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Abstract 

 

The pea weevil (Bruchus pisorum L.) is the most significant pest of field pea (Pisum 

sativum L.) in Australia. The only available means for controlling pea weevil at the 

present time is with chemical pesticides. The aim of this study was to introgress natural 

pea weevil resistance, derived from the wild pea species, Pisum fulvum Sibth. & Sm. 

into cultivated field pea and devise strategies for screening for the resistance with 

breeding applications.  

 

Traditional breeding methods were used to transfer pea weevil resistance from P. 

fulvum accession ‘ATC113’ to cultivated field pea, cv. ‘Pennant’. Progeny derived from 

this population were examined for inheritance of pod and seed resistance. Seed 

resistance in F2 plants segregated in a ratio of 1:37:26 (resistant: mixed response: 

susceptible), indicating a trigenic mode of inheritance (1:63), with at least three major 

recessive genes controlling pea weevil resistance. Seed resistance was conserved over 

consecutive generations (F2 to F5) and was successfully transferred to populations 

crossed with a second adapted field pea variety, ‘Helena’. Pod resistance presented as a 

quantitative trait in the F2 population, but this resistance was not retained in subsequent 

generations. 

 

Amplified fragment length polymorphisms (AFLPs) were sought in the parents and in 

resistant and susceptible F3 plants. Restricted maximum likelihood (REML) analysis 

was used to identify 13 AFLP markers with a statistically significant association with 

pea weevil resistance and 23 with pea weevil susceptibility. Principal coordinate 

analysis (PCO) showed that the AFLP marker loci formed clusters in the PCO space, 

which could indicate the three proposed gene locations. Eight AFLP markers were 

cloned, sequenced and converted to sequence characterised amplified regions (SCAR). 

Two SCAR markers, SC47359 and SC47435 were polymorphic between the resistant 

and susceptible parents. Both markers co-segregated with the resistant lines and with 

30–36% of susceptible lines. Plants which did not possess either band were highly 

susceptible. The other PCR products were either monomorphic between the resistant 

and susceptible parents or produced more than one band product.  

 

A range of phenotypic traits was measured in the F2 population derived from the 

hybridisation between P. fulvum and P. sativum and associations with pea weevil 
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resistance were made. In the F2 population, pea weevil resistance was not correlated 

with any of the negative traits originating from the wild parent, such as increased basal 

branching, dark seed coat or small seed size, neither was resistance correlated with 

flower colour, flowering time or seeds per pod. Pea weevil resistance should therefore 

be transferable with minimal linkage drag. A convenient morphological marker, such as 

flower or seed colour was not identified in this study based on these results. Using 

principal component analysis (PCA) as a visual tool, resistant and semi-resistant plants 

in the F3 and ‘backcross’ introgression populations were identified with improved trait 

performance compared with the wild parent.  
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Chapter 1 

 
General Introduction 

 

Field pea (Pisum sativum L.) ranks as the world’s second most important pulse crop 

(Zohary and Hopf 2000) grown as dry pea for human consumption as well as for animal 

feed.  Field pea also plays a major role in improving nitrogen content and yields in a 

cereal crop rotation. In Australia, field pea is grown primarily in the temperate agro-

ecological zones of Victoria, South Australia and Western Australia. The primary 

limiting factors for field pea production in Australia include fungal damage, caused by 

Mycosphaerella pinodes (blackspot); lodging caused by poor standing ability; and seed 

yield loss caused by the pea weevil, Bruchus pisorum L. (Siddique and Sykes 1997; 

Smith 1990a). Pea weevil is also one of the most significant insect pests of field pea 

worldwide, particularly where the crop is grown in warmer climates. Pea weevils reduce 

the yield and quality of a field pea crop by consuming a large part of the infested seed. 

Field peas being sold for human consumption — either as flour, split pea or for the blue 

boiling pea industry, with any level of insect contamination could destroy Australia’s 

export field pea industry and reputation. For example, blue boiling peas exported from 

Australia to the Middle East with live pea weevil caused a serious problem for the 

Australian quarantine service and marketing agent. The split pea trade rejects seed with 

even small amounts of damage, downgrading it to stock feed. Australian authorities will 

not tolerate live pea weevil contamination in export field pea (Armstrong and Matthews 

2005).  

 

Currently the only form of field control for this pest is via chemical pesticides. Sprays 

only kill the adult pea weevils, not the eggs or the larvae in the pods or the developing 

seeds. Harvested seed also needs to be fumigated when stored. The costs of the 

insecticide and its application mean that it may not be economically viable in many 

areas of the developing world. There are also concerns about the impact of spray drift 

on the environment and the marketing of pea seed containing insecticide residues. The 

limited success of cultural methods of control, failure of biological control and the 

reliance on expensive insecticides demonstrates the need for alternative control 

measures (Horne and Bailey 1991; Smith 1990b). Thousands of adapted and semi-

adapted peas from within the P. sativum species have been screened for heritable pea 

weevil resistance without success (Hardie et al. 1999; Pesho et al. 1977). The 



Chapter 1 

 2 

introduction of plant resistance genes into field pea from unrelated species using gene 

technology has been made and genetically modified (GM) field peas resistant to pea 

weevil have been trialled in Australia (Morton et al. 2000). However, feeding trials in 

pigs have shown that they cause a reduction in animal weight when compared to non-

genetically engineered field peas (Higgins, T. J., pers. comm.) and, in their present 

form, GM field peas are not acceptable for human consumption or as animal feed 

(OGTR 2005). 

 

Wild plant relatives have long been known as a rich resource for resistance and other 

novel genes for use in plant improvement. Their transfer to adapted cultivars for 

protection against pests has been successful, particularly for insect pests of cultivated 

tomato (Lawson et al. 1997), sugar beet (Jung et al. 1998) and wheat (Gallun and 

Patterson 1977). Resistance to pea weevil has been identified in Pisum fulvum (Sibth. & 

Sm.), the wild relative of the cultivated field pea (Hardie 1992; Hardie et al. 1995). This 

remains one of the most attractive options for reducing the impact of this pest on field 

pea production. Pod and seed resistance mechanisms have been implicated as the 

mechanisms responsible for the P. fulvum-based resistance (Clement et al. 2002; Hardie 

1992) although the heritability of the resistance has yet to be established. 

 

Plant breeders are generally reluctant to introgress agronomically desirable genes from 

wild germplasm due to the difficulties in the subsequent removal of non-adapted traits 

from prospective cultivars. The development of new populations using wild, non-

adapted germplasm is now more feasible due to the advent of rapid screening 

techniques. The application of molecular markers to breeding programs has the potential 

to accelerate the process of introgression by targeting traits at the genotype rather than 

the phenotype level (Paterson et al. 1991; Porta-Puglia and Aragona 1997). The 

technology can be combined with conventional backcross breeding strategies, in a 

system known as marker assisted selection (MAS) to potentially shorten the breeding 

time. Pea weevil resistant field peas will offer growers an alternative to the current 

practice of pesticide application for the control of this serious insect pest in Australia, 

and may also benefit other field pea producing countries where pea weevil is also a pest.  
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The objectives of this study were: 

 

1. To investigate the heritability of the pea weevil resistance character by 

evaluating progeny from crosses made between cultivated field pea (P. sativum) 

and resistant wild pea (P. fulvum). 

2. To produce polymorphic molecular markers associated with pea weevil 

resistance using AFLPs and characterise linked markers by cloning and 

validating on a test population. 

3. To investigate statistical methods to reduce linkage drag associated with wild 

donor germplasm to assist in the introgression of pea weevil resistance into 

cultivar field pea. 
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Chapter 2       

 

Literature review 

 

2.1 Field pea (Pisum sativum L.) 

Field pea (Pisum sativum L.) belongs to the Fabaceae (Leguminosae), a large and 

important family comprising 650 genera and 18,000 legume species worldwide 

(Smartt 1980). The Fabaceae can be further classified into three subfamilies; the 

largest, the Papilionoideae, includes field pea and most of the economically 

important legumes (beans, chickpea, lentil, peanut, soybean). The Pisum genus 

falls within the Viciae tribe which includes faba bean (Vicia faba L), lentil (Lens 

culinaris Medik.) and grasspea (Lathyrus sativus L.) (Smartt 1980). 

 

2.1.1 Pisum biosystematics 

The taxonomy and nomenclature of Pisum has undergone many changes since it 

was first described in the literature (Blixt 1974). Linnaeus (1753) classified Pisum 

into four species, P. sativum (garden pea), P. arvense (field pea), P. ochrus and P. 

maritinum. Boissier (1872) categorised Pisum as one cultivated (P. sativum L.) and 

three wild species (P. elatius Beib., P. Humile Boiss. & Noë and P. fulvum Sibth. 

& Sm.) (Zohary and Hopf 1973). De Candolle (1886), the father of the scientific 

study of crop origins, recognised eight species and classified field pea as P. arvense 

(L.) and garden pea as P. sativum (L.) (Smartt 1990). Lamprecht (1966),  on the 

other hand, regarded the Pisum genus as being monospecific and included P. 

elatius, P. humile, P. fulvum and P. sativum as a single species (Blixt 1974).  

 

Today, much of the confusion has been resolved with the consensus view that there 

are two species (Abbo et al. 2001; Ben-Ze'ev and Zohary 1973; Davies 1995; Davis 

1970; Muehlbauer and Kaiser 1994; Smartt 1984; Smartt 1990; Zohary and Hopf 

2000). Table 2.1 illustrates the current taxonomical classification (adapted from 

Smartt, 1980) separating P. fulvum from the larger P. sativum complex that 

contains field pea and garden pea. 
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2.1.2 Ancestral origins of Pisum sativum 

Primitive and wild forms of peas occur in the Near East, Ethiopia and Central Asia 

— introgressions from these forms into cultivated pea are understood to have 

occurred (Zohary and Hopf 1973). P. humile Boiss. & Noe, now classified within 

subspecies P. elatius as botanical variety pumilio Meikle, is considered to be the 

wild progenitor of the cultivated pea and occurs in eastern Mediterranean regions 

(Zohary and Hopf 2000). 

 

Table 2.1.   Pisum sativum (L.) and Pisum fulvum (Sibth. & Sm.) species that comprise the genus 

Pisum. 

Species: 
          Pisum sativum L. 
  
               Subspecies: 
                               sativum 
                                        botanical variety: sativum 
                                        botanical variety: arvense (L.) Pair. Syn: convar. Speciosum (Dierb.) Alef 
               Subspecies: 
                               elatius (M. Bieb.) Aschers. & Graebn 
                                        botanical variety: elatius (M. Bieb.) Alef 
                                        botanical variety: pumilio Meikle (P. humile Boiss. & Noe) 
                                        botanical variety: brevepedunculatum Davis & Meikle 
  
 Species: 
           Pisum fulvum Sibth. & Sm. 
                                         botanical variety: integrifoliolatum 
                                         botanical variety: virescens 
                                         botanical variety: amphicarpum Warb. & Eig 

 

Pisum humile is adapted in morphology and physiology to relatively dry cool 

conditions (Smartt 1984). Botanical variety elatius, within subspecies elatius is, by 

contrast, found in maquis or humid coastal Eastern Mediterranean regions (Ben-

Ze'ev and Zohary 1973; Davies 1995; Smartt 1984; Zohary and Hopf 2000) and is 

not considered to be a direct descendant of cultivated pea . P. fulvum Sibth. & Sm. 

forms a separate, distinct species and is restricted to Israel, Jordan, Lebanon, 

western Syria and southern Turkey. P. fulvum is usually found as a dwarf shrub in 

rocky terrain and at the edges of abandoned cultivation, occasionally in close 

proximity with P. elatius and P. humile (Ben-Ze'ev and Zohary 1973; Hoey et al. 

1996). 
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2.1.3 Domestication of Pisum sativum 

Field pea, now classified as botanical variety arvense within P. sativum, was 

among the first crops cultivated by man (Oelke et al. 2003). Domesticated peas 

originally made their appearance in the early Pre-pottery Neolithic farming villages 

of the Near East between c. 7000 and 6000 B.C. (Smartt 1990; Zohary and Hopf 

1973; Zohary and Hopf 1988; Zohary and Hopf 2000). Recent genetic plant 

research has shown that peas occurred in a core area around the upper Tigris and 

Euphrates River, close to the earliest sites that contain evidence of their 

domestication (Lev-Yadun et al. 2000). Well-preserved carbonised pea seeds have 

been found in Jarmo, Iraq’s most important Neolithic site and the earliest 

agricultural community in West Asia (Zohary and Hopf 1973). At the Turkish site 

Çatal Hüyük, carbonised pea seeds have been found together with the remains of 

cultivated wheat and barley, dating back to between 5400 and 5000 B.C. (Zohary 

and Hopf 1973). The pea material found in this region has the smooth seed coat 

characteristic of domesticated peas (Zohary and Hopf 1973). By the Bronze Age (c. 

3000 B.C.), the inhabitants of central Europe were using small, round, grey or olive 

green peas with yellow cotyledons.  

 

The pea is well documented in Greek and Roman times with the Greek philosopher 

and Botanist, Theophrastus (fl. 372–287 B.C.) describing it in his writings in “A 

natural history of plants” (de Candolle 1886). Peas were taken to China in the first 

century (Makasheva 1983). Peas arrived in the Americas around the time of 

Christopher Columbus, and the Austrian winter pea was introduced there in 1922 

(Muehlbauer and Tullu 1997). Although the Romans were known to have grown as 

many as 37 different pea varieties, and white pea was grown in the United 

Kingdom by the Middle Ages, it was not until the 16th century that any varieties 

were formally described (Davies 1995). A distinction was made between the field 

pea, with its small pods, long vines and coloured flowers and the garden pea, with 

its usual white flowers and large seeds (Davies 1995). Peas have been cultivated as 

an important legume crop for many centuries, originally as a winter annual crop in 

the Mediterranean basin (Smartt 1984). Peas are grown extensively as a summer 

crop in cooler regions of Canada and Europe and as a cool season crop in 

Mediterranean-type climates throughout the world including Australia (Davies 

1995). Its adaptation to relatively cool conditions has enabled it to spread far 

beyond the area of initial domestication (Smartt 1990). 
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2.1.4 Field pea production 

Field pea ranks as the world’s second most important pulse legume after dry beans, 

with a world annual production of twelve million tonnes (FAOSTAT 2004). The 

major producers of field pea have traditionally been France, Russia and the 

Ukraine, although in recent years, Canada has become the primary producer (Fig. 

2.1 and Table 2.2). Australian field pea production has almost doubled in the past 

ten years. Field or dry peas are harvested at maturity and marketed for human food 

and animal feed. The food market varieties obtain premiums over the feed 

varieties. 

 

Table 2.2.  World production of dry peas showing trend over a ten year period from 1994 to 2004. 

 

Peas are typically classified into white, dun, blue, marrowfat and maple types. As a 

food, peas can be used whole (blue boiling peas, canning), split (dhal, split pea 

soup) or made into flour (Davies et al. 1985). White and dun pea varieties are used 

mainly for domestic stockfeed, particularly the pig and poultry industries. They are 

also exported as both an animal feed and for human consumption. Blue and 

marrowfat peas represent a niche market for export as a high quality product for 

human consumption. Maple pea is used specifically as a pigeon feed. 

 

Dry peas typically contain 20–25% protein with high levels of the essential amino 

acids, lysine and tryptophan, which are usually low in cereal grains (Oelke et al. 

2003; Racz 1997). Consequently, field pea can supplement the low amount of 

Dry pea production (Mt) Year (1994) Year (2000) Year (2004) 
 

Canada   1,441,000   2,864,300   3,307,500 
 

France   3,378,000   1,936,500   1,674,000 
 

China   1,275,000   1,020,000   1,350,000 
 

Russian Federation   2,287,200      815,230   1,100,000 
 

India      640,300      700,000      800,000 
 

USA      138,800      192,860      520,000 
 

Ukraine   2,470,000      499,000      492,000 
 

Australia      240,407      456,000      466,000 
 

Total world production 14,418,423 10,630,107 12,144,581 
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protein present in food and feed processed from cereal grains. The high quality 

protein in dry pea has good digestibility for pigs (83–86%) and poultry (84–88%) 

(Racz 1997). Mature seeds contain low levels of fat (1–3%), most of which is 

unsaturated, 60% carbohydrate and 9% crude fibre. Peas are low in sodium and are 

a good source of vitamins and minerals, containing thiamine (B1), A, C, folate, 

iron and phosphorus (Davies et al. 1985). Special attention has been given to the 

use of field pea because they are already an accepted part of the human diet 

throughout the world (Muehlbauer and Tullu 1997). 

