in 

wheat and barley (Hordeum vulgare L.) (Dalal et al. 1998, p. 490). In the 2016–

17 production year when all growing conditions were favourable, Australia 

produced 2004 kt of chickpea with the export value being ~2B AUD (ABARES 

2020). Chickpea production and export dropped considerably to 281 kt with the 

export value being 306M AUD in the 2019–20 production year (ABARES 2020). 

This lower production value was due to Australia suffering a long period of 

drought. 

Chickpea is grown in Australia’s winter cropping period with sowing between 

mid-May to the start of July and harvest between September and November. 

Seventy-five percent of Australia’s chickpea is produced in the subtropical grain 

belt of eastern Australia (central and southern Queensland and northern New 

South Wales) (ABARES 2020). The favoured soils in this area are Vertosols 

(Isbell 2021, p. 116), which have a high clay content and plant water holding 

capacity swelling when wet and shrinking when dry (Dinka & Lascano, 2012, p. 

1 cm 

a b 
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82). This region receives predominantly summer rainfall, and as chickpea is a 

winter crop, it relies heavily on stored moisture during the growing period 

(Chauhan et al. 2017, p. 132). Commercial chickpea crops were first grown in 

this region of Australia during the 1970s near the Queensland town of 

Goondiwindi (28.5387° S, 150.2983° E) (GRDC Grownotes 2016, p. xxiii). In 

this region chickpea are grown in rotation with winter crops wheat and barley and 

the summer crop sorghum (Sorghum bicolor (L.) Mönch)) (Thomas et al. 2010, 

p.4), all of which are susceptible to P. neglectus (Williams et al. 2002, p. 874; 

Owen et al. 2009, p. 1).  

2.3 Constraints to chickpea production 

2.3.1 Abiotic constraints to chickpea production 

Abiotic stressors such as drought, heat, cold and salt are important factors that 

limit chickpea production. Globally, drought and heat stress account for 50% of 

production loss in chickpea (Ahmad et al. 2005, p. 245). Cold stress in chickpea 

is also a common abiotic constraint, leading to flower and pod abortion in 

temperatures below 15 °C (Clarke et al. 2004, p. 66) and killing of the plant in 

extreme cold of temperatures at and below –1.5 °C (Croser et al. 2003a, p. 193). 

However, the disadvantages of winter sowing in Australia are outweighed by the 

advantages. Winter sowing in Australia is advantageous over traditional spring 

sowing as it increases yield, improves water use efficiency of the crop, and 

utilises stored moisture from summer rainfall (Millan et al. 2006, p.85; 

Heidarvand et al. 2011, p. 157).  

Rhizobia are bacteria that colonise the roots of chickpea forming nodules that fix 

atmospheric nitrogen (Singh et al. 2019, p. 2), allowing chickpea to grow well in 

soils over a range of soil nitrogen conditions. However, sodic and saline soils 

increase stress on chickpea by retarding the production of nodules after rhizobia 

infection, decreasing the ability of nodules to fix nitrogen, and reducing 

photosynthesis by the plant and water uptake (Rao et al. 2002, p. 569; Singh et al. 

2005, p. 491). 
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2.3.2 Biotic constraints to chickpea production  

Biotic constraints that affect chickpea yields include diseases, insects, and plant-

parasitic nematodes (PPNs). Major fungal diseases that impact chickpea 

production are ascochyta blight, fusarium wilt (Fusarium oxysporum f. sp. ciceri 

(Padwick) Matuo & K. Sato)), phytophthora root rot (Phytophthora medicaginis 

Hansen & Maxwell), and botrytis grey mould (Botrytis cinerea Persoon) (Ahmad 

et al. 2005, p. 234; Knights et al. 2008, p. 383). Ascochyta blight causes lesions 

on the leaf tissues, pods, and branches (Akem 1999, p. 132) resulting in up to 

100% loss of chickpea yield in extreme cases (Nene and Reddy 1987). The 

effects of the fungus on all above-ground plant parts cause seed abortion and can 

essentially ring-bark the stem of the chickpea plant, eventually causing it to break 

(Akem 1999, p. 132). Chickpea cultivars such as PBA Seamer are grown in the 

subtropical grain belt of eastern Australia because they are resistant to aschochyta 

blight (GRDC 2020). However, PBA Seamer is also moderately susceptible to P. 

neglectus and susceptible to botrytis grey mould (GRDC 2020), which creates 

problems for growers who can have multiple diseases to manage.  

Fusarium wilt as the name suggests causes the plant to wilt, followed by 

discoloration of the leaves, desiccation and eventually breakdown of the whole 

plant (Jiménez-Díaz et al. 2015, p. 20). This disease can be exacerbated by RLN 

(Castillo et al. 1998b, p. 371) with Taheri et al. 1994 (p. 184) stating that a 

combination of P. neglectus and F. oxysporum increased root lesions and fungal 

infection within the roots of wheat. It has been suggested that when Pratylenchus 

spp. and F. oxysporum are present together in chickpea fields, greater damage by 

fusarium wilt is seen than if F. oxysporum is present alone (Castillo et al. 1998a, 

p. 828). Therefore, identifying chickpea accessions with P. neglectus resistance 

has the potential not only to lower RLN reproduction in chickpea roots but also 

to limit fusarium wilt infection.  

Phytophthora root rot is a fungal disease that thrives under wet soil conditions 

and can be detrimental to chickpea, causing crop losses of 50–100% depending 

on rainfall events and soil moisture (Knights et al. 2008, p. 383). Symptoms of 

phytophthora root rot include wilting, defoliation, decay, and brown lesions 

visible on the roots (Vock et al. 1980, p. 117).  
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Botrytis grey mould is a destructive disease that persists in cool, overcast 

conditions with high humidity (Pande et al. 2006, p. 1137). Symptoms start as 

grey, brown lesions on the flowers, pods and stems that turn into rot which 

eventually destroys the entire plant (Williamson et al. 2007, p. 562), with loss of 

the entire crop in severe disease events (Pande et al. 2006, p. 1138).  

Major insect pests that affect chickpea production are helicoverpa pod borer (H. 

armigera and H. punctigera Wallengren) and leaf miner (Liriomyza cicerina 

Rondani) (Ahmad et al. 2005, p. 248; Materne et al. 2011, p. 222). Helicoverpa 

armigera is distributed throughout Asia, Africa, the Mediterranean region, and 

the Oceania region, while H. punctigera is native to and widely distributed 

throughout Australia (Patil et al. 2017, p. 2). Both species can cause 80 to 90% 

chickpea crop loss under favourable conditions for the pod borer (Sehgal & 

Ujagir 1990, p. 30). The nature of damage includes larvae feeding on the 

chickpea foliage, then as they move to the caterpillar stage the insects feed on the 

seeds by boring through the pod, hence their name (Patil et al. 2017, p. 3).  

Leaf miner invade both winter- and spring- planted chickpea. This insect causes 

major crop losses through damage in both the early germination and seedling 

growing period and by later hindering crop development (Soltani et al. 2018, p. 

1216). Damage by leaf miner is primarily caused by the larvae, which feed on the 

inner leaf tissue resulting in cavities between the upper and lower epidermis and 

early leaf fall (Weigand 1990, p. 54). 

Plant-parasitic nematodes are reported from all major chickpea growing regions 

worldwide. Nematode species causing crop losses to chickpea include reniform 

nematode (Rotylenchulus reniformis Linford & Oliveira), root-knot nematodes 

(Meloidogyne spp. Goeldi), cyst-forming nematodes (Heterodera Schmidt and 

Globodera spp. (Skarbilovich) Behrens) and RLN (Pratylenchus spp.) (Rasool et 

al. 2015, p. 73). It is estimated that these species of PPNs cause an estimated 

annual yield loss of 14% to chickpea production worldwide (Castillo et al. 2008, 

p. 840; Materne et al. 2011, p. 53).  

Reniform nematodes are semi-endoparasites that partially penetrate the plant 

roots on which they feed causing reduced root growth, necrosis and stunting in 

chickpea (Jones et al. 2013, p. 954). Root-knot nematodes cause yield loss in 
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chickpea through the formation of permanent feeding sites in the root cortex and 

vascular tissue (Castillo et al. 2008, p. 840). Feeding sites deform and block the 

vascular tissues, limit water and nutrient uptake, reduce nodulation and cause 

root rot, suppressing plant growth and reducing yield of chickpea (Thompson et 

al. 2000, p. 492; Castillo et al. 2008, p. 840). Cyst-forming nematodes 

(Heterodera and Globodera spp.) are geographically more widespread than other 

PPNs as the eggs within the cysts can tolerate long periods of drought, persist in 

the soil without a host, and are easily dispersed through rain events and improper 

farm biosecurity of infested sites (Perry & Moens 2006, p. 110). Above-ground 

symptoms of cyst nematodes appear at flowering with leaves showing reduced 

colour, number of flowers, pods with little or no seed, and overall stunted growth 

of the plant (Greco et al. 1992, p. 3; Castillo et al. 2008, p. 843). Below ground, 

roots show little or no nodulation from nitrogen-fixing rhizobia; the overall 

infected root system looks unhealthy and poorly developed and adult female cyst 

nematodes are visible to the naked eye (Greco et al. 1988, p. 98; Greco et al. 

1992, p. 3).  

Root-lesion nematodes have a global economic impact on chickpea that ranks 

third to root-knot and cyst nematodes due to their wide host range and ability to 

thrive in diverse climates (Castillo & Vovlas 2007, p. 1). Pratylenchus neglectus 

and P. thornei are the major RLN species causing yield losses in chickpea 

worldwide. Root-lesion nematodes cause extensive damage to the root system of 

infected plants, attacking the epidermis and feeding on the parenchymatous cells 

of the root cortex. This feeding results in lesions on the infected tissue and 

eventual necrosis of the tissue. (Castillo & Vovlas 2007, p. 1; Thompson et al. 

2008, p. 236). In the field, damage from RLN in chickpea can be seen in patches 

with plants exhibiting reduced above-ground growth and paler colour. Below-

ground, there is a reduction of root growth and under extensive infestation root 

death (Castillo et al. 2008, p. 842). Pratylenchus spp. have a strong ability to 

survive in the absence of a host crop, possibly surviving inside roots remaining in 

the soil, and/or feeding on the roots of weeds in fallow between crops (Whish et 

al. 2017, p. 50; Vanstone & Russ 2001, p. 248). Pratylenchus spp. can also utilise 

survival mechanisms where they can suspend their metabolic activity in response 

to environmental conditions that are unfavourable to survival (Jackson-Ziems 
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2016, p. 72; Ribeiro et al. 2020, p. 1). Anhydrobiosis is one such survival 

mechanism that is induced by extreme dry conditions. (Jackson-Ziems 2016, p. 

72). Anhydrobiosis is the principal reason eradication is challenging with 

‘reactivation’ of the nematodes during rainfall and availability of subsequent 

food sources from post fallow crops (Glazer & Orion 1983, p. 333; Talavera & 

Valor 2000, p.79).  

2.4 Pratylenchus neglectus 

Pratylenchus neglectus is an endoparasitic, vermiform nematode that feeds, 

reproduces, and migrates within the root cortex of host crops causing necrosis 

and reduced root branching (Oldach et al. 2014, p. 2) (Figure 2). 

  

 

Figure 2. Root browning and lesions caused by Pratylenchus neglectus on roots 

of susceptible chickpea cv. Sona (H Rostad 2020, personal photograph). 

Pratylenchus neglectus is 0.4–0.5 mm in length when fully developed 

(Townshend & Anderson 1976, p. 2; Thompson et al. 2017, p. 361). 

Pratylenchus neglectus has a wide host range including many cereals and pulses. 

The nematodes enter plant roots using their stylet through a sharp thrusting action 

while secreting lytic enzymes to break down the plant cell wall (Castillo & 

Volvas 2007, pp. 355–356). As Pratylenchus spp. feed, the root cortex is 

damaged limiting the capacity of the plant to take up vital nutrients and water, 

restricting growth and grain yield (Agrios 1988, p. 728). Pratylenchus neglectus 

reproduces via mitotic parthenogenesis with five life stages, egg, juvenile stage 

1 cm 
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J1 inside the egg, and juvenile stages J2, J3, J4 and adult, all motile in the soil 

and plant roots (Taylor 2000a, p. 5) (Figure 3). The full life cycle is completed in 

4–6 weeks depending on food source availability and optimum environmental 

conditions (Thompson et al. 2017, p. 357). Although P. neglectus are obligate 

parasites they can survive in dry soil for long periods, entering a state of 

anhydrobiosis (Taylor 2000a, p. 5).  

 

Figure 3. Photomicrographs illustrating adult and juvenile (J4, J3 and J2) life 

stages of Pratylenchus neglectus (Thompson et al. 2017, p. 361). 

2.4.1 Pratylenchus neglectus distribution 

Pratylenchus neglectus is found in soils globally and in Australia it is present in 

all grain growing regions (Sharma et al. 2011, p. 1321; Sheedy et al. 2015, p. 

175). Globally, the geographic distribution of P. neglectus in chickpea has been 

documented in Algeria, the United States of America, Kenya, (Nene et al. 1996, 

p. 9; Smiley et al. 2014, p. 1345) Turkey, (Behmand et al. 2019, p. 357) and Italy 

(Di Vito et al. 2002, p. 104). Thompson et al. 2010 (p. 256) surveyed 795 wheat 

fields in the subtropical grain belt of eastern Australia and found that 32% had P. 

neglectus present. Chickpea is grown in rotation with wheat in this region 

therefore chickpea grown at these sites would also be affected by the P. neglectus 

present. Chickpea production in the western region of Australia is a small 

industry (Paterson & Wilkinson 2019), however, P. neglectus population 

densities at yield limiting levels were found in at least 40% of grain cropping 
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fields (Riley & Kelly 2002, p. 54). Chickpea is grown in the southern region of 

Australia in rotation with cereals and the oilseed crop canola (Brassica napus L.) 

(Hawthorne & Bedggood 2007, p. 2). It has been documented that wheat yields 

have been poor after chickpea crops grown on P. neglectus infested sites in the 

southern region (Hawthorne & Bedggood 2007, p. 2). Hawthorne & Bedggood 

2007 (p. 2) also stated that P. neglectus adversely affects the growth and yield of 

chickpeas but has a greater negative effect on the following cereal crop. 

2.4.2 Management of Pratylenchus neglectus 

Measures that can be taken to manage Pratylenchus spp. include employing 

rigorous hygiene measures, such as maintaining clean farm machinery, vehicles, 

and footwear to reduce contamination between sites (Zhan et al. 2015, p. 30). 

Biological suppression of nematodes can occur using integrated management 

techniques such as zero tillage and stubble retention, however, these are only 

temporary measures as the nematicidal components of organic materials degrade 

quickly (Stirling 2014, p. 312). Crop residues can decrease nematode population 

densities through alterations in temperature, moisture and stimulating 

antagonistic soil microorganisms (Minton 1986, p. 139).  

Antagonists of Pratylenchus spp. such as predatory nematodes (Khan & Kim 

2007, p. 370), nematode trapping fungi (Thompson et al. 1980, p. 194; Khan et 

al. 2006, p. 671), arbuscular mycorrhizal fungi (AMF) (de La Peña et al. 2005, p. 

169; Gough et al. 2020, p. 7) and parasitic bacteria such as Pasteuria thornei 

(Thorne) Sayre & Starr also contribute to suppression of Pratylenchus spp. (Starr 

& Sayre 1988, p. 22; Tian et al. 2007, p. 198). There are no specific studies on 

predation of P. neglectus by predatory nematodes, however, Bilgrami et al. 1986 

(p. 193) showed from inspection of the intestinal contents of 33 species of 

monochid nematodes that Pratylenchus spp. was commonly found in their gut 

(Figure 4). An important point stated by Castillo & Volvas 2007 (p. 396), is that 

the use of dorylaimid, diplogastrid and mononchid predatory nematodes as a 

biological control method for Pratylenchus spp. has not been studied thoroughly 

and its possible importance as a control measure is unknown.  
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Figure 4. Mononchid predatory nematode feeding on a plant-parasitic nematode 

(Barbosa 2003).  

In a study by Khan et al. 2006 (p. 671), P. neglectus was susceptible to the knob 

producing nematode-trapping fungus Monacrosporium lysipagum Drechsler with 

81% of P. neglectus infected and killed within 20 h of exposure to the fungus. As 

P. neglectus colonise inside the roots of host plants, nematode trapping fungi as a 

biological control method would only be effective on nematodes in the 

rhizosphere (Castillo & Volvas 2007, p. 395).  

The parasitic bacterium Pasteuria species that specifically infects Pratylenchus 

spp. is known as Pasteuria thornei (Starr & Sayre 1988, p. 22; Castillo & Volvas 

2007, p. 397) (Figure 5). A greenhouse study relating specifically to P. neglectus 

showed there was population decline when Pasteuria thornei spores were 

inoculated into soil already containing P. neglectus, with spores visible on the 

cuticle and in the body cavity of the nematode after one week (Ornat et al. 1999, 

p. 14). However, it was unclear if the Pasteuria thornei lowered population 

densities of P. neglectus to below damage thresholds, with tillage and fallowing 

found to be more successful control methods for this nematode (Ornat et al. 1999, 

p. 14). Therefore, even though studies have shown Pasteuria thornei can reduce 

Pratylenchus spp. populations, the number of spores and parasitism levels are 

inadequate to lower population densities of Pratylenchus spp. to below damage 

thresholds (Stirling 2014, p. 216).  
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Figure 5. A dead Pratylenchus neglectus infected with the bacterium Pasteuria 

thornei; arrows indicating the bacterium (Image by J Lin 2016, unpublished). 

 

Many studies have suggested that AMF improve host tolerance of plants infected 

by Pratylenchus spp. by boosting nutrient uptake, growth rate, reducing lesions 

on infected roots and reducing Pratylenchus spp. population densities (Forge et 

al. 2001, pp. 186–192; Smith & Reed 2008, p. 602; Gough et al. 2020, p. 8). A 

review on effects of AMF on Pratylenchus spp. by Gough et al. 2020 (p. 7) 

showed that inoculation with the AMF genera Glomus Tul. & C. Tul. and 

Funneliformis C. Walker & Shüßler, reduced or had no effect on Pratylenchus 

spp. densities in host roots in various studies. Therefore, there is evidence AMF 

can increase plant tolerance levels and offer a level of suppression against 

Pratylenchus spp. populations. However, there is little evidence to suggest AMF 

can be classed as a successful biological control of Pratylenchus spp. without 

further study (Castillo & Volvas 2007, p. 398–400).  

Break crops can be utilised on infested sites, whereby growing a non-host will 

lower nematode population densities. Common break crops that help control P. 

neglectus are narrow leaf lupin (Lupinus angustifolius L.) (Collins et al. 2017, p. 

72), field pea (Pisum sativum L.) (Taylor et al. 2000b, p. 596; Smiley et al. 2005, 

p. 966), faba bean (Vicia faba L.) (Taylor et al. 2000b, p. 596), triticale (Triticale 

hexaploide Lart.) (Taylor et al. 2000b, p. 596) and annual medic (Medicago spp. 

L.) (Ballard et al. 2006, p. 307). Pratylenchus neglectus can also be controlled 

with a rotation of resistant wheat and barley crops (Smiley et al. 2013, p. 538). 
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Pratylenchus neglectus and P. thornei occur together in 26% of fields in the 

subtropical grain belt of eastern Australia (Thompson et al. 2010, p. 257) and 

both have a wide host range. However, host resistance to one species does not 

always mean resistance to the other, highlighting the importance of testing fields 

for individual RLN species before applying management measures (Holloway et 

al. 2000, p. 600). Volunteer crops and susceptible weeds must also be controlled 

during fallow periods to successfully reduce P. neglectus populations in the soil 

(Vanstone & Russ 2001, p. 248). The most reliable control method is rotation of 

resistant and tolerant crops with recent research showing that growing resistant 

crops in sequence effectively reduces Pratylenchus spp. populations (Owen et al. 

2014, p. 228). Through breeding crop cultivars with increased levels of resistance 

an economical and effective long-term solution for managing nematodes can be 

established (Castillo & Volvas 2007, p. 381; Zwart et al. 2019a, p. 2).  

2.4.3 Breeding for resistance to Pratylenchus spp. 

Resistance is defined as the ability of a plant to reduce nematode reproduction 

(Trudgill 1991, p. 169), whereas nematode numbers increase when a plant is 

susceptible (Figure 6).  

 

 

 

 

 

 

 

 

Figure 6. Pratylenchus neglectus colonising (a) a susceptible plant root and (b) a 

resistant plant root (Agriculture - Root Lesion Nematodes (Pratylenchus 

neglectus) swimming through culture media and attacking barley root in petri 

dish. Eggs are capsule shaped. (20X); Oregon State University 2008).  

a b 
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Resistance screening is best undertaken in controlled environmental conditions 

where temperature, soil moisture, fertiliser, inoculum, and other influences can 

be regulated (Nombela & Romero 1999, p. 386). Controlled environments also 

allow maintenance of optimal temperature for plant growth and maximum 

nematode reproduction. Phenotyping of wild Cicer conducted from 1996 to 2002 

showed that accessions of C. reticulatum and C. echinospermum were largely 

more resistant to P. neglectus or P. thornei or to both nematode species than the 

commercial chickpea cultivars Howzat, Sonali, Jimbour and Sona (Thompson et 

al. 2011, pp. 606–607). However, only a small number of unique wild Cicer 

accessions were screened in that study (nine C. reticulatum and five C. 

echinospermum), because of the small number of wild Cicer accessions available 

in global genebanks at that time (Berger et al. 2003, p. 1081). The C. reticulatum 

accession ILWC 140 was shown to have good resistance to both P. neglectus and 

P. thornei (Thompson et al. 2011, p. 606). ILWC 140 was then crossed to the 

commercial cultivars Jimbour and Howzat, with several of the F4 progeny 

producing lower P. neglectus population densities than the resistant parent ILWC 

140 (Thompson et al. 2011, p. 609).  

Recently, a larger collection of wild Cicer was screened for resistance to P. 

thornei by Reen et al. 2019 (p. 1270) comprising 133 C. reticulatum and 41 C. 

echinospermum. With the increase in wild Cicer germplasm available for testing, 

superior resistance to that of current Australian chickpea cultivars was found, 

with 23% of wild Cicer accessions tested being significantly more resistant than 

Australia’s most P. thornei resistant chickpea cv. PBA Seamer (Reen et al. 2019, 

p. 1270). Therefore, using wild Cicer in resistance screening programs is an 

effective strategy to identify Pratylenchus spp. resistant accessions that can be 

used in subsequent breeding programs. Current commercial chickpea cv. ratings 

for P. neglectus are listed as moderately resistant to moderately susceptible 

(Matthews et al. 2021, p. 96). Low variation in the resistance ratings of existing 

chickpea cultivars is evidence that sources of better resistance are needed. 

2.5 Background of Cicer genetics  

Chickpea is a diploid crop with 2n=2x=16 chromosomes (Ahmad et al. 2005, p. 

229). A pan-genome was recently published on chickpea which encompassed all 
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genes and genetic variation within the species, comprising over 3000 individuals 

(Varshney et al. 2021, p. 623). Utilising previously published work on the Kabuli 

chickpea cv. CDC Frontier (Varshney et al. 2013, p. 241), the C. reticulatum 

genome (Gupta et al. 2017, p. 4), the ICRISAT Desi breeding line ICC 4958 and 

de-novo assembled sequences of wild and cultivated Cicer accessions, the 

chickpea pan-genome was shown to have 592.58 Mb and a total of 29,870 genes.  

2.6 Wild Cicer relatives 

Archaeological evidence suggests two centres of origin for wild Cicer (Vavilow 

1951, p. 44). The first centre of origin is the geographic area of south western 

Asia and the Mediterranean region, mainly the area known today as southeast 

Turkey, neighbouring Syria (Vavilow 1951, p. 44; van der Maesen 1987, p. 11). 