 

Field peas, like other legumes, have the ability to fix nitrogen through a symbiotic 

relationship with rhizobia in their root systems. This benefits a cereal/legume 

rotation by enriching soils in available nitrogen contributing up to 60 kg N/ha, 

thereby reducing the amount of nitrate fertilizer required (Brennan and Evans 

2001). Environmental benefits include the reduction of ground water pollution 

caused by leaching of nitrates. Field peas provide a disease break in a cereal crop 

rotation and diversified herbicide and weed control options (Siddique and Sykes 

1997). 

  

2.1.5 Field pea in Australia 

Captain Cook originally introduced field peas into Australia during his voyages 

along the eastern seaboard between 1768 and 1771 and it was established as a crop 

by early settlers in the eastern states and Tasmania. Although field pea was 

probably the first pulse crop to be grown in Australia, it did not become a major 

crop until the mid 1980s (Siddique and Sykes 1997). Field pea, lupin, chickpea and 

faba bean now make up the major cool season grain legumes grown in the 

temperature agro-ecological zones of Australia.  

 

Field pea is currently the second most important grain legume in Australia after 

lupin, producing on average about 450,000 t/ha per year from 350,000 ha 

(FAOSTAT 2004). The potential area for growing field peas in Australia is 

estimated at 4–500,000 ha (Siddique and Sykes 1997). The majority of Australian 

peas are grown in Victoria and South Australia (80%) on 200,000 ha, yielding 

approximately 333,000 t/yr. Western Australian pea production has stabilised in 

recent years to around 40,000 t from 70,000 ha, which is well below its pea 

producing potential, estimated at more than 100,000 t of field pea annually (Crop 
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Variety Sowing Guide for Western Australia 2005). Western Australian pea 

production was 0.7–3.7 t/ha for field pea in the 2003 growing season (GRDC 

2004). There are several potential export markets for Western Australian field peas 

including Europe and Asia, as stock feed, and Asia and the Middle East for human 

consumption. Australian dun and white peas attract prices of $220/t delivered to 

port and blue peas $250/t as a premium grade pea (Panagiotopoulos 2002). Western 

Australia is particularly well placed to meet the increasing demand for field peas in 

southeast Asia, given the time of harvest (November) and our geographic 

proximity (Siddique and Sykes 1997).  

 

Field pea is best adapted to the 350–500 mm annual rainfall areas, with optimum 

temperatures in the cool season of 12.8–18.3°C (Siddique and Sykes 1997). It is 

adapted to a wide range of soil types, making it a particularly versatile break or 

rotation crop in Australia. Despite its adaptability across a range of environments, 

under current farming systems there are a number of factors that limit field pea 

productivity. The most important is fungal blackspot caused by a combination of 

the fungal species Ascochyta, Mycosphaerella and Phoma. Lodging also limits 

field pea production and insect damage reduces grain quality (Siddique and Sykes 

1997). The two most important insect pests under Australian growing conditions 

are pea weevil (Bruchus pisorum L.) and red legged earth mite (Halotydeus 

destructor Tucker) (Hardie 1990; Liu and Ridsdill-Smith 2000). The overall result 

of attack by pea weevil is a loss of food quantity, quality and germination viability 

(Brindley et al. 1956). B. pisorum is widespread in pea-growing regions of New 

South Wales, Victoria, South Australia and Western Australia and is currently 

controlled using chemical sprays. In Australia, up to 80% of a field pea crop may 

be infested with pea weevil larvae causing losses in weight in seeds of up to 30% 

(Pritchard 1992).  

 

2.4 Pea weevil (Bruchus pisorum L.)  

Pea weevil (Bruchus pisorum L.) (Coleoptera: Bruchidae) is a univoltine, 

monophagous bruchid (seed beetle), that specifically feeds on the Pisum genus 

(Skaife 1918; Birch et al. 1985; Hardie and Clement 2001). In entomological terms 

it is not a true weevil, but its seed-feeding behaviour lends itself to being called by 

its common name of pea weevil (Newman 1932). Being monophagous, B. pisorum 

only attacks peas although some studies have mistaken it for other bruchid pests of 
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Vicia faba and other legumes (Al-Rawy and Kaddou 1971; Ali 1984). It has either 

accompanied or followed its host plant across the globe and is well established in 

the U.S.A. (Brindley 1933; Pesho et al. 1977), Chile (Pintureau et al. 1999), Spain, 

Portugal, Serbia (Aleksandar Mikic, pers. comm), China (ACTA 1966), South 

Africa (Skaife 1918) and Australia (Birks 1965; Clement et al. 2000; Newman 

1932) (Fig. 2.1). 

 

Pea weevil was introduced into Australia by importation of pea seeds in the early 

years of the last century. It was recorded in Western Australia as early as 1931 

(Newman 1932). It first appeared in South Australia in 1962 and several years later 

in Victoria (Birks 1965). Pea weevil populations have increased dramatically since 

1985 when there was rapid expansion in the area sown to field peas (Smith 1990b). 

 

Fig. 2.1.  World map illustrating the origin (in red) and spread (in green) of Pisum cultivation and 

areas where Bruchus pisorum (as icons) is a known pest of Pisum sativum. Adapted from Bock, D. 

(2005) and Leff et al. (2004). 

 

2.4.1 Pea weevil origins 

Pea weevil is believed to have co-evolved with P. sativum in the Fertile Crescent 

region, one of the centres of origin described by Nikolai I. Vavilov (Ali 1984; 

Center and Johnson 1974; Newman 1932; Skaife 1918). Pea weevil is also 

distributed in the southern regions of Russia especially in the steppe zone of the 

Ukraine and in the northern Caucasus, except the high mountain regions, where it 
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rarely tolerates winter conditions (Makasheva 1983). It was recognised as a 

destructive pest as far back as 1918 in South Africa (Skaife 1918). 

 

2.4.2 Pea weevil life cycle 

In springtime the adult pea weevil emerges from places of hibernation such as 

trees, fence posts and leaf litter when the ambient temperature reaches 16–20°C 

(Baker 1998). The newly emerged adult pea weevils feed on pollen of early 

flowering plants and trees then move into the field pea crop when it flowers. They 

can locate a field pea crop from distances of up to 5 km away due to their acute 

sensory receptors (Brindley et al. 1956). On warm days adult pea weevils can be 

found both inside the pea flowers and on the green pods (Skaife 1918). The mature 

female pea weevils each lay between 15 and 140 yellow coloured oval eggs, 

attaching them to the green pod surface with a glue-like substance (Skaife 1918). 

The eggs take approximately 21 days to mature in spring. Around two days before 

hatching a black spot appears at the head end of each fertile egg (Skaife 1918). At 

hatching, the neonate larvae burrow directly through the pod wall making a small 

puncture hole (approx. 0.2 mm) through the pod wall and seed coat and as it 

progresses to the green, immature pea seed inside.  

 

Although several larvae might infest a single pea seed, by some unknown 

mechanism, only one pea weevil survives in any one seed. The surviving larva 

feeds on the contents of the cotyledons, going through four larval instars, followed 

by a pupal stage and finally metamorphoses into the adult form within the pea seed 

(Skaife 1918) (Fig. 2.2). Each larva can consume 30–35% of the cotyledons in 

large-seeded varieties and up to 40% in small-seeded varieties (Makasheva 1983). 

Pea weevil damage is often not visible on external visual examination of seeds. 

However, on close inspection, injury may be evident in the form of a small 

“window” behind which lies the pupa or fully developed adult. Adult weevils may 

emerge from behind this window, making a 5 mm exit hole in the seed at field 

harvest, during subsequent threshing or they remain inside the seeds in storage until 

the following year (Makasheva 1983). 

 

Pea weevil primarily causes damage to field pea grown for storage and dry feed 

purposes; even though they do not continue to breed in stored seed, live weevil do 

pose problems for future seed use. In the case of peas grown for consumption at 
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immature green stages, damage is minimal and pea weevil as a pest is not a large 

consideration (Newman 1932). 

 

 

Fig. 2.2.  B. pisorum life cycle (Illustration: Department of Entomology, University of Illinois). 

 

 

2.4.3 Integrated pest management strategies for pea weevil control 

Integrated pest management (IPM) strategies historically include insecticides, 

cultural practices, natural enemies and host-plant resistance (Sharma 1993).  

 

2.4.3.1 Cultural control 

Cultural control measures have failed to prevent large-scale pea weevil infestations 

in Australia. Unsuccessful measures to reduce pea weevil impact have included 
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early sowing and harvest of field pea, replanting of non-infested seed and regular 

crop rotations (Baker 1998). 

 

 2.4.3.2 Chemical pesticides 

Currently the only form of control of this pest is the application of chemical 

pesticides to the flowering pea crop, which often requires multiple sprays during 

the season. Sprays are only effective against adult pea weevil, not the eggs or the 

larvae in the pods or developing seeds (Baker 1998). Timing of sprays is therefore 

crucial for effective control of the pest. Harvested seed also needs to be fumigated 

when stored to kill the adult weevils residing within the seed. Harvested field peas 

often require costly seed cleaning and the split pea trade rejects seeds with even 

small amounts of damage, downgrading it to stock feed. Quarantine regulations 

prohibit the export of pea seed with live weevil contamination to protect the 

reputation of the Australian grain industry. 

 

2.4.3.3 Biological control 

The pea weevil is parasitised by several natural enemies including the chalcidoid 

wasps (Eupteromalus leguminis Gahan and Microdontontomerus anthonomi 

Crawford) (Annis and O'Keeffe 1987). Studies by Annis and O’Keeffe (1987) 

demonstrated that E. leguminis uses the same seed exit hole made by the pea 

weevil to move about, and as a result does not offer a practical method of 

biological control (Annis and O'Keeffe 1987). Triapsis thoracicus Curt. parasitises 

pea weevil eggs on the pods of field pea (Annis and O'Keeffe 1987). In 1939, 

CSIRO imported T. thoracicus from France as a potential biocontrol strategy for 

pea weevil in Australia. Releases of this parasite were made but the parasite failed 

to survive the winter months in Australia (Wilson 1960). 

 

2.4.4 Genetically engineered pea weevil resistance 

The use of genes encoding proteins with insecticidal properties in transgenic crops 

has also been investigated as a control measure for pea weevil. The common bean, 

Phaseolus vulgaris is the source of the α-amylase inhibitor gene that confers 

resistance to bean weevil (and pea weevil), which has been introduced into cultivar 

field pea in Australia using transformation technology (Morton et al. 2000; 

Schroeder et al. 1995). Currently there are several limiting factors in the use of 

genetically modified (GM) pea weevil resistant field pea cultivars in Australia; 
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these include GM regulations, introduction of biological or nutritional deficiencies 

in stock fed with the GM peas (Higgins, T.J., pers. comm.) and expression of the 

gene under differing environmental conditions (Sousa-Majer de et al. 2004), as 

well as consumer acceptance. GM field pea varieties containing α-amylase 

inhibitor genes from bean have not been commercially released in Australia 

(OGTR 2005). 

 

2.5 Breeding for resistance to biotic stresses 

Production of cool-season food legumes has remained low and variable over the 

past few decades throughout the world. This is primarily due to the practice of 

using elite varieties derived from a very narrow selection of the available gene 

pool. This reliance on a small range of genotypes has meant that genes for 

overcoming stresses are no longer present in elite cultivar germplasm resulting in 

susceptibility to environmental stresses, disease, insect pests and parasites (Singh 

and Saxena 1994). Figures from a 1972 report for the United States show that they 

relied on only two pea varieties out of a total of 48 varieties available for 90% of 

their crop acreage (Hawkes 1983). The vulnerability of using elite crop plants with 

a narrow genetic base was highlighted in the US when a single source of corn 

germplasm with no genetic resistance to Northern corn leaf blight 

(Helminthosporium turcicum Pass) was used to produce most of the new varieties 

throughout the entire Corn Belt (Hawkes 1983; Quisenberry and Clement 2002). 

This elite donor germplasm transferred corn-blight susceptibility to the corn 

varieties it was crossed into.  

 

The challenges now are to reintroduce diversity into highly bred material, traits that 

have been lost including disease and pest resistance genes. Highly variable 

germplasm is found in the secondary and tertiary genes pools of crop plants, many 

of which are available in collections around the world primarily due to the foresight 

of Russian geneticist, N.I.Vavilov, who collected thousands of genetically diverse 

agricultural plants in the 1900s (Vavilov 1951). This exotic genetic material and 

other germplasm collected worldwide has remained largely untapped, 

uncharacterised and underutilised (Lee 1998). Heslop-Harrison (2002) provides a 

comprehensive overview of the exploitation of novel germplasm to address these 

challenges. 
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2.5.1 Breeding for resistance to insects 

Genetic resistance is one of the oldest recognised forms of plant pest control. Insect 

pest management using natural plant resistance has been recorded for crops from as 

far back as the 1700s and 1800s. For example, the apple variety Winter Majentin in 

the U.K. was identified as being resistant to the woolly aphid Eriosoma langierum 

Hausmann by Lindley in 1831 and it is still known to retain this resistance (Panda 

and Khush 1995). In recent times, natural resistance to insects has been identified 

in many crop species. Varieties resistant to one or more insects have been 

developed in wheat, rice, maize, sorghum, beans, barley, alfalfa, several vegetables 

and flowers (Panda and Khush 1995). A need for improved resistance arises when 

crops are exposed to introduced insect pests. The legumes are a rich source of 

germplasm containing natural defence against insects, particularly against bruchid 

attack (Birch et al. 1985; Gatehouse et al. 1990). 

 

2.5.2 Bruchid resistance in legumes 

There have been many studies on under-exploited wild and semi-cultivated 

legumes as sources of resistance to bruchids (Birch et al. 1985; Center and Johnson 

1974; Gatehouse et al. 1990; Kornegay and Cardona 1991; Marconi et al. 1997; 

Reed et al. 1988; Simmonds et al. 1989). Comprehensive investigations of the 

relationship between bruchid pests and the Viciae tribe have indicated that wild 

relatives within Viciae present a good source of resistance to bruchids (Birch et al. 

1986; Birch et al. 1989; Birch et al. 1985). Bruchid resistance has been described in 

Lathyrus sativus (Adjadi et al. 1985; Annis and O'Keeffe 1984) and in Asiatic 

Vigna species (cowpea) (Fernandez and Talekar 1990; Redden and McGuire 1983). 

Chemical resistance mechanisms that have been identified include secondary plant 

compounds such as lectins, alkaloids and enzyme inhibitors (Stamopoulos 1987). 

Physical mechanisms include pod and seed barriers such as waxes, hairs and silica 

(Panda and Kush 1995). 

 

More than 600 species of the Leguminosae family have been shown to contain 

lectins, mostly found in the cotyledons of the seeds (Franco et al. 2002; Marconi et 

al. 1997; Murdock et al. 1990; Stamopoulos 1987). These compounds can clump or 

agglutinate animal erythrocytes (phytohemagglutinins). Lectins from kidney beans 

(Phaseolus vulgaris L.) kill the larvae of the cowpea seed weevil (Callosobruchus 

maculatus F.) (Gatehouse et al. 1990). Vignatic acids expressed in wild mungbean 
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species confer resistance to the adzuki seed weevil (Callosobruchus chinensis L.) 

and the cowpea seed weevil (C. maculatus) (Talekar 1987; Young et al. 1992). 

Antimetabolic effects of trypsin inhibitors from cowpea (Vigna unguiculata L.) and 

other legumes have also been implicated in arresting the development of C. 

maculatus (Gatehouse and Boulter 1983). Ishimoto and Kitamura (1989)  

confirmed the presence of α-amylase inhibitors in P. vulgaris which also inhibit the 

α-amylase activity of the larval midgut of C. chinensis and C. maculatus.  

 

2.5.3 Field pea breeding  

Pea breeding in Australia is aimed at developing pea varieties with high and stable 

yield, pest and disease resistance, lodging resistance, a range of maturities and 

improved seed quality. Many of these characters are found in secondary and 

tertiary gene pools which are valuable resources of genetic variability. For 

example, accessions from the Pisum subspecies elatius Bieb. are resistant to 

Fusarium wilt (race 2), an important fungal disease of peas (McPhee et al. 1999). 

Putative blackspot resistance has also been identified in wild pea germplasm 

(Wroth 1998). Resistance to downy mildew (single dominant gene), powdery 

mildew and pea seed mosaic virus (single recessive gene) are known within exotic 

pea germplasm (Cousin 1997). Cold tolerance has been identified in P. arvense as a 

quantitatively inherited trait (Auld et al. 1983). 

 

2.5.4 Bruchus pisorum resistance in Pisum sativum 

All field pea varieties within the species P. sativum are pea weevil susceptible and 

the only effective strategy available to control this insect pest is the application of 

chemical pesticides to the crop in the field and fumigation of stored grain (Clement 

et al. 2000; Smith 1990b). Breeding programs in the U.S.A. and former U.S.S.R. 

have attempted to develop pea weevil resistant field pea cultivars from germplasm 

from the primary Pisum gene pool. Pesho et al. (1977) screened pea lines from 

within the cultivated gene pool and identified lines with a putative pea weevil 

resistance mechanism. However, in subsequent trials in Chile, the U.S. and 

Australia these lines were not resistant to pea weevil infestation (Hardie et al. 

1995). 

 

No heritable resistance has been identified within cultivated P. sativum or within 

associated semi-wild subspecies (secondary gene pool) but pea weevil resistance 
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has been identified within the more primitive P. fulvum species (tertiary gene pool) 

(Hardie 1992; Hardie et al. 1995; Hardie and Clement 2001). 

 

2.5.5 Bruchus pisorum resistance in Pisum fulvum Sibth. & Sm. 

Almost 1900 accessions, landraces and primitive cultivars derived from P. sativum 

and P. fulvum collections have been screened for pea weevil resistance in Australia 

(Hardie 1992). Hardie (1992) and Clement et al. (2002) identified a seed antibiosis 

resistance mechanism in several accessions of the wild pea species, Pisum fulvum 

under both field and glasshouse conditions. Antibiosis and oviposition antixenosis 

have both been implicated in pea weevil defence mechanisms operating within P. 

fulvum (Hardie et al. 1999; Hardie 1992). An accession which has shown promise 

as a source of pea weevil resistance (Clement et al. 2002; Hardie and Clement 

2001) is P. fulvum accession ‘ATC113’, originally collected from the Jerusalem 

Forest, 2 km west of Jerusalem, Israel (as accession Z 708) (Ben-Ze'ev and Zohary 

1973). The relationship between the insect and plant is fundamental to an 

understanding of plant resistance mechanisms.  

 

2.6 Plant-insect coevolution 

Phytophagous insects and flowering host-plants have existed together and co-

evolved under reciprocal selection pressures for around 130 million years (Ehrlich 

and Raven 1964; Gatehouse 1991). Wild and cultivated plants over the millennia 

have developed many different defence mechanisms against insect attack. Before 

domestication, susceptible individuals in a natural population were selected against, 

and their numbers greatly reduced or were even eradicated from the population. 

Selection of crop species for agronomic performance has often inadvertently led to 

the removal of resistance genes from the cultivated population by excluding the 

selection pressure provided by insects or other pests. As far back as the third 

century B.C., Theophrastus recognised crop cultivars with varying degrees of 

disease susceptibility (Allard 1960; Panda and Khush 1995). The overall result is 

that the frequency of genes for resistance in wild populations has increased and 

natural resistance in domesticated populations has decreased (Panda and Khush 

1995).  
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2.6.1 Defining plant-insect resistance 

Modern theory on plant resistance to insects was pioneered by R.H. Painter in the 

early part of the 20th century, who published the first book on the subject ‘Insect 

resistance in crop plants’ in 1951. Several definitions of host plant resistance have 

been put forward by researchers but the most widely accepted one by Painter is 

“the relative amount of heritable qualities possessed by the plant which influence 

the ultimate degree of damage done by the insect in the field”. The resistance 

should address the following criteria:  

 
(i) Resistance is heritable and controlled by one or more genes. 

(ii) Resistance is relative and can be measured only by comparison with a 

susceptible cultivar of the same plant species. 

(iii) Resistance is measurable, that is, its magnitude can be quantitatively 

determined using a standard scoring system. 

(iv) Resistance is variable and is likely to be modified by biotic and abiotic 

environments (Panda and Khush 1995). 

 

The underlying mechanisms of resistance need to be understood before the degree 

of resistance among plants can be determined (Panda and Khush 1995). 

 

2.6.2 Mechanisms of resistance 

These resistance mechanisms, as proposed by Painter (1951) include nonpreference 

(antixenosis), antibiosis and tolerance:  

 

Nonpreference (antixenosis1) refers to plant characteristics that lead insects away 

from a particular host. Antixenosis is a resistance mechanism employed by the 

plant to deter or reduce colonisation by insects and can be due to biophysical or 

biochemical factors or a combination of both. Kogan and Ortman (1978) proposed 

that the term antixenosis replace the term nonpreference because it describes the 

functional relationships between the plant and the insect (Panda and Khush 1995).  

Antibiosis is the resistance mechanism that operates after the insects have colonised 

and have started utilising the plant. When an insect feeds on an antibiotic plant its 

growth, development, reproduction and survival are affected. Antibiosis refers to 

the adverse effects on the insect life history including death of early instars, a 

                                                 
1 Xenosis in Greek means guest and antixenosis means against or expelling guests 
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decline in insect size or weight, reduced metabolic processes, for example, a longer 

time to complete the lifecycle or a shortened adult life span, reduced fecundity and 

morphological abnormalities, increased restlessness and greater larval or preadult 

mortality. There may be overlaps between antixenosis and antibiosis with some 

element of each giving rise to overall resistance. 

 

Tolerance is a genetic trait of a plant that results in its ability to withstand insect 

infestations and yield satisfactorily in spite of injury levels that would debilitate 

non-tolerant plants. Tolerance only involves the plant’s response and does not 

place any selective pressure on insect populations. Tolerance is also strongly 

affected by environmental extremes. 

 

Apparent resistance, also referred to as ecological or pseudoresistance is non-

heritable and heavily dependent on the environment (Painter 1951). The 

characteristics of this resistance are temporary and cultivars involved are 

potentially susceptible. Apparent resistance includes host evasion, induced 

resistance and host escape.  

 

2.6.3 The gene-for-gene relationship 

Plant-insect interactions can be defined as a co-evolutionary relationship between 

pest and host, a theory introduced by Ehrlich and Raven (1964) to describe the 

evolutionary arms race between defensive-offensive mechanisms of plants and 

insects (Beck and Reese 1976; Panda and Khush 1995). Resistance can be also 

classified in terms of epidemiology which takes into consideration the effectiveness 

and stability of resistant varieties as determined by plant genes conferring 

resistance, and the insect genes that allow the resistance to be overcome. In many 

pest populations, there are individuals with virulent genes which allow the pest to 

overcome plant resistance and attack the plant (Smith 1994; Robinson 1996). There 

are two major types of resistance, vertical and horizontal: 

 

Vertical resistance, which refers to cultivars with resistance that is limited to one or 

a few insect genotypes. In terms of the mode by which the resistance is inherited 

this is also called monogenic resistance — for example, single dominant genes 

from mungbean and cowpea both confer resistance to storage bruchid species 

(Kaga and Ishimoto 1998; Rusoke and Fatunla 1987). Oligogenic resistance is 
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resistance due to a small number of genes with discernible effects — for example, 

two recessive genes from cowpea confer resistance to C. maculatus (Redden 1983; 

Rusoke and Fatunla 1987). 

 

Horizontal resistance, which describes cultivars that express resistance against a 

broad range of insect genotypes is also known as polygenic resistance — resistance 

due to three or more genes, for example, resistance to European corn borer in maize 

(Krakowsky et al. 2002). 

 

Polygenic resistance is very durable but poses a challenge to the plant breeder 

because the resistance is not easily transferred by conventional breeding methods 

(Gatehouse 1991; Lawson et al. 1997; Panda and Khush 1995; Reyes-Valdés 2000; 

Tanksley et al. 1989). Monogenic resistance can also be very durable, although it is 

more likely to break down due to the horizontal gene-for-gene ‘arms race’ between 

plant responses to the insect and vice versa. For example, the evolution of 

detoxifying enzymes in the guts of caterpillars to overcome the compounds 

developed by the plant (Krieger et al. 1971). Prior knowledge of the mode of 

inheritance will facilitate breeding strategies for incorporation of the resistance into 

crop varieties. 

 

2.6.4 Inheritance of resistance 

Farmers have been selectively breeding plants for thousand of years without a 

formal understanding of the underlying genetic principles involved. Thomas 

Knight (1759-1838) conducted the first controlled breeding experiments with 

garden pea in England (Davies 1995). Knight studied the effects of pea pollen and 

also described dominance and segregation, and successfully produced new 

varieties. In 1865 Gregor Mendel described the principles of inheritance in his 

seminal paper “Experiments in Plant Hybridisation” using the garden pea, P. 

sativum as his model crop (Iltis 1966). Mendel’s theories of segregation and 

recombination are the foundation of classical genetics (Davies 1995). Many of the 

resistance genes identified in plants are simply inherited in a Mendelian fashion; 

others, however, are quantitatively inherited, some involve epistasis, additive and 

maternal components. Quantitative traits are characterised by a phenotype that falls 

into several categories over a range of measurements and arise when alleles of two 

or more genes affect the same trait. Polygenic traits are not expressed as absolute or 
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discrete characters and are recognisable by their expression as a gradation of small 

differences (a continuous variation). The results form a bell-shaped curve, with a 

mean value and extremes in either direction. Many important traits are recessive 

and quantitatively inherited which make them difficult to select using conventional 

phenotypic screening methods. An understanding of the genetic inheritance can 

greatly assist in the design of strategies for plant manipulation in breeding 

programs (Wang et al. 2001). Additionally, prior knowledge of the inheritance can 

facilitate molecular marker development. 

 

2.7 Molecular marker application to breeding 

Molecular markers operate at the genotype level. The opportunity to select 

desirable lines based on genotype rather than phenotype is extremely attractive to 

plant breeders. There are many molecular marker techniques available to screen at 

the genotype level offering the opportunity to use wild germplasm as a source of 

genes for plant improvement (Lee 1998). Molecular markers have been used 

successfully for a variety of crop species to accelerate backcross introgressions. For 

example, they have been applied successfully in an interspecific cross between 

wild and cultivated tomato for introgressing disease resistance genes from wild 

tomato (Thomas et al. 1995). It is likely they will become an essential tool in the 

future of plant breeding (Bernatsky and Mulcahy 1992; Breyne et al. 1997; 

Tanksley et al. 1989). Screening at the genotype level offers several advantages 

over phenotype screening in identifying traits. It potentially reduces the growing 

time because young leaves of plantlets can be tested without having to wait until 

the traits are expressed in later growth stages or generations. The persistence of 

undesirable donor genetic material being co-transferred with the gene(s) of interest 

into elite germplasm due to the phenomenon of linkage drag is also a concern for 

the plant breeder (Reyes-Valdés 2000; Tanksley and Young 1996; Tanksley et al. 

1989). The use of molecular genetic markers to screen for traits of interest as part 

of breeding program is regarded as a practical adjunct to conventional breeding to 

address these problems. This type of breeding is known as ‘marker-assisted 

selection’ (MAS) (Jones et al. 1997a; Mohan et al. 1997).  

 

2.7.1 Marker assisted selection 

Marker assisted selection (MAS) was originally proposed by Sax (1923) and 

Thoday (1961) to facilitate screening for a trait of interest, which might otherwise 
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be difficult to screen directly (Young 1999). Molecular genetic markers have been 

developed for many traits and are independent of environmental or genetic 

influences which might mask phenotypic identification of a trait. MAS can 

potentially reduce the time required to produce a new cultivar from 10 years to less 

than 5 years by increasing selection efficiency (Young 1999). Agronomic traits of 

interest have been introgressed into cultivated crops using markers such as 

isoenzymes (Paterson et al. 1991), Restriction Fragment Length Polymorphism 

(RFLP) (Botstein et al. 1980), Random Amplified Polymorphic DNA (RAPD) 

(Williams et al. 1990), Microsatellites (Gupta et al. 1996) and Amplified Fragment 

Length Polymorphism (AFLP) (Vos et al. 1995). Many marker systems have been 

applied to economically important crop species including field peas.  

 

2.7.2 Molecular markers in field pea 

Much of the research on field pea improvement has focused on disease resistance 

(as with many crop species) and molecular markers associated with many 

characters have been identified. For example, genetic loci associated with Fusarium 

wilt, pea Common Mosaic virus and Ascochyta blight were investigated using 

RFLPs by Dirlewanger et al. (1994). von Stackelberg et al. (2003) identified AFLP 

and sequence tagged site (STS) markers for a spontaneous monogenic recessive 

mutation for pod shatter resistance controlled by the def gene in pea. Tiwari et al. 

(2000) have successfully used AFLP markers to identify one of two powdery 

mildew resistance genes in field pea. Janila and Sharma (2004) used RAPD and 

SCAR markers for detection of a single recessive powdery mildew resistance gene 

er in field pea. Other work on field pea has focused on using molecular markers to 

study the genetic factors controlling quantitative trait loci (QTLs) and creating 

linkage maps (Weeden et al. 1998). McCallum et al. (1997) used RFLP, RAPD and 

AFLPs to analyse seed colour QTLs in field pea. Timmerman-Vaughan et al. (1993 

and 1996) mapped sbm-1, a gene conferring resistance to pea seed-borne mosaic 

virus, and also QTLs controlling seed weight in pea using molecular markers. 

Prioul et al. (2004) used a combination of RAPD, simple sequence repeat (SSR) 

and STS markers to gain a better understanding of the inheritance of Ascochyta 

blight in field pea. 

 

Each marker type has its advantages and disadvantages. RFLPs, for example, 

require large amounts of DNA and although they are very effective they are 
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relatively labour intensive (Deragon and Landry 1992). RAPDs are relatively cheap 

to use but they are not considered very reproducible (Jones et al. 1997a; Penner et 

al. 1993). Molecular marker research remains very dynamic and new systems are 

emerging all the time. The markers system chosen often depends on available 

facilities, knowledge at the time and cost. 

 

2.7.3 Amplified fragment length polymorphism 

Amplified fragment length polymorphism (AFLP), developed by Vos et al. (1995) 

is a technology based on the polymerase chain reaction (PCR) and is a powerful, 

reliable, stable and rapid assay with applications in genome mapping, DNA 

fingerprinting and marker-assisted breeding (Maheswaran et al. 1997; Thomas et 

al. 1995; Vos et al. 1995). AFLP is one of many molecular techniques that can 

identify DNA fragments linked to recessive loci or QTLs as well as monogenic 

dominant loci (Breyne et al. 1997; Powell et al. 1996; Rector et al. 2000; Tiwari et 

al. 2000). The application of AFLP in field pea breeding has been investigated by 

many researchers including Lu et al. 1996, McCallum et al. 1997, Timmerman-

Vaughan et al. 1996, Tiwari et al. 2000 and von Stackelberg et al. 2003.    

 

AFLP has the capacity to detect more polymorphic loci in a single assay than 

RFLPs or RAPDs (Powell et al. 1996). Other methods include RFLP (Lander and 

Botstein 1989) and methods based on PCR, for example, RAPD (Waugh 1992) and 

microsatellite-derived markers (Gupta et al. 1996; Yang et al. 2001). Despite 

evidence of clustering, AFLP markers cover all chromosomes and are inherited in a 

Mendelian fashion (Keim et al. 1990; Keim et al. 1997). AFLPs have been used to 

select backcross offspring with the lowest percentage of donor alleles (Savelkoul et 

al. 1999). For the localisation of polygenic quantitative traits, AFLP analysis 

allows fast and efficient construction of dense genetic maps and genotyping of 

large segregating populations that can lead to the localisation of one or more 

quantitative trait loci (Savelkoul et al. 1999). However, a marker needs to be tightly 

linked to a trait to be useful. There are several methods for determining the 

closeness of a marker to a gene/trait of interest, based on recombination events and 

linkage. 
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2.7.4 Genetic linkage in peas 

Linkage was first described by Thomas Morgan (1866–1945), in his work with 

Drosophila, and linkage in pea was first described in 1912 by Vilmorin and 

Bateson (Rozov et al. 2000). The first pea linkage map was constructed by 

Wellensiek in 1925. In 1948, Lamprecht published his well-known pea genetic map 

with seven linkage groups which was later added to by Blixt (1974) (Rozov et al. 