The second point of origin is Ethiopia in east Africa (Vavilow 1951, p. 44). The 

genus Cicer contains 46 wild species in total, comprising ten annual and 36 

perennial species (Toker et al. 2021, p. 2). Of the 10 annual species, Cicer 

reticulatum, the wild progenitor of domestic chickpea (Ladizinsky & Adler 1976, 

p. 198) along with C. echinospermum (Croser et al. 2003b, p. 435) form the 

primary chickpea genepool with C. arietinum. These two wild Cicer species can 

be directly crossed to C. arietinum (cultivated chickpea) to produce strong, fertile 

progeny (Maxted et al. 2006, p. 2677) and has been utilised widely for C. 

reticulatum and C. echinospermum introgressions into C. arietinum as shown by 

the following studies: Ladizinsky & Adler 1976, p. 200; Pundir & Mengesha 

1995, p. 242; Singh & Ocampo 1997, p. 419; Ahmad & Slinkard 2004, p. 768; 

Thompson et al. 2011, p. 609; Kahraman et al. 2017, p. 3106. 

Species composing the secondary genepool, namely C. bijugum K.H. Rech, C. 

pinnatifidum Juab & Spach and C. judaicum Boissier (Croser et al. 2003b, p. 

436) are genetically more distant from domestic chickpea, and if successfully 

crossed with chickpea, regularly produce offspring that are partially sterile with 

low vigour because of reproductive barriers (Croser et al. 2003b, p. 436; Maxted 

et al. 2006, p. 2675). A new annual species named in 2021 by Toker et al. (p. 1) 

is Cicer turcicum Toker, Berger & Gokturk. This new species appears to be 

related to C. reticulatum and C. echinospermum, however, preliminary internal 

transcribed spacer sequencing has classified it into the secondary genepool, 
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although crossing studies are still underway to confirm this (Toker et al. 2021, p. 

14).  

The tertiary genepool, comprises C. chorassanicum (Bge) Popov, C. cuneatum 

Hochst and C. yamashitae Kitamura (Croser et al. 2003b; p. 437), which are even 

more distantly related to domestic chickpea than Cicer spp. from the secondary 

genepool. Specific breeding techniques such as embryo rescue, bridging crosses 

and tissue culture must be utilised for breeding with the tertiary genepool, and 

even if the cross succeeds the progeny are often sterile (Croser et al. 2003b, p. 

436; Maxted et al. 2006, p. 2675; Kahraman et al. 2017, p. 3103).  

2.6.1 Cicer reticulatum and C. echinospermum 

The two wild annual species C. reticulatum and C. echinospermum are the focus 

of the research described in this thesis. Both species have a distinct morphology 

and seed coat. Foliage of C. reticulatum is described as semi-spreading and 

prostrate by Talip et al. 2018 (p. 956) with large leaflets which resemble C. 

arietinum. Cicer echinospermum is described as mostly prostate with smaller 

leaflets than C. reticulatum (Talip et al. 2018 p. 956). The difference can be 

clearly seen in Figures 7a and 8a, where the foliage of C. reticulatum grows more 

upright and clustered whereas C. echinospermum has a wider spread in its foliage 

that cascades away from the main growing point. Cicer reticulatum has a 

corrugated seed coat with seed similar to the size, shape, and colour of cultivated 

chickpea Desi seed (Figure 7b). Cicer echinospermum seed is smaller and darker, 

with a coarse, spiny seed coat (Figure 8b). Both species have small pods and 

purple flowers.  

Figure 7. Cicer reticulatum (a) foliage and (b) seed. Bottom width of pot in (a) is 

5 cm (H Rostad 2021, personal photographs). 

1 cm 
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Figure 8. Cicer echinospermum (a) foliage and (b) seed. Bottom width of pot in 

(a) is 5 cm (H Rostad 2021, personal photographs).  

Although, cultivated chickpea has superior agronomic traits compared to wild 

Cicer spp., there are important attributes that wild Cicer exhibit that are desirable 

for chickpea breeding. This includes canopy width, flower duration, number of 

pods per stem, plant height and resistance to major biotic constraints (Talip et al. 

2018, p. 959; Singh et al. 2014, p. 238). 

2.6.2 Benefits of using wild Cicer in commercial chickpea improvement 

Sources of multiple resistance traits are advantageous in breeding programs with 

wild Cicer typically having multiple resistance genes, compared to that of 

cultivated chickpea (Croser et al. 2003b, p. 440–441). A recent study by 

Varshney et al. 2021 (p. 623) demonstrated chickpea experienced the strongest 

bottleneck in its history beginning around 10,000 years ago. Abbo et al. 2003 (p. 

1082) has proposed cultivated chickpea has low genetic diversity because of four 

bottlenecks in its evolutionary history (Abbo et al. 2003, p. 1082). The first 

bottleneck occurred because of the progenitor chickpea C. reticulatum having a 

limited geographic range in southeast Turkey. The second bottleneck was due to 

domestication, which was brought about by continually selecting a small number 

of individuals for use and propagation. The third bottleneck developed from the 

change in sowing time from winter to spring, which has been theorized to be a 

way to minimise the effects of aschochyta blight (Kumar & Abbo 2001, p. 125). 

The fourth bottleneck was due to the replacement of landraces with cultivars 

produced through modern plant breeding, causing further lack of diversity within 

the crop (Abbo et al. 2003, p. 1082). Therefore, using wild Cicer in resistance 

breeding is critical to maintain crop productivity where genetic variability is low 

1 cm 
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(Rao et al. 2007, p. 1236), and overcome the complications brought about by 

these bottlenecks. Resistance has already been found in wild Cicer to major 

diseases and insect pests such as aschochyta blight (Collard et al. 2001, p. 272; 

Collard et al. 2003, p. 719; Newman et al. 2021, p. 373), botrytis grey mould 

(Pande et al. 1998, p. 13; Ramgopal et al. 2012, p. 3), phytophthora root rot 

(Knights et al. 2008, p. 384), fusarium wilt (Singh & Ocampo 1997, p. 420; 

Singh et al. 1998, p. 12), RLN P. thornei (Thompson et al. 2011 p. 606; Reen et 

al. 2019, p. 1277), and P. neglectus (Thompson et al. 2011 p. 606), chickpea cyst 

nematode (Heterodera ciceri Vovlas, Greco & Di Vito) (Di Vito et al. 1996 p. 

103), pod borer (von Wettberg et al. 2018, p. 9) and leaf miner (Singh et al. 1998, 

p. 12; Talip et al. 2018, p. 961). It is clear that using wild relatives as a source of 

genetic diversity has already proved successful in sustaining productivity, 

managing diseases in chickpea and is vital when breeding for multiple disease 

resistance. 

2.6.3 New wild Cicer collection 

In 2000, nine out of 36 breeding lines in the Australian chickpea breeding 

program were derived from wild C. echinospermum (Berger et al. 2003, p. 1077). 

The importance of wild Cicer contributing resistance to biotic and abiotic stresses 

prompted a review of global Cicer germplasm by Berger et al. 2003 (p. 1077). 

The authors identified compromised genetic diversity in the world genebank 

collections with only 18 original accessions of C. reticulatum and 10 of C. 

echinospermum available for breeding. To address the gaps in the past wild Cicer 

collections, a group of scientists from Australia, the United States and Turkey 

conducted a series of comprehensive collection expeditions in southeast Turkey 

in 2013–2018 (von Wettberg et al. 2018, p. 3; Toker et al. 2021, p. 2). A total of 

591 wild Cicer accessions were collected from 91 collection sites (Toker et al. 

2021, p. 3). These collection missions attempted to cover the full geographic 

distribution of C. reticulatum and C. echinospermum (von Wettberg et al. 2018, 

p. 9). 

The new wild Cicer accessions were collected from the geographic area of 

Anatolia with strategic trips into the northwest province of Eskişehir in Turkey, 

southern Armenia and central to west Georgia (Toker et al. 2021, p. 4). Annual 
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species identified in these collection missions were C. reticulatum, C. 

echinospermum, C. bijugum and C. pinnatifidum. Through later study of the 

accessions by DNA sequencing a new species of wild Cicer was discovered, C. 

turcicum (Toker et al. 2021, p. 1). This species has come from the Yedipinar 

collection site and is believed to be a sister species of C. reticulatum and C. 

echinospermum (Toker et al. 2021, p. 6). Cicer turcicum holds potential for 

chickpea improvement if its close relatedness supports interspecific hybridization 

with C. arietinum (Toker et al. 2021, p. 14). The discovery of a new Cicer 

species has increased breeding potential for chickpea improvement with crossing 

studies currently underway to see if successful breeding can be accomplished 

(Toker et al. 2021, p. 14). 

By studying the new and wider collection of wild Cicer accessions von Wettberg 

et al. 2018 (p. 6) provided evidence for the genetic bottleneck that domestication 

has caused in chickpea and created an evolutionary timeline for wild Cicer. 

Through analysing site environments to determine elevation gradients, climatic 

and soil differences, it was identified that C. echinospermum occurs at slightly 

lower elevations of 740–1264 m compared to C. reticulatum that occurs at the 

higher elevational range of 915–1695 m (von Wettberg et al. 2018, p. 3). Cicer 

reticulatum was also found to occur in more fertile, alkaline soils and to better 

survive growing periods of infrequent rainfall than C. echinospermum (von 

Wettberg et al. 2018, p. 4). A model was also utilised from admixture graphs and 

residuals from maximum-likelihood analyses to estimate environmental impact 

on genetic structure and genetic spread of accessions, showing the variation 

between wild and cultivated accessions for agronomic properties (von Wettberg 

et al. 2018, p. 4).  

Evidence of genetic variation present in the new collections of C. reticulatum and 

C. echinospermum has been shown in the following publications. These studies 

encompass abiotic and biotic stress resistance and study the agro-morphological 

traits of C. reticulatum and C. echinospermum. Talip et al. 2018 (p. 951) 

investigated the growing habits of 174 C. reticulatum and 47 C. echinospermum 

accessions from the 2013 collection. Both species of wild chickpea showed some 

more attractive morphological traits than C. arietinum such as increased canopy 

width and number of stems and pods per plant. The desirable morphological traits 
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in wild Cicer such as increased podding could be used in breeding programs to 

increase yield of C. arietinum. Resistant accessions to the abiotic constraints heat 

and cold were found in the new wild Cicer collection (Talip et al. 2018, p. 961; 

von Wettberg et al. 2018, p. 8; Toker et al. 2021, p. 1). Biotic stresses of leaf 

miner (Talip et al. 2018, p. 961), pod borer (von Wettberg et al. 2018, p. 8), RLN 

P. thornei (Reen et al. 2019 p. 1271), aschochyta blight (Newman et al. 2021, p. 

373), bruchid beetle (Callosobruchus chinensis L.) (Toker et al. 2021, p. 1), and 

cottony soft rot were also evaluated, and superior resistance was found than in 

current commercial chickpea cultivars. These stresses reduce chickpea 

production on a global scale so research into improving yield, abiotic and biotic 

resistance is particularly important. These six publications on the new collection 

thus far have successfully shown it contains greater genetic diversity than current 

commercial chickpea cultivars and should be utilised in breeding programs to 

improve yield of C. arietinum. 

To understand the genetic consequences of domestication, full genome sequences 

of 26 wild Cicer accessions, covering the biodiversity of the whole 2013 

collection, were selected as parents to generate NAM populations with modern 

chickpea cultivars from major chickpea growing regions worldwide. From the 

genome sequencing of the NAM parents and modern chickpea cultivars it was 

estimated that 93.5–97.5% of the genetic variation of the wild Cicer accessions is 

absent from modern cultivated chickpea (von Wettberg et al. 2018, p. 6). The 

selected 26 NAM parents are important to the international scientific community 

to assist in cultivated chickpea improvement with approximately 10,000 

segregating lineages being developed from the NAM parent accessions (von 

Wettberg et al. 2018, p. 6). In von Wettberg’s et al. 2018 (p. 8) study, 23 of the 

26 NAM parents produced lower host suitability indexes to pod borer than the 

tolerant check cultivars. Eleven of the 26 NAM parents produced lower RLN P. 

thornei population densities than the resistant reference C. echinospermum cv. 

ILWC 246 (Reen et al. 2019 p. 1274) and one NAM parent accession Gunas_062 

showed moderate resistance to a cocktail of aschochyta blight isolates (Newman 

et al. 2021 p. 374). Therefore, it is clear that the NAM parent accessions have 

improved biotic stress resistance than current commercial chickpea cultivars and 

testing on this smaller number of accessions provides an immediate target for 
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introgression breeding. Large scale introgression which has been initiated 

through the development of segregating lines will provide many new chances to 

find superior resistance using wild alleles and increase genetic variation in 

cultivated chickpea.  

2.7 Summary of and benefits of this research 

Pratylenchus neglectus is a major pathogen in the Australian grain regions 

(Vanstone et al. 2008, p. 226) causing an estimated combined loss of 9.6M 

AUD/year to the Australian chickpea industry through yield loss and cost of 

control measures to prevent greater loss from this nematode (Murray & Brennan 

2012). New sources of resistance against P. neglectus, will help reduce damage 

to crops by this pathogen. In this thesis, new accessions of C. reticulatum and C. 

echinospermum collected from Turkey in 2013 and 2014 have been compared 

with wild Cicer accessions of interest from the original global genebank 

collections, along with current commercial chickpea cultivars and breeding lines 

of chickpea to find new sources of resistance to P. neglectus. This new collection 

provides access to a significant increase in wild Cicer germplasm for resistance 

testing covering the full geographical range of C. reticulatum and C. 

echinospermum. Research conducted into testing these new accessions has 

provided the opportunity to broaden the genetic and adaptive diversity of 

chickpea by identifying sources of P. neglectus resistance to facilitate chickpea 

breeding in Australia and pave the way for providing growers with more resilient 

crops against this nematode. This research connects with genetic diversity studies 

of wild chickpeas and provides novel insights into P. neglectus resistance in 

chickpea, which is a global problem. Results from this study can be used in a 

genome wide association study to identify markers and candidate genes for P. 

neglectus resistance. To date, there is no published literature on chromosomal 

regions in chickpea associated with P. neglectus resistance. This is a novel study 

on phenotyping for P. neglectus resistance in chickpea and the first study to 

include wild Cicer accessions from the 2014 collection sites.  
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CHAPTER 3: PUBLICATION 

Resistance to root-lesion nematode Pratylenchus neglectus 

identified in a new collection of two wild chickpea species (Cicer 

reticulatum and C. echinospermum) from Turkey. 

This chapter is formatted for publication in the international Q1 journal Plant 

Pathology (Wiley-Blackwell Publishing, UK). Submitted 22/12/2021; accepted for 

publication 7/02/2022. 

Rostad HR, Reen, RA, Mumford, MH, Zwart RS & Thompson JP (2022) 

Resistance to root-lesion nematode Pratylenchus neglectus identified in a new 

collection of two wild chickpea species (Cicer reticulatum and C. 

echinospermum) from Turkey. (Submitted to Plant Pathology; Q1; Impact 

Factor: 2.59) 

3.1 Overview  

This study characterised 329 new accessions of wild Cicer collected from 32 

locations in southeast Turkey from 2013 and 2014 collection missions to identify 

resistance to the root-lesion nematode Pratylenchus neglectus. A summary of 

chickpea, the impact of P. neglectus in the chickpea industry within Australia and 

globally and previous research to identify resistance to P. neglectus and other biotic 

pressures are outlined. Phenotyping methodology and statistical analysis of data is 

reported. The paper discusses the findings in terms of response of wild Cicer 

accessions to P. neglectus, a comparison of resistance levels to current Australian 

chickpea cultivars and breeding lines, identification of accessions with possible 

multiple disease resistance through comparison reports in the published literature on 

the collection and how these findings can benefit the chickpea industry. 

[Supplementary material associated with this chapter is attached in Appendix A.] 
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ABSTRACT 

Chickpea (Cicer arietinum) is a major legume crop with Australia being the second 

largest producer worldwide. Pratylenchus neglectus is a root-lesion nematode that 

invades, feeds, and reproduces in roots of pulse and cereal crops. In Australia, 

chickpea, and wheat (Triticum aestivum) are commonly grown in rotation and annual 

damage by P. neglectus accounts for large economic losses to both crops. Cultivated 

chickpea has narrow genetic diversity which limits the potential for improvement in 

resistance breeding. New collections of wild chickpea species, C. reticulatum and C. 

echinospermum, have substantially increased the previously limited world collection 

of wild Cicer germplasm and offer potential to widen the genetic diversity of 

cultivated chickpea through the identification of accessions with good resistance.  

This research assessed 243 C. reticulatum and 86 C. echinospermum accessions for 

response to P. neglectus in replicated experiments under controlled glasshouse 
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conditions from 2013 and 2014 collection missions which were received, tested, and 

analysed in two experimental sets. Multi-experiment analyses showed lower P. 

neglectus population densities in both sets of wild Cicer accessions tested than 

Australia’s elite breeding cultivar PBA HatTrick at the significance level P < 0.05. 

Provisional resistance ratings were given to all genotypes tested in both experimental 

sets with C. reticulatum accessions CudiB_008B and Kayat_066 rated as resistant in 

both Set 1 and Set 2. New sources of resistance to P. neglectus observed in this study 

can be introgressed into commercial chickpea cultivars to improve their resistance to 

this nematode. 

INTRODUCTION  

Chickpea (Cicer arietinum) is important in cereal-pulse cropping systems in 

Australia and globally, with global production of pulses increasing by over 20 

million tonnes in the last decade (Belhassen et al. 2019). Chickpea plays an 

important role in feeding the populations of many countries while supplying a 

myriad of health benefits to consumers, such as high protein content, important 

nutrients for a balanced diet, and reduction of cholesterol and the risk of 

cardiovascular disease (Jukanti et al. 2012).  

Pratylenchus neglectus is a migratory, endoparasitic, vermiform root-lesion 

nematode (RLN) that invades, feeds, and reproduces in the roots of many cereal and 

pulse crops, including chickpea. Symptoms of infestation include root necrosis and 

reduced root branching which results in the reduction of crop yield (Oldach et al. 

2014). Pratylenchus neglectus reproduce via mitotic parthenogenesis with five life 

stages, egg, juvenile stages J2, J3 and J4, and adult with the full life cycle completed 

in 4–6 weeks depending on food source availability and optimum environmental 

conditions (Thompson et al. 2017).  Pratylenchus neglectus is considered one of the 

most widespread Pratylenchus spp. worldwide (Behmand et al. 2019) due to its 

broad host range on the world’s most economically important crops (Oldach et al. 

2014).  It is a major pathogen in the Australian grain regions where chickpea is 

commonly grown in rotation with wheat (Doughton et al. 1993; Thompson et al. 

2011; Reen et al. 2019). Pratylenchus neglectus causes a loss in production valued at 

73M AUD/year in wheat (Murray and Brennan 2009) and 9.6M AUD/year in 

chickpea (Murray & Brennan 2012). Nearly all current Australian commercial 
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chickpea cultivars are rated as moderately resistant to moderately susceptible (MR-

MS) to P. neglectus (Matthews et al. 2021), where resistance is defined as the effects 

of host genes to prevent nematode multiplication in a host species (Trudgill 1991). 

Resistant plants will also reduce nematode reproduction to significantly less than that 

of its initial population. Limited variation in the resistance ratings of existing 

commercial chickpea cultivars is strong evidence that sources of good resistance and 

genetic diversity are needed. 

Cultivated chickpea has low genetic diversity because of four genetic bottlenecks: (a) 

a limited centre of geographic origin, namely, an area spanning modern-day north 

Syria and southeast Turkey, (b) the founder effect associated with domestication 

from a limited number of plants, (c) a change early in the crop’s history from winter 

to spring sowing and (d) a switch from diverse landraces to a narrower range of elite 

cultivars developed through modern plant breeding (Abbo et al. 2003). This makes 

genetic improvement of chickpea challenging. A study by von Wettberg et al. (2018) 

estimated that 93.5–97.5% of the genetic variation that is found in wild Cicer spp. is 

absent in modern cultivated chickpea.  

Among the annual wild Cicer spp., the progenitor of cultivated chickpea, C. 

reticulatum, is wholly compatible with C. arietinum for breeding (Coyne et al. 2020). 

Cicer echinospermum is the only other annual wild Cicer sp. that is cross compatible 

with cultivated chickpea without the use of advanced hybridisation techniques 

(Croser et al. 2003). Therefore, these two wild Cicer spp. can be utilised in breeding 

programs to increase the genetic diversity of cultivated chickpea and maintain crop 

productivity (Rao et al. 2007). Resistance has been found in C. reticulatum and C. 

echinospermum to major biotic and abiotic constraints to chickpea, such as RLN 

Pratylenchus thornei (Thompson et al. 2011; Reen et al. 2019), Ascochyta blight 

(Ascochyta rabei) (Devadas et al. 2005; Newman et al. 2021), Botrytis grey mould 

(Botrytis cinerea) (Devadas et al. 2005), Phytophthora root rot (Phytophthora 

medicaginis) (Knights et al. 2008), pod borer (Helicoverpa armigera) (von Wettberg 

et al. 2018), leaf miner (Liriomyza brassicae), and tolerance of cold and drought 

(Talip et al. 2018).  Multiple biotic resistance is desirable for crop breeding and 

provides protection from one disease dominating at sites where there are multiple 

biotic pressures (Wiesner-Hanks and Nelson 2016).  
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A 2011 study by Thompson et al. showed that C. reticulatum and C. echinospermum 

were largely more resistant to P. neglectus, P. thornei or had dual resistance to both 

species than commercial chickpea cultivars tested. However, only a small number of 

wild Cicer accessions were screened in that study because of the small numbers of 

original accessions of wild Cicer located in global genebanks at that time; 18 unique 

accessions of C. reticulatum and 10 of C. echinospermum (Berger et al. 2003). To 

address the limited number of wild Cicer accessions available in global genebanks, 

scientists from Australia, the United States of America and Turkey conducted a 

series of comprehensive collection expeditions in southeast Turkey spanning years 

2013–18 (Toker et al. 2021). These recent collection missions attempted to cover the 

full geographic distribution of C. reticulatum and C. echinospermum in southeast 

Turkey. The 2013 collection mission focused on targeting areas with known 

latitudinal and longitudinal data from the original collection as a starting point for 

locating Cicer spp. in southeast Turkey. The 2014 collection mission largely focused 

on information gathered from local shepherds and finding similar growth habitats of 

already located wild Cicer in further eastern regions of Turkey (von Wettberg et al. 

2018; Toker et al. 2021). These new collections are an integral resource for 

international research to identify new sources of genetic resistance in wild chickpea 

germplasm to biotic and abiotic constraints and facilitate cultivated chickpea 

improvement worldwide (Talip et al. 2018; von Wettberg et al. 2018; Reen et al. 

2019).  

Twenty-six accessions from this new collection, 20 C. reticulatum and six C. 

echinospermum were selected by von Wettberg et al. (2018) to represent the genetic 

and environmental diversity of the 2013 wild Cicer collection. Nested association 

mapping (NAM) populations have been developed by crossing these 26 wild Cicer 

accessions with a common elite parent from each of the major chickpea growing 

regions of the world, namely, Turkey, Canada, the United States of America, 

Ethiopia, India, Israel and Australia (von Wettberg et al. 2018). The elite cultivar 

chosen to be representative of Australian chickpea cultivars was moderately resistant 

cv. PBA HatTrick. At this time there are no Australian chickpea cultivars rated as 

fully resistant.  