2000). The mid to late 1980s saw the beginning of a renaissance in pea genetics, 

with the construction of a consensus map of the pea genome by Weeden et al. 

(1998). Contributions to the map have been made by many researchers in the field 

of pea genetics (Ellis 1994; Timmerman-Vaughan et al. 1993; Timmerman-

Vaughan et al. 1997). Partial genetic linkage maps of pea have also been 

constructed (Cousin 1997; Tiwari et al. 2000; Weeden et al. 1992). Biochemical 

and genetic linkage analysis of green seed colour in field pea has been carried out 

by McCallum et al. 1997. Linkage mapping of quantitative trait loci controlling 

seed weight in pea (Pisum sativum L.) is reported by Timmerman-Vaughan et al. 

(1996). Timmerman-Vaughan et al. (1993) have also mapped sbm-1, a gene 

conferring resistance to pea seed-borne mosaic virus, using molecular markers in 

Pisum sativum. Together with soybean and Medicago, peas are now the best 

characterised grain legume in terms of the provision and location of DNA markers 

on chromosomes (Ellis et al. 1992; Kalo et al. 2004; Rozov et al. 2000). Marker 

assisted selection has not resulted in the release of many varieties. Most studies so 

far have focused on mapping the loci responsible for the agricultural trait of 

interest. Methods to simplify trait association with markers include bulked 

segregant analysis.  

 

2.7.5 Bulked segregant analysis  

Bulked segregant analysis (BSA) is a method used to target DNA polymorphisms 

in the vicinity of a gene of interest (Michelmore et al. 1991). It was initially 

proposed for screening qualitative traits using dominant marker systems such as 

AFLPs, RAPDs and Inter-Simple Sequence Repeat amplification (ISSR) (Kantety 

et al. 1995) however, they are increasingly used as a first screen for polygenic traits 

including traits whose genetic control is unknown (Mackay and Caligari 2000). 

BSA has been designed for use on backcross and F2 populations. However, it has 

only a weak probability of detecting a QTL unless the QTL is of large effect 

(Mackay and Caligari 2000). The F2 generation is more likely to detect a QTL than 
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a backcross population, at least for an additive trait with a dominant marker system 

(Mackay and Caligari 2000). Only a few QTLs would typically be found in a 

population of 100–200 progeny for traits with heritability of 60–90%, suggesting a 

larger population of at least 500 individuals may be needed. Just a few miss-scored 

individuals can totally obscure QTL discovery and placement.  

 

2.7.6 Conversion of AFLPs to simple PCR markers 

AFLP is particularly efficient in generating polymorphisms without prior sequence 

knowledge but, like other sophisticated marker systems, is not necessarily suited to 

large-scale automated screening of plant populations mainly due to the level of 

technical expertise required and the complexity of data scoring (Albani et al. 2004). 

Conversion of AFLP-derived fragments into locus specific markers such as SCAR 

markers (Paran and Michelmore 1993), sequence tagged (STS) markers (von 

Stackelberg et al. 2003) or cleaved amplified fragments (CAPS) (Brugmans et al. 

2003; Dussle et al. 2002) is becoming an increasingly common part of marker 

assisted breeding programs. There are many examples in the literature of successful 

conversion of AFLP markers into simple PCR markers that can be run on agarose 

gels. Dussle et al. (2002) converted AFLP fragments tightly linked to sugar cane 

mosaic virus resistance genes Scm1 and Scm2 into simple PCR-based markers for 

use in maize improvement. An AFLP marker linked to one of several resistance 

genes against downy mildew in maize has been converted into a dominant SCAR 

marker (Agrama et al. 2002). Meksem et al. (2001)  reported converting AFLP 

fragments linked to cyst nematode resistance loci in soybean into STS markers. 

The discovery of codominant AFLP markers is usually serendipitous, unless further 

sequencing or restriction digestion (CAPS) or other marker sequencing is carried 

out. Codominant markers are more informative than dominant markers because 

they provide discrimination between heterozygous individuals in a population for 

the locus of interest. 

 

Conversion from dominant to codominant markers usually involves further 

refinement. For example by using inverse PCR (Triglia et al. 1988) or other reverse 

sequence method to identify DNA regions outside the original AFLP fragment. Or, 

in the event of finding a restriction site within the original AFLP sequence, adding 

a restriction digest step to the marker screening, as in CAPS, to identify the 

corresponding band without the restriction site (Akopyanz et al. 1992; Konieczny 
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and Ausubel 1993). A codominant marker system can also be simulated by 

repulsion-coupling phase marker pairs (Barzen et al. 1997; Brahm et al. 2000; 

Haley et al. 1994; Johnson et al. 1995; Kelly and Miklas 1998) to select major 

resistance traits tagged by RAPD or AFLP markers. Each marker pair linked in 

coupling or repulsion to a single locus is considered to be the genetic equivalent of 

a single codominant marker (Kelly 1995). It has been used mainly for selecting 

monogenic traits but may also have application in tagging resistance QTLs for 

subsequent gene pyramiding. Once a marker has been designed it is necessary to 

validate it on a test population to determine its effectiveness in selecting the trait of 

interest.  

 

2.8 Wild donor germplasm and linkage drag 

One of the main objectives of plant breeding is the introgression of one or several 

genes from a donor parent into the background of an elite variety by successive 

backcrossing (Reyes-Valdés 2000). Plant breeders have been reluctant to use 

agronomically desirable genes from wild germplasm due to the difficulties in the 

subsequent removal of undesirable wild traits from prospective cultivars (linkage 

drag). In addition to screening for a trait of interest using molecular marker assisted 

selection, it is important to be aware of maximising the percentage of the recurrent 

parent germplasm. By simultaneously screening for a range of traits recognisable in 

the cultivated parent that differ from those of the wild relative species, the breeding 

process can be shortened.  

 

2.8.1 Interspecific hybridisation 

The gene pools of P. sativum and P. fulvum are quite inaccessible to each other in 

nature (Ben-Ze'ev and Zohary 1973; Smartt 1984). Although P. fulvum is found 

growing side by side with P. elatius and P. humile there is very little evidence of 

spontaneous hybridisation between them (Ben-Ze'ev and Zohary 1973). Both 

species have the same chromosome number (2n=14) although their karyotypes are 

considered distinctly different from each other (Hoey et al. 1996). Although there 

is evidence of chromosomal incompatibility between P. fulvum and P. sativum, 

recombinant progeny have successfully been produced by interspecific 

hybridisation when P. fulvum has been the pollen donor (Ben-Ze'ev and Zohary 

1973; Errico et al. 1996; Hoey et al. 1996; Smartt 1984). There is also some 

suggestion that that P. fulvum is cytoplasmically different to P. sativum types (Ben-
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Ze'ev and Zohary 1973). As described by Smartt (1984), “The F1 hybrids are of 

limited fertility, but gene flow could probably be effected between the species by 

appropriate backcrossing”. Shrunken seeds are produced when P. fulvum is the 

pollen recipient in reciprocal crosses (Ben-Ze'ev and Zohary 1973). 

 

2.8.2 Pisum sativum morphology 

There is morphological, ecological and genetic evidence that there is no genetic 

isolation mechanism within the P. elatius, P. humile and P. sativum biological 

species complex (Smartt 1984). P. humile Boiss. & Noe from the fertile crescent 

region is considered to be the progenitor form of the cultivated pea (Ben-Ze'ev and 

Zohary 1973; Davies 1995; Zohary and Hopf 2000). Hybridisation with P. elatius 

is believed to have occurred later (Ben-Ze'ev and Zohary 1973; Davies 1995; 

Smartt 1984; Zohary and Hopf 2000). P. fulvum is reproductively well isolated 

from the P. sativum complex and is not considered to be a direct ancestor of the 

modern field pea cultivar (Ben-Ze'ev and Zohary 1973; Zohary and Hopf 1988). 

 

2.8.3 Pisum fulvum morphology 

Pisum fulvum is slender (150–500 mm) with short (25–35 mm) pods, strongly 

toothed leaflets, small peduncles and small black velvety seeds (Hoey et al. 1996). 

Fulvum means golden, or tawny, and P. fulvum is distinguished from all other peas 

in the Pisum genus by its small (10–17 mm) tawny, yellow-brownish or orange-

brown flowers. In other respects, P. fulvum resembles P. sativum var. pumilio 

(Meikle 1977). As with other wild forms it has dehiscing pods, a wild trait 

represented by a rolling up of pods with explosive scattering of seeds (Blixt 1974). 

It is amphicarpic in that it produces two forms of fruit bearing structures; aerial as 

well as basal ones that grow downward into the ground (Hoey et al. 1996). 

Heritable traits which show distinct phenotypes have been well characterised in pea 

and many have been mapped to pea linkage groups (Ellis and Poyser 2002). 

Variety development still relies on phenotypic assessment for selection of desirable 

characters.  

 

2.8.4 Pisum character traits 

2.8.4.1 Height 

Pisum sativum is a morphologically variable annual and is considered unusual in 

that dwarf (determinate) and climbing (indeterminate) forms are found in the wild 



Chapter 2 

 28 

as well as in cultivation (Smartt 1984). Cultivated field pea stems generally grow to 

a height of 600–1,200 mm (2–4 ft) although wild forms may range between 20 and 

2,000 mm (Meikle 1977). P. sativum var. elatius is the wild climber, while P. 

sativum var. pumilio is the dwarf form with smaller flowers (Smartt 1984). 

Determinate varieties stop growing after setting a limited number of pods. 

Indeterminate varieties continue flowering and setting pods over a longer period.  

 

2.8.4.2 Flowering  

Field pea (2n=14) is self-pollinating and cleistogamous in nature where the anthers 

dehisce prior to the opening of the flower buds (Ben-Ze'ev and Zohary 1973). The 

flowers are papilionaceous and consist of five petals: a standard, two wings and 

two fused to form a keel. Cultivated pea flowers are usually pink, purple or white. 

Other flower colours that have been described for Pisum include deep rose pink, 

cerise, citrus, cream, dull red purple and brick red (Blixt 1974). In the wild, a wide 

range of flower colours has been described including lilac, light blue, crimson and 

mauve in addition to the pinks and purples seen in cultivated types. 

 

2.8.4.3 Branching 

Many primitive accessions of P. sativum (subspecies humile), P. sativum 

(subspecies elatius) and P. fulvum display an enhanced branching response to 

photoperiod when compared to domestic cultivars which have been selected for 

single stem genotype. The more primitive accessions produce a dense mat of 1st, 

2nd and 3rd order basal laterals. Genes that influence branching in pea may be 

subdivided into two categories — an increasing number of stem branches “fr” and 

a larger number of branches “ram” ramosus (root & shoot) (Blixt 1974). 

Environmental conditions exert a major influence over the degree of branching. 

 

  

 

Fig. 2.3.  Basal branching in wild-type pea. 
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2.8.4.4 Pods, seeds, cotyledons 

The ripe pods (pericarp) of wild type pea are tough and leathery and are 

explosively dehiscent (seed dispersal mechanism). The pod dehiscence character 

has largely been bred out of the domesticated pea (Weeden et al. 2002). Several 

gene regions and at least one recessive allele (Dpo on 3) are implicated in the loss 

of the dehiscence character (Blixt 1972; Blixt 1974; Weeden et al. 2002). Pods of 

cultivated field pea are about 70 mm long, containing 4–9 seeds each. Smooth or 

wrinkled seeds in pea is a monogenic trait. Round seeds are dominant over 

wrinkled seeded (Hoey et al. 1996). Seed colour genetics was one of the principal 

traits described by Mendel (Iltis 1966) and is controlled by one pair of alleles. 

Mature pea seeds may have green, yellow or cream coloured cotyledons and are 

classified by the seed or seed coat colour. For example, ‘blue’ peas have a green 

cotyledon and semi-translucent seed coat giving them a blue appearance (Oelke et 

al. 2003). Ten different seed coat colours have been recorded (Hoey et al. 1996). 

Seed coats with violet spots ‘F’ Violaceopunctata maps to pea linkage group 3 

(Blixt 1974) and a violet coloured seed coat ‘U’ maps on linkage group 5 (Blixt 

1974). Marbled seed coat (lighter & darker brown) ‘M’ Marmoreus, is on linkage 

group 2 (Blixt 1974). Pod characteristics have also been recorded — thick/fleshy 

pod wall ‘n’ on linkage group 4 (Blixt 1974). Neoplastic outgrowths on pods ‘Np’ 

neoplastic pods have also been investigated (Blixt 1974; Dodds and Matthews 

1966).  

 

2.8.4.5 Earliness 

Earliness is related to the node of first flower and heat units (number of days x 

degrees over 10°C). For example, pea variety ‘Alaska’ flowers at 57 days (early) at 

node 8 or 9, ‘Thomas Laxton’ flowers at 61 days (early) at node 9 or 10 and ‘Dark 

Skin Perfection’ flowers at 70 days (late) at node 14 to 16. Genetics and 

environment can influence earliness. Wild accessions express a wide range of 

variability in flowering time (early, late and indeterminate). Most elite cultivars are 

determinate. A semi-indeterminate flowering habit can be good under certain 

environmental conditions, for example, as a mechanism to overcome 

environmental stresses such as frost damage, drought and heat stress. 



Chapter 3 

 30 

Chapter 3       

 
Screening for pea weevil resistance in an interspecific population 

derived from a Pisum sativum X Pisum fulvum cross 

 

3.1 Introduction 

The pea weevil, Bruchus pisorum L. is the most important insect pest of the field 

pea, Pisum sativum L. in Australia with field pea yield losses of up to 40% in some 

crops (Hardie and Clement 2001). Pea weevil is also a common problem 

worldwide, particularly in cool season Mediterranean climates (Brindley et al. 

1956). Harvested seed generally exhibits low germination rates, while post-harvest 

infested seed requires seed cleaning. The split pea trade rejects seed with even 

small amounts of damage caused by this insect, downgrading it to stock feed. 

Control of this pest is therefore of paramount importance for the field pea industry 

in Australia. Conventional control of a pea weevil infestation involves the 

application of contact pesticides. Sprays only kill adult pea weevils, not the eggs or 

the larvae in the pods or seeds. Field spraying is not always effective, resulting in 

the need for post-harvest fumigation. 

 

Failure to find any real resistance in pea germplasm from within the cultivated 

Pisum sativum (L.) gene pool has led to the exploration of more distantly related 

sub-species and wild Pisum relatives. (Hardie 1992; Hardie et al. 1995; Hardie and 

Clement 2001). Pea weevil resistance was identified in accessions of the wild pea 

relative, Pisum fulvum, and both pod wall and seed defence mechanisms have been 

implicated in the pea weevil resistance response (Clement et al. 2002; Hardie 1992; 

Hardie et al. 1995; Hardie and Clement 2001). Recombinant progeny can be 

obtained through conventional interspecific hybridisation between P. fulvum and P. 

sativum, verifying that this wild species is a valuable natural source of resistance in 

the genetic improvement of cultivated pea. Hardie and Clement (2001) and 

Clement et al. (2002) have established the presence of pod wall and seed resistance 

mechanisms in several P. fulvum accessions. Pod and seed resistance mechanisms 

have been identified in wild and cultivated Vigna species against the cowpea 

weevil, Callosobruchus maculatus F. (Fatunla and Badaru 1983; Redden and 

McGuire 1983; Rusoke and Fatunla 1987) and the brown cowpea coreid bug, 
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Clavigralla tomentosicollis Stal. (Jackai et al. 2001). The objectives of this 

experiment were to determine if the putative resistance previously identified in P. 

fulvum accessions can be stably inherited in an interspecific population derived 

from a P. sativum X P. fulvum cross and to establish the most appropriate screening 

method for measuring the resistance in subsequent evaluations by comparing 

different bioassay methods.  