This study aims to screen a new and wider collection of wild Cicer accessions for P. 

neglectus resistance utilising final nematode population densities and known 
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resistance responses to commercial chickpea cultivars and current Australian 

breeding lines. New sources of P. neglectus resistance will widen the genetic base of 

cultivated chickpea, which in turn will reduce nematode populations in infested sites, 

improve yields and provide a resilient crop to strengthen rotation choices in Australia 

and globally.  

MATERIALS AND METHODS 

Plant material. A total of 329 wild Cicer accessions (243 C. reticulatum and 86 C. 

echinospermum) were obtained from the Australian Grains Genebank (AGG) 

(Horsham, Victoria). Accessions tested in this study were collected from 32 sites 

within seven provinces of southeast Turkey (Figure 1; Table 1). Thirty-nine 

reference genotypes with known responses to P. neglectus were included in the 

experiments, comprising 19 Australian chickpea cultivars (Table 2), one Indian 

chickpea breeding line, ten Australian chickpea breeding lines derived from wild 

Cicer, six wild Cicer accessions from the original genebank collections (Table 3) and 

five reference hexaploid wheats (Table 2). The reference wheat cultivars, with 

known resistance and susceptibility ratings, were included in the experiments as 

confirmation that P. neglectus multiplied as expected.  

Experimental Design. Glasshouse experiments were tested in two sets as wild Cicer 

accessions were released from quarantine after import into Australia. Each accession 

was tested at least twice across four experiments. In 2016, 174 accessions (133 C. 

reticulatum and 41 C. echinospermum) from the 2013 collection were received and 

tested as Set 1 (Experiments 1 and 2, conducted in 2016 and 2017, respectively) at 

the Leslie Research Facility, Toowoomba, QLD (latitude 27.56°S, longitude 

151.95°E). The accessions were distributed across 21 collection sites in five Turkish 

provinces: Adiyaman, Diyarbakir, Mardin, Sirnak and Urfa. In 2018, an additional 

155 accessions (110 C. reticulatum and 45 C. echinospermum) from the 2013 and 

2014 collections were received and tested as Set 2 (Experiments 3 and 4, conducted 

in 2019 and 2020, respectively) at the University of Southern Queensland, 

Toowoomba, Queensland. These accessions were distributed across 32 collection 

sites in seven Turkish provinces: Adiyaman, Diyarbakir, Hakkari, Mardin, Siirt, 

Sirnak and Urfa. A sub-set of 11 C. echinospermum and 36 C. reticulatum accessions 

from Set 1, ranging in response to P. neglectus, were also included in Experiments 3 
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and 4. An unplanted control treatment was included in each experiment to establish a 

base line for P. neglectus population densities. All treatments were tested for 

response to P. neglectus with three replicates for each treatment, randomised using a 

row-column experimental design for each experiment.  

Glasshouse conditions. Experiments were carried out in the Australian winter to 

spring period of July-November under controlled glasshouse conditions. Screening 

for resistance is ideally conducted under glasshouse conditions where environmental 

influences that affect nematode reproduction such as, temperature, soil moisture and 

inoculation rate can be controlled (Nombela & Romero 1999). Air temperature was 

maintained at ~20–25 °C and soil temperature was maintained at ~22 °C, which is 

optimum for P. neglectus reproduction (Vanstone & Nicol 1993), using under bench 

heating (Thompson et al. 2017). Plants were grown on a capillary matting bottom-

watering system set at 6 cm water tension by a float-valve system to ensure optimum 

water supply during the growing period. This continuous supply of water to the soil 

allows for favourable nematode movement, feeding and reproduction (Castillo & 

Volvas 2007) which is important to obtain accurate phenotypic data in resistance 

testing. Plants were grown in square pots measuring 70 mm wide and 150 mm high, 

suitable for bottom watering (Garden City Pots, Woodridge, QLD, Australia). Pots 

contained 330 g (oven-dry (OD) equivalent) of black Vertosol soil (Isbell 1996) of 

the Waco series (Beckmann and Thompson 1960), which had been pasteurised at 85 

°C for 45 min. Fertiliser in solution was added to 80% of the total soil volume 

providing 200 mg/kg nitrate nitrogen, 25 mg/kg phosphorus, 88 mg/kg potassium, 36 

mg/kg sulphur and 5 mg/kg zinc.  

Wild Cicer seed was scarified with a scalpel, removing a section of testa from the 

non-germ end to facilitate germination, and placed in moistened soil in the pots. A 1 

mL slurry of Rhizobium Group N Mesorhizobium ciceri strain CC1192 (in a peat 

carrier) (Queensland Agricultural Seeds, Toowoomba, QLD, Australia) was 

inoculated into each pot at planting. A pure culture of P. neglectus was multiplied on 

susceptible wheat for 16 weeks in the glasshouse before extraction. Nematodes were 

extracted using the Whitehead tray method (Whitehead and Hemming 1965), by 

spreading the soil and roots evenly on a slightly raised grated basket lined with 

Kimwipes (KIMTECH; Kimberly-Clark Worldwide, INC.), sitting in a tray with 1L 

of water. For inoculum production, samples were left for up to 120 h at 22 °C. After 
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this period, nematodes were collected by pouring the water and nematodes at an 

angle through a 20-µm aperture sieve to obtain a suspension of nematodes in water, 

which was stored at 4 °C until microscopic enumeration. A 10 mL aliquant of the 

nematode suspension was pipetted around the seed at planting, supplying 3,300 P. 

neglectus per pot, equivalent to 10 P. neglectus/g soil. The remaining 20% soil 

volume was added to the pot as a cap after sowing and inoculation.  

Plant harvest, nematode extraction, and enumeration. After 16 weeks, water 

supply to the plants was stopped and after a drying period of 2–3 days the plants 

were harvested. This drying period resulted in optimum soil moisture content (~45%) 

for processing of the soil and roots for nematode extraction. Soil from individual pots 

was manually processed, roots cut into ~10 mm pieces and the whole sample mixed 

to homogenize. Subsamples of 150 g for nematode extraction and 100 g soil for 

gravimetric moisture content were taken. Soil gravimetric moisture content was 

determined by drying in a forced draught oven for 48 h at 105 °C. Nematodes were 

extracted using the method described above, adjusted slightly for the smaller volume 

of soil being extracted. The 150 g subsample of soil and roots was spread evenly on a 

slightly raised grated basket lined with facial tissues (Kleenex, Australia), sitting in a 

tray with 1L of water for 48 h at 22 °C. After the 48 h period, nematodes were 

collected by pouring the water and nematodes at an angle through a 20-µm aperture 

sieve obtaining a ~15 mL water suspension of nematodes, which was stored in 30 

mL vials at 4 °C until microscopic enumeration. Reen and Thompson (2009) 

demonstrated that the efficiency of this Whitehead tray method for 48 h and sieving 

with a 20-µm aperture sieve recovers 70% of Pratylenchus populations which is 

sufficient to show differences in population densities for resistance testing. 

Pratylenchus neglectus were counted in a 1-mL Peters slide (Peters 1952) (Chalex 

corporation, Portland Oregon, USA) under a compound microscope (40x) (Olympus 

BX53). Nematode population densities were expressed as number of P. neglectus/kg 

soil and roots and will be reported from here on as P. neglectus/kg. 

Statistical analyses. The analysis of P. neglectus population densities (per kg) were 

performed using two multi-experiment analyses; the first consisting of Experiments 1 

and 2, and the second consisting of Experiments 3 and 4. The decision to separate the 

analysis of the experiments in this way was made based on both practical and 

statistical considerations, discussed below. 
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The analysis of both sets of experiments was conducted using a linear mixed model 

framework, whereby P. neglectus population densities required a log transformation 

to meet the model assumption of homogeneity of variance; a commonplace 

transformation implemented in the analysis of RLN due to their exponential 

population growth (Proctor and Marks 1974). The general form of the linear mixed 

model for both sets of analyses is: 

log(𝑦𝑖𝑗𝑘𝑙)  =  𝑐 + 𝑠𝑘  +  𝑑𝑗  +  𝑠𝑑𝑗𝑘  +  𝑢𝑖𝑗𝑘  +  𝑏𝑗𝑙 + 𝑒𝑖𝑗𝑘𝑙, 

where 𝑦𝑖𝑗𝑘𝑙 is the P. neglectus population density (per kg) for genotype 𝑖 nested 

within species 𝑘, in experiment 𝑗, in replicate 𝑙; 𝑐 is the overall constant; 𝑠𝑘 is the 

fixed effect for the 𝑘𝑡ℎ species, where species consisted of five levels (T. aestivum, 

C. arietinum, C. echinospermum, C. reticulatum and unplanted); 𝑑𝑗 is the fixed effect 

for the 𝑗𝑡ℎ experiment; 𝑠𝑑𝑗𝑘 is the interaction effect between the 𝑗𝑡ℎ experiment and 

𝑘𝑡ℎ species and 𝑢𝑖𝑗𝑘 is the genotype by experiment (G×E) interaction effect for the 

𝑖𝑡ℎ genotype nested within the 𝑘𝑡ℎ species for the 𝑗𝑡ℎ experiment. The replicate block 

effect for the 𝑙𝑡ℎ replicate block within the 𝑗𝑡ℎ experiment is represented by 𝑏𝑗𝑙, and 

𝑒𝑖𝑗𝑘𝑙 is the error term for each individual pot. 

Random effects were fitted for the genotype × experiment interaction, the replicate 

block effects and the error terms such that: 

𝐸(𝑢𝑖𝑗𝑘) = 𝐸(𝑏𝑗𝑙) = 𝐸(𝑒𝑖𝑗𝑘𝑙) = 0; 

var(𝑢𝑖𝑗𝑘) = 𝜎𝑔𝑗𝑘
2 ;      cov(𝑢𝑖𝑗𝑘 , 𝑢𝑖𝑚𝑘) = 𝜎g𝑗𝑘,𝑚𝑘

;       cov(𝑢𝑖𝑗𝑘 , 𝑢𝑖𝑗𝑜) = 0; 

var(𝑏𝑗𝑙) = 𝜎𝑏𝑗

2 ;          var(𝑒𝑖𝑗𝑘𝑙) = 𝜎𝑒𝑗
2 .    

All random effects were assumed to be normally distributed and independent, unless 

stated otherwise. The general model consisted of a heterogeneous genetic variance 

structure for each species × experiment combination (for species other than 

unplanted). For the wheat (T. aestivum) species, it was assumed that 

cov(𝑢𝑖𝑗𝑘 , 𝑢𝑖𝑚𝑘) = 0 due to the low number of wheat cultivars present within each 

experiment. For the purposes of the analysis, the wild Cicer derivatives from 

crossing with C. arietinum cultivars were included under the C. arietinum species.   
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To simplify the general model, a second variance structure was considered, allowing 

for modelling of the G×E interaction effects on a “crop type” basis, where crop types 

are defined by grouping together species belonging to the same genus (Cicer, 

Triticum and unplanted). This model enabled the estimation of heterogeneous genetic 

variance for each crop type × experiment combination. In both instances, 

independence was assumed between the species or crop types, and between 

experiments within the respective species or crop types. The variance structures were 

compared using a residual maximum likelihood ratio test (REMLRT) to inform 

which modelling approach offered the most parsimonious solution for modelling the 

G×E interaction, for each set of experiments. Once the most parsimonious solution 

for modelling the G×E interaction at the species or crop type level was determined, 

the G×E variance structures were extended to enable the modelling of genetic 

covariance between experiments at a species or crop type level.  

Wald tests with an approximate F-Statistic were used to assess statistical significance 

of the fixed effects. When terms were significant as per the Wald test, Fishers least 

significant difference (LSD) test was then used to perform multiple comparisons 

between treatment (e.g. species) levels. Estimates of the fixed effects were empirical 

best linear unbiased estimators (eBLUEs). Estimates of the random genotype effects 

for each experiment were empirical best linear unbiased predictors (eBLUPs). Spatial 

trends within each glasshouse experiment were adjusted for using the methods 

proposed in Gilmour et.al (1997). Back transformed standard errors of the eBLUEs 

and eBLUPs were calculated using the delta method. 

When assessing whether a particular accession had a significantly lower P. neglectus 

population density than a reference cultivar, a one-sided 𝑍-test was performed such 

that: 

𝑍 =  
𝑢𝑖𝑗𝑘 − 𝑢 check 𝑗𝑜

𝑠𝑒𝑑𝑖𝑗𝑘,check 𝑗𝑜
 

where 𝑢𝑖𝑗𝑘 is the eBLUP for accession 𝑖 in experiment j, 𝑢check 𝑗𝑜 is the eBLUP for 

the reference cultivar in experiment 𝑗, and 𝑠𝑒𝑑𝑖𝑗𝑘,𝑐ℎ𝑒𝑐𝑘 𝑗𝑜 is the standard error of 

difference between accession 𝑖 and the reference cultivar in experiment 𝑗. If the 

genetic correlation between the two experiments being analysed was sufficiently 



 

36 
 

large, then the eBLUPs were averaged across the set of two experiments prior to 

performing the one-sided 𝑍-test.  

Provisional resistance ratings were given to all genotypes tested in both sets of 

experiments using the method described by Thompson et al. (2020). The range of 

loge (P. neglectus/kg) as eBLUPs from the lowest genotype to the highest genotype 

(wheat cv. Gregory rated as S in consensus ratings) was subdivided into seven equal 

subranges. Genotypes within these subranges were assigned into seven ordinal 

categories as follows: resistant (R), resistant-moderately resistant (R-MR), 

moderately resistant (MR), moderately resistant-moderately susceptible (MR-MS), 

moderately susceptible (MS), moderately susceptible-susceptible (MS-S) and 

susceptible (S).  

Practically, and as described previously, the accessions tested in Experiments 1 and 2 

originated from the 2013 collection, while the accessions tested in Experiments 3 and 

4 consisted of those obtained from both the 2013 and 2014 collection and a further 

array of C. arietinum breeding lines of interest. Furthermore, the two sets of 

experiments were conducted in different facilities, and although every caution was 

taken to ensure consistent experimental conduct, unmeasured and unforeseeable 

differences between the facilities could be expected. From a statistical perspective, 

exploratory data analysis identified that if all experiments were combined into a 

single analysis, it would be difficult to determine if the significant species × 

experiment interaction was due to differences in the genotypes present within each 

experiment as opposed to differences in genotypic performance across experiments. 

To avoid ambiguity in the interpretation of a significant species × experiment 

interaction, and since the primary focus was on differences in response to P. 

neglectus at the genotype level, a separate multi-experiment analysis was performed 

for (a) Set 1 (Experiments 1 and 2) and (b) Set 2 (Experiments 3 and 4).  

All hypothesis testing was completed at the 5% significance level and all models 

were fit using the ASReml-R package in the R software environment, which 

implements residual maximum likelihood (REML, Patterson & Thompson 1971) 

estimation. All P. neglectus population densities discussed in the following results 

are back transformed means presented as P. neglectus/kg.  
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RESULTS 

Set 1– Multi-experiment analysis of P. neglectus population densities. 

The multi-experiment analysis of Experiments 1 and 2 found that the species × 

experiment interaction was not statistically significant (P = 0.19). There was a 

significant species main effect (P < 0.001) with the unplanted treatment having 

significantly lower P. neglectus/kg) than all Cicer species. There was no significant 

difference in the P. neglectus response level on average between C. echinospermum 

(6,565 P. neglectus/kg), C. reticulatum (7,790 P. neglectus/kg) and cultivated 

chickpea C. arietinum (8,128 P. neglectus/kg) when an LSD test was performed 

(Table 4).  

At the genotype level, the REMLRT indicated there was no significant improvement 

in the model when fitting heterogenous genetic variance for each chickpea species 

within each experiment. Thus, homogenous genetic variance was fit across all 

chickpea species within an experiment. The genetic variance for wild Cicer 

accessions and cultivated chickpea was statistically significant for both Experiments 

1 (P < 0.001) and 2 (P < 0.001), indicating that within each experiment, there was 

variation in response levels to P. neglectus between chickpea species.  

There was strong genetic correlation between Experiments 1 and 2 (ρ = 0.84, Figure 

2). Thus, predictions for chickpea genotypes were averaged across the two 

experiments (Figure 3, Supplementary Table 1). Wheat reference cultivars used to 

confirm multiplication of P. neglectus, performed as expected (population densities 

shown in Supplementary Table 1). The lowest P. neglectus population densities were 

in the unplanted treatment (1,591 P. neglectus/kg). Pratylenchus neglectus 

population densities for C. reticulatum ranged from 3,467 P. neglectus/kg for 

accession Oyali_073 to 14,138 P. neglectus/kg for accession Kalka_074, while 

population densities for C. echinospermum ranged from 4,598 P. neglectus/kg for 

accession Karab_082 to 12,321 P. neglectus/kg for accession S2Drd_062. The lowest 

P. neglectus population densities of Australian commercial chickpea cultivars tested 

was PBA Pistol (6,010 P. neglectus/kg) and PBA HatTrick (6,494 P. neglectus/kg). 

Of the Australian chickpea breeding lines tested, D05253>F3TMWR2AB001 had the 

lowest P. neglectus population densities of 5,639 P. neglectus/kg. 

D05253>F3TMWR2AB001 was derived from crosses with a C. reticulatum 
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accession from the original genebank collection, ILWC 140 (6,921 P. neglectus/kg) 

and the Australian commercial chickpea cv. Howzat (7,742 P. neglectus/kg). 

One C. reticulatum accession Oyali_073, produced significantly (P > 0.05) lower P. 

neglectus population densities than Australia’s elite chickpea cultivar and breeding 

parent PBA HatTrick (Supplementary Table 1). Two C. reticulatum accessions 

Oyali_073 and CudiB_008B produced lower (but non-significant, P > 0.05) P. 

neglectus population densities than the Australian breeding line 

D05253>F3TMWR2AB001. Using the method described by Thompson et al. (2020) 

provisional resistance ratings were given to all wild Cicer accessions tested. Twenty-

four wild Cicer accessions (19 C. reticulatum and 5 C. echinospermum) were given a 

R rating. The eBLUPs and provisional resistance ratings for P. neglectus population 

densities for all accessions evaluated in Experiments 1 and 2 are given in 

Supplementary Table 1. 

Wild Cicer accessions tested in Experiments 1 and 2 originated from 21 collection 

sites within five provinces of Turkey. The number of accessions varied between 

collection sites and within a collection site there was a range of P. neglectus 

population densities. This is shown using violin plots (Figure 4a and 4b) which were 

generated using the back transformed mean of accessions (Supplementary Table 1). 

Set 2– Multi-experiment analysis of P. neglectus population densities. 

Comparison of the species tested in Experiments 3 and 4 found that the species × 

experiment interaction was non-significant (P = 0.11). The species main effect 

between wild Cicer and cultivated chickpea C. arietinum was statistically significant 

(P < 0.001) with the LSD test indicating that on average there was significantly 

lower P. neglectus population densities in wild Cicer, C. echinospermum (3,413 P. 

neglectus/kg) and C. reticulatum (4,627 P. neglectus/kg) compared to cultivated 

chickpea C. arietinum (7,301 P. neglectus/kg) (Table 5).  

Similar to the multi-experiment analysis for Set 1, a homogenous genetic variance 

was fit across all Cicer species as there was no evidence of genetic variance 

heterogeneity across the Cicer species as per the REMLRT. The genetic variance for 

the chickpea genotypes was also significant for Experiments 3 (P < 0.001) and 4 (P < 

0.001) as per the REMLRT. 
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The genetic correlation between Experiments 3 and 4 was moderate (ρ = 0.58, Figure 

5) indicating that a small to moderate amount of genotype × environment interaction 

may be present between Experiments 3 and 4. The genetic correlation was deemed 

strong enough to justify averaging predictions across Experiments 3 and 4, which is 

presented in Figure 6. Wheat reference cultivars used to confirm multiplication of P. 

neglectus, performed as expected (population densities shown in Supplementary 

Table 2).  

The lowest P. neglectus population density was in the unplanted treatment (975 P. 

neglectus/kg). Values of P. neglectus population densities for C. reticulatum ranged 

from 1,945 P. neglectus/kg for accession Bari3_106D to 8,170 P. neglectus/kg for 

accession Dogan_033, while population densities for C. echinospermum ranged from 

2,260 P. neglectus/kg for accession Isoha_025 to 7,090 P. neglectus/kg for accession 

Isoha_049. The lowest P. neglectus population density of Australian commercial 

chickpea cultivars tested was Moti at 2,492 P. neglectus/kg. A total of 34 wild Cicer 

accessions had significantly (P < 0.05) lower P. neglectus population densities than 

Australia’s elite breeding cultivar PBA HatTrick at 5,628 P. neglectus/kg. Of the 

Australian chickpea breeding lines tested, 00283-1095-1002 (2,461 P. neglectus/kg) 

and D05253>F3TMWR2AB001 (3,152 P. neglectus/kg) had the lowest P. neglectus 

population densities, both derived from crosses with the C. reticulatum accession, 

ILWC 140 (3,224 P. neglectus/kg). The Australian commercial chickpea cultivars 

used to make these crosses were Jimbour (3,163 P. neglectus/kg) for 00283-1095-

1002 and Howzat (3,099 P. neglectus/kg) for D05253>F3TMWR2AB001. Fourteen 

wild Cicer accessions (10 C. reticulatum and four C. echinospermum) were given a 

provisional R rating. The eBLUPs and provisional resistance ratings for P. neglectus 

population densities for all accessions evaluated in Experiments 3 and 4 are given in 

Supplementary Table 2. 

Wild Cicer accessions tested in Experiments 3 and 4 originated from 26 and 32 

collection sites respectively within seven provinces of Turkey. Like Experiments 1 

and 2, the number of accessions varied between collection sites, and there was a 

range of P. neglectus population densities for accessions within collection sites for 

Experiments 3 and 4 as indicated by the violin plots (Figure 7a and 7b) using the 

back transformed mean of accessions (Supplementary Table 2). 
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Nested Association Mapping Parents. Analysis of the P. neglectus population 

densities for the 26 diverse wild Cicer NAM parent accessions from Experiments 3 

and 4 revealed that 25 of the 26 produced lower population densities than the 

breeding parent PBA HatTrick (Figure 8). Of these 25 accessions, four accessions 

Bari3_106D (1,945 P. neglectus/kg), Kayat_077 (2,536 P. neglectus/kg), Oyali_084 

(2,976 P. neglectus/kg) and CudiB_022C (3,020 P. neglectus/kg) produced 

significantly (P < 0.05) lower P. neglectus population densities than PBA HatTrick 

(Figure 8). Of the NAM parents, two accessions (Bari3_106D and Kayat_077) were 

rated R and seven accessions (Oyali_084, CudiB_022C, Derei_070, Besev_079, 

Bari2_072, Bari3_100 and Bari1_092) rated R-MR. 

DISCUSSION 

This is the first known report on P. neglectus response in the new wild Cicer 

collection, assessing C. reticulatum and C. echinospermum accessions from both the 

2013 and 2014 collection missions. This study has identified several wild Cicer 

accessions with better resistance to P. neglectus that can be utilised in future 

breeding programs and for targeted genetic exploration. Furthermore, the data 

provides newfound information in terms of P. neglectus resistance by characterising 

329 of the 590 wild Cicer accessions acquired from southeast Turkey for the new 

collection (Toker et al. 2021). PBA HatTrick is used as a benchmark for P. neglectus 

response in this study as it is the elite Australian chickpea breeding parent for 

crossing and genetic studies for this wild Cicer collection. The results of this study 

showed only one accession with significantly lower P. neglectus population densities 

than PBA HatTrick in Experiments 1 and 2, while 34 wild accessions had 

significantly lower P. neglectus population densities than PBA HatTrick in 

Experiments 3 and 4 (Supplementary Tables 1 and 2). Twenty of these were new 

accessions received in Set 2 in 2018 demonstrating that expanding on and 

phenotyping accessions from different collection sites identified an increased number 

of accessions with improved resistance responses to P. neglectus and prevented this 

collection from being underrepresented.  