 

3.2 Materials and methods 

3.2.1 Plant materials 

Pisum sativum cultivar ‘Pennant’ was provided by The Waite Institute, South 

Australia. P. fulvum accession ‘ATC113’ [synonymous with Z708 (Ben-Ze'ev and 

Zohary 1973) and PI 595933 (Plant Introductions, USDA-ARS)] was provided by 

the Australian Temperate Field Crops Collection, Horsham Victoria (ATFC).  

 

The white-flowered susceptible P. sativum cultivar ‘Pennant’ was hybridised with 

resistant orange-flowered P. fulvum wild accession ‘ATC113’. Hybrid populations 

were derived by unidirectional interspecific hybridisation with ‘Pennant’ as female 

parent and ‘ATC113’ as male parent. The ‘Pennant’ X ‘ATC113’ F1 hybrids were 

confirmed by the presence of pigmented flowers. White-flowered progeny 

indicated selfing of ‘Pennant’ and were excluded from further analysis. F3 and F4 

populations were derived by selfing. 

 

3.2.2 Growing conditions 

Plants were sown in a peat based potting mix in 250 mm diameter plastic pots 

(Nurserymen’s Supplies, WA) in the glasshouse. Phostrogen® fertilizer (10.0% N, 

4.4% P, 22.5% K) was applied weekly at a rate of 0.5 g/L during vegetative growth 

phase and 1.0 g/L during flower and seed development. Field pea inoculum (Group 

E) was applied at sowing. Osmocote®, a dry granular, time-released fertilizer was 

periodically applied to plants. Plants were stagger-sown, with an average of 20 

plants sown per week over the experimental period. Experiments were conducted 

throughout the year in air-conditioned glasshouses in Western Australia. Daytime 

temperatures in the glasshouses ranged from 20 to 30ºC, while night temperatures 

were between 12 and 20ºC with a natural photoperiod for day (L) and night (D) (14 

hrs L:10 hrs D through to 10 hrs L:14 hrs D). Control plants were also sown 

throughout the experimental period. A completely randomised design was used.  
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3.2.3 Pea weevil antibiosis experiment 

Resistance to pea weevil was tested in situ on the pods and seeds of individual 

plants including susceptible parent ‘Pennant’, resistant parent ‘ATC113’ and F2 

plants. Resistant and susceptible F2 lines were advanced and tested at the F3 and F4 

generation. The pod bioassay method of Hardie and Clement (2001)  and Clement 

et al. (2002) was used with some minor modifications described in the following 

sections. 

 

3.2.4 Pea weevil rearing 

Field populations of adult pea weevil were collected from infested seed from 

unsprayed field pea crops in Western Australia (Medina, York and Katanning). The 

infested dry seed was stored between 4 and 15ºC for up to 12 months prior to 

resistance screening. Adult weevils were re-mobilised from cold storage for colony 

preparation by warming the infested seed under bright lights between 20 and 24ºC, 

while vigorously shaking the seed container. Upon emergence, approx. 20–25 adult 

weevils were placed in 1.5 L clear plastic rearing cages (200 x 100 x 75 mm). Pea 

weevil colonies were supplied with insecticide-free commercial bee pollen (Bee 

Pack Bee Pollen, Allwest Apiaries); a fresh supply of drinking water was dispensed 

through a dripper; and organic honey (Pure and Natural Honey, Wescobee Ltd) was 

applied to the wire lid as required. The cages were maintained at 25 ± 2ºC, with a 

relative humidity of 60 ± 10% and a 12-hour photoperiod. Mated females began to 

lay fertile eggs in 7–14 days. Fresh pea pods were added to cages as egg-lay 

substrates for the ovipositing females after 7 days. Pods were replaced regularly 

and used as a source of pea weevil eggs for the duration of the in situ glasshouse 

experiments. Glasshouse-grown cultivar ‘Pennant’ or commercially available 

pesticide-free pea pods were used as egg laying substrate (Fig. 3.1). 

 

 3.2.5 In situ pod bioassay 

Pea weevil eggs were obtained from a laboratory (pea weevil) colony. The eggs 

were transferred to developing pods of test plants growing in 250 mm pots in the 

glasshouse. Viable pea weevil eggs were first determined by the presence of a 

developing head capsule, visible as a ‘black dot’ at the proximal end of each egg 

(Smith 1990b). Long pods at the seed fill stage (green or yellow) were selected for 

inoculation to simulate the optimal pod maturity stage preferred by pea weevil as 

described by Hardie (1992).  
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Fig. 3.1.  P. sativum pod cv. ‘Pennant’ with oviposited eggs. 

 

Using a moistened fine-tipped brush, the eggs were transferred to the pods and 

positioned directly over a developing seed inside. Two eggs per seed were 

transferred, with an average of 10 seeds per plant inoculated. Plants were left to 

mature in situ and the pods were harvested at maturity. Harvested pods were stored 

at room temperature (18–25ºC) for approximately three months to allow for the 

complete development of pea weevil inside the seeds. 

 

The harvested pods and seeds of test plants were examined for pea weevil damage 

under a dissecting microscope. For each individual test plant, the following was 

recorded: i) number of eggs per pod, ii) number of seeds per pod, iii) number of 

pod larval puncture holes, iv) number of seed coat larval puncture holes, v) number 

of seed (cotyledon) larval puncture holes, vi) number of seed exit holes. The 

progress of pea weevil development was also recorded for each test plant. This 

included recording the estimated instar stage (1-4th instar), pupa and adult death 

stage or adult emergence from seed.  
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Pod wall resistance 

The number of pod larval puncture holes (ep) versus the number of eggs placed on 

the pod surface (p) was used as a measure of pod (surface) resistance and expressed 

as a percentage:  

 

% pod resistance = 




 ×− 100100 p
ep  

 
 
Pod wall/seed coat resistance 

The number of seed coat puncture holes (esc) versus the number of pod wall 

puncture entry holes (ep) was used as a measure of pod wall tissue resistance and 

expressed as a percentage:  

 

% pod wall-seed coat resistance = 




 ×− 100100 ep
esc  

 

Seed coat resistance 

The number of cotyledon puncture holes (ec) versus the number of seed coat 

puncture holes (esc) was used as a measure of seed coat resistance and expressed as 

a percentage:  

 

% seed coat resistance = 





 ×− 100100 escec  

 

Seed resistance  

Three methods for determining pea weevil seed resistance were assessed. For each 

plant, the proportion of seeds with a puncture entry hole(s) and exit hole was used 

as a measure of susceptibility. The presence of puncture hole(s) was always given a 

numerical value of ‘1’, no matter how many entry holes because only one pea 

weevil develops to maturity in each seed. Absence of a puncture hole was denoted 

as ‘0’. Susceptibility was presented as percentage seed exits. 

 

A seed damage rating scale (SDR) was also used, as described by Clement et al. 

(2002). A SDR rating of 1 = no cotyledon tissue consumed by 1st instar larvae; 2 = 

contact with cotyledon tissue, minimal seed damage (<5%) by 1st instar larvae; 3 

≥5% cotyledon tissue consumed by 2nd – 4th instar larvae; 4 = development to 

prepupa and medium-high damage to seed; 5 = development of adult weevil with 
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exit hole/window and/or substantial seed damage. Plants with an overall SDR ≤ 2 

were considered resistant, following the rating scale developed by Clement et al. 

(2002). Seed damage based on seed weight loss was also measured. 

 

The life table format adapted by Clement et al. (2002)  for pea weevil studies was 

used to illustrate the breakdown of the stages of infestation for ‘ATC113’, 

‘Pennant’ and F4 families with contrasting resistance response. Mortality and 

survivorship tables were also used on individual F4 plants and a model of the 

progress of infestation in these lines was made. Three methods of scoring pea 

weevil resistance in seeds were compared using Pearson’s correlation.  

 

3.3 Results 

A selection of susceptible and resistant F2 plants was tracked in F3 and F4 to assess 

heritability of pod wall and seed resistance between each generation, and to 

identify resistant lines for further crosses. 

 

3.3.1 Life tables 

Life tables are presented for ‘ATC113’, ‘Pennant’ and six F4 families in Table 3.1. 

The table shows numbers of neonates surviving each stage through the pod and 

seed tissue layers, the percentage mortality and survivorship at each level, as well 

as total scores. The percentage of 1st instar larvae dying before penetrating the pod 

wall surface of the susceptible parent ‘Pennant’ was 32.6% (67.4% survivorship) 

and 43.3% mortality (56.7% survivorship) for the resistant parent ‘ATC113’ (Table 

3.1). ‘Pennant’ had an overall survival score of 37.2%, from egg  stage to adult 

emergence, with 60.4% surviving within seeds. Resistant parent ‘ATC113’ and 

‘Pennant’ had similar pod and seed coat survival values but within-seed mortality 

was 100% for ‘ATC113’ and overall survival score was 0%. F4 family 21.24 was 

classified as ‘resistant’ and had the highest total resistance with an overall mortality 

of 97.7%, with a total within-seed mortality l of 92.7%. F4 family 14.06, also 

classified as ‘resistant’ had poor pod resistance, but good seed resistance. It had a 

70.3% survival rate at the pod wall surface with 92.3% of larvae successfully 

penetrating the pod wall and 79.2% of neonate larvae penetrated the seed coat  

(Table 3.1). 



 

 

Table 3.1.  Life table values for B. pisorum development on P. sativum cv. ‘Pennant’, P. fulvum accession ‘ATC113’ and F2-derived F4 families from a starting stage of egg 

placement on pod surfaces. Results for three susceptible (S), 19.20, 15.04 and 17.12, and three resistant (R) F4 families, 14.06, 21.24 and 1.06, are shown. 
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                   Pennant 
                   ATC113 

    Life stage 
  # 

  entering  a  
stage 

  

# 
  dying in a  

stage 
  

% 
   mortality  

in a stage 
  

% 
  survival  

in a stage 
  

  # 
  entering a  

stage 
  

# 
  dying in a  

stage 
  

% 
   mortality  

in a stage 
  

% 
  survival  

in a stage 
  

  

                        Eggs on po d surface 
       86 

      28 
    32.6 

     67.4 
       104 

      45 
     43.3 

     56.7 
    Larvae burrow through pod wall 

       58 
        0 

      0.0 
   100.0 

         59 
        0 

       0.0 
   100.0 

          Before reaching seed 
                            First instar 

       58 
       5 

      8.6 
     91.4 

          59 
       2 

       3.4 
     96.6 

          Within seed 
                            

  First instar 
       53 

     20 
    37.7 

     62.3 
         57 

     57 
  100.0 

       0.0 
          

  Second to fourth instar 
       33 

       1 
      3.0 

     97.0 
           0 

       0 
      0.0 

         -           
  Pre - pupa to adult 

        32 
       0 

      0.0 
   100.0 

           0 
       0 

      0.0 
         -           Total within seed 

       53 
     21 

    39.6 
     60.4 

         57 
     57 

  100.0 
       0.0 

          Total (first instar to adult) 
       58 

     26 
    44.8 

     55.2 
         59 

     59 
  100.0 

       0.0 
          Total (egg to adu lt) 

       86 
     54 

    62.8 
     37.2 

       104 
   104 

  100.0 
       0.0 

          
                          
    21.24 (R) 

                                        14.06  (R) 
            1.06 (MR) 

  # 
  entering  a  

stage 
  

# 
  dying in a  

stage 
  

%  
  mortality  

in a stage 
  

%  
  survival  

in a stage 
  

  # 
  enterin g a  

stage 
  

# 
  dying in a  

stage 
  

%  
  mortality  

in a stage 
  

%  
  survival  

in a stage 
  

  # 
  entering a  

stage 
  

# 
  dying in a  

stage 
  

% 
   mortality  

in a stage 
  

% 
  survival  

in a stage 
  

                Eggs on pod surface 
     130 

      64 
    49.2 

     50.8 
         74 

     22 
    29.7 

     86.0 
       13 8 

      74 
    53.6 

     46.4 
  Larvae burrow through pod wall 

       66 
        7 

    10.6 
     89.4 

         52 
       4 

      7.7 
     58.0 

         64 
       0 

      0.0 
   100.0 

  Before reaching seed 
                              First instar 

       59 
     18 

    30.5 
     69.5 

         48 
     10 

    20.8 
     58 .0 

         64 
     15 

    23.4 
     76.6 

  Within seed 
                              

  First instar 
       41 

     29 
    70.7 

     29.3 
         38 

     29 
    76.3 

     53.0 
         49 

     31 
    63.3 

     36.7 
  

  Second to fourth instar 
       12 

       9 
    75.0 

     25.0 
           9 

       3 
    33.3 

     33.0 
          18 

       2 
    11.1 

     88.9 
  

  Pre - pupa to adult 
         3 

       0 
      0.0 

   100.0 
           6 

       0 
      0.0 

     32.0 
         16 

       0 
      0.0 

   100.0 
  Total within seed 

       41 
     38 

    92.7 
       7.3 

         38 
     32 

    84.2 
     15.8 

         49 
     33 

    67.3 
     32.7 

  Tota l (first instar to adult) 
       66 

     63 
    95.5 

       4.5 
         52 

     46 
    88.5 

     11.5 
         64 

     48 
    75.0 

     25.0 
  Total (egg to adult) 

     130 
   127 

    97.7 
       2.3 

         74 
     68 

    91.9 
       8.1 

       138 
   122 

    88.4 
     11.6 

  
                              
  15.04 (S) 

                                                       19.20 (S) 
                                                                             17.12 (S) 

    #  
  entering a  

stage 
  

# 
  dying in a  

stage 
  

%  
  mortality  

in a stage 
  

% 
  survival  

in a stage 
  

  # 
  entering a  

stage 
  

# 
  dyin g in a  

stage 
  

%  
  mortality  

in a stage 
  

%  
  survival  

in a stage 
  

  #  
  entering a  

stage 
  

# 
  dying in a  

stage 
  

%  
  mortality  

in a stage 
  

% 
  survival  

in a stage 
  

    

                      Eggs on pod surface 
     132 

     54 
    40.9 

     59.1 
         82 

     36 
    43.9 

     56.1 
       168 

     80 
    4 7.6 

     52.4 
  Larvae burrow through pod wall 

       78 
       1 

      1.3 
     98.7 

         46 
       0 

      0.0 
   100.0 

         88 
       5 

      5.7 
     94.3 

  Before reaching seed 
                              First instar 

       77 
     15 

    19.5 
     80.5 

         46 
     14 

    30.4 
     69.6 

         83 
     14 

    16.9 
     83.1 

  Within seed 
                              

  First instar 
       62 

     30 
    48.4 

     51.6 
         32 

     11 
    34.4 

     65.6 
         69 

     29 
    42.0 

     58.0 
  

  Second to fourth instar 
       32 

       4 
    12.5 

     87.5 
         21 

       0 
      0.0 

   100.0 
         40 

       2 
       5.0 

     95.0 
  

  Pre - pupa to adult 
       28 

       0 
      0.0 

   100.0 
         21 

       0 
      0.0 

   100.0 
         38 

       0 
      0.0 

   100.0 
  Total within seed 

       62 
     34 

    54.8 
     45.2 

         32 
     11 

    34.4 
     35.6 

         69 
     31 

    44.9 
     55.1 

  Total (first instar  to adult) 
       78 

     50 
    64.1 

     35.9 
         46 

     25 
    54.3 

     45.7 
         88 

     50 
    56.8 

     43.2 
  Total (egg to adult) 

     132 
   104 

    78.8 
     21.2 

         82 
     61 

    74.4 
     25.6 

       168 
   130 

    77.4 
     22.6 
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However, on making contact with the seed, survival for F4 family 14.06 dropped to 

23.7% (Table 3.1). Total mortality within seeds was 84.2% while total mortality  from 

pod wall surface to seed emergence was 91.9%. F4 family 1.06 had the highest overall 

pod surface mortality (53.6%) and an overall mortality of 88.4% and total within seed 

mortality was 67.3% (Table 3.1). F4 family 15.04, classified as ‘susceptible’ because 

overall mortality was 78.8%, total mortality within seeds was only 54.8%. F4 family 

19.20, classified as ‘susceptible’ had within-seed mortality of 34.4% and a total 

mortality of 74.4%. F4 family 17.12, classified as ‘susceptible’ had a total within seed 

mortality of 44.9% and overall mortality of 77.4% (Table 3.1).  

 

3.3.2 Resistance heritability 

To assess the heritability of resistance comparisons were made for F2 plants and their 

offspring as F3 and F4 family means. Resistant F2 plant 14.06 had 59% pod wall 

mortality and zero seed emergence (100% within-seed resistance). In the F2-derived F3 

generation, lines 14.06.2 and 14.06.3 had 50% and 60% pod wall mortality respectively 

and both had zero seed emergence. In the F4 generation, lines 14.06.2.4, 14.06.2.5, 

14.06.2.6, 14.06.3.3, 14.06.3.4 and 14.06.3.6 were tested individually and the results 

averaged for the life table (Table 3.1) and individual values are summarised in the 

mortality and survivorship table (Table 3.2). Resistant F2 plant 21.24 had 48% pod wall 

mortality and 80% within-seed mortality. F2-derived F3 lines, derived from 21.24 

(21.24.1, 21.24.2, 21.24.5 and 21.24.6) had an average pod wall mortality 43% and 

within-seed mortality of 92%. Individual values for the F4 generation are summarised in 

the mortality and survivorship table (Table 3.2). F2 plant 1.06 had zero pod wall entries 

(data not shown). In the F3 generation, three 1.06 derived lines were screened (1.06.1, 

1.06.2 and 1.06.3) and these had pod wall mortality of 82%, 0% and 73% respectively, 

and within-seed mortality of 100%, 0% and 33% respectively. In the F4 generation, 

1.06.1.1, 1.06.1.2 and 1.06.1.3 had pod wall mortality of 68.6%, 0% and 57.1% 

respectively, and within-seed mortality of 77%, 55% and 20% respectively (Table 3.2). 

Susceptible F2 plant 19.20 had 10% pod wall mortality and 22% within-seed mortality. 

In the F3 generation, 19.20.2 had 0% pod wall mortality and 0% within-seed mortality. 

Sibling F3 line, 19.20.3 had 33% pod wall mortality and 0% within-seed mortality. In 

the F4 family, average pod wall emergence was 50.5% and seed emergence was 100% 

(Table 3.2). Individual F4 results are described further in the following section, 

comparing the different methods of measuring pod and seed resistance.  
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3.3.3 Mortality and survivorship of parents and F4 individuals 

Pod wall mortality/survival 

Mortality and survivorship of B. pisorum on pods and seeds of ‘Pennant’ and ‘ATC113’ 

and F4 individuals is presented in Table 3.2. Three resistance ratings are presented: 

percentage pea weevil resistance (%PWR) (based on single weevil seed exit scores), 

seed damage rating (SDR), and resistance class. Pod surface mortality for ‘Pennant’ was 

32.6% and for ‘ATC113’ was 43.3%. Two F4 individuals (15.04.2.3 and 21.24.1.2) had 

a pod surface mortality of 80% or higher. Both ‘Pennant’ and ‘ATC113’ had negligible 

larval mortality before reaching the seeds after entering the pod walls (8.6% and 3.4% 

respectively).  

 

Within seed mortality/survival 

Mortality within seeds was 39.6% for ‘Pennant’ and 100% for ‘ATC113’. The 

percentage of 1st instar larvae that died before reaching F4 test seeds ranged from 0 to 

50% (mean 25.7%). For instars that reached the seeds of the F4 individuals, pea weevil 

mortality within seeds ranged from 0 to 100% (mean 60%). F4 individuals with 100% 

larval mortality within seeds were derived from three F4 families (21.24, 14.06 and 

15.04) (Table 3.1 and Table 3.2). F4 individual 15.04.2.3 exhibited high weevil 

mortality at each interface — at the pod surface (83.3%), before reaching the seed 

(50%) and within the seed (100%). These F4 individuals had 0% emergence (100% 

resistant) based on the single weevil seed exit measurement and had a SDR ≤ 2.0. The 

SDR also identified two more F4 individuals (14.06.2.5 and 1.06.1.3) with scores of ≤ 2 

(Table 3.2). 

 

3.3.4 Infestation chart 

Bruchus pisorum development from egg hatch at pod wall surface to adult seed 

emergence is presented in Fig. 3.2 for all F4 individuals tested. Resistances at each 

interface (pod wall surface, before reaching seed, and within seed) are examined. The 

bar chart represents 30 F4 individuals and the two parents ‘Pennant’ and ‘ATC113’. 

Two lines, 14.06.3.4 and 21.24.2.1, stand out as exhibiting resistance to pea weevil at 

all interface levels as indicated by the shortness of all percentage bars (Fig. 3.2). With 

the exception of F4 line 15.04.2.3, all 15.04 F2-derived lines exhibited low resistances 

(mean seed resistance within the 15.04 family was 55% based on larval mortalities and 

29.5% based on the one larva per one seed measurement (%PWR). 
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Table 3.2.  Mortality and survivorship of B. pisorum on P. sativum cv. ‘Pennant’, P. fulvum accession 

‘ATC113’ and 36 F2-derived F4 individuals. Seed damage rating scale (SDR) (0 = no seed damage to 5 = 

extensive seed infestation) by a weevil. Resistance class was based on percentage single weevil seed exit 

value: R = resistant (100%), MR = partially resistant (51-99%), S = susceptible (0-50%). MR* = seed 

resistance based on  SDR  value ≤ 2, %PWR = percentage pea weevil resistance in seeds. 

 
 

   Larval mortality  Adult 
emergence 

Pea weevil resistance 
 

 mg  %  %  %  

Accession 
Single 
seed 

weight 

 
Pod 

surface 

Before 
reaching 

seed 

Within 
seed 

 
Single weevil 

seed exit 
 SDR  PWR 

Resistance 
class 

          
Pennant 253.00  32.6 8.6 39.6  97.1  4.9 2.9 S 
ATC113 70.70  43.3 3.4 100.0  0.0  1.0 100 R 
            

F4 individuals           

14.06.3.3 135.70  75.0 33.3 100.0  0.0  1.0 100 R 
15.04.2.3 90.00  83.3 50.0 100.0  0.0  1.0 100 R 
21.24.2.1 140.00  66.7 50.0 100.0  0.0  1.0 100 R 
21.24.2.2 120.00  25.0 50.0 100.0  0.0  1.0 100 R 
21.24.2.4 140.00  70.0 0.0 100.0  0.0  1.0 100 R 
21.24.1.2 120.00  81.8 12.5 100.0  0.0  1.0 100 R 
21.24.2.6 120.00  16.7 40.0 100.0  0.0  1.3 100 R 
14.06.2.6 130.00  31.3 45.5 100.0  0.0  1.3 100 R 
21.24.1.4 80.00  62.5 33.3 100.0  0.0  1.5 100 R 
21.24.2.5 160.00  50.0 33.3 100.0  0.0  1.5 100 R 
21.24.1.3 40.00  50.0 42.9 100.0  0.0  1.7 100 R 
14.06.2.5 100.00  6.3 0.0 93.3  14.3  1.4 85.7 MR* 
14.06.3.6 150.00  37.5 50.0 80.0  20.0  2.1 80.0 MR 
1.06.1.3 80.00  42.9 37.5 80.0  25.0  2.0 75.0 MR* 
1.06.1.1 80.00  68.6 35.3 77.3  31.3  2.6 68.7 MR 
14.06.3.4 110.00  16.7 40.0 66.7  33.3  2.3 66.7 MR 
21.24.2.3 130.00  30.0 42.8 75.0  33.3  2.5 66.7 MR 
21.24.1.5 60.00  50.0 33.3 75.0  33.3  2.8 66.7 MR 
15.04.2.4 80.00  20.0 25.0 66.7  50.0  3.3 66.7 MR 
15.04.2.2 80.00  40.0 29.2 58.8  63.7  3.3 50.0 S 
17.12.1.6 70.00  64.3 20.0 58.3  71.4  3.4 28.6 S 
17.12.1.7 100.00  20.0 37.5 40.0  75.0  4.5 25.0 S 
14.06.2.4 150.00  0.0 12.5 57.1  75.0  5.0 25.0 S 
15.04.3.2 140.00  54.5 10.0 44.4  80.0  5.0 20.0 S 
1.06.1.2 100.00  0.0 0.0 55.0  90.0  4.2 10.0 S 
17.12.2.2 110.00  27.5 27.6 38.1  92.9  4.8 7.1 S 
15.04.3.1 154.00  21.4 18.2 50.0  100.0  4.7 0 S 
19.20.3.3 70.00  75.0 50.0 0.0  100.0  5.0 0 S 
15.04.3.3 80.00  66.7 0.0 50.0  100.0  5.0 0 S 
19.20.2.3 120.00  57.1 33.3 25.0  100.0  5.0 0 S 
17.12.2.1 70.00  50.0 0.0 50.0  100.0  5.0 0 S 
19.20.2.2 100.00  50.0 50.0 0.0  100.0  5.0 0 S 
19.20.3.4 120.00  45.5 8.3 45.5  100.0  5.0 0 S 
17.12.1.5 141.70  40.0 50.0 50.0  100.0  5.0 0 S 
15.04.3.5 150.00  25.0 0.0 50.0  100.0  5.0 0 S 
19.20.3.5 70.00  25.0 33.3 25.0  100.0  5.0 0 S 

 



 

 

 

Fig. 3.2.  Bar chart showing the progress of infestation of B. pisorum larvae after in situ inoculation of susceptible and resistant pea pods (‘Pennant’  

= susceptible P. sativum cv., ‘ATC113’ = resistant P. fulvum accession) and 30 F4 recombinant individuals (‘Pennant’ X ‘ATC113’). Ranked by % seed exit. 
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3.3.5 Comparison between alternative seed resistance bioassay methods 

The percentage pea weevil resistance (%PWR) and the seed damage rating scale (SDR) 

were highly correlated for the F2 population (r = 0.941; P = 0.0001). Visual seed 

damage was also correlated with %PWR (r = 0.733; P = 0.0001) and with SDR (r = 

0.699; P = 0.0001). Seed damage derived from mean seed weights of damaged seeds 

was weakly correlated with %PWR (r = 0.316; P = 0.0347), SDR (r = 0.3445; P = 

0.0205) and with % pod wall mortality (r = 0.4783; P = 0.0009). Pod wall surface 

mortality was correlated with %PWR (r = 0.781; P = 0.0001) and with SDR (r = 0.816; 

P = 0.0001). Mortality of larvae within seeds was also correlated with %PWR and SDR 

(r = –0.897 and –0.882, P = 0.0001). 

 

3.4 Discussion 

Seed resistance identified in the wild P. fulvum parent, ‘ATC113’, was stably passed on 

in progeny from an interspecific cross with susceptible cultivar, ‘Pennant’. Percentage 

pea weevil resistance (%PWR) and the seed damage rating (SDR) method devised by 

Hardie and Clement (2001) were the most consistent and accurate methods to identify 

antibiosis in pea seeds. The percentage seed emergence method was the least laborious 

of the seed resistance measurements tested. It was as reliable as the SDR measurement 

which requires opening up each infested seed to inspect and score instar stage 

advancement within seeds. The %PWR method can quickly determine seed 

susceptibility by the presence of a seed exit hole or ‘window’ in the seed, indicating the 

presence/absence of an in situ pea weevil. It is necessary to exclude non-infested seeds 

using either method, and this is easily done by viewing the presence of entry punctures 

made by larvae in the seed or seed coat. This finding is supported by Redden and 

McGuire (1983), who, when considering several bioassay methods, proposed that the 

most rapid and useful bioassay was measuring the number of undamaged seeds and, in 

parallel with this study, excluded non-infested seed. Fernandez and Talekar (1990) also 

support this finding that the “simplest and most reliable screening method to assess 

bruchid resistance was percentage of undamaged seed”, a method also suggested for 

bruchids of mungbean by Young et al. (1992). Fatunla and Badaru (1983)  also 

conclude that resistance for Callosobruchus maculatus is best measured by percentage 

weevil emergence.  

 

Pod wall resistance was also identified in the progeny of the cross between ‘Pennant’ 

and ‘ATC113’, although there was little evidence of a pod wall resistance mechanism 
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based on the ‘before reaching seed’ mortality scores (8.6% and 3.4%). A pod surface 

mortality measurement was also recorded in this study, (Pennant, 32.6% and ATC113, 

43.3%). Clement et al. (2002) have reported some pod resistance in ATC113 (PI 

595933) that varied from 14% to 50% in 1995 and 1996 in similar glasshouse studies. 

The wide variation in percentage pod wall resistance could be due to environmental 

effects as well as to the methods used for measuring pod wall resistance. It is still 

plausible that there is a pod wall resistance mechanism in ATC113, although, due to its 

variable nature, is likely to be a difficult trait to introgress into cultivate field pea. 

 

Seed weight loss of damaged seeds was less useful as a screening protocol for 

estimating pea weevil resistance. This method could, however, potentially be useful as a 

rapid screening method for identifying resistance in bulked field pea at a later stage in a 

breeding program, but is probably not sensitive enough to identify resistant material in 

the early stages of resistance assessment. Bulked screening based on seed weight loss 

would need to be repeated over several seasons to rule out spatial and temporal effects. 

Antixenosis effects would not be ruled out using this screening method. A high larval 

kill at the pod wall surface resulted in a statistically significant decrease in seed weight 

loss, although the relationship may not be causative considering that pod wall larval 

mortality was not related to either the seed damage rating method or the percentage seed 

resistance method. It is unlikely that the seed weight measurement would be a useful 

bioassay to measure pod wall resistance. Visual inspection of the pod wall for puncture 

entry holes is proposed as a more reliable and practical assessment of pod wall effects. 

The pod and seed resistance measurement based on starting cohorts of pea weevil eggs 

on pods versus percentage seed emergence, as illustrated in the life table (Table 3.1), 

was also a robust method for determining pea weevil resistance. However, as with the 

seed weight measurement, it does not allow the investigator to discriminate between 

seed resistance and pod resistance. Pod and seed defence mechanisms against bruchids 

are commonly found throughout the legume family (Birch et al. 1986; Birch et al. 1985; 

Clement et al. 1994; Reed et al. 1988; Simmonds et al. 1989; Tahhan 1989; Young et al. 

1992) although it is less common for one plant to have both pod and seed resistance 

mechanisms (Jackai et al. 2001). It is therefore important to be able to discriminate 

between the two mechanisms when making plant selections. It is possible that in the 

process of hybridisation between P. fulvum accession ‘ATC113’ and P. sativum 

‘Pennant’, recombination events have brought together a complementary set of  pod 

wall and seed defence genes from each parent in the hybrid progeny. This may explain 
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the variation in pod and seed resistances observed in progeny populations. Hardie and 

Clement (2001) have observed pod wall antixenosis and antibiosis effects in Pisum in 

earlier studies. The bar chart model developed from the mortality and survivorship 

values, showing the progress of pea weevil infestation, discriminates between pod and 

seed resistance and serves as a useful visual tool in selecting lines for further 

advancement by crossing.   

 

An important aspect of this study was to confirm that the putative pod wall and seed 

resistance could be transferred from generation to generation. Pod wall and seed 

resistance studies described here show that these traits can be stably inherited over 

several generations after interspecific hybridisation, and they offer the potential to be 

introgressed further by crossing into a wide range of elite field pea lines. The insect 

bioassay methods described here are highly effective in identifying pod and seed 

resistance however these screening methods are still prohibitively time consuming for 

plant breeders. Elucidation of the number of genes involved in each resistance 

mechanism will assist in future breeding strategies as well as offering an insight into the 

design of more rapid screening protocols, for example, the development of a molecular 

marker system. The inheritance of pod and seed resistance is investigated in the 

following chapter (Chapter 4) and marker associations are explored in subsequent 

chapters (Chapters 5 and 6). 
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Chapter 4 

 
Genetics of seed and pod resistance to pea weevil in an interspecific 

population derived from a Pisum sativum X Pisum fulvum cross 

 

4.1 Introduction   

Pea germplasm with pod and seed resistance to Bruchus pisorum L. has the potential to 

increase returns to growers and provide an environmentally favourable alternative to 

contact insecticides for control of adult pea weevil in cultivated field pea Pisum sativum 

L. (Clement et al. 2002; Hardie 1992). The resistance to this bruchid pest must be stably 

inherited if it is to be useful, and it is encouraging that heritable seed and pod resistance 

mechanisms exist in the legume family in general. For example, two recessive genes 

mediate seed resistance to the cowpea weevil (Callosobruchus maculatus F.) in cowpea 

(Vigna unguiculata L.) (Adjadi et al. 1985; Redden 1983; Rusoke and Fatunla 1987). 