An earlier study by Thompson et al. (2011) also showed greater P. neglectus 

resistance in a small number of original wild Cicer that included nine C. reticulatum 

and five C. echinospermum from the original genebank collection. This current study 
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has identified a range of P. neglectus responses in C. reticulatum and C. 

echinospermum and from the larger sample size has better represented the resistance 

status of both wild Cicer species compared to the Thompson et al. (2011) study. 

Thompson et al. (2011) highlighted ILWC 140 as an accession with greater 

resistance to P. neglectus than C. arietinum. It was then utilised in plant breeding as 

a parent to create many of the breeding lines tested in this study (Table 3). In this 

current study, accessions that produced significantly lower P. neglectus population 

densities than known resistant to moderately resistant Australian chickpea cultivars 

predominately consisted of C. reticulatum accessions. This is beneficial as C. 

reticulatum is directly cross compatible with C. arietinum making it a more desirable 

choice for breeders to use in breeding programs. Although C. echinospermum can be 

crossed with C. arietinum, there is greater chance of sterility and loss of vital genetic 

material (Croser et al. 2003). 

To date, there is no published literature on chromosomal regions in chickpea 

associated with P. neglectus resistance. Channale et al. (2021) found that numerous 

genes participated in defence pathways to provide resistance against P. thornei in 

chickpea. This suggests that P. thornei resistance in chickpea is polygenic (Channale 

et al. 2021). It is also hypothesised that P. neglectus resistance in chickpea is 

polygenic, although no genetic studies have yet been performed with P. neglectus. In 

this study the Australian wild relative derived breeding line 

D05253>F3TMWR2AB001 performed better than its parent ILWC 140 for P. 

neglectus resistance. A future genome-wide association study will be important to 

identify if resistance in the wild Cicer accessions tested in this study differ in 

genomic regions compared with earlier accessions from the original genebank 

collection, such as ILWC 140. This information will also inform if greater genetic 

variance and resistance is already available in D05253>F3TMWR2AB001 or if there 

are novel sources of resistance that could be utilised from the new wild Cicer 

accessions for future breeding. Molecular markers derived from candidate genes for 

resistance will be useful tools for marker assisted selection to incorporate new 

sources of superior resistance into chickpea breeding programs. 

In Australia and worldwide, greater resistance to multiple abiotic and biotic 

constraints in chickpea conveys maximum yield and profitability to the crop. Root-

lesion nematode P. thornei, pod borer and Ascochyta blight are three major biotic 
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constraints to the chickpea industry worldwide. Under conducive disease/pest 

conditions, recorded yield losses in chickpea have been 20–50% from P. thornei (Di 

Vito et al. 1992; Reen et al. 2014), 80–90% from pod borer (Sehgal & Ujagir 1990, 

p. 30) and up to 100% from Ascochyta blight (Nene and Reddy 1987). Utilising data 

from previous studies published on the new wild Cicer collection, along with 

information from this study, multiple resistance has been identified in several of the 

wild Cicer accessions from the 2013 collection. Six C. reticulatum accessions that 

produced lower P. neglectus population densities than PBA HatTrick in both sets of 

experiments (Bari2_062, Bari3_106D, Kayat_061, Kayat_066, Oyali_073 and 

Oyali_084) also produced significantly (P < 0.05) lower P. thornei population 

densities than PBA HatTrick (Reen et al. 2019). The C. echinospermum NAM parent 

Gunas_062 produced lower P. neglectus population densities than PBA HatTrick in 

this study and also for P. thornei (Reen et al. 2019), and pod borer (von Wettberg et 

al. 2018), and was highly resistant to stem damage from a mixture of Ascochyta 

blight strains (Newman et al. 2021). The C. reticulatum accession CudiB_008B 

produced one of the lowest P. neglectus population densities in this study, and was 

also highly resistant to an Ascochyta blight mixture on the stem area and tolerant for 

the leaf area (Newman et al. 2021). However, it should be noted that unlike this 

current study, previously published studies on the new collection were focused only 

on the 2013 collection mission. These included the 26 NAM parent accessions tested 

for pod borer resistance (20 C. reticulatum and six C. echinospermum) in von 

Wettberg et al. (2018), 133 C. reticulatum and 41 C. echinospermum for P. thornei 

resistance in Reen et al. (2019) and 149 C. reticulatum and 48 C. echinospermum for 

Ascochyta blight resistance in Newman et al. (2021). 

Accessions tested in this study were collected from 32 sites within seven provinces 

of southeast Turkey, which encompassed the full geographical range of the species 

(von Wettberg et al. 2018). von Wettberg et al. (2018) analysed site environments to 

determine elevation gradients, climatic and soil differences, which identified that C. 

echinospermum occurs at elevations of 740–1,264 m whereas C. reticulatum occurs 

at generally higher elevations of 915–1,695 m. This explained some genetic variation 

between the species (von Wettberg et al. 2018) however, there was no trend between 

P. neglectus response of accessions and collection site as there was a range of P. 
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neglectus population densities in collection sites that occurred at different 

geographical and elevational locations (Figures 4 and 7).  

Pratylenchus neglectus reduce root branching and limited studies have shown wild 

Cicer spp also have smaller root systems than C. arietinum (Kashiwagi et al. 2005; 

Chen et al. 2016). This could imply low nematode population densities are the result 

of damaged or smaller root systems and not due to resistance. However, Reen et al. 

(2019) conducted correlation analyses between root biomass and final P. thornei 

population densities and found no significant relationship for C. reticulatum, C. 

echinospermum or C. arietinum. Similarly, the mean root biomass did not differ 

significantly among these Cicer spp. Lesions on the roots of infected plants is 

indicative of P. neglectus infestation, however, measuring lesions of infected roots is 

not recommended for determining levels of resistance (Ali & Ahmad 2000). This is 

due to the lesions being a symptom of infestation, rather than an indication of actual 

P. neglectus numbers present in the roots and soil which determines the resistance or 

susceptibility of a host. It is also important to note that initial planting inoculation 

density may not accurately reflect the number of P. neglectus that actually infects 

roots, with Vanstone & Nicol (1993) reporting that only 27-37% of P. neglectus 

successfully penetrated roots in a glasshouse experiment using 300ml pots. 

Therefore, to best categorize wild Cicer accessions for resistance response we have 

utilised the method in Thompson et al. (2020) to give a provisional resistance 

ranking to wild Cicer accessions and also provide probability scores of genotypes 

more resistant than PBA HatTrick at P < 0.05. Final nematode population densities 

for the same accession can vary between experiments (Kaplan, 1990) which also 

affects resistance ratings between experiments resulting in slight variation in relative 

ratings.  

This study has demonstrated the diversity of P. neglectus response to over 300 wild 

Cicer accessions which can be utilised in future breeding programs by identifying 

wild Cicer accessions with greater resistance than current Australian commercial 

chickpea cultivars. The current Australian breeding line D05253>F3TMWR2AB001 

is also still a strong candidate for proceeding as there were no wild Cicer accessions 

that produced significantly lower P. neglectus population densities than this line. 

Through this study and the bringing together of information from previous studies, it 

is clear there are wild Cicer accessions that have possible multiple resistance to P. 
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neglectus, P. thornei, Ascochyta blight and pod borer which would be highly 

advantageous in subsequent breeding programs. These results can also be utilised 

globally in countries where P. neglectus is a constraint to chickpea production.  

Wild Cicer are integral for genetic disease improvement in cultivated chickpea with 

this research enabling breeders and industry to make informed decisions regarding P. 

neglectus resistance. The information provided here will support future development 

of more robust chickpea cultivars that will limit nematode reproduction in infested 

soils, resulting in greater yields and more profitable grains industries.  
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TABLES 

Table 1. Passport information on the wild Cicer accessions tested for Pratylenchus neglectus 

resistance showing province and collection site, species, number of accessions at each 

collection site (N), prefix used with accession code number, and year of collection. 

Province,  

collection site 

Species N Prefix Accession code 

number 

Year of 

collection 

Adiyaman,      

Oyali C. reticulatum 11 Oyali 071, 073, 076, 081, 

084, 085, 100, 101, 

104, 105, 107 

2013 

Diyarbakir,      

Cermik C. echinospermum 6 Cermi 061, 063, 071, 072, 

073, 075 

2013 

Egil C. reticulatum 7 Egil 063, 065, 066, 072, 

073, 074, 075 

2013 

Gunasan C. echinospermum 4 Gunas 061, 062, 100, 101 2013 

Kalkan C. reticulatum 7 Kalka 061, 064, 065, 066, 

067, 070, 074,  

2013 

Kesentas C. reticulatum 12 Kesen 062, 065, 066, 067, 

071, 072, 073, 074, 

075, 077, 101, 104 

2013 

Hakkari,      

Ayvalik C. reticulatum 1 Olgun 026 2014 

Mardin,      

Baristepe1 C. reticulatum 8 Bari1 062, 063, 064, 068, 

069, 091, 092, 093 

2013 

Baristepe2 C. reticulatum 5 Bari2 062, 064, 067, 072, 

074 

2013 

Baristepe3 C. reticulatum 18 Bari3 064, 065, 067, 072C, 

073, 074, 075, 079, 

091, 092, 100, 101, 

102, 103, 104, 106D, 

110, 112 

2013 

Beslever C. reticulatum 8 Besev 061, 062, 065, 066, 

074, 075, 079, 083 

2013 

Dereici C. reticulatum 10 Derei 062, 065, 066, 069, 

070, 072, 073, 074, 

075, 078 

2013 

Kayatepe C. reticulatum 10 Kayat 061, 063, 064, 066, 

067, 070, 071, 077, 

080, 081 

2013 

Sarikaya C. reticulatum 13 Sarik 061, 063, 064, 065, 

066, 067, 072, 073, 

074, 077, 078, 080, 

081 

2013 

Savur C. reticulatum 1 Savur 063 2013 

Siirt,      

Cukur C. reticulatum 1 Golko 001 2014 

Doganca C. reticulatum 18 Dogan 026, 027, 028, 029, 

031, 032, 033, 034, 

035, 036, 037, 038, 

039, 040, 042, 043, 

044, 045 

2014 

Ekinduzu C. reticulatum 17 Ekind 043, 044, 045, 047, 

048, 049, 050, 051, 

052, 053, 054, 055, 

2014 
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056, 057, 058, 059, 

060,  

Erenkaya C. reticulatum 2 Erenk 001, 002 2014 

Golgelikonak C. reticulatum 9 Golge 026, 031, 032, 034, 

035, 036, 037, 038, 

039 

2014 

Tasdibek C. reticulatum 1 Tasdi 025 2014 

Tuzcular C. reticulatum 5 Tuzca 032, 035, 038, 039, 

044 

2014 

Yanilmaz C. reticulatum 1 Yanil 013 2014 

Sirnak,      

CudiA C. reticulatum 18 CudiA 101A, 102, 103C, 

104, 105, 107, 109, 

122, 124, 125, 127, 

128, 151, 152, 153, 

154, 155, 221 

2013 

CudiB C. reticulatum 14 CudiB 004, 005, 006, 008B, 

009, 011, 012, 015, 

016, 017, 018, 019, 

022C, 023 

2013 

Kaymakam Ceşmesi C. reticulatum 4 Kayma 005, 035, 039, 044 2014 

Sirnak C. reticulatum 42 Sirna 060, 061, 063, 064, 

066, 067, 069, 070, 

071C, 081B, 082, 

083, 084, 085, 087, 
088, 089B, 090, 101, 

103, 104, 105, 110, 

111A 

2013 

    030, 032, 034, 035, 

036, 037, 038, 039, 

040, 041, 042, 043, 

044, 046, 047, 050, 

051, 052 

2014 

Urfa,      

Destek C. echinospermum 12 Deste 061, 063, 064, 066, 

071, 072, 073, 075, 

077, 078, 079, 080 

2013 

Karabahce C. echinospermum 17 Karab 062, 063, 066A, 067, 

081, 082, 084, 085C, 

086, 091B, 092, 093, 

162, 164, 171, 172, 

174 

2013 

Kargali C. echinospermum 33 Isoha 002, 010, 013, 018, 

024, 025, 026, 027, 

028, 030, 031, 032, 

033, 034, 036, 037, 

038, 039, 040, 042, 

043, 044, 045, 046, 

047, 048, 049, 050, 

051, 052, 053, 054, 

055 

2014 

Ortanca C. echinospermum 2 Ortan 061, 066 2013 

Siv-Diyar C. echinospermum 12 S2Drd 061, 062, 065, 100, 

101, 102, 104, 105, 

106, 107B, 108, 109 

2013 
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Table 2. Commercial chickpea and wheat used as reference cultivars in Experiments.  

Species Cultivar Resistance ratinga 

 Cicer arietinum PBA Boundary RMR 

 Flipper RMR 

 Howzat RMR 

 PBA Pistol RMR 

 Sona RMR 

 Sonali RMR 

 Jimbour MR 

 PBA Drummond MR 

 PBA HatTrick MR 

 Yorker MR 

 Almaz MR-MS 

 Genesis 090 MR-MS 

 Kyabra MR-MS 

 Moti MR-MS 

 Neelam MR-MS 

 PBA Maiden MR-MS 

 PBA Seamer MR-MS 

 PBA Slasher MR-MS 

 PBA Striker MR-MS 

Triticum aestivum Yenda MR 

 Wyalkatchem MR-MS 

 Machete S 

aResistance ratings: RMR= resistant-moderately resistant, MR= moderately resistant, MR-MS= 

moderately resistant- moderately susceptible, S= susceptible (J Sheedy pers. comm.; Matthews et al. 

2021). 

 

Table 3. Wild Cicer derived breeding lines and Cicer reticulatum and Cicer echinospermum 

accessions from the original genebank collection included in Experiments. 

Species Line/Accession Wild Cicer Derivation Country 

Cicer arietinum CICA0709 L204 C. echinospermum Australia 

 CICA1314 ILWC246 C. echinospermum  Australia 

 CICA1317 ILWC104 C. reticulatum  Australia 

 CICA1421 ILWC104 C. reticulatum Australia 

 CICA1427 ILWC246 C. echinospermum  Australia 

 00283-1095-1002 ILWC140 C. reticulatum Australia 

 D05222>F3TMWR2AB001 ILWC140 C. reticulatum  Australia 

 D05253>F3TMWR2AB001 ILWC140 C. reticulatum  Australia 

 D05293>F3TMWR2AB002 ILWC246 C. echinospermum  Australia 

 D05295>F3TMWR2AB026 ILWC246 C. echinospermum  Australia 

 ICC11323 landrace India 

Cicer 

reticulatum 

ILWC 140  Turkey 

 ILWC 127  Turkey 

 ILWC 115  Turkey 

Cicer 

echinospermum 

PI 527932  Turkey 

 ILWC 39  Turkey 

 ILWC 180  Turkey 
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Table 4. Empirical best linear unbiased estimates of Pratylenchus neglectus after 16 weeks 

growth for the Cicer species main effect in multi-experiment analysis of Experiments 1 and 

2. There was no significant species by experiment interaction and thus Cicer species 

predictions were averaged across Experiments 1 and 2. Species with a letter in common are 

not significantly different as per an LSD test at the 5% level. 

 

          Species                              Nb 

P. neglectus/kg ODa soil 

             Loge BTMc 

C. arietinum 18 9.00 a 8128 

C. reticulatum 133 8.96 a  7790 

C. echinospermum 41 8.79 a 6565 
aOD= Oven dried 
bN = Number of accessions 
cBTM= Back transformed mean 

 

Table 5. Empirical best linear unbiased estimates of Pratylenchus neglectus after 16 weeks 

growth for Cicer species main effect in multi-experiment analysis of Experiments 3 and 4. 

There was no significant species by experiment interaction and thus Cicer species 

predictions were averaged across Experiments 3 and 4. Species without a letter in common 

are significantly different as per an LSD test at the 5% level. 

 

          Species                              Nb 

P. neglectus/kg ODa soil 

             Loge BTMc 

Cicer arietinum 29 8.90 a 7301 

C. reticulatum 146 8.44 b 4627 

C. echinospermum 56 8.14 c 3413 
aOD= Oven dried 

bN = number of accessions 
cBTM= Back transformed mean 
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FIGURES 

 

Figure 1. Map of southeast Turkey and the 32 collection sites where Cicer reticulatum and 

Cicer echinospermum accessions were collected (accessions from 21 collection sites tested 

in Experiments 1 and 2 plus an additional 11 collection sites tested in Experiments 3 and 4). 

Map data obtained from Map Maker 2021. Red marker= Cicer reticulatum; blue= Cicer 

echinospermum. 
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Figure 2.  Empirical best linear unbiased predictions of Pratylenchus neglectus population 

densities for Cicer accessions calculated separately for each genotype from Experiments 1 

and 2. The genetic correlation between the two experiments was strong (ρ = 0.84). PBA 

HatTrick is the elite chickpea cultivar chosen to represent Australia for the nested association 

mapping population produced from the wild Cicer collection and D05253>F3TMWRAB001 

is Australia’s current best breeding line with wild Cicer derivatives for P. neglectus 

resistance. P. neglectus/kg is based on extraction from soil and roots.  
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Figure 3. Frequency distributions of empirical best linear unbiased predictions of 

Pratylenchus neglectus population densities for cultivated chickpea and wild Cicer 

accessions after 16 weeks growth averaged across Experiments 1 and 2. Genotypes listed are 

the wild Cicer that had both the lowest and highest P. neglectus/kg. PBA HatTrick is the 

elite chickpea cultivar chosen to represent Australia for the nested association mapping 

population produced from the wild Cicer collection and D05253>F3TMWRAB001 is 

Australia’s current best breeding line with wild Cicer derivatives for P. neglectus resistance. 

P. neglectus/kg is based on extraction from soil and roots. 
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Figure 4. Violin plots with embedded boxplots showing the distribution of back transformed 

mean Pratylenchus neglectus population densities for 21 wild Cicer collection sites in (a) 

Experiment 1 and (b) Experiment 2. The number of accessions from each collection site are 

shown in parentheses. P. neglectus/kg is based on extraction from soil and roots. 

(a) 

(b) 
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Figure 5. Empirical best linear unbiased predictions of Pratylenchus neglectus population 

densities for Cicer accessions calculated separately for each genotype from Experiments 3 

and 4. The genetic correlation between the two experiments was moderate (ρ = 0.58). PBA 

HatTrick is the elite chickpea cultivar chosen to represent Australia for the nested association 

mapping population produced from the wild Cicer collection and D05253>F3TMWRAB001 

is Australia’s current best breeding line with wild Cicer derivatives for P. neglectus 

resistance. P. neglectus/kg is based on extraction from soil and roots. 
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Figure 6. Frequency distributions of empirical best linear unbiased predictions of 

Pratylenchus neglectus population densities for cultivated chickpea and wild Cicer 

accessions after 16 weeks growth averaged across Experiments 3 and 4. Genotypes listed are 

the wild Cicer that had both the lowest and highest P. neglectus/kg. PBA HatTrick is the 

elite chickpea cultivar chosen to represent Australia for the nested association mapping 

population produced from the wild Cicer collection and D05253>F3TMWRAB001 is 

Australia’s current best breeding line with wild Cicer derivatives for P. neglectus resistance. 

P. neglectus/kg is based on extraction from soil and roots. 
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Figure 7. Violin plots with embedded boxplots showing the distribution of back transformed 

mean Pratylenchus neglectus population densities for (a) 26 wild Cicer collection sites in 

Experiment 3 and (b) 32 wild Cicer collection sites in Experiment 4. The number of 

accessions from each collection site are shown in parentheses. P. neglectus/kg is based on 

extraction from soil and roots. 

(a) 

(b) 
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Figure 8. Pratylenchus neglectus empirical best linear unbiased predictions for the 26 nested 

association mapping wild Cicer parents (Cicer reticulatum shown in black; Cicer 

echinospermum shown in white) and the common parent PBA HatTrick (hashed) from multi-

experiment analysis of Experiments 3 and 4. SEM = standard error of the mean. P. 

neglectus/kg is based on extraction from soil and roots. 
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CHAPTER 4: SUMMARY AND OUTLOOK FOR 

FUTURE INNOVATION 

4.1 Summary 

Research efforts to find resistance to abiotic and biotic constraints in chickpea have 

been extensive, but could only go so far with a previous limited world collection of 

wild Cicer germplasm. This has been greatly improved through recent collection 

missions, increasing the world wild Cicer germplasm collection by 21-fold for C. 

reticulatum and nine-fold for C. echinospermum (von Wettberg et al. 2018 p. 3).  

Before this study, wild Cicer accessions phenotyped for P. neglectus resistance were 

identified by Thompson et al. 2011 (p. 607) who tested nine C. reticulatum and five 

C. echinospermum accessions from the original genebank collection. The purpose of 

this thesis has been to evaluate a new and wider collection of wild Cicer accessions 

(243 C. reticulatum and 86 C. echinospermum) that have been previously unavailable 

for testing. Research presented in this thesis highlights new sources of resistance to P. 

neglectus available within this collection, with wild Cicer showing significantly (P < 

0.05) greater resistance to P. neglectus than Australia’s elite breeding cv. PBA 

HatTrick. This research also offers valuable information for chickpea breeders 

worldwide with increased genetic diversity through identification of P. neglectus 

resistant germplasm. This is important to overcome the challenges posed by this 

pathogen, most importantly food security to human populations who rely on chickpea 

for their nutritional needs and are affected by the yield loss P. neglectus incurs. 

Pratylenchus neglectus resistance identified in the wild Cicer accessions phenotyped 

in this study provides a basis for resistance breeding efforts that are critical to provide 

a foundation in RLN resistance traits for future development of resilient and diverse 

chickpea cultivars.  

4.2 Towards future innovation 

4.2.1 Genetic studies 

Breeding with wild relatives of chickpea has been advanced through genomic 

technologies such as marker assisted selection (MAS), whole genome sequencing, 

NAM populations, single-nucleotide polymorphism (SNP) which are used for 
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genome-wide association study (GWAS) (Roorkiwal et al. 2020, p. 1705-1716) and 

publication of the whole pan-genome in chickpea (Varshney et al. 2021, p. 623). 

Some examples of the leaps genomic resources have made to improve chickpea 

improvement include MAS being successfully used to introgress fusarium wilt and 

ascochyta blight resistance into elite chickpea cultivars through the targeted selection 

of molecular markers for backcrossing (Varshney et al. 2014, p. 4 & 5; Mannur et al. 

2018, p. 5). Genome-wide association has been used to show drought and heat 

tolerance markers in chickpea. Thudi et al. 2014 (p. 2) used phenotypic data of 

drought response of 300 Cicer accessions to identify marker trait associations for 

drought and heat tolerance which can be utilised in molecular breeding for 

development of superior chickpea cultivars. Lastly, the pan-genome is a huge leap in 

knowledge and a significant resource for chickpea studies showing a number of 

novel genes in chickpea that have yet to be studied. The information in the pan 

genome can be used to identify gaps in breeding programs where superior haplotypes 

are absent, and also identifies lines that can be used to introduce superior genetic 

material into breeding programs using previously gathered phenotypic data and SNPs 

(Varshney et al. 2021, p. 625). 

Genetic studies identifying nematode resistance genes have been explored 

extensively in other crops, however, little information is available on chromosomal 

regions in chickpea associated with PPN resistance (Zwart et al. 2019a, p. 10). 

Channale et al. 2021 (p.7) found that numerous genes participated in defence 

pathways to provide resistance against P. thornei in chickpea, suggesting that P. 

thornei resistance in chickpea is polygenic. Khoo et al. 2021 (p. 6) has also recently 

found one quantitative trait locus (QTL) on the Ca7 chromosome for P. thornei 

resistance in cv. PBA HatTrick. To date, there is no published literature on 

chromosomal regions in chickpea associated with P. neglectus resistance. Due to the 

absence of information concerning P. neglectus resistance mechanisms, future 

breeding of resistant chickpea cultivars requires a greater understanding of the 

genetic architecture of P. neglectus resistance in chickpea. 

Genome-wide association studies are therefore the first step in identifying resistance 

gene markers allowing for educated choice of candidate genes (Korte and Farlow 

2013, p. 2) which can also be used for P. neglectus resistance in chickpea. Zwart et 

al. 2019b (p. 51) conducted a preliminary analysis on existing P. thornei data (125 C. 
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reticulatum), however, the number of wild Cicer accessions phenotyped was 

insufficient for strong associations to be identified. Therefore a P. neglectus GWAS 

was not undertaken in 2019 as it was known that the number of accessions was 

insufficient to obtain meaningful marker trait associations using a GWAS. Together 

with the 243 C. reticulatum and 86 C. echinospermum evaluated in this thesis, 39 C. 

echinospermum accessions from the 2014 collection were also recently made 

available and phenotyping of these accessions is currently underway at the 

University of Southern Queensland. These forthcoming results will enable GWAS 

for P. neglectus resistance to be performed on an increased number of accessions, 

which is likely to improve the power of GWAS to detect associations for traits that 

are polygenic with small effect size (RS Zwart, personal communication, January 11, 

2022). Utilising accurate phenotyping and molecular marker-based resources assists 

in the selection of nematode resistance, facilitates the pyramiding of resistance genes, 

and combines multiple resistance to biotic stresses, ensuring robust chickpea 

cultivars with greater Pratylenchus spp resistance (Zwart et al. 2019a, p. 9).  

Development of NAM populations increase the accuracy of QTL mapping by 

combining the strengths of bi-parental mapping populations and association mapping 

(McCullen et al. 2009, p. 737; Roorkiwal et al. 2020, p. 1705). This efficiently 

signals alleles of interest, augmenting the possibility of accurately identifying novel 

resistance genes (Roorkiwal et al. 2020, p. 1705). Twenty-six NAM parent 

accessions were chosen out of the new wild Cicer collection and crossed with seven 

elite chickpea cultivars from the major chickpea production areas worldwide 

(Turkey, Israel, the United States, Canada, Ethiopia, India, and Australia) (von 

Wettberg et al. 2018, p.8). The populations developed from the NAM parent 

accessions are being developed between these multiple elite chickpea cultivars of 

diverse origin under a funnel crossing scheme leading to novel genotypic 

combinations (Roorkiwal et al. 2020, p. 1705). A small subset of accessions 

representing the genetic and environmental breadth of the wild collection crossed 

into cultivated accessions is the first step towards trait introgression (Shin et al. 2019, 

p. 123). This NAM population is expected to accelerate the efforts of identification, 

isolation, and transfer of key candidate genes to facilitate chickpea improvement and 

increase the genetic diversity of advanced lines. These populations have recently 

been genotyped by high resolution SNP chip at Agriculture Victoria and are now 
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stable at >F5 (JD Berger, personal communication, January 11, 2022). The 

populations are held at the Australian Grains Genebank ranging from 43 to 403 lines 

available of each population (S Norton, personal communication, January 24, 2022. 

Populations that will be useful to investigate for QTL mapping for P. neglectus 

resistance are HAT TRICK/POT874 Kayat_077 CR (222 lines), HAT 

TRICK/POT963 Bari3_106D CR (232 lines), HAT TRICK/POT931 Oyali_084 CR 

(139 lines) and HAT TRICK/POT964 CudiB_022C CR (294 lines) with the NAM 

accessions included in these crosses producing significantly (P < 0.05) lower P. 

neglectus population densities than PBA HatTrick in this study. These same NAM 

accessions also produced significantly (P < 0.05) lower P. thornei population 

densities than PBA HatTrick (Reen et al. 2019). Therefore, it would be advantageous 

to investigate these populations for resistance to both Pratylenchus spp. 

4.2.2 Exploiting the full genetic diversity of the new wild Cicer collection 

through collaboration 

The targeted collection of wild Cicer which dramatically increased world collections 

and sources of genetic diversity was a coordinated project spearheaded by GRDC. 

This Australian project was linked with international collaborators in Turkey, the 

USA, Canada, Ethiopia, and India for the purpose of a linked international 

phenotypic evaluation of priority traits for chickpea improvement (JD Berger, 

personal communication, January 27, 2020). This was important as the sharing of 

genotypic and phenotypic data was previously lacking among many breeding 

programs utilising crop wild relatives (Dempewolf et al. 2017, p. 10). Priority traits 

for consideration in this national project were flowering cold tolerance, terminal 

drought stress, phenology regulation, boron tolerance, high Aluminium tolerance and 

low pH tolerance, resistance to RLN (P. neglectus and P. thornei), resistance to 

ascochyta blight, resistance to sclerotinia and resistance to phytophthora root rot (JD 

Berger, personal communication, January 11, 2021). Table 1 summarises accessions 

of the NAM parents that have been identified with resistance and/or tolerance to the 

above priority traits. Nineteen of the 26 NAM parent accessions were found to have 

significant resistance and/or tolerance to the priority traits. Many of the accessions 

have tolerance and/or resistance to more than one priority trait, highlighting the 

importance of this collaboration for future breeding efforts to overcome multiple 

biotic and abiotic constraints in chickpea.   
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Table 1. Summary of tolerance and/or resistance of priority traits in NAM parent 

accessions.  

NAM Parent Species Abiotic and biotic resistance and/or tolerance 

Bari1_092 C. reticulatum Flowering cold; phenology regulation 

Bari2_072 C. reticulatum Flowering cold; terminal drought stress 

Bari3_106D C. reticulatum Low pH; P. neglectus 

Besev_075 C. reticulatum P. thornei 

Besev_079 C. reticulatum Phenology regulation; low pH 

CudiA_152 C. reticulatum Flowering cold; boron 

CudiB_022C C. reticulatum Terminal drought stress; low pH; boron; P. 

neglectus 

Derei_072 C. reticulatum Boron 

Egil_065 C. reticulatum Low pH; boron 

Gunas_062 C. echinospermum Phenology regulation; P. thornei; P. neglectus; 

ascochyta blight 

Karab_092 C. echinospermum Flowering cold; phenology regulation 

Kalka_064 C. reticulatum P. thornei 

Kayat_077 C. reticulatum Boron; P. thornei; P. neglectus 

Kesen_075 C. reticulatum Low pH; boron 

Oyali_084 C. reticulatum Terminal drought stress; low pH; boron; P. 

thornei; P. neglectus 

S2Drd_065 C. echinospermum Flowering cold; phenology regulation 

Sarik_067 C. reticulatum Boron; P. thornei 

Savur_063 C. reticulatum Low pH; boron 

Sirna_060 C. reticulatum Terminal drought stress; boron 

(JD Berger, personal communication, January 27, 2020; JD Berger, personal 

communication, January 11, 2021; Reen et al. 2019; H Rostad unpublished data) 

A database known as the Breeding Management System (https://bmspro.io/) was 

used to store all data for each trait being studied on the new wild Cicer collection and 

is accessible to all collaborators. Genotypic data from sequencing of wild Cicer 

accessions from the 2013 collection by the University of California Davis is 

available publicly through the National Centre for Biotechnology Information 

https://bmspro.io/
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database (von Wettberg et al. 2018, p. 12). Genotypic data of wild Cicer accessions 

by Agriculture Victoria (from the 2013–2018 and original collections) is also 

available to all GRDC pre-breeding and breeding programs (S Kaur, personal 

communication, November 18, 2021). Development of chickpea cultivars which will 

endure increased biotic and abiotic pressures can be accomplished through the 

utilisation of the information gathered by this collaboration. This comprehensive 

information is vital for the success of the chickpea industry in a future of changing 

and unknown climate extremes. 

4.3 Conclusion  

The advantages of increasing the world collection of wild Cicer and utilising their 

genetic diversity in breeding programs has clearly been demonstrated in this thesis. 

Improved P. neglectus resistance than currently present in Australian chickpea 

cultivars has been identified in the C. reticulatum and C. echinospermum accessions 

evaluated in this study. This information is useful for future breeding of P. neglectus 

resistance into cultivated chickpea C. arietinum.  Exploiting these new sources of 

genetic diversity in chickpea will increase P. neglectus resistance in chickpea and 

ensure a resilient crop to be utilised in effective crop rotations. In Australia and 

globally, greater resistance to multiple abiotic and biotic constraints in chickpea will 

allow for the maximum yield and profitability of the crop.   

 

 

 

 

 

 

 

 

 

 



 

66 
 

REFERENCES 

ABARES 2020, Agricultural commodity statistics 2020, Australian Bureau of Agricultural 

and Resource Economics and Sciences, Canberra, December. CC BY 4.0. 

https://doi.org/10.25814/RVVJ-PY73.  

Abbo, S, Berger, JD & Turner, NC 2003, ‘Evolution of cultivated chickpea: four bottlenecks 

limit diversity and constrain adaptation’, Functional Plant Biology, vol. 30, no. 10, 

pp. 1081–1087. 

Abbo, S, Redden, RJ & Yadav, SS 2007, ‘Utilization of wild relatives’ in SS Yadav, RJ 

Redden, W Chen & B Sharma (eds), Chickpea Breeding and management, CABI, 

Wallingford, United Kingdom, pp. 338–354. 

Agriculture - Root Lesion Nematodes (Pratylenchus neglectus) swimming through culture 

media and attacking barley root in petri dish. Eggs are capsule shaped. (20X), 
image, DesignPics, Edmonton, Canada, viewed 13 May 2021, 

<https://www.picfair.com/pics/05741943-agriculture-root-lesion-nematodes-

pratylenchus-neglectus-swimming-thru>.  

Agrios, GN 1988, Plant Pathology, 5th edn, Academic Press, New York, United States. 

Ahmad, F & Slinkard AE 2004, ‘The extent of embryo and endosperm growth following 

interspecific hybridization between Cicer arietinum L. and related annual wild 

species’, Genetic Resources and Crop Evolution, vol. 51, no. 7, pp. 765–772. 

Ahmad F, Gaur PM & Croser J 2005, ‘Chickpea (Cicer arietinum L.)’, in RJ Singh & PP 

Jauhar PP (eds), Genetic resources, chromosome engineering, and crop 

improvement—Grain Legumes, CRC Press, Boca Raton, United States. pp 230–267. 

Akem, C 1999, ‘Ascochyta blight of chickpea: Present status and future priorities’, 

International Journal of Pest Management, vol. 45, no. 2, pp. 131–137. 

Bilgrami, AL, Ahmad, I & Jairajpuri, MS 1986, ‘A study of the intestinal contents of some 

mononchs’, Revue Nématol, vol. 9, no. 2, pp. 191–194. 

Ballard, RA, Hutton, RE, Taylor, SP, McKay, AC & Howie, JH 2006, ‘Field resistance of 

annual pasture legumes to the root lesion nematode, Pratylenchus neglectus’, 

Australasian Plant Pathology, vol. 35, pp. 303–308. 

Barbosa, P 2003, Predatory nematode (worm) feeding on a phytonematode (plant-parasitic 

worm), digital image, NIKON INSTRUMENTS INC, viewed 11 May 2021. 

Bard, D 2020, Update on Australia’s Pulse Crops, PulsePOD, Viewed 3 June 2022, < 
https://pulsepod.globalpulses.com/pod-feed/post/update-on-australia-pulse-crops>. 

Behmand, T, Elekcioğlu, NZ, Berger, JD, Can, C & Elekcioğlu, IH 2019, ‘Determination of 

plant parasitic nematodes associated with chickpea in Turkey’, Turkish Journal of 

Entomology, vol. 43, no. 4, pp. 357–366. 

Berger, JD, Abbo, S & Turner, NC 2003, ‘Ecogeography of annual wild Cicer species: the 

poor state of the world collection’, Crop Science, vol. 43, no. 3, pp. 1076–1090. 



 

67 
 

Bucki, P, Qing, x, Castillo, P, Gamliel, A, Dobrinin, S, Alon, T & Miyara, SB 2020, ‘The 

genus Pratylenchus (nematoda: Pratylenchidae) in Israel: from taxonomy to control 

practices’ Plants, vol. 9, no. 11, pp. 1–18.  

Castillo, P, Mora-Rodríguez, MP, Navas-Cortés, JA & Jiménez-Díaz, RM 1998a, 

‘Interactions of Pratylenchus thornei and Fusarium oxysporum f. sp. ciceris on 

chickpea’, Phytopathology, vol. 88, pp. 828–836. 

Castillo, P, Vovlas, N & Jimenez-Diaz, RM 1998b, ‘Pathogenicity and histopathology of 

Pratylenchus thornei populations on selected chickpea genotypes’, Plant Pathology, 

vol. 47, 370–366. 

Castillo, P & Vovlas, N 2007, ‘Pratylenchus (nematoda: Pratylenchidae): diagnosis, biology, 

pathogenicity and management’ in DJ Hunt & RN Perry (eds), Nematology 

Monographs and Perspectives, Brill, Leiden, Netherlands. pp. 1–356. 

Castillo, P, Navas-Cortés, JA, Landa, BB, Jimenez-Diaz, RM & Vovlas, N 2008, ‘Plant-

parasitic nematodes attacking chickpea and their in planta interactions with rhizobia 

and phytopathogenic fungi’, Plant Disease, vol. 92, no. 6, pp. 840–853.  

Channale, SM, Kalavikatte, D, Thompson, JP, Kudapa, H, Bajaj, P, Varshney, RK, Zwart, 

RS & Thudi, M 2021, ‘Transcriptome analysis reveals key genes associated with 

root‑lesion nematode Pratylenchus thornei resistance in chickpea’, Scientific 

Reports, vol. 11, pp. 1–11. 

Chauhan, Y, Allard, S, Williams, R, Williams, B, Mundree, S, Chenu, K & Rachaputi, NC 

2017, ‘Characterisation of chickpea cropping systems in Australia for major abiotic 

production constraints’, Field Crops Research, vol. 204, pp. 120–134. 

Clarke, HJ, Khan, TN & Siddique, KHM 2004, ‘Pollen selection for chilling tolerance at 

hybridisation leads to improved chickpea cultivars’, Euphytica, vol. 139, no. 1, pp. 

65–74. 

Collard, BCY, Ades, PK, Pang, ECK, Brouwer, JB & Taylor, PWJ 2001, ‘Prospecting for 

sources of resistance to ascochyta blight in wild Cicer species’, Australasian Plant 
Pathology, vol. 30, no. 3, pp. 271–276. 

Collard, BCY, Pang, ECK, Ades, PK & Taylor, PWJ 2003, ‘Preliminary investigation of 

QTLs associated with seedling resistance to ascochyta blight from Cicer 

echinospermum, a wild relative of chickpea’, Theoretical and Applied Genetics, vol. 

107, no. 4, pp. 719–729. 

Collins S, Wilkinson C, Kelly S, Hunter H, DeBrincat L, Reeves K & Chen K 2017, ‘The 

invisible threat: Canola yield losses caused by root lesion nematodes in WA’, Grains 
Research Updates 27–28 February 2017, Perth, Western Australia, pp. 72–73. 

Cook, B & Evans, K 1987, ‘Resistance and tolerance’, in RH Brown & BR Kerry (eds), 

Principles and Practice of Nematode Control in Crops, Academic Press, New York, 

United States. pp. 179-231. 

Croser, JS, Clarke, HJ, Siddique, KHM & Khan, TN 2003a, ‘Low-temperature stress: 

implications for chickpea (Cicer arietinum L.) Improvement’, Critical Reviews in 

Plant Sciences, vol. 22, no. 2, pp. 185–219. 



 

68 
 

Croser, JS, Ahmad, F, Clarke, HJ & Siddique, KHM 2003b, ‘Utilisation of wild Cicer in 

chickpea improvement progress, constraints, and prospects’, Australian Journal of 
Agricultural Research, vol. 54, no. 5, pp. 429–444.   

Dalal, RC, Strong, WM, Weston, EJ, Cooper, JE, Wildermuth, GB, Lehane, KJ, King, AJ & 

Holmes, CJ 1998, ‘Sustaining productivity of a Vertisol at Warra, Queensland with 

fertilisers, no tillage, or legumes. 5. Wheat yields, nitrogen benefits and water use 

efficiency of chickpea-wheat rotation’, Australian Journal of Experimental 

Agriculture, vol. 38, no. 5, pp. 489–501. 

Dalmasso, A, Castagnone-Sereno, P & Abad, P 1992, ‘Seminar: tolerance and resistance of 

plants to nematodes–knowledge, needs and prospects’, Nematologica, vol. 38, no. 1, 

pp. 466–472. 

de La Peña, E, Echeverría, SR, van der Putten, WH, Freitas, H & Moens, M 2006, 
‘Mechanism of control of root-feeding nematodes by mycorrhizal fungi in the dune 

grass Ammophila arenaria’, New Phytologist, vol. 169, no. 4, pp. 829–840. 

Dempewolf, H, Baute, G, Anderson, JE, Kilian, B, Smith, C & Guarino, L 2017, ‘Past and 

future use of wild relatives in crop breeding’, Crop Science, vol. 57, no. 3, pp. 1–13. 

Dinka, TM & Lascano, RJ 2012, ‘Review paper: challenges and limitations in studying the 

shrink-swell and crack dynamics of vertisol soils’, Open Journal of Soil Science, vol. 

2, no. 2, pp. 82–90. 

Di Vito, M, Singh, KB, Greco, N & Saxena, MC 1996, ‘Sources of resistance to cyst 

nematode in cultivated and wild Cicer species’, Genetic Resources and Crop 

Evolution, vol. 43, no. 2, pp. 103–107. 

Di Vito, M, Catalano, F & Zaccheo, G 2002, ‘Reproduction of six populations of 

Pratylenchus spp. from the Mediterranean region on selected plant species’, 

Nematologia Mediterranea, vol. 30, no. 1, pp. 103–105. 

FAOSTAT 2022, Crops and livestock products, Food and Agriculture Organisation of the 

United Nations, viewed 1 June 2022, 

<https://www.fao.org/faostat/en/#data/TCL/visualize>. 

Forge, T, Muehlchen, A, Hackenberg, C, Nielsen, G & Vrain, T 2001, ‘Effects of preplant 

inoculation of apple (Malus domestica Borkh.) with arbuscular mycorrhizal fungi on 

population growth of the root-lesion nematode, Pratylenchus penetrans’, Plant and 

Soil, vol. 236, pp. 185–196. 

Glazer, I & Orion, D 1983, ‘Studies on anhydrobiosis of Pratylenchus thornei’, Journal of 

Nematology, vol. 15, no. 3, pp. 333–338. 

Gough, EC, Owen, KJ, Zwart, RS & Thompson, JP 2020, ‘A systematic review of the effects 

of arbuscular mycorrhizal fungi on root-lesion nematodes, Pratylenchus spp.’, 

Frontiers in Plant Science, vol. 11, no. 923, pp. 1–14. 

GRDC Grownotes 2016, Chickpeas, Online guide, October 2016, Grains Research & 

Development Corporation, viewed 20 April 2021, 

<https://grdc.com.au/__data/assets/pdf_file/0012/330213/GRDC-Chickpeas-

GrowNotes-Northern.pdf>.  

https://www.fao.org/faostat/en/#data/TCL/visualize
https://grdc.com.au/__data/assets/pdf_file/0012/330213/GRDC-Chickpeas-GrowNotes-Northern.pdf
https://grdc.com.au/__data/assets/pdf_file/0012/330213/GRDC-Chickpeas-GrowNotes-Northern.pdf


 

69 
 

Greco, N, Di Vito, M, Saxena, MC & Reddy, MV 1988, ‘Effect of Heterodera ciceri on 

yield of chickpea and lentil and development of this nematode on chickpea in Syria’, 

Nematologica, vol. 34, no. 1, pp. 98–114. 

Greco, N, Vovlas, N & Inserra, RN 1992, ‘The chickpea cyst nematode, Heterodera ciceri’, 

Nematology Circular, March–April, pp. 1–4.  

Gupta, RK, Gupta, K, Sharma, A, Das, M, Ansari, IA & Dwivedi, PD 2017, ‘Health Risks 

and Benefits of Chickpea (Cicer arietinum) Consumption’, Journal of Agricultural 

and Food Chemistry, vol. 65, no. 1, pp. 6–22. 

Gupta, S, Nawaz, K, Parween, S, Roy, R, Sahu, K, Pole, AK, Khandal, H, Srivastava, R, 

Parida, SK & Chattopadhyay, D 2017, ‘Draft genome sequence of Cicer reticulatum 
L.,the wild progenitor of chickpea provides a resource for agronomic trait 

improvement’, DNA Research, vol. 24, no. 1, pp. 1–10. 

Hawthorne, W & Bedggood W 2007, Chickpeas in South Australia and Victoria, Online 

guide, Department of Primary Industries, Horsham, viewed 28 April 2021, 

<http://www.pulseaus.com.au/storage/app/media/crops/2007_Chickpeas-SA-

Vic.pdf>.  

Heidarvand, L, Amiri, RM, Naghavi, MR, Farayedi, Y, Sadeghzadeh, B & Alizadeh, K 

2011, ‘Physiological and morphological characteristics of chickpea accessions under 

low temperature stress’, Russian Journal of Plant Physiology, vol. 58, no. 1, pp. 

157–163. 

Herridge, DF, Marcellos, H, Felton, WL, Turner, GL & Peoples, MB 1995, ‘Chickpea 

increases soil-N fertility in cereal systems through nitrate sparing and N2 fixation’, 

Soil Biology and Biochemistry, vol. 27, no. 4/5, pp. 545–551. 

Hollaway, GJ, Taylor, SP, Eastwood, RF & Hunt, CH 2000, ‘Effect of field crops on density 

of Pratylenchus in south eastern Australia; Part 2: P. thornei’, Supplement to the 

Journal of Nematology, vol. 32, no. 4S, pp. 600–608. 

Hulse, JH 1994, ‘Nature, composition, and utilisation of food legumes’, in FJ Muehlbauer & 

WJ Kaiser (eds), Expanding the Production and Use of Cool Season Food Legumes, 

Springer-Science+Business Media, Pullman, Washington. pp. 77–97. 

Isbell, RF 2021, The Australian soil classification, 3rd edn, CSIRO, Melbourne, Australia. 

Jackson-Ziems 2016, ‘Root-lesion nematodes’, Papers in Plant Pathology, vol. 523, pp. 71–

73. 

Jenkins, DJA, Wolever, TMS, Jenkins, AL, Thorne, MJ, Lee, R, Kalmusky, J, Reichart, R & 

Wong, GS 1983, ‘The glycaemic index of foods tested in diabetic patients: a new 

basis for carbohydrate exchange favouring the use of legumes’, Diabetolgia, vol. 24, 

no. 4, pp. 257–264. 

Jimenez-Díaz, RM, Castillo, P, Jimenez-Gasco, MM, Landa, BB & Navas-Cortes, J 2015, 

‘Fusarium wilt of chickpeas: Biology, ecology and management’, Crop Protection, 

vol. 73, pp. 16-27. 

Jones, JT, Haegeman, A, Danchin, EGJ, Gaur, HS, Helder, J, Jones, MGK, Kikuchi, T, 

Manzanilla-López, R, Palomares-Rius, JE, Wesemael, WML & Perry, RN 2013, 

‘Top 10 plant-parasitic nematodes in molecular plant pathology’, Molecular Plant 

Pathology, vol. 14, no. 9, pp. 946-961. 

http://www.pulseaus.com.au/storage/app/media/crops/2007_Chickpeas-SA-Vic.pdf
http://www.pulseaus.com.au/storage/app/media/crops/2007_Chickpeas-SA-Vic.pdf


 

70 
 

Jukanti, AK, Gaur, PM, Gowda, CLL & Chibbar, RN 2012, ‘Nutritional quality and health 

benefits of chickpea (Cicer arietinum L.): a review’, British Journal of Nutrition, 

vol. 108, no. 1, pp. 11–26. 