Resistance to the bean weevil (Acanthoscelides obtectus Say) in wild bean (Phaseolus 

vulgaris L.) involves at least two recessively inherited major genes and some modifying 

genes (Kornegay and Cardona 1991). Pod resistance in P. sativum, mediated by a 

neoplasty reaction in the pod wall is also known to confer resistance to bruchids under 

specific conditions in cultivated pea (Doss et al. 2000). A single dominant gene is 

known to control the neoplastic pod character which mediates a pod wall resistance 

mechanism (Nuttal and Lyall 1964). This occurs due the expression of chemicals in the 

pod wall, known as bruchins, in response to bruchid attack (Clement et al. 2002; Doss et 

al. 2000). Rusoke and Fatunla (1987) have reported the presence of an incompletely 

dominant pod resistance mechanism in cowpea to the storage beetle, C. maculatus.  

 

The hypothesis presented here is that the resistance to pea weevil, derived from P. 

fulvum accession ATC113, has at least two heritable resistance mechanisms, one 

mediated by seed antibiosis and the other mechanism mediated by the pod wall. If the 

genetic basis of resistance in seeds and pods can be determined, the genes for resistance 

may be transferred to susceptible cultivars in breeding programs. This resistance may 

offer long term protection to field pea cultivars against the pea weevil. The objective of 

this study was, therefore, to explore the genetics of the inheritance of the seed and pod 

resistances identified in Chapter 3. 
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4.2 Materials and methods 

4.2.1 Plant materials 

Susceptible parent ‘Pennant’ (n = 16), resistant parent ‘ATC113’ (n = 16), F1 plants (n = 

7) and F2 plants (n = 270) were tested for resistance to pea weevil on pods and seeds. 

F2-derived F3 families (n = 54) and individual F3 plants (n = 128) were also assessed. F3 

families were derived by single seed descent. Resistant F2-derived F5 recombinant 

inbred lines (RILs) were crossed with ‘Helena’ (as female parent), a Dundale-derived 

WA cultivar. Pea weevil resistance was assessed in situ on four introgressed (BC1F2) 

populations, B3.1 (n = 27), B3.10 (n = 27), B3.4 (n = 20), B4.1 (n = 55). Growing 

conditions were as described in section 3.2.2.  ‘Helena’, a Dundale-derived field pea 

was provided by Dr. Tanveer Khan, Department of Agriculture, Western Australia. 

Hybridisations are described in Chapter 7 and an explanation of population derivations 

is presented in Appendix 3 (Table A3.1). 

 

4.2.2 Pea weevil resistance bioassay 

Plants were evaluated for seed and pod resistance using the in situ pod bioassay method 

developed by Hardie (1992). The pod and seed resistance measurements were divided 

into four stages of potential (heritable) resistance, based on the findings in Chapter 3.  

 
 (i) Pod wall 

(ii) Pod wall/seed coat interface 

(iii) Seed coat/seed (cotyledon) interface 

(iv) Seeds (cotyledons) 

 
These stages relate to stages ‘4’, ‘3’ and ‘2’, of Simmonds et al. (1989):  

 
Stage 4 “Eggs laid but development arrested within the egg” (i) 

Stage 3 “Eggs laid but larvae die without penetrating the testa” (ii) 

Stage 2 “Larvae die as they penetrate through testa into cotyledon” (iii) 

 
Pod wall and pod/seed coat resistance was assessed on F2 and F3 plants. Seed 

(cotyledon) resistance was inferred for each generation by pooling the resistance rating 

of seeds from a single plant. F2 plants were assessed by testing the F3 seeds in situ and 

bulking results for each F2 plant for an inferred F2 plant phenotype. The percentage 

emergence method (%PWR) developed in Chapter 3 is further described here for the F2 

population (F3 seeds): 
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(i) Pod wall resistance 

The number of pod larval puncture holes versus the number of eggs placed on the pod 

surface (no. pod larval entries/no. larvae on pod) was used as a measure of F2 pod 

(surface) susceptibility.  

 

(ii) Pod wall/seed coat effects 

The number of seed coat puncture holes versus the number of pod wall puncture holes 

(no. seed coat larval entries/no. pod larval entries) was used as a measure of pod and/or 

seed coat resistance. 

 

(iii) Seed coat resistance 

The number of cotyledon puncture holes versus the number of seed coat puncture holes 

(no. cotyledon larval entries/no. seed coat larval entries) was used as a measure of seed 

coat resistance. 

 

(iv) Seed antibiosis  

Only seeds with larval contact at the seed/seed coat interface were included in this 

analysis to minimise interfering effects from pod wall and pod wall/seed coat 

mechanisms. The proportion of seeds with a seed (cotyledon) puncture hole and seed 

exit hole was used as a measure of susceptibility of F3 seeds. Conversely, seed 

resistance was expressed as the percentage of seeds with no exit hole but with a seed 

entry puncture hole. Puncture hole(s) were always given a numerical value of either 0 

(absence) or 1 (presence), no matter how many entry holes, as only one pea weevil 

emerges from a single seed. For any given F2 plant, a mixed reaction of F3 seeds (with 

and without holes) represented a segregating F2 plant (heterozygous) (SG). If all the F3 

seeds from an individual F2 plant contained an exit hole, that F2 plant was considered 

susceptible (S). If none of the F3 seeds from an F2 plant had an exit hole (and <5% 

damage to the seed cotyledon) that F2 plant was considered to be resistant (R). The ratio 

of S:SG:R was assessed for all plants. 

 

4.2.3 Model fitting  

A generalised linear model (GLM) was used to model the percentage seed, pod and seed 

coat resistance data for the F2 plants as binomial variables with a logit link function 

(McCullagh and Nelder 1989). The model included F2 plant effects and month effects 

(months by years) to give actual and month-corrected percentage emergence. The F2 
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generation was used for pod wall and seed coat effects. The F3 generation was used for 

seed resistance evaluation (F2 plants containing F3 seeds). The F3 family means were 

assumed to represent the F2 plant and hence the F2 genetic ratios (Redden 1983). Plants 

with less than three seeds available for testing were excluded from all model fitting. 

 

Chi-square analysis 

The genetic components of inheritance were measured for pod, seed coat and seed 

(cotyledon) resistance for the F2 generation and BC1F2 generations. Genetic ratios for 

digenic and trigenic inheritance were tested for goodness-of-fit with the Chi-square 

method of Snedecor and Cochran (1980). Two resistance models were tested: 

 

(i) Digenic: where the F2 phenotype is 15:1 and the F2 genotype ratio is 9:3:3:1 

(ii) Trigenic: where the F2 phenotype is 63:1 and the F2 genotype ratio is  

       27:9:9:9:3:3:3:1 

 

Histograms of the frequency distributions, parental and generation means are presented 

in the results section for each population. High seed emergence equals high seed 

susceptibility. 

 

Heritability 

Lineal relatives were used to estimate heritability (Nyquist 1991). The estimate was 

based on the regression of S1 (F3) family means in one environment on S0 (F2) 

individuals. The regression coefficient or heritability is equal to:  

)(001
2

0
1

01
/ SPss Chb σ== , 

where b = regression coefficient, h2 = heritability , C = covariance and σ = covariance 

(Nyquist 1991). 

 

4.3 Results  

4.3.1  Seed (cotyledon) resistance distribution in the F2 population 

Seed resistance to pea weevil is presented for 262 F2 plants as a frequency distribution 

of seed emergence in Fig. 4.1(e) and on the corresponding natural log scale (logit scale) 

in Fig. 4.1(f). P. fulvum parent ‘ATC113’ was 100% pea weevil resistant (zero seed 

emergence), P. sativum parent ‘Pennant’ had a mean seed emergence of 96.43% ± 

2.58% (Fig. 4.1(e)). The F1 hybrid phenotype fell within the susceptible distribution 

extreme (mean = 89.64% ± 5.78%). Three groups of plants were evident in the logit-
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transformed graph (Fig. 41(f)), five with low seed emergence (highly resistant), 148 F2 

plants in a heterogeneous group (segregating) and 110 F2 plants with high seed 

emergence. Chi-square analysis for the seed resistance observed in the F2 generation is 

presented in Table 4.1.  

 

Table 4.1.  Segregation ratios, χ2 values and goodness of fit (P<0.05) for seed resistance to pea weevil in 

inferred F2 generation of a susceptible X resistant cross. S = 100% susceptible, SG = segregating (range 

in brackets), R = 100% resistant, n = number of plants. 

 

Based on the three groups of plant discriminated by the logit analysis (Fig. 4.1(f)), the 

simplest model to apply to this inheritance profile was a three-gene model with 

resistance controlled by three major recessive alleles: a segregating group controlled by 

additive gene effects and a susceptible group controlled by three major dominant alleles 

in a 1:36:27 ratio. Monogenic, digenic and tetragenic models did not fit the data at a 

statistically significant level (data not shown). 

 

4.3.2 Pod surface resistance distribution in the F2 population 

Percentage pod emergence and logit (% seed emergence) estimates for 272 F2 plants 

with sufficient pods (more than two pods), susceptible parent ‘Pennant’ and resistant 

parent ‘ATC113’, predicted from the generalised linear model (GLM), are presented as 

histograms (Figs. 4.1(a) and (b)). The logit graph shows two or three groups of plants 

although most plants (263), including both the susceptible and resistant parents, fell into 

a central category (Fig. 4.1(b)). There were nine plants with a high percentage pod 

emergence (susceptibility) and two plants with low percentage pod emergence (high 

pod wall resistance). 

 

 

 

Population R           SG S n Ratio χ
2 P value 

‘Pennant’ 0 – 16 16 0:1   

‘ATC113’ 16 – 0 16 1:0   

     F1  0 – 7 7 0:1   

% F2 resistance in each class 100 32 (4–87) 0     

 F2 observed 5 148 110 263 1:36:27 0.2 0.900 

 F2 expected 4.1 147.9 110.9     
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Fig. 4.1.  Frequency distribution of percentage B. pisorum emergence (susceptibility) through (a) pod 

wall, (c) pod wall/seed coat and (e) seeds (cotyledons) in F2 population (‘Pennant’ X ‘ATC113’) and in 

corresponding Logit plots (b) pod wall, (d) pod wall/seed coat and (f) seed (cotyledons). Mean values are 

indicated by arrows. 
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4.3.3 Pod wall/seed coat resistance distribution in the F2 population 

There were 270 F2 plants with sufficient pods (more than two pods) with non-zero pod 

larvae for this analysis as well as both the susceptible parent ‘Pennant’ and resistant 

parent ‘ATC113’. Histograms of percentage seed coat susceptibility and logit (% seed 

coat susceptibility) are shown in Fig. 4.1(c). The graphs show two or three groups of 

plants. Approximately 85 plants including the susceptible and resistant parents fell into 

the central category. There were 183 plants with high percentage seed coat 

susceptibility and three plants with low percentage seed coat susceptibility. 

 

4.3.4 Seed coat resistance distribution in the F2 population 

Of 1934 pods available for this analysis, 1908 had the same number of seed larval 

entries as there were seed coat larval entries. That is, for 98.6% of the pods the 

resistance was zero at the seed coat interface. There were four plants with more than one 

of the 26 pods showing possible seed coat resistance. In each case there were only two 

pods showing possible resistance (data not shown). 

 

4.3.5 Seed (cotyledonary) resistance in the F3 generation  

The F3 population was generated from F2 individuals taken from plants at the tails of the 

F2 resistance distribution. The frequency distribution for the F3 individuals is  presented 

in Fig. 4.2. Chi-square analysis was not used because of the skewed distribution. The 

regression coefficient or heritability between F2 and F3 generations for seed resistance 

was h 2 = 0.604 (44 df), or 60.4% heritability between the two generations.  

 

Fig. 4.2.  Frequency distribution of percentage seed emergence of B. pisorum in (a) F3 population 

(‘Pennant X ‘ATC113’) and (b) BC1F2 family B4.1 (derived from the  introgression between a resistant F4 

line and P. sativum cv. ‘Helena’). Mean values indicated by arrows. 
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4.3.6 Pod wall and seed coat resistance heritability in the F3 population 

The regression coefficient or heritability for pod wall resistance between F2 and F3 

generations was h2 = 0.0725 (46 df) indicating an absence of heritable resistance for this 

resistance mechanism. The regression coefficient or heritability for seed coat  resistance 

between F2 and F3 generations was h2 = –0.0602 (39 df), again indicating an absence of 

a heritable resistance for this resistance mechanism. 

 

4.3.7 Inheritance of seed resistance in introgressed populations 

The frequency distribution for seed (cotyledon) resistance is presented for one 

introgressed population, B4.1 (Fig. 4.2(b)). This population was graphed because it was 

the only one that had lines with seed resistance and a population size comparable to that 

of the F2 population. Line B3.4 best fit a 1:36:27 ratio with a chi-square of 0.587 (P = 

0.746) (Table 4.2). B3.10 and E2.1 also fitted the 3-gene model with a chi-square of 

2.34 (P = 0.3) and 2.82 (P = 0.244) respectively. Chi-square values for B3.1 and B4.1 

deviated from the expected segregation ratios at a significance level of P< 0.05, and 

therefore did not fit the 3-gene inheritance model (Table 4.2).  

 

Table 4.2.  Segregation ratios, χ2 values and goodness of fit for seed resistance to pea weevil in BC1F2 

populations B3.1, B3.10, B3.4 and B4.1. S = 100% susceptible, SG = segregating (range in brackets), R = 

100% resistant, n = number of plants. * Indicates  significant (P<0.05) deviation from the expected 

segregation. 

Population R SG S n Ratio χ
2 P value 

        
B3.1   

% Resistance in each class 100 35 (7–75) 0     

Observed 0 22 5 27 1:36:27 7.06* 0.029 

Expected  0.4 15 11.4     

B3.10   

% Resistance in each class 100 42 (8–83)  0     

Observed  0 19 8  27 1:36:27 2.34 0.30 

Expected  0.4 15 11     

B3.4   

% Resistance in each class 100 34 (13–75)  0     

Observed  0 12 7  19 1:36:27 0.587 0.746 

Expected  0.3 11 8.4     

B4.1   

% Resistance in each class 100 35 (11–75)  0     

Observed  2 38 15  55 1:36:27 6.03* 0.049 

Expected  0.85 31 23.2     
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4.4 Discussion 

The results suggest that the major site of heritable resistance to pea weevil is within the 

cotyledons and is controlled by at least three major recessive genes, with complete 

resistance to pea weevil controlled by three major recessive alleles (pwr1, pwr2, pwr3) 

and complete susceptibility by three major dominant alleles (PWS1, PWS2, PWS3). In the 

populations that were tested there was evidence that the genes were additive and minor 

genes are also likely to also be involved in the resistance mechanism. Reciprocal 

backcrossing of F1 plants was not attempted because bi-directional hybridisation has yet 

to be established between P. fulvum and P. sativum (Ben-Ze'ev and Zohary 1973; Hoey 

et al. 1996; Smartt 1984). Therefore any potential maternal contribution to pod or seed 

resistance to pea weevil from P. fulvum could not be investigated in this study. Two 

approaches were taken to explain the inheritance of the resistance in light of this 

limitation. The first was to advance the F2 population through selfing and assess 

heritability between successive (F2 and F3) generations. The second approach was to 

cross resistant F2-derived F4 lines with another cultivar (Helena) (referred to as  

introgression in this study, although not a true backcross). The heritability for pea 

weevil seed resistance between the F2 and F3 generation was 60%, considered a 

relatively high heritability for a disease resistance, would therefore indicate a low 

contribution from additive and/or environmental effects. 

 

The findings here are supported by studies on the inheritance of seed-derived resistance 

to storage seed beetles (Callosobruchus spp.) in mung bean, cowpea and common bean. 

For example, resistance in cowpea landraces is conditioned by two independent 

recessive genes (Adjadi et al. 1985; Redden and McGuire 1983) and inheritance of 

resistance to bean weevil in wild common bean is controlled by at least two recessively 

inherited genes and possibly some modifying genes (Kornegay and Cardona 1991). 