Kahraman, A, Pandey, A, Khan, MK, Lindsay, D, Moenga, S, Vance, L, Bergmann, E, 

Carrasquilla-Garcia, N, Shin, M, Chang, PL, von Wettberg, EJB, Tar’an, Cook, DR 

& Penmetsa, RV 2017, ‘Distinct subgroups of Cicer echinospermum are associated 

with hybrid sterility and breakdown in interspecific crosses with cultivated 

chickpea’, Crop Science, vol. 57, no. 6, pp. 3101–3111. 

Khan, A, Williams, KL & Nevalainen, KM 2006, ‘Infection of plant-parasitic nematodes by 

Paecilomyces lilacinus and Monacrosporium lysipagum’, BioControl, vol. 51, no. 5, 

pp. 659–678. 

Khan, Z & Kim, YH 2007, ‘A review on the role of predatory soil nematodes in the 
biological control of plant parasitic nematodes’, Applied Soil Ecology, vol. 35, no. 2, 

pp. 370–379. 

Khoo, KHP, Sheedy, JG, Taylor, JD, Croser, JS, Hayes, JE, Sutton, T, Thompson, JP & 

Mather, DE 2021, ‘A QTL on the Ca7 chromosome of chickpea affects resistance to 

the root‑lesion nematode Pratylenchus thornei’, Molecular Breeding, vol. 41, no. 78, 

pp. 1–13. 

Knights, EJ, Southwell, RJ, Schwinghamer, MW & Harden, S 2008, ‘Resistance to 

Phytophthora medicaginis Hansen and Maxwell in wild Cicer species and its use in 

breeding root rot resistant chickpea (Cicer arietinum L.)’, Australian Journal of 

Agricultural Research, vol. 59, no. 4, pp. 383–387.  

Korte, A & Farlow, A 2013, ‘The advantages and limitations of trait analysis with GWAS: a 

review’, Plant Methods, vol. 9, pp. 1–9. 

Kumar, J & Abbo, S 2001, ‘Genetics of flowering time in chickpea and its bearing on 

productivity in semiarid environments’, Advances in Agronomy, vol. 72, pp. 107–

138. 

Ladizinsky, G & Adler, A 1976, ‘Genetic relationships among the annual species of Cicer 

L.’, Theoretical and Applied Genetics, vol. 48, pp. 197–204. 

Mannur, DM, Babbar, A, Thudi, M, Sabbavarapu, MM, Roorkiwal, M, & Yeri, SB, Bansal, 

VP, Jayalakshmi, SK, Yadav, SS, Rathore, A, Chamarthi, SK, Mallikarjuna, BP, 

Gaur, PM & Varshney, RK 2018, ‘Super Annigeri 1 and improved JG 74: two 

Fusarium wilt-resistant introgression lines developed using marker-assisted 

backcrossing approach in chickpea (Cicer arietinum L.)’, Molecular Breeding, vol. 

39, no. 2, pp. 1–13. 

Materne M, Leonforte A, Hobson K, Paull J & Gnanasambandam A 2011, ‘Breeding for 

biotic stresses’ in A Pratap A & J Kumar (eds), Biology and Breeding of Food 

Legumes, CABI, Kanpur, India. pp. 220–238. 

Matthews, P, McCaffery, D & Jenkins, L 2019, Winter crop variety sowing guide 2019, 

Online guide, NSW Department of Primary Industries, viewed 5 May 2021, 

<https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0006/947625/WCVSG-2019-

web-final.pdf>. 

https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0006/947625/WCVSG-2019-web-final.pdf
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0006/947625/WCVSG-2019-web-final.pdf


 

71 
 

Maxted, N, Ford-Lloyd, BV, Jury, S, Kell, S & Scholten, M 2006, ‘Towards a definition of a 

crop wild relative’, Biodiversity and Conservation, vol. 15, no. 8, pp. 2673–2685. 

McMullen, MD, Kresovich, S, Villeda, HS, Bradbury, P, Li, H, Sun, Q, Flint-GarciA, S, 

Thornsberry, J, Acharya, C, Bottoms, C, Brown, P, Browne, C, Eller, M, Guill, K, 

Harjes, C, Kroon, D, Lepak, N, Mitchell, SE, Peterson, B, Pressoir, G, Romero, S, 

Rosas, MO, Salvo, S, Yates, H, Hanson, M, Jones, E, Smith, S, Glaubitz, JC, 

Goodman, M, Ware, D, Holland, JB & Buckler, ES 2009, ‘Genetic properties of the 

maize nested association mapping population’, Science, vol. 325, no. 5941, pp. 737–

740. 

Merga, B & Haji, J 2019, ‘Economic importance of chickpea: Production, value, and world 

trade’, Cogent Food and Agriculture, vol. 5, no. 1, pp. 1–12. 

Millan, T, Clarke, HJ, Siddique, KHM, Buhariwalla, HK, Gaur, PM, Kumar, J, Gil, J, Kahl, 
G & Winter, P 2006, ‘Chickpea molecular breeding: New tools and concepts’, 

Euphytica, vol. 147, no. 1, pp. 81–103. 

Minton, NA 1986, ‘Impact of conservation tillage on nematode populations’, Journal of 

Nematology, vol. 18, no. 2, pp. 135–140. 

Mollard, RC, Luhovyy, BL, Panahi, S, Nunez, MF, Hanley, A, Anderson, GH 2012, 

‘Regular consumption of pulses for 8 weeks reduces metabolic syndrome risk factors 

in overweight and obese adults’, The British Journal of Nutrition, vol. 108, no. 1, pp. 

111–122. 

Muehlbauer, FJ & Singh, KB 1987, ‘Genetics of chickpea’, in MC Saxena & KB Singh 

(eds), The Chickpea, CABI, Wallingford, United Kingdom. pp. 99–125. 

Muehlbauer, FJ & Sarker, A 2018, ‘Economic importance of chickpea: production, value 

and world trade’, in F Muehlbauer, M Thudi & RK Varshney (eds), The Chickpea 

Genome, Springer International Publishing, Cham, Switzerland. pp. 57–13. 

Murray, G & Brennan, J 2012, The Current and Potential Costs from Diseases of Pulse 

Crops in Australia, Grains Research & Development Corporation, Kingston, 

Australia, viewed 10 May 2021, p.8. Available at: 

<https://grdc.com.au/__data/assets/pdf_file/0021/82263/grdcreportdiseasecostpulses

pdf.pdf.pdf>.  

Mwappe, VW, Khentry, Y, Newman, TE, Denton-Giles, M, Derbyshire, MC, Chen, K, 

Berger, JD & Kamphuis, LG 2021, ‘Identification of sources of Sclerotinia 
sclerotiorum resistance in a collection of wild Cicer germplasm’, Plant Disease, vol. 

105, no. 9, pp. 1–11. 

Nene, Y, Sheila, VK & Sharma, SB 1996, A world list of Chickpea and Pigeonpea 

pathogens, International Crops Research Institute for Semi-Arid Tropics, Andhra 

Pradesh, India. 

Nene, Y & Reddy, M 1987, ‘Chickpea diseases and their control’, in MC Saxena (eds), The 

chickpea, CABI International, Wallingford, United Kingdom. pp. 233–270. 

Newman, TE, Jacques, S, Grime, C, Kamphuis, FL, Lee, RC, Berger, JD & Kamphuis, LG 

2021, ‘Identification of novel sources of resistance to Aschochyta blight in a 

collection of wild Cicer accessions’, Phytopathology, vol. 111, no. 2, pp. 369–379. 



 

72 
 

Nombela, G & Romero, D 1999, ‘Host responses to Pratylenchus thornei of a wheat line 

carrying the Cre2 gene for resistance to Heterodera avenae’, Nematology, vol. 1, no. 

4, pp. 381–388. 

Oldach, KH, Peck, DM, Nair, RM, Sokolova, M, Harris, J, Bogacki, P & Ballard, R 2014, 

‘Genetic analysis of tolerance to the root lesion nematode Pratylenchus neglectus in 

the legume Medicago littoralis’, BMC Plant Biology, vol. 14, no. 100, pp. 1–11. 

Oregon State University 2008, Root-lesion Nematodes (Pratylenchus neglectus and P. 

thornei), image, Columbia Basin Agricultural Research Centre, viewed 13 May 

2021, <https://agsci.oregonstate.edu/cbarc/photo-gallery/root-lesion-nematodes-

pratylenchus-neglectus-and-p-thornei>.  

Ornat, C, Verdejo-Lucas, S, Sorribas, FJ & Tzortzakakis, EA 1999, ‘Effect of fallow and 

root destruction on survival of root-knot and root-lesion nematodes in intensive 

vegetable cropping systems’, Nematropica, vol. 29, no. 1, pp. 5–16. 

Owen KJ, Sheedy JG, Thompson JP & Clewett, TG 2009, ‘Resistance of Australian grain 

sorghum cultivars to root lesion nematode 2007’, Plant Disease Management 
Reports (Online), Report, 3:N036 DOI: 10.1094/PDMR03, The American 

Phytopathological Society, St. Paul, Minnesota. 

Owen, KJ, Clewett, TG, Bell, KL & Thompson, JP 2014, ‘Wheat biomass and yield 

increased when populations of the root-lesion nematode (Pratylenchus thornei) were 

reduced through sequential rotation of partially resistant winter and summer crops’, 

Crop & Pasture Science, vol. 65, no. 3, pp. 227–241. 

Pagán, I & García-Arenal, F 2020, ‘Tolerance of plants to pathogens: a unifying view’, 

Annual Review of Phytopathology, vol. 58, no. 1, pp. 77–96. 

Pande, S, Bakr, MA & Johansen, C 1998, ‘Recent advances in research and management of 

botrytis gray mold of chickpea’, Proceedings of the Fourth Working Group Meeting 

to Discuss Collaborative Research on Botrytis Gray Mold of Chickpea, International 

Crops Research Institute for the Semi-Arid Tropics, Andhra Pradesh, India, p. 1–52. 

Pande, S, Galloway, J, Gaur, PM, Siddique, KHM, Tripath, HS, Taylor, P, MacLeod, MWJ, 

Basandrai, AK, Bakr, A, Joshi, S, Kishore, GK, Isenegger, DA, Rao, JN & Sharma, 

M 2006, ‘Botrytis grey mould of chickpea: a review of biology, epidemiology, and 

disease management’, Australian Journal of Agricultural Research, vol. 57, no. 11, 

pp. 1137–1150. 

Patterson, J & Wilkinson, I 2019, Western Australian pulse industry, Department of Primary 

Industries and Regional Development's Agriculture and Food, Bentley, Western 

Australia, viewed 28 April 2021, <https://www.agric.wa.gov.au/pulses/western-

australian-pulse-industry>.  

Patil, SB, Goyal, A, Chitgupekar, SS, Kunmar, S & El-Bouhssini, M 2017, ‘Sustainable 

management of chickpea pod borer. A review’, Agronomy for Sustainable 

Development, vol. 37, no. 20, pp. 1–17. 

Perez-Hidalgo MA, Guerra-Hernandez, E & Garcia-Villanova, B 1997, ‘Dietary fiber in 

three raw legumes and processing effect on chickpeas by an enzymatic–gravimetric 

method’, Journal of food composition and analysis, vol. 10, no. 1, pp. 66–72. 

Perry, RN & Moens, M 2006, Plant Nematology, 2nd edn, CABI, Wallingford, England. 

https://www.agric.wa.gov.au/pulses/western-australian-pulse-industry
https://www.agric.wa.gov.au/pulses/western-australian-pulse-industry


 

73 
 

Pundir, RPS & Mengesha 1995, ‘Cross compatibility between chickpea and its wild relative, 

Cicer echinospermum Davis’, Euphytica, vol. 83, no. 3, pp. 241–245. 

Rao, DLN, Giller, KE, Yeo, AR & Flowers, TJ 2002, ‘The effects of salinity and sodicity 

upon nodulation and nitrogen fixation in chickpea (Cicer arietinum), Annals of 

Botany, vol. 89, no. 5, pp. 563–570. 

Rao, LS, Usha Rani, P, Deshmukh, PS, Kumar, PA & Panguluri, SK 2007, ‘RAPD and ISSR 

fingerprinting in cultivated chickpea (Cicer arietinum L.) and its wild progenitor 

Cicer reticulatum Ladizinsky’, Genetic Resources and Crop Evolution, vol. 54, no. 

6, pp. 1235–1244. 

Ramgopal, D, Srivastava, RK, Pande, S, Rathore, A, Jadhav, DR, Sharma, M, Gaur, PM & 

Mallikarjuna, N 2012, ‘Introgression of Botrytis grey mould resistance genes from 

Cicer reticulatum (bgmr1cr) and C. echinospermum (bgmr1ce) to chickpea (C. 

arietinum)’, Plant Genetic Resources, vol. 11, no. 3, pp. 1–6. 

Rasool, S, Latef, AAHA & Ahmad, P 2015, ‘Chickpea: Role and responses under abiotic 

and biotic stress’, in MM Azooz & P Ahmad (eds), Legumes under environmental 
stress: yield, improvement and adaptations, 1st edn, John Wiley & Sons, Chichester, 

United Kingdom, pp. 67–79. 

Reen, RA, Mumford, MH & Thompson, JP 2019, ‘Novel sources of resistance to root-lesion 

nematode (Pratylenchus thornei) in a new collection of wild Cicer species (C. 

reticulatum and C. echinospermum) to improve resistance in cultivated chickpea C. 

arietinum’, Phytopathology, vol. 109, no. 7, pp. 1270–1279. 

Ribeiro, LM, Campos, HD, Neves, DL & Dias-Arieira, CR 2020, ‘Survival of Pratylenchus 

brachyurus under dry soil conditions’, Heliyon, vol. 6, no. 9, pp. 1–6. 

Riley, IT & Kelly, SJ 2002, ‘Endoparasitic nematodes in cropping soils of Western 

Australia’, Australian Journal of Experimental Agriculture, vol. 42, no. 1, pp. 49–56.  

Roorkiwal, M, Bharadwaj, C, Barmukh, R, Dixit, GP, Thudi, M, Gaur, PM, Chaturvedi, SK, 

Fikre, A, Hamwieh, A, Kumar, S, Sachdeva, S, Ojiewo, CO, Tar’an, B, Wordofa, 

NG, Singh, NP, Siddique, KHM & Varshney, RK 2020, ‘Integrating genomics for 

chickpea improvement: achievements and opportunities’, Theoretical and Applied 

Genetics, vol. 133, no. 5, pp. 1703–1720. 

Sehgal VK & Ujagir R 1990, ‘Effect of synthetic pyrethroids, neem extracts and other 

insecticides for the control of pod damage by Helicoverpa armigera (Hübner) on 

chickpea and pod damage yield relationship at Pantnagar in Northern India’, Crop 

Protection, vol. 9, no. 1, pp. 29–32. 

Sharma, S, Sharma, S, Kopisch-Obuch, FJ, Keil, T, Laubach, E, Stein, N, Graner, A & Jung, 

C 2011, ‘QTL analysis of root-lesion nematode resistance in barley: 1. Pratylenchus 

neglectus’, Theoretical and Applied Genetics, vol. 122, no. 7, pp. 1321–1330. 

Sheedy, JG, McKay, AC, Lewis, J, Vanstone, VA, Fletcher, S, Kelly, A & Thompson, JP 

2015, ‘Cereal cultivars can be ranked consistently for resistance to root-lesion 

nematodes (Pratylenchus thornei & P. neglectus) using diverse procedures’, 

Australasian Plant Pathology, vol. 44, no. 2, pp. 175–182. 

Shin, MG, Bulynstev, SV, Change, PL, Korbu, LB, Carrasquila-Garcia, N, Vishnyakova, 

MA, Samsonova, MG, Cook, DR & Nuzhdin, SV 2019, ‘Multi-trait analysis of 



 

74 
 

domestication genes in Cicer arietinum – Cicer reticulatum hybrids with a 

multidimensional approach: Modeling wide crosses for crop improvement’, Plant 

Science, vol. 285, pp. 122–131. 

Singh, KB 1997, ‘Chickpea (Cicer arietinum L.)’, Field Crops Research, vol. 53, no. 1–3, 

161–170. 

Singh, KB & Ocampo, B 1997 1997, ‘Exploitation of wild Cicer species for yield 

improvement in chickpea’, Theoretical and Applied Genetics, vol. 95, no. 3, pp. 

418–423. 

Singh, KB, Ocampo, B & Robertson, LD 1998, ‘Diversity for abiotic and biotic stress 

resistance in the wild annual Cicer species’, Genetic Resources and Crop Evolution, 

vol. 45, no. 1, pp. 9–17. 

Singh, KB, Kumar, J, Yadav, SS & Usha, K 2005, ‘Effects of salt stress on growth, 

nodulation, and nitrogen and carbon fixation of ten genetically diverse lines of 

chickpea (Cicer arietinum L.)’, Australian Journal of Agricultural Research, vol. 56, 

no. 5, pp. 491–495. 

Singh, M, Bisht, I, Dutta, M, Kumar, K, Basandrai, A, Kaur, L, Sirari, A, Khan, Z, Rizvi, 

AH, Sarker, A & Bansal, KC 2014, ‘Characterization and evaluation of wild annual 

Cicer species for agro-morphological traits and major biotic stresses under 

Northwestern Indian conditions’, Crop Science, vol. 54, pp. 229–239. 

Singh, RP, Machanda, G, Yang, Y, Singh, D, Srivastava, AK, Dubey, RC & Zhang, C 2019, 

‘Deciphering the factors for nodulation and symbiosis of Mesorhizobium associated 

with Cicer arietinum in Northwest India’ Sustainability, vol. 11, pp. 1–18. 

Smiley, RW, Whittaker, RG, Gourlie, JA & Easley, SA 2005, ‘Suppression of wheat growth 

and yield by Pratylenchus neglectus in the Pacific Northwest’, Plant Disease, vol. 

89, no. 9, pp. 958–968. 

Smiley, RW, Machado, S, Gourlie, JA, Pritchett, LC, Yan, G & Jacobsen, EE, 2013, ‘Effects 

of Crop Rotations and Tillage on Pratylenchus spp. in the Semiarid’, Plant Disease, 

vol. 4, no. 4, pp. 537-546. 

Smiley, RW, Yan, G & Gourlie, JA 2014, ‘Selected Pacific Northwest crops as hosts of 

Pratylenchus neglectus and P. thornei’, Plant Disease, vol. 98, no. 10, pp. 1341–

1348. 

Smith, SE & Read, DJ 2008, Mycorrhizal Symbiosis, 3rd edn, Academic Press, Oxford, 

United Kingdom. 

Soltani, A, Beyareslan, A, Gencer, L, Hamdi, SH, Bousselmi, A, Amri, M & Jemâa, JMB 

2018, ‘Parasitoids of chickpea leafminer Liriomyza cicerina (Diptera: Agromyzidae) 

and their parasitism rate on chickpea fields in North Tunisia’, Journal of Asia–

Pacific Entomology, vol. 21, no. 4, pp. 1215–1221. 

Starr, M & Sayre, R 1988, ‘Pasteuria thornei sp. nov. and Pasteuria penetrans sensu stricto 

emend., mycelial and endospore-forming bacteria parasitic, respectively, on plant-

parasitic nematodes of the genera Pratylenchus and Meloidogyne’, Annales de 

l'Institut Pasteur/Microbiologie, vol. 139, no. 1, pp. 11–31. 

Stirling, G 2014, Biological control of plant-parasitic nematodes, 2nd edn, Biological Crop 

Protection Pty, Australia.  



 

75 
 

Taheri, A, Hollamby, GJ & Vanstone, VA 1994, ‘Interaction between root lesion nematode, 

Pratylenchus neglectus (Rensch 1924) Chitwood and Oteifa 1952, and root rotting 

fungi of wheat’, New Zealand Journal of Crop and Horticultural Science, vol. 22, 

pp. 181–185. 

Talip, M, Adak, A, Kahraman, A, Berger, JD, Sari, D, Sari, H, Penmetsa, RV, von Wettberg, 

EJ, Cook, DR & Toker, C 2018, ‘Agro-morphological traits of Cicer reticulatum 

Ladizinsky in comparison to C. echinospermum P.H. Davis in terms of potential to 

improve cultivated chickpea (C. arietinum L.)’, Genetic Resources and Crop 

Evolution, vol. 65, no. 3, pp. 951–962.   

Talvera, M & Valor, H 2000, ‘Influence of the previous crop on the anhydrobiotic ability of 

Pratylenchus thornei and Merlinius brevidens’, vol. 28, no. 1, pp. 77–81. 

Tanno, K & Willcox, G 2006, ‘The origins of cultivation of Cicer arietinum L. and Vicia 
faba L.: Early finds from Tell el-Kerkh, north-west Syria, late 10th millennium B.P’, 

Vegetation History and Archaeobotany, vol. 15, no. 3, 197–204. 

Taylor, SP, Vanstone, VA, Ware, AH, McKay, AC, Szot, D & Russ, MH 1999, ‘Measuring 

yield loss in cereals caused by root lesion nematodes (Pratylenchus neglectus and P. 

thornei) with and without nematicide’, Australian Journal of Agricultural Research, 

vol. 50, no. 4,. 617–622. 

Taylor, SP 2000a, The root lesion nematode, Pratylenchus neglectus, in field crops in South 

Australia, PhD thesis, University of Adelaide. 

Taylor, SP, Hollaway, GJ & Hunt, CH 2000b, Effect of field crops on population densities of 

Pratylenchus neglectus and P. thornei in Southeastern Australia; Part 1: P. 

neglectus’, Journal of Nematology, vol. 32, no. 4, pp. 591–599. 

Thomas, GA, Dalal, RC, Weston, EJ, King, AJ, Holmes, CJ, Orange, DN & Lehane, KJ 

2010, ‘Crop rotations for sustainable grain production on a vertisol in the semi-arid 

subtropics’, Journal of Sustainable Agriculture, vol. 35, no. 1, pp. 2–26. 

Thompson JP, Mackenzie J & McCulloch J 1980, ‘Nematodes: A major factor in crop 

sequence effects on Darling Downs wheat’, Proceedings of the Australian Agronomy 

Conference, Department of Primary Industries, Gatton, Australia, p.194. 

Thompson, JP, Greco, N, Eastwood, R, Sharma, SB & Scurrah, M 2000, ‘Integrated control 

of nematodes of cool season food legumes’, Proceedings of the Third International 

Food Legumes Research Conference, Kluwer Academic Publishers, Dordrecht, The 

Netherlands, pp. 491–506. 

Thompson, JP, Owen, KJ, Stirling, GR & Bell, MJ 2008, ‘Root-lesion nematodes 
(Pratylenchus thornei and P. neglectus): a review of recent progress in managing a 

significant pest of grain crops in northern Australia’, Australasian Plant Pathology, 

vol. 37, no. 3, pp. 235–242. 

Thompson, JP, Clewett, TG, Sheedy, JG, Reen, RA, O’Reiley, MM & Bell, KL 2010, 

‘Occurrence of root-lesion nematodes (Pratylenchus thornei and P. neglectus) and 

stunt nematode (Merlinius brevidens) in the northern grain region of Australia’, 

Australasian Plant Pathology, vol. 39, no. 3, pp. 254–264. 

Thompson, JP, Reen, R, Clewett, TG, Sheedy, J, Kelly, A, Gogel, B & Knights, E 2011, 

‘Hybridisation of Australian chickpea cultivars with wild Cicer spp. increases 



 

76 
 

resistance to root-lesion nematodes (Pratylenchus thornei and P. neglectus)’, 

Australasian Plant Pathology, vol. 40, no. 6, pp. 601–611. 

Thompson, JP, Rostad, HE & Whish, JPM 2017, ‘Survival of root-lesion nematode 

Pratylenchus neglectus during progressive soil desiccation after growth of wheat in a 

vertisol’, Biology and Fertility of Soils, vol. 53, no. 3, pp. 357–366. 

Thudi, M, Upadhyaya, HD, Rathore, A, Gaur, PM, Krishnamurthy, L, Roorkiwal, M, Nayak, 

SN, Chaturvedi, SK, Basu, PS, Gangarao, NVPR, Fikre, A, Kimurto, P, Sharma, PC,  

Sheshashayee, MS, Tobita, S, Kashiwagi, J, Ito, O, Killian, A & Varshney, RK, 

‘Genetic dissection of drought and heat tolerance in chickpea through genome-wide 

and candidate gene-based association mapping approaches’, PLOS One, vol. 9, no. 

5, pp. 1–12. 

Tian, B, Yang, J & Zhang, K 2007, ‘Bacteria used in the biological control of plant-parasitic 
nematodes: populations, mechanisms of action, and future prospects’, FEMS 

Microbial Ecology, vol. 61, no. 2, pp. 197–213. 

Toker, C, Berger, JD, Eker, T, Sari, D, Sari, H, Gokturk, RS, Kahraman, A, Aydin, B & von 

Wettberg, EJ 2021, ‘Cicer turcicum: A new Cicer species and its potential to 

improve chickpea’, Frontiers in Plant Science, vol. 12, pp. 1–17.  

Townshend, JL & Anderson, RV 1976, Pratylenchus neglectus, C.I.H. Description of Plant-

parasitic Nematodes Set 6, No. 82, Commonwealth Institute of Helminthology, St 

Albans, United Kingdom.  

Trudgill, DL 1991, ‘Resistance to and tolerance of plant parasitic nematodes in plants’, 

Annual Review of Phytopathology, vol. 29, no. 1, pp. 167–192. 

Van der Maesen, LJG 1984, ‘Taxonomy, distribution and evolution of the chickpea and its 

wild relatives, in JR Witcombe & W Erskine (eds), Genetic Resources and Their 
Exploitation – Chickpeas, Faba beans and Lentils, ICRISAT, Hyderabad, India. pp. 

95–104. 

Van der Maesen, LJG 1987, ‘Cicer L. origin, history and taxonomy of chickpea’, in MC 

Saxena & KB Singh (eds), The Chickpea, CABI, Wallingford, United Kingdom. 

pp.11–34. 

Vanstone, VA, Rathjen, AJ, Ware, AH & Wheeler, RD 1998, ‘Relationship between root 

lesion nematodes (Pratylenchus neglectus and P. thornei) and performance of wheat 

varieties’, Australian Journal of Experimental Agriculture, vol. 38, no. 2, pp. 181–

188. 

Vanstone, VA & Russ, MH 2001, ‘Ability of weeds to host the root lesion nematodes 
Pratylenchus neglectus and P. thornei I. Grass weeds’, Australasian Plant 

Pathology, vol. 30, no. 3, pp. 245–250. 

Vanstone, V.A, Hollaway, GJ & Stirling, GR 2008, ‘Managing nematode pests in the 

southern and western regions of the Australian cereal industry: continuing progress 

in a challenging environment’, Australasian Plant Pathology, vol. 37, no. 3, pp. 

220–34. 

Varshney, RK, Song, C, Saxena, RK, Azam, S, Yu, S, Sharpe, AG, Cannon, S, Baek, J, 

Rosen, BD, Tar’an, B, Millan, T, Zhang, X, Ramsay, LD, Iwata, A, Wang, Nelson, 

W, Farmer, AD, Gaur, PM, Soderlund, C, Penmetsa, RV, Xu, C, Bharti, AK, He, W, 



 

77 
 

Winter, P, Zhao, S, Hane, JK, Carrasquilla-Garcia, N, Condie, JA, 4, Upadhyaya, 

HD, Lu, MC, Thudi, M, Gowda, CLL, Singh, NP, Lichtenzveig, J, Gali, KK, Rubio, 

J, Nadarajan, N, Dolezel, J, Bansal, KC, Xu, X, Edwards, D, Zhang, G, Kahl, G, Gil, 

J, Singh, KB, Datta, SK, Jackson, SA, Wang, J & Cook, DR 2013, ‘Draft genome 

sequence of chickpea (Cicer arietinum) provides a resource for trait improvement’, 

Nature Biotechnology, vol. 31, no. 3, pp. 240–246. 

Varshney, RK, Mohan, SM, Gaur, PM, Chamarthi, SK, Singh, VK, Srinivasan, S, Swapana, 

N, Sharma, M, Singh, S, Kaur, L & Pande, S 2014, ‘Marker-assisted backcrossing to 

introgress resistance to fusarium wilt race 1 and aschochyta blight in C 214, an elite 

cultivar of chickpea’, The Plant Genome, vol. 7, no. 1, pp. 1–11. 

Varshney, RK, Roorkiwal, M, Sun, S, Bajaj, P, Chitikineni, A, Thudi, M, Singh, NP, Du, X, 

Upadhyaya, HD, Khan, AW, Wang, Y, Garg, V, Fan, G, Cowling, WA, Crossa, J, 

Gentzbittel, L, Voss-Fels, KP, Valluri, VK, Sinha, P, Singh, VK, Ben, C, Rathore, 

A, Punna, R, Singh, MK, Tar’an, B, Bharadwaj, C, Yasin, M, Pithia, MS, Singh, S, 

Ram Soren, K, Kudapa, H, Jarquín, D, Cubry, P, Hickey, LT, Dixit, GP, Thuillet, 

AC, Hamwieh, A, Kumar, S, 27, Deokar, AA, Chaturvedi, SK, 28, Francis, A, 

Howard, R, Chattopadhyay, D, Edwards, D, Lyons, E, Vigouroux, Y, 25, Hayes, BJ, 

von Wettberg, E, Datta, SK, Yang, H, Nguyen, HT, Wang, J, Siddique, KHM, 

Mohapatra, T, Bennetzen, JL, Xu, X & Liu, X 2021, ‘A chickpea genetic variation 

map based on the sequencing of 3,366 genomes’, Nature, vol. 599, pp. 622–627.  

Vavilov, NI 1951, The origin, variation, immunity and breeding of cultivated plants, Ronald 

Press, United States.  

Venn, BJ, Perry, T, Green, TJ, Skeaff, C, Aitken, WA, Moore, NJ, Mann, JI, Wallace, AJ, 

Monro, J, Bradshaw, A, Brown, RC, Skidmore, PML, Doel, K, O’Brien, K, 

Frampton, C & Williams, S 2010, ‘The effect of increasing consumption of pulses 

and wholegrains in obese people: a randomized controlled trial’, Journal of the 

American College of Nutrition, vol. 29, no. 4, pp. 365–372. 

Vock NT, Langdon PW & Pegg KG 1980, ‘Root rot of chickpea caused by Phytophthora 

megasperma var. sojae in Queensland’, Australasian Plant Pathology, vol. 9, no. 4, 

p. 117.  

Von Wettberg, EJB, Chang, PL, Başdemir, F, Carrasquila-Garcia, N, Korbu, LB, Moenga, 

SM, Bedada, G, Greenlon, A, Moriuchi, KS, Singh, V, Cordeiro, MA, Noujdina, 

NV, Dinegde, KN, Shah Sani, SGA, Getahun, T, Vance, L, Bergmann, E, Lindsay, 

D, Mamo, BE, Warschefsky, EJ, Dacosta-Calheiros, E, Marques, E, Yilmaz, MA, 

Cakmak, A, Rose, J, Migneault, A, Krieg, CP, Saylak, S, Temel, H, Friesen, ML, 

Siler, E, Akhmetov, Z, Ozcelik, H, Kholova, J, Can, C, Gaur, P, Yildirim, M, 

Sharma, H, Vadez, V, Tesfaye, K, Woldemedhin, AF, Tar’an, B, Aydogan, A, 

Bukun, B, Penmetsa, R. V, Berger, JD, Kahraman, A, Nuzhdin, SV & Cook, DR 

2018, ‘Ecology and genomics of an important crop wild relative as a prelude to 

agricultural innovation’, Nature Communications, vol. 9, no. 1, p. 1–13. 

Wallace, TC, Murray, R & Zelman, KM 2016, ‘The nutritional value and health benefits of 

chickpeas and hummus’, Nutrients, vol. 8, no. 12, pp. 1–10.  

Weigand, S 1990, ‘Development of an integrated pest management system in food legumes 

in the Icarda region’, Proceedings: Integrated Pest Management in Tropical and 

Subtropical Cropping Systems '89, ICARDA, Aleppo, Syria, pp. 53–76. 



 

78 
 

Whish, JPM, Thompson, JP, Clewett, TG, Wood, J & Rostad, HE 2017, ‘Predicting the slow 

decline of root lesion nematodes (Pratylenchus thornei) during host-free fallows to 

improve farm management decisions’, European Journal of Agronomy, vol. 91, no. 

3, pp. 44–53. 

Williams, KJ, Taylor, SP, Bogacki, P, Pallota, M, Barianna, HS & Wallwork, H 2002, 

‘Mapping of the root lesion nematode (Pratylenchus neglectus) resistance gene 

Rlnn1 in wheat’, Theoretical and Applied Genetics, vol. 104, no. 5, pp. 874–879. 

Williamson, B, Tudzynski, B, Tudzynski, P & Van Kan, JAL 2007, ‘Botrytis cinerea: the 

cause of grey mould disease’, Molecular Plant Pathology, vol. 8, no. 5, pp. 561–580. 

Zhan, J, Thrall, PH, Papa¨ıx, J, Xie, L & Burdon, JJ 2015, ‘Playing on a pathogen’s 

weakness: using evolution to guide sustainable plant disease control strategies’, 

Annual Review of Phytopathology, vol. 53, no. 1, pp. 19–43. 

Zwart, RS, Thudi, M, Channale, S, Manchikatla, PK, Varshney, RK & Thompson, JP 2019a, 

‘Resistance to plant-parasitic nematodes in chickpea: current status and future 

perspectives’, Frontiers in Plant Science, vol. 10, no. 966, pp. 1–14. 

Zwart, RS, Reen, RA & Thompson JP 2019b ‘Association mapping of root-lesion nematode 

Pratylenchus thornei resistance in Cicer reticulatum, the wild progenitor of 

chickpea’, Australian Pulse Conference, Horsham, 2019, 15–17th October. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

79 
 

APPENDIX A 

 

ELECTRONIC SUPPLEMENTARY INFORMATION OF CHAPTER 3 

 

Article title 

Resistance to root-lesion nematode Pratylenchus neglectus identified in a new 

collection of two wild chickpea species (Cicer reticulatum and C. 

echinospermum) from Turkey. 

Journal 

Plant Pathology (Wiley-Blackwell Publishing, UK) 

Authors 

Hannah E Rostad A*, Roslyn A Reen A, Michael H Mumford B, Rebecca S Zwart A, 

John P Thompson A 

Affiliations 

A University of Southern Queensland, Centre for Crop Health, Toowoomba, QLD, 

4350, Australia 

B Department of Agriculture and Fisheries, Leslie Research Facility, Toowoomba, 

QLD, 4350, Australia 

* Corresponding author: Hannah.Rostad@usq.edu.au 

 

 

 

 

 

 

mailto:Hannah.Rostad@usq.edu.au


 

80 
 

Supplementary Table 1. Final population densities of Pratylenchus neglectus/kg 

from the multi-experiment analysis of wild Cicer (Cicer reticulatum and Cicer 

echinospermum) and Cicer arietinum evaluated in Experiments 1 and 2. Empirical 

best linear unbiased predictions (loge(Pratylenchus neglectus/kg), back transformed 

means (BTM) and back transformed standard errors of the mean (BTSEM) are given. 

Cicer more resistant than PBA HatTrick are accessions with probability P < 0.05. 

Genotypes have been given a provisional resistance rating according to the method 

of Thompson et al. (2020). Inoculation rate of Pratylenchus neglectus was 10,000/kg. 

Genotype Species Loge BTM BTSEM Pr< Provisional 
  (Pn/kg)   PBA HatTrick Ratinga 

Unplanted - 7.370 1591 559 - - 

Oyali_073 C. ret 8.151 3467 1058 0.038 R 

CudiB_008B C. ret 8.227 3740 1108 0.055 R 

D05253>F3TMWR2AB001 C. ari 8.297 4013 1330 0.097 R 

Kayat_066 C. ret 8.310 4065 1204 0.088 R 

Kayat_061 C. ret 8.325 4125 1222 0.095 R 

CudiA_153 C. ret 8.328 4138 1225 0.096 R 

ILWC 127 C. ret 8.400 4445 1316 0.136 R 

ILWC 39 C. ret 8.413 4506 1374 0.150 R 

Karab_082 C. ech 8.433 4598 1408 0.166 R 

Bari2_074 C. ret 8.455 4698 1435 0.180 R 

Besev_074 C. ret 8.470 4768 1456 0.191 R 

Kesen_077 C. ret 8.472 4778 1420 0.187 R 

CudiA_128 C. ret 8.482 4827 1473 0.201 R 

Sirna_060 C. ret 8.486 4846 1434 0.198 R 

Oyali_071 C. ret 8.518 5002 1484 0.224 R 

Kesen_071 C. ret 8.518 5006 1486 0.226 R 

CudiB_018 C. ret 8.523 5028 1491 0.229 R 

00283-1095-1002 C. ari 8.525 5040 1671 0.247 R 

Kayat_064 C. ret 8.535 5091 1507 0.240 R 

Kesen_065 C. ret 8.536 5095 1510 0.242 R 

S2Drd_102 C. ech 8.542 5123 1524 0.247 R 

Karab_091B C. ech 8.549 5160 1706 0.270 R 

Sirna_085 C. ret 8.549 5163 1708 0.271 R 

S2Drd_107B C. ech 8.553 5180 1537 0.257 R 

CudiA_154 C. ret 8.559 5214 1593 0.267 R 

Oyali_107 C. ret 8.560 5216 1548 0.263 R 

CudiA_104 C. ret 8.562 5230 1551 0.266 R 

Gunas_100 C. ech 8.566 5250 1559 0.271 R 

Oyali_084 C. ret 8.577 5310 1576 0.280 R-MR 

Kesen_104 C. ret 8.588 5364 1590 0.290 R-MR 

Kesen_062 C. ret 8.597 5418 1606 0.300 R-MR 
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Genotype Species Loge BTM BTSEM Pr< Provisional 

  (Pn/kg)   PBA HatTrick Rating 

S2Drd_105 C. ech 8.601 5440 1613 0.305 R-MR 

Besev_075 C. ret 8.609 5483 1624 0.312 R-MR 

Bari3_073 C. ret 8.613 5502 1632 0.316 R-MR 

Bari2_062 C. ret 8.622 5551 1700 0.328 R-MR 

Besev_062 C. ret 8.631 5603 1659 0.335 R-MR 

S2Drd_104 C. ech 8.636 5633 1674 0.341 R-MR 

D05293>F3TMWR2AB002 C. ari 8.637 5639 1948 0.357 R-MR 

Oyali_104 C. ret 8.642 5662 1957 0.362 R-MR 

Karab_171 C. ech 8.643 5668 1801 0.355 R-MR 

Besev_065 C. ret 8.644 5676 1680 0.348 R-MR 

PI 527932 C. ech 8.650 5711 2081 0.376 R-MR 

Bari3_106D C. ret 8.659 5760 1705 0.364 R-MR 

Bari3_091 C. ret 8.672 5839 1729 0.379 R-MR 

CudiA_103C C. ret 8.673 5843 1734 0.380 R-MR 

Oyali_100 C. ret 8.677 5866 1742 0.384 R-MR 

Kayat_063 C. ret 8.693 5962 1766 0.402 R-MR 

PBA Pistol C. ari 8.701 6010 2076 0.420 R-MR 

Sirna_064 C. ret 8.704 6029 1787 0.415 R-MR 

Bari3_067 C. ret 8.715 6095 1808 0.427 R-MR 

Bari3_100 C. ret 8.715 6095 1806 0.427 R-MR 

S2Drd_065 C. ech 8.718 6111 1814 0.431 R-MR 

Sarik_067 C. ret 8.720 6124 1875 0.433 R-MR 

Egil-_066 C. ret 8.720 6127 1813 0.435 R-MR 

Derei_069 C. ret 8.723 6144 1877 0.438 R-MR 

Ortan_061 C. ech 8.731 6190 1836 0.445 R-MR 

Bari3_092 C. ret 8.733 6202 1835 0.447 R-MR 

Karab_172 C. ech 8.734 6212 1844 0.449 R-MR 

Kesen_101 C. ret 8.738 6237 1847 0.453 R-MR 

CudiA_152 C. ret 8.742 6263 1858 0.458 R-MR 

Kesen_066 C. ret 8.744 6274 1857 0.460 R-MR 

Gunas_062 C. ech 8.745 6281 1862 0.462 R-MR 

CudiB_023 C. ret 8.747 6291 1862 0.463 R-MR 

CudiA_221 C. ret 8.748 6296 1864 0.464 R-MR 

Oyali_076 C. ret 8.753 6330 1933 0.471 R-MR 

Besev_079 C. ret 8.756 6346 1880 0.473 R-MR 

Bari3_075 C. ret 8.757 6356 1882 0.475 R-MR 

Karab_086 C. ech 8.760 6372 1890 0.478 R-MR 

Derei_078 C. ret 8.762 6385 2119 0.482 R-MR 

Deste_071 C. ech 8.764 6398 2116 0.484 R-MR 

Sirna_071C C. ret 8.766 6414 2119 0.487 R-MR 

Kesen_067 C. ret 8.773 6456 1913 0.493 R-MR 

Oyali_105 C. ret 8.774 6462 2135 0.495 R-MR 

PBA HatTrick C. ari 8.779 6494 1938 - R-MR 

CudiA_127 C. ret 8.791 6574 1950 0.514 R-MR 
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Genotype Species Loge BTM BTSEM Pr< Provisional 

  (Pn/kg)   PBA HatTrick Rating 

Cermi_071 C. ech 8.792 6582 2176 0.514 R-MR 

S2Drd_106 C. ech 8.796 6607 2184 0.518 R-MR 

Bari1_093 C. ret 8.805 6668 2035 0.530 R-MR 

Besev_083 C. ret 8.815 6733 1994 0.542 R-MR 

Jimbour C. ari 8.815 6735 2009 0.543 R-MR 

Deste_063 C. ech 8.818 6752 2003 0.545 R-MR 

Sarik_064 C. ret 8.818 6756 2000 0.546 R-MR 

S2Drd_100 C. ech 8.819 6758 2002 0.546 R-MR 

CudiB_011 C. ret 8.819 6761 2005 0.547 R-MR 

Bari3_064 C. ret 8.822 6785 2009 0.550 R-MR 

Sirna_104 C. ret 8.832 6847 2261 0.556 R-MR 

Derei_065 C. ret 8.834 6865 2033 0.564 R-MR 

Kayat_077 C. ret 8.835 6870 2036 0.565 R-MR 

Karab_162 C. ech 8.837 6881 2043 0.566 R-MR 

Kesen_075 C. ret 8.839 6897 2042 0.569 R-MR 

CudiB_022C C. ret 8.839 6900 2044 0.570 R-MR 

Bari3_074 C. ret 8.841 6913 2050 0.572 R-MR 

ILWC 140 C. ret 8.842 6921 2055 0.573 R-MR 

Bari3_103 C. ret 8.848 6964 2062 0.580 R-MR 

Bari3_110 C. ret 8.851 6983 2068 0.583 R-MR 

Sirna_084 C. ret 8.852 6986 2307 0.577 R-MR 

Sirna_105 C. ret 8.853 6992 2312 0.578 R-MR 

Cermi_072 C. ech 8.855 7009 2081 0.587 R-MR 

Kalka_066 C. ret 8.859 7039 2085 0.592 R-MR 

Deste_061 C. ech 8.861 7052 2090 0.594 R-MR 

Karab_092 C. ech 8.862 7058 2096 0.595 R-MR 

CudiA_122 C. ret 8.869 7110 2104 0.603 R-MR 

CudiA_105 C. ret 8.869 7111 2104 0.604 R-MR 

Cermi_075 C. ech 8.875 7149 2123 0.609 R-MR 

PBA Seamer C. ari 8.875 7150 2365 0.602 R-MR 

Deste_073 C. ech 8.875 7154 2372 0.602 R-MR 

CudiA_155 C. ret 8.878 7172 2123 0.613 R-MR 

Deste_080 C. ech 8.880 7186 2131 0.615 R-MR 

Bari3_101 C. ret 8.884 7216 2207 0.617 R-MR 

CudiB_017 C. ret 8.884 7218 2384 0.611 R-MR 

ICC11323 C. ari 8.886 7232 2397 0.614 R-MR 

Cermi_063 C. ech 8.890 7256 2403 0.616 R-MR 

Bari1_092 C. ret 8.892 7275 2153 0.629 R-MR 

CudiB_019 C. ret 8.894 7290 2159 0.631 R-MR 

S2Drd_061 C. ech 8.896 7300 2168 0.632 R-MR 

Ortan_066 C. ech 8.896 7302 2167 0.632 R-MR 

Derei_073 C. ret 8.897 7314 2167 0.634 R-MR 

Sarik_074 C. ret 8.901 7339 2247 0.635 R-MR 

Bari1_064 C. ret 8.903 7357 2191 0.641 R-MR 
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Genotype Species Loge BTM BTSEM Pr< Provisional 

  (Pn/kg)   PBA HatTrick Rating 

Kayat_070 C. ret 8.903 7358 2177 0.641 R-MR 

Sarik_061 C. ret 8.908 7389 2190 0.630 R-MR 

CudiA_151 C. ret 8.908 7392 2554 0.646 R-MR 

Bari1_091 C. ret 8.910 7408 2195 0.649 R-MR 

Bari1_068 C. ret 8.911 7411 2195 0.649 R-MR 

S2Drd_109 C. ech 8.915 7443 2276 0.650 R-MR 

Karab_062 C. ech 8.922 7497 2236 0.661 R-MR 

Flipper C. ari 8.922 7498 2222 0.665 R-MR 

CudiA_101A C. ret 8.925 7518 2385 0.656 R-MR 

Kayat_080 C. ret 8.927 7529 2228 0.666 R-MR 

Deste_079 C. ech 8.932 7568 2503 0.658 R-MR 

Derei_074 C. ret 8.934 7585 2401 0.673 R-MR 

PBA Boundary C. ari 8.934 7588 2250 0.669 R-MR 

Sonali C. ari 8.943 7654 2284 0.687 R-MR 

Kyabra C. ari 8.944 7664 2287 0.688 R-MR 

Bari1_062 C. ret 8.945 7670 2270 0.685 R-MR 

Besev_061 C. ret 8.951 7712 2552 0.677 R-MR 

Howzat C. ari 8.954 7742 2313 0.699 R-MR 

CudiB_009 C. ret 8.957 7764 2300 0.698 R-MR 

CudiB_016 C. ret 8.960 7786 2304 0.700 R-MR 

Sirna_083 C. ret 8.965 7827 2585 0.691 R-MR 

Sirna_082 C. ret 8.966 7834 2589 0.691 R-MR 

Kesen_073 C. ret 8.968 7848 2325 0.708 R-MR 

Yorker C. ari 8.975 7902 2358 0.720 R-MR 

Derei_070 C. ret 8.976 7912 2417 0.712 R-MR 

Karab_084 C. ech 8.982 7958 2752 0.699 R-MR 

S2Drd_101 C. ech 8.982 7960 2361 0.721 R-MR 

Karab_063 C. ech 8.989 8011 2381 0.727 R-MR 

PBA Maiden C. ari 8.993 8044 2665 0.718 R-MR 

Sirna_081B C. ret 8.993 8047 2660 0.716 R-MR 

Bari3_072C C. ret 9.001 8113 2404 0.741 MR 

Deste_072 C. ech 9.010 8183 2425 0.747 MR 

Egil-_072 C. ret 9.012 8204 2710 0.733 MR 

Sarik_065 C. ret 9.018 8253 2445 0.757 MR 

Egil-_063 C. ret 9.023 8296 2459 0.761 MR 

Bari3_065 C. ret 9.028 8335 2468 0.765 MR 

Deste_064 C. ech 9.031 8359 2556 0.761 MR 

Egil-_074 C. ret 9.034 8384 2483 0.770 MR 

D05222>F3TMWR2AB001 C. ari 9.035 8392 2781 0.755 MR 

Sarik_078 C. ret 9.037 8405 2490 0.772 MR 

CudiA_124 C. ret 9.038 8420 2494 0.774 MR 

CudiB_005 C. ret 9.048 8504 2597 0.777 MR 

Bari3_112 C. ret 9.049 8513 2525 0.783 MR 

Bari2_072 C. ret 9.052 8535 2531 0.785 MR 
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Genotype Species Loge BTM BTSEM Pr< Provisional 

  (Pn/kg)   PBA HatTrick Rating 

Bari1_069 C. ret 9.052 8538 2526 0.786 MR 

Sarik_073 C. ret 9.063 8629 2557 0.795 MR 

CudiB_004 C. ret 9.065 8648 2562 0.796 MR 

Egil-_065 C. ret 9.068 8670 2566 0.798 MR 

Derei_066 C. ret 9.093 8890 2632 0.818 MR 

Bari3_102 C. ret 9.095 8913 2641 0.821 MR 

Derei_075 C. ret 9.103 8982 2662 0.826 MR 

Bari1_063 C. ret 9.103 8986 2660 0.826 MR 

Kalka_067 C. ret 9.113 9073 2686 0.834 MR 

Cermi_073 C. ech 9.119 9129 2706 0.836 MR 

Karab_174 C. ech 9.132 9245 2741 0.847 MR 

Egil-_075 C. ret 9.133 9256 2742 0.847 MR 

Egil-_073 C. ret 9.139 9312 2756 0.851 MR 

Bari3_079 C. ret 9.161 9521 2820 0.866 MR 

Sona C. ari 9.162 9525 2842 0.872 MR 

Sarik_080 C. ret 9.164 9547 2913 0.862 MR 

Sarik_077 C. ret 9.165 9560 2923 0.863 MR 

Bari2_067 C. ret 9.168 9589 2927 0.865 MR 

Besev_066 C. ret 9.179 9693 2870 0.877 MR 

CudiB_006 C. ret 9.197 9866 2931 0.887 MR 

Sarik_066 C. ret 9.200 9897 2929 0.888 MR 

Kalka_061 C. ret 9.200 9898 2931 0.889 MR 

Karab_081 C. ech 9.230 10200 3023 0.903 MR 

Savur_063 C. ret 9.264 10549 3129 0.920 MR 

Deste_075 C. ech 9.291 10837 3586 0.913 MR 

Kalka_064 C. ret 9.317 11130 3296 0.940 MR 

Kalka_070 C. ret 9.401 12099 3586 0.964 MR 

Bari2_064 C. ret 9.415 12277 3636 0.968 MR 

S2Drd_062 C. ech 9.419 12321 3655 0.967 MR 

Derei_072 C. ret 9.497 13320 3946 0.981 MR-MS 

Derei_062 C. ret 9.529 13753 4071 0.985 MR-MS 

Kalka_074 C. ret 9.557 14138 4203 0.988 MR-MS 

Wyalkatchem T. aes 9.621 20359 8047 - MR-MS 

Machete T. aes 10.585 39811 16511 - S 

Gregory T. aes 11.120 73593 31909 - S 
aProvisional rating: R=resistant, R-MR= resistant to moderately resistant, MR= moderately 

resistant, MR-MS= moderately resistant to moderately susceptible, S= susceptible. 
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Supplementary Table 2. Final population densities of Pratylenchus neglectus/kg 

from the multi-experiment analysis of wild Cicer (Cicer reticulatum and Cicer 

echinospermum) and Cicer arietinum evaluated in Experiments 3 and 4. Empirical 

best linear unbiased predictions (loge(Pratylenchus neglectus/kg), back transformed 

means (BTM) and back transformed standard errors of the mean (BTSEM) are given. 

Cicer more resistant than PBA HatTrick are accessions with probability P < 0.05. 

Genotypes have been given a provisional resistance rating according to the method 

of Thompson et al. (2020). Inoculation rate of Pratylenchus neglectus was 10,000/kg. 

Genotype Species Loge BTM BTSEM Pr< Provisional 
  (Pn/kg)   PBA HatTrick Ratinga 

Unplanted - 6.880 975 343 - - 

Bari3_106D C. ret 7.573 1945 644 0.002 R 

PI 527932 C. ech 7.628 2054 612 0.002 R 

Tuzca_035 C. ret 7.629 2057 610 0.002 R 

Bari3_104 C. ret 7.637 2074 616 0.002 R 

Kayat_066 C. ret 7.659 2120 630 0.002 R 

Isoha_025 C. ech 7.723 2260 673 0.004 R 

CudiB_008B C. ret 7.740 2299 683 0.005 R 

Sirna_042 C. ret 7.761 2346 697 0.006 R 

Ekind_047 C. ret 7.763 2352 699 0.006 R 

Golge_032 C. ret 7.781 2395 711 0.007 R 

Sirna_103 C. ret 7.793 2425 807 0.013 R 

00283-1095-1002 C. ari 7.808 2461 735 0.008 R 

Isoha_018 C. ech 7.814 2476 888 0.021 R 

Moti C. ari 7.821 2492 744 0.009 R 

Isoha_048 C. ech 7.827 2507 747 0.010 R 

ILWC 115 C. ret 7.828 2511 746 0.010 R 

Kayat_077 C. ret 7.838 2536 753 0.010 R 

Isoha_010 C. ech 7.839 2538 756 0.011 R 

Sirna_035 C. ret 7.847 2557 759 0.012 R-MR 

Sirna_067 C. ret 7.891 2674 748 0.012 R-MR 

CudiA_109 C. ret 7.906 2713 842 0.021 R-MR 

Golge_035 C. ret 7.908 2720 845 0.021 R-MR 

Isoha_043 C. ech 7.920 2753 819 0.020 R-MR 

Ekind_052 C. ret 7.929 2776 824 0.021 R-MR 

Kayat_061 C. ret 7.929 2777 918 0.030 R-MR 

Isoha_033 C. ech 7.936 2796 832 0.022 R-MR 

Sonali C. ari 7.940 2806 837 0.021 R-MR 

Bari2_062 C. ret 7.954 2848 846 0.025 R-MR 

Sirna_088 C. ret 7.962 2871 854 0.026 R-MR 

Karab_066A C. ech 7.968 2886 1036 0.048 R-MR 

Sirna_061 C. ret 7.969 2891 1036 0.048 R-MR 
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Genotype Species Loge BTM BTSEM Pr< Provisional 
  (Pn/kg)   PBA HatTrick Rating 

Sarik_081 C. ret 7.974 2904 863 0.029 R-MR 

Karab_164 C. ech 7.979 2920 1047 0.051 R-MR 

Oyali_073 C. ret 7.994 2963 880 0.032 R-MR 

Ekind_051 C. ret 7.995 2965 883 0.033 R-MR 

Oyali_084 C. ret 7.998 2976 884 0.033 R-MR 

CudiB_022C C. ret 8.013 3020 1000 0.049 R-MR 

PBA Drummond C. ari 8.029 3067 915 0.038 R-MR 

Sirna_070 C. ret 8.031 3073 1102 0.066 R-MR 

Howzat C. ari 8.039 3099 924 0.040 R-MR 

Isoha_038 C. ech 8.047 3124 930 0.046 R-MR 

Isoha_026 C. ech 8.048 3126 930 0.046 R-MR 

CudiA_102 C. ret 8.056 3152 937 0.045 R-MR 

D05253>F3TMWR2AB001 C. ari 8.056 3151 940 0.047 R-MR 

Jimbour C. ari 8.059 3163 970 0.049 R-MR 

Sirna_087 C. ret 8.068 3190 948 0.051 R-MR 

Golge_031 C. ret 8.069 3194 949 0.051 R-MR 

Derei_070 C. ret 8.076 3217 1063 0.054 R-MR 

Ekind_056 C. ret 8.076 3215 956 0.068 R-MR 

ILWC 140 C. ret 8.078 3224 1067 0.070 R-MR 

Ekind_053 C. ret 8.080 3229 959 0.055 R-MR 

Gunas_100 C. ech 8.081 3231 1160 0.056 R-MR 

Isoha_032 C. ech 8.081 3232 1071 0.071 R-MR 

CudiA_153 C. ret 8.081 3232 962 0.083 R-MR 

Deste_078 C. ech 8.085 3245 1165 0.085 R-MR 

Besev_079 C. ret 8.090 3262 1079 0.072 R-MR 

Sirna_110 C. ret 8.092 3267 1085 0.075 R-MR 

Bari2_072 C. ret 8.096 3280 1084 0.076 R-MR 

Sirna_089B C. ret 8.101 3297 1095 0.078 R-MR 

CudiA_125 C. ret 8.103 3303 982 0.063 R-MR 

Isoha_036 C. ech 8.104 3307 985 0.064 R-MR 

Oyali_101 C. ret 8.105 3311 1187 0.093 R-MR 

Bari1_092 C. ret 8.106 3315 1100 0.080 R-MR 

Bari3_100 C. ret 8.106 3314 1097 0.080 R-MR 

PBA Pistol C. ari 8.107 3318 991 0.061 R-MR 

S2Drd_108 C. ech 8.109 3325 989 0.066 R-MR 

Sarik_063 C. ret 8.110 3328 990 0.065 R-MR 

Golge_034 C. ret 8.113 3339 993 0.066 R-MR 

Tuzca_032 C. ret 8.113 3339 992 0.066 R-MR 

Isoha_013 C. ech 8.121 3365 1000 0.069 MR 

Ekind_045 C. ret 8.121 3363 1002 0.070 MR 

Sirna_090 C. ret 8.126 3381 1124 0.089 MR 

Erenk_001 C. ret 8.127 3383 1005 0.071 MR 

Sona C. ari 8.130 3395 1014 0.070 MR 

Sirna_066 C. ret 8.136 3415 1135 0.093 MR 
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Genotype Species Loge BTM BTSEM Pr< Provisional 
  (Pn/kg)   PBA HatTrick Rating 

Gunas_061 C. ech 8.137 3420 1018 0.077 MR 

Bari1_063 C. ret 8.138 3422 1134 0.093 MR 

Isoha_051 C. ech 8.141 3432 1021 0.078 MR 

Gunas_101 C. ech 8.148 3457 1241 0.112 MR 

Bari1_062 C. ret 8.149 3459 1144 0.098 MR 

Kyabra C. ari 8.157 3488 1042 0.081 MR 

Sirna_101 C. ret 8.162 3505 1165 0.105 MR 

Golge_036 C. ret 8.164 3513 1044 0.088 MR 

PBA Slasher C. ari 8.165 3516 1049 0.084 MR 

Yorker C. ari 8.171 3537 1051 0.091 MR 

Sirna_036 C. ret 8.171 3537 1173 0.107 MR 

Sirna_034 C. ret 8.172 3541 1053 0.091 MR 

Derei_062 C. ret 8.176 3554 1177 0.093 MR 

Dogan_045 C. ret 8.176 3553 1056 0.111 MR 

Ekind_049 C. ret 8.177 3558 1059 0.094 MR 

CudiB_012 C. ret 8.179 3565 1059 0.094 MR 

Derei_072 C. ret 8.186 3591 1188 0.116 MR 

Ekind_059 C. ret 8.187 3593 1069 0.098 MR 

Isoha_052 C. ech 8.191 3609 1072 0.101 MR 

Ekind_043 C. ret 8.191 3609 1075 0.101 MR 

Sarik_072 C. ret 8.191 3609 1072 0.101 MR 

CudiB_015 C. ret 8.194 3618 1298 0.135 MR 

Egil-_073 C. ret 8.196 3627 1200 0.122 MR 

Kayat_067 C. ret 8.202 3649 1087 0.106 MR 

Karab_092 C. ech 8.209 3674 1218 0.130 MR 

PBA Seamer C. ari 8.210 3678 1099 0.107 MR 

Golge_039 C. ret 8.213 3689 1096 0.112 MR 

Golko_001 C. ret 8.214 3693 1099 0.113 MR 

Sirna_111A C. ret 8.214 3693 1325 0.147 MR 

Kesen_075 C. ret 8.215 3695 1223 0.132 MR 

Cermi_075 C. ech 8.217 3705 1227 0.134 MR 

Kesen_072 C. ret 8.217 3704 1328 0.149 MR 

CudiA_152 C. ret 8.220 3716 1229 0.135 MR 

Kayma_005 C. ret 8.224 3730 1111 0.119 MR 

CudiA_107 C. ret 8.225 3735 1111 0.119 MR 

Kesen_074 C. ret 8.232 3759 1348 0.157 MR 

Deste_066 C. ech 8.233 3763 1350 0.143 MR 

Sarik_078 C. ret 8.233 3764 1247 0.158 MR 

Bari3_072C C. ret 8.235 3771 1247 0.144 MR 

Bari3_091 C. ret 8.246 3812 1262 0.131 MR 

Tuzca_038 C. ret 8.246 3813 1134 0.151 MR 

Oyali_081 C. ret 8.249 3824 1371 0.168 MR 

PBA Boundary C. ari 8.250 3828 1143 0.130 MR 

Tuzca_039 C. ret 8.250 3829 1141 0.134 MR 
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Genotype Species Loge BTM BTSEM Pr< Provisional 
  (Pn/kg)   PBA HatTrick Rating 

S2Drd_100 C. ech 8.252 3836 1271 0.155 MR 

Isoha_037 C. ech 8.253 3839 1146 0.137 MR 

Karab_067 C. ech 8.255 3847 1380 0.137 MR 

Tuzca_044 C. ret 8.255 3845 1143 0.171 MR 

Gunas_062 C. ech 8.257 3854 1148 0.139 MR 

Besev_066 C. ret 8.262 3875 1283 0.161 MR 

Sirna_043 C. ret 8.264 3882 1153 0.142 MR 

Sirna_030 C. ret 8.276 3930 1304 0.151 MR 

D05222>F3TMWR2AB001 C. ari 8.276 3930 1173 0.168 MR 

Tasdi_025 C. ret 8.282 3952 1208 0.160 MR 

Isoha_042 C. ech 8.287 3971 1317 0.159 MR 

Besev_075 C. ret 8.287 3974 1182 0.178 MR 

Egil-_065 C. ret 8.295 4006 1325 0.183 MR 

Isoha_002 C. ech 8.299 4019 1197 0.168 MR 

Karab_174 C. ech 8.300 4025 1335 0.187 MR 

Sarik_067 C. ret 8.304 4039 1337 0.188 MR 

Sirna_060 C. ret 8.304 4041 1336 0.189 MR 

Kalka_067 C. ret 8.306 4050 1339 0.191 MR 

Sirna_032 C. ret 8.313 4076 1211 0.177 MR 

Cermi_061 C. ech 8.316 4089 1467 0.213 MR 

Wyalkatchem T. aes 8.322 4567 1943 - MR 

CICA1317 C. ari 8.324 4120 1370 0.202 MR 

Karab_085C C. ech 8.324 4123 1479 0.219 MR 

Derei_073 C. ret 8.326 4129 1365 0.205 MR 

Deste_064 C. ech 8.328 4137 1231 0.189 MR 

Isoha_047 C. ech 8.329 4141 1233 0.190 MR 

Isoha_034 C. ech 8.330 4145 1235 0.190 MR 

Karab_093 C. ech 8.330 4146 1488 0.224 MR 

Cermi_073 C. ech 8.332 4154 1376 0.211 MR 

Isoha_039 C. ech 8.333 4157 1238 0.192 MR 

Kayat_081 C. ret 8.333 4160 1235 0.193 MR 

Golge_037 C. ret 8.340 4187 1244 0.197 MR 

Golge_038 C. ret 8.342 4195 1246 0.199 MR 

Kalka_065 C. ret 8.342 4197 1562 0.239 MR 

Isoha_055 C. ech 8.344 4203 1254 0.201 MR 

Isoha_050 C. ech 8.359 4268 1272 0.214 MR 

Kayma_035 C. ret 8.369 4313 1281 0.222 MR 

Isoha_046 C. ech 8.373 4327 1293 0.226 MR 

Sirna_038 C. ret 8.378 4348 1292 0.227 MR 

D05295>F3TMWR2AB026 C. ari 8.383 4374 1452 0.250 MR 

S2Drd_065 C. ech 8.384 4378 1305 0.235 MR 

Ekind_044 C. ret 8.384 4376 1451 0.253 MR 

Sarik_077 C. ret 8.386 4384 1450 0.253 MR 

CICA1427 C. ari 8.387 4391 1455 0.251 MR 
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Genotype Species Loge BTM BTSEM Pr< Provisional 
  (Pn/kg)   PBA HatTrick Rating 

CICA1421 C. ari 8.389 4399 1460 0.254 MR 

Isoha_030 C. ech 8.390 4403 1311 0.241 MR 

Sirna_063 C. ret 8.390 4404 1580 0.270 MR 

Genesis 090 C. ari 8.403 4461 1325 0.248 MR-MS 

Ekind_055 C. ret 8.403 4458 1332 0.251 MR-MS 

Ekind_057 C. ret 8.405 4471 1328 0.254 MR-MS 

Isoha_024 C. ech 8.406 4475 1334 0.256 MR-MS 

Sirna_069 C. ret 8.411 4495 1525 0.279 MR-MS 

Kayma_039 C. ret 8.412 4500 1337 0.259 MR-MS 

CICA1314 C. ari 8.417 4522 1500 0.279 MR-MS 

Savur_063 C. ret 8.417 4523 1496 0.281 MR-MS 

Dogan_037 C. ret 8.420 4537 1347 0.268 MR-MS 

Kalka_064 C. ret 8.420 4535 1502 0.283 MR-MS 

Sirna_046 C. ret 8.425 4560 1354 0.272 MR-MS 

Sirna_044 C. ret 8.428 4572 1359 0.275 MR-MS 

Sirna_051 C. ret 8.430 4583 1362 0.277 MR-MS 

Isoha_044 C. ech 8.432 4591 1367 0.280 MR-MS 

CICA0709 C. ari 8.439 4626 1535 0.300 MR-MS 

Oyali_085 C. ret 8.442 4640 1664 0.315 MR-MS 

D05293>F3TMWR2AB002 C. ari 8.443 4641 1538 0.303 MR-MS 

PBA Striker C. ari 8.450 4675 1397 0.294 MR-MS 

Kayma_044 C. ret 8.457 4709 1401 0.304 MR-MS 

ICC11323 C. ari 8.462 4730 1450 0.309 MR-MS 

Golge_026 C. ret 8.463 4735 1407 0.309 MR-MS 

Deste_080 C. ech 8.467 4755 1576 0.315 MR-MS 

Isoha_027 C. ech 8.467 4758 1415 0.328 MR-MS 

Kalka_074 C. ret 8.470 4771 1417 0.317 MR-MS 

Isoha_040 C. ech 8.475 4793 1428 0.323 MR-MS 

Isoha_031 C. ech 8.484 4837 1439 0.332 MR-MS 

Dogan_032 C. ret 8.488 4856 1442 0.335 MR-MS 

Sirna_050 C. ret 8.488 4858 1446 0.336 MR-MS 

Sirna_052 C. ret 8.495 4892 1455 0.343 MR-MS 

Sirna_041 C. ret 8.497 4901 1457 0.345 MR-MS 

Dogan_034 C. ret 8.499 4908 1461 0.347 MR-MS 

Erenk_002 C. ret 8.501 4921 1464 0.350 MR-MS 

ILWC 127 C. ret 8.524 5034 1805 0.390 MR-MS 

Ekind_048 C. ret 8.528 5052 1501 0.378 MR-MS 

Ekind_054 C. ret 8.528 5055 1503 0.379 MR-MS 

Almaz C. ari 8.529 5058 1582 0.381 MR-MS 

Ekind_058 C. ret 8.534 5082 1509 0.385 MR-MS 

Sirna_047 C. ret 8.550 5166 1535 0.403 MR-MS 

Sirna_039 C. ret 8.561 5226 1552 0.416 MR-MS 

Kayat_071 C. ret 8.570 5272 1567 0.425 MR-MS 

PBA Maiden C. ari 8.572 5284 1570 0.428 MR-MS 
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Genotype Species Loge BTM BTSEM Pr< Provisional 
  (Pn/kg)   PBA HatTrick Rating 

Ekind_050 C. ret 8.572 5284 1842 0.435 MR-MS 

Deste_077 C. ech 8.583 5341 1918 0.448 MR-MS 

Dogan_036 C. ret 8.589 5372 1650 0.448 MR-MS 

Neelam C. ari 8.623 5560 1731 0.486 MR-MS 

Yenda T. aes 8.629 5652 2377 - MR-MS 

Yanil_013 C. ret 8.633 5616 1668 0.498 MR-MS 

PBA HatTrick C. ari 8.635 5628 1679 - MR-MS 

Dogan_043 C. ret 8.638 5642 1676 0.503 MR-MS 

S2Drd_061 C. ech 8.642 5664 1878 0.507 MR-MS 

ILWC 180 C. ech 8.683 5902 1758 0.554 MS 

Dogan_035 C. ret 8.685 5912 1757 0.556 MS 

Dogan_039 C. ret 8.693 5961 1773 0.566 MS 

Dogan_026 C. ret 8.700 6006 1784 0.574 MS 

Dogan_042 C. ret 8.701 6010 1789 0.575 MS 

Isoha_045 C. ech 8.707 6046 1802 0.581 MS 

Isoha_028 C. ech 8.716 6097 1817 0.591 MS 

Dogan_044 C. ret 8.722 6135 1825 0.598 MS 

Isoha_054 C. ech 8.728 6172 1838 0.604 MS 

Dogan_031 C. ret 8.730 6188 1839 0.608 MS 

Isoha_053 C. ech 8.736 6224 1854 0.614 MS 

Dogan_029 C. ret 8.758 6363 1893 0.638 MS 

Dogan_028 C. ret 8.764 6401 1903 0.645 MS 

Ekind_060 C. ret 8.775 6468 1921 0.656 MS 

Sirna_037 C. ret 8.797 6617 1968 0.680 MS 

Dogan_040 C. ret 8.803 6653 1976 0.685 MS 

Dogan_027 C. ret 8.813 6723 1998 0.696 MS 

Olgun_026 C. ret 8.837 6882 2137 0.713 MS 

Sirna_040 C. ret 8.861 7051 2094 0.742 MS 

Isoha_049 C. ech 8.866 7090 2110 0.746 MS 

Dogan_038 C. ret 8.875 7148 2128 0.754 MS 

Ortan_066 C. ech 8.896 7302 2168 0.632 MS 

Dogan_033 C. ret 9.008 8170 2427 0.858 MS-S 

Brookton T. aes 9.442 14962 6315 - S 

Gregory T. aes 9.487 15073 6224 - S 
aProvisional rating: R=resistant, R-MR= resistant to moderately resistant, MR= moderately 

resistant, MR-MS= moderately resistant to moderately susceptible, MS= moderately 

susceptible, MS-S= moderately susceptible to susceptible, S= susceptible. 
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