Rusoke and Fatunla (1983) have also shown that in cowpea, seed and pod resistance are 

independently inherited and that seed resistance is recessive with additive, dominance 

and maternal components. 

 

The pod wall resistance followed a normal curve for additive genes in the F2 population 

derived from the ‘Pennant’ X ‘ATC113’ cross. The skewed nature of the distribution 

suggests additive susceptible-dominance. The frequency distribution of the F2 progeny 

went beyond the range of the parents suggesting transgressive segregation, with new 

phenotypes emerging due to particular alleles contributions from each parent. 
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The absence of inheritance of the observed pod wall resistance from the F2 to the F3 

generation would suggest that for this population, pod wall resistance has not been 

stably transferred. The focus of this study was to investigate seed resistance, and further 

studies may be useful in determining whether the observed pod neoplasty also plays a 

role as a defence strategy against the pea weevil. Plants with high pod wall resistance 

will often have susceptible seeds and vice versa (Simmonds et al. 1989). This could be 

further examined in future studies, as pod wall resistance would be a particularly useful 

defence strategy against the pea weevil.  Resistance observed at the pod wall-seed coat 

interface was found to be heritable between the F2 and F3 generations for the 

populations tested and would suggest that this could offer a good choice for further 

introgression from this cross. 

 

Callus-forming tissue was observed on the pod surfaces of several of the F2 plants at the 

site of pea weevil egg inoculation. Pod neoplasty (Np) and its relationship with pea 

weevil resistance, mediated by bruchins, has been documented in cultivated pea (Doss 

et al. 2000) and in P. fulvum (Dodds and Matthews 1966). Np expression might be 

responsible for some of the observed pod wall effects. It has been reported that this 

resistance can be mediated by artificial light (glasshouse conditions) and is not always 

expressed under field conditions, although the Np gene has been shown to confer a 

degree of resistance to pea weevil in the field in field experiments (62.2% versus 

85.4%) (Clement et al. 2002). Pod resistance to the related seed beetle, C. maculatus has 

been reported in cowpea inherited as an incompletely dominant trait (Rusoke and 

Fatunla 1987). Pod wall resistance may also be mediated by antixenosis factors or other 

physical mechanisms such as silica (Hardie and Clement 2001).  

 

Horizontal resistance, based on multiple genes, recessive alleles and modifying genes is 

well documented in nature as a co-evolutionary defence strategy by plants towards 

insect pests and is considered to offer robust long-term solutions to plant-insect 

protection (Smith 1994). The seed-mediated pea weevil resistance is likely to be a 

viable source of pea weevil resistance in a pea breeding program. It is less likely to be 

overcome by co-evolving insects that may occur due to host-pest interaction and 

therefore less likely to break down than major gene (single, dominant) ‘vertical’ 

resistance and, therefore has the potential for more long-term application (Parlevliet 

1992; Parlevliet 1993; Robinson 1996). However, polygenic traits like this do pose a 

challenge to the plant breeder in terms of efficiency of transfer of these resistance genes 
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into elite lines (Lawson et al. 1997; Reyes-Valdés 2000; Tanksley et al. 1989). Effective 

phenotyping of resistant lines and inter-crossing of resistant progeny, perhaps by 

including plants with moderate resistance as well as fully resistant plants, should follow 

the same principles as introgressing genes for several different traits (gene pyramiding) 

into a single line. Molecular marker tagging for the three proposed primary resistance 

genes would accelerate this introgression. This is the first study of the underlying 

genetics of pea weevil resistance in an interspecific cross between P. sativum and P. 

fulvum. Because bi-directional hybridisation has yet to be achieved between P. fulvum 

and P. sativum, cytoplasmic genetic factors in the donor wild parent cannot be ruled out 

as having a role to play in the resistance mechanism in the P. fulvum itself. 
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Chapter 5 

 
A multivariate statistical approach to the identification of AFLP 

markers associated with pea weevil resistance2 

 

5.1 Introduction 

The pea weevil Bruchus pisorum L. is a significant insect pest of field pea (Pisum 

sativum L.), a diploid, self-pollinating grain legume ranked second in world importance 

after dry beans (Ben-Ze'ev and Zohary 1973; Blixt 1974; FAOSTAT 2004). As with 

many contemporary crops grown globally, the cultivated pea has a narrow genetic base 

caused by years of selective breeding among elite crop relatives. Heritable pea weevil 

resistance has not been found within the adapted P. sativum L. species (Hardie et al. 

1995). Currently the only available method for control of the pea weevil is the 

application of chemical pesticides either as an insecticide spray to the pea crop or 

fumigation of the harvested seed, both of which have economic and environmental 

costs. The search for alternative control measures to the pea weevil has led to the 

identification of an antibiosis-mediated resistance in the wild pea species Pisum fulvum 

Sibth. & Sm. (Clement et al. 2002; Hardie 1992; Hardie et al. 1995; Hardie and Clement 

2001).  

 

Plant breeders are generally reluctant to use wild germplasm in crop improvement due 

to the wide range of undesirable traits that it introduces into breeding lines by ‘linkage 

drag’ (Young 1999). These traits are subsequently difficult to remove by conventional 

breeding requiring many cycles of backcrossing and selection to recover the original 

adapted genotype in combination with the introgressed trait, or traits of interest 

(Paterson et al. 1991; Tanksley and Young 1996). Selection of a molecular genetic 

marker close to a gene of interest can reduce ‘linkage drag’ from non-adapted 

germplasm and accelerate the process of introgression of valuable traits into 

agronomically well-adapted cultivars (Tanksley and Young 1996). This ‘marker 

assisted selection’ (MAS) approach has been successful in crop breeding programs, 

particularly where the genes are influenced by a single major gene or at least simply 

inherited in a Mendelian fashion (Thomas et al. 1995; Young et al. 1992). However, 

most traits of agronomic importance are controlled by several genes and are inherited 

                                                 
2 Paper submitted to TAG, 2004. 
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quantitatively (Tanksley and Young 1996). Quantitatively inherited traits pose a 

challenge in terms of successful identification and introgression of the major and minor 

genes involved.  

 

Marker loci associated with pea weevil resistance were sought in the progeny of an 

interspecific cross (P. sativum × P. fulvum) using amplified fragment length 

polymorphism (AFLP). This is a technically simple, effective and reliable method based 

on the polymerase chain reaction (PCR) with the potential to generate hundreds of 

markers that discriminate between genetically distinct individuals (Jones et al. 1997a; 

Maughan et al. 1996; Vos et al. 1995). Subsequent analysis of markers can be done 

using a variety of methods with many examples in the literature for detecting and 

mapping quantitative trait loci (QTLs) (Jones et al. 1997b; Lander and Botstein 1989; 

Tanksley 1993; Tanksley and Young 1996; Teulat et al. 2001; Timmerman-Vaughan et 

al. 1996). However, many of these QTL detection methods rely on large, balanced 

mapping populations (F2, F3, BC1, RILs). Other detection methods involve a minimalist 

approach, selecting population extremes, based on the concept of bulked segregant 

analysis (BSA) (Michelmore et al. 1991). The approach used to interpret the marker 

data in this study is more informative than bulked segregant analysis, but does not make 

such elaborate experimental demands as linkage mapping. Bulked segregant analysis 

makes no discrimination among progeny except the division into resistant and 

susceptible types (Michelmore et al. 1991) whereas, at the other extreme, linkage 

mapping requires characterisation of each line within an extensive segregating 

population, and location of each marker on a linkage map (Lander and Botstein 1989; 

Tanksley 1993; Tanksley and Young 1996). Restricted maximum likelihood (REML) 

was used to identify markers associated with pea weevil resistance. This method takes 

account of the pedigree relationships among the available F3 progeny, but does not 

require rigorous balance in the sample of F2-derived F3 lines available. Principal 

coordinate analysis (PCO) was used to explore the associations among the markers 

without the formal identification of linkage groups. The objective in this study was to 

demonstrate that marker loci may be easily identified using readily available 

multivariate statistics, with practical application to variety development. 
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5.2 Materials and methods 

5.2.1 Plant material 

The white-flowered P. sativum cultivar ‘Pennant’ was used as the female parent in a 

cross with the orange-flowered P. fulvum accession ‘ATC113’. A population of 264 F2 

plants from this cross was screened for pea weevil resistance. Twenty-eight susceptible 

and 25 moderately to highly resistant F2 lines (selected on the basis of the resistance 

score of their F3 seeds) were advanced. Three F3 seeds were selected from each F2 test 

line and advanced by single seed descent.  A total 159 F3 plants (53 F2-derived F3 

families) were evaluated for pea weevil resistance. 

 

5.2.2 Growing conditions 

Plants were grown under glasshouse conditions at the Department of Agriculture, Perth, 

Western Australia. Daytime temperature ranged from 20 to 30ºC with a natural 

photoperiod (as described in Chapter 3). Each test plant was grown from seed in a peat-

based potting mix in the centre of a 250 mm pot (Nurserymen’s Supplies, WA) with 

four ‘Pennant’ seeds companion-planted in the periphery of each test pot. ‘ATC113’ 

seeds were planted in 250 mm pots (5 per pot) to a depth of 20–30 mm. Rhizobium 

inoculum (Group E) was added to seed drills at time of sowing in pots. Phostrogen® 

fertiliser (10.0% N, 4.4% P, 22.5% K) was applied weekly at a rate of 5 g/10 L during 

the vegetative growth phase and 10 g/10 L during flower and seed development.  

 

5.2.3 Resistance screen 

The test plant populations and parent plants, ‘Pennant’ and ‘ATC113’ were evaluated 

for resistance using the in situ pod bioassay method developed by Hardie (1992) and 

described further by Hardie and Clement (2001) and as used in Chapters 3 and 4. A 

target quota of 10 pods per plant was inoculated with mature pea weevil eggs. Pod 

surfaces were inspected for successful hatching and entry of the larva into the pod, and 

the pods were left to mature on plants in situ in the glasshouse. Pods were harvested and 

pod walls and seed coats were examined for feeding punctures. Seed coats were 

removed and cotyledon injury was assessed. A resistant seed (score = 0) was identified 

by observable contact with the cotyledon by the weevil, but with minimal cotyledon 

damage and a dead neonate or 1st instar larva. A susceptible seed (score = 1) was 

identified by an exit hole or by a live adult weevil inside the seed.  
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Percentage susceptibility was calculated from seeds of individual plants and expressed 

for each plant as: 

 % susceptibility  = (sum of seed scores/sum of test seeds) X 100 

 
Percentage resistance was expressed as:  

% resistance  = 100 – (% susceptibility) 

 

 5.2.4 Molecular marker methodology 

5.2.4.1 Isolation of plant DNA 

Young leaves were collected from 57 randomly selected F3 plants and parents and 

stored at –80°C. Genomic DNA was isolated using the Nucleon PhytoPure™ Plant 

DNA extraction Kit (Amersham Life Science). Leaf material was ground in liquid 

nitrogen in 1.5 ml eppendorf tubes. DNA isolation included a resin step (Nucleon 

PhytoPure™) which reduced polysaccharide contamination, an efficient extraction 

procedure not requiring phenol or CTAB. Genomic DNA was quantified by agarose gel 

electrophoresis and samples were standardized to a concentration of 100 ng/µl DNA in 

0.1% TE buffer. 

 

5.2.4.2 DNA restriction and ligation 

DNA restriction and ligation was performed essentially as described by Vos et al. 

(1995) using the GibcoBRL AFLP™ Starter Primer Kit (Life Technologies). 

Approximately 250 ng of genomic DNA was double-digested with the restriction 

enzymes EcoRI/MseI (1.25 U/µl each). Restriction mix (25 µl) was incubated at 37ºC 

for 2 h in 5.0 µl 5X restriction buffer (50 mM Tris-HCl, pH 7.5, 50 mM Mg-acetate, 

250 mM K-acetate). Restriction digestion was followed by adapter ligation. The adapter 

ligation reaction contained 10 µl restriction digest product, 9.5 µl adapter ligation 

solution (EcoRI/MseI adapters) and 0.5 µl T4 DNA ligase (1 U/µl) in a total volume of 

20 µl. Ligation was performed at room temperature (20ºC) for 2 h. 

 

5.2.4.3 Preamplification of restriction fragments  

For the pre-selective amplification step (one selective nucleotide per primer) the Gibco-

BRL Life Technologies protocol was followed apart from the reaction volume being 

reduced by half. The reaction mix contained 0.5µl undiluted restriction/ligation template 

in 20 µl GibcoBRL preamplification mix, 0.2µl Tth Plus DNA Polymerase (5.5 U/µL), 

2.5 µl 10X PCR buffer and 2 µl 25 mM MgCl2 (Fisher Biotech International Limited). 
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The PCR amplification was performed over 20 cycles with a denaturing step at 94°C for 

30 s, an annealing step at 56°C for 60 s and an extension step at 72°C for 60 s using a 

Hybaid PCR Express thermocycler. Preamplification products (5 µl) were confirmed by 

1% agarose gel electrophoresis and ethidium bromide staining. A uniform smear of 

products within approximately 100–1500 bp indicated a successful reaction. 

Preamplification products were diluted 1:20 in 0.1% TE buffer and stored at –20°C.  

 

5.2.4.4 Selective amplification of DNA bulks 

Three F3 plants that gave a pea weevil resistance score of 100%, descended from F2 

plants that had also given a score of 100%, were identified, and pre-amplified DNA 

from these plants was pooled to give a resistant bulked sample. Similarly, DNA from 

six F3 plants with a resistance score of 0%, descended from F2 plants that had also given 

a resistance score of 0%, was pooled to give a susceptible bulked sample. The number 

of plants represented in each bulked sample was small due to the low incidence of 

highly resistant or susceptible plants in the F2 and F3 generations, with only four lines 

giving a resistance score of 95–100%. Selective amplification was carried out on the 

resistant and susceptible bulked samples and on the resistant and susceptible parents 

(‘ATC113’ and ‘Pennant’ respectively).  

  

5.2.4.5 Selective fluorescent primers for AFLP analysis 

The Perkin Elmer Applied Biosystems AFLPTM Plant Mapping Protocol was used for 

selective amplification which is based on fluorescent-labelled primers. The selective 

EcoRI primers were supplied with 5’ end fluorescent labelling and had the core 

sequence (EcoRI) 5’–GACTGCGTACCAATTC–NNN–3’. The core sequence of the 

MseI primer was (MseI) 5’–GATGAGTCCTGAGTAA–NNN–3’. The symbol ‘NNN’ 

denotes a 3-base selective nucleotide sequence, the values of N being chosen from the 

nucleotide bases A, T, C and G. Eight ‘NNN’ combinations for EcoRI and eight for 

MseI 3’ provided a total of 64 possible primer pairs.  

 

5.2.4.6 Selective amplification process 

The PE Applied Biosystems protocol for selective amplification was followed, based on 

a core mix of 1.1 µl 2.5 mM MgCl2. 1µl 10X PCR buffer, 0.8 µl 2.5 mM dNTPs, 0.5 µl 

Fluorescently labelled EcoRI primer (1 µM), 0.5 µl MseI primer (5 µM), 0.07 µl Taq 

polymerase (5.5 U/µl), diluted to a volume of 8.5 µl with PCR grade water. A template 

of 1.5 µl preamplification product was added to the core mix to give a final volume of 
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10 µl. Within each bulked sample, equal amounts of pre-amplified product from each 

plant sampled were mixed together and a 1.5 µl aliquot was used in each reaction. 

 

For the study of individual plants, a 1.5 µl aliquot from each plant was used. The 

thermocycler program for selective amplification was one cycle of 94ºC for 2 min, 65ºC 

for 30 s, 72ºC for 2 min; 8 cycles of 94ºC for 10 s, 64ºC for 30 s, 72ºC for 2 min with a 

step-wise reduction in annealing temperature of 1ºC per cycle to 57ºC; 23 cycles of 

94ºC for 10 s, 57ºC for 30 s, 72ºC for 2 min followed by a 15ºC hold.  

 

5.2.4.7 Gel preparation 

The AFLP Plant Mapping Protocol (PE Applied Biosystems) was followed using an 

ABI 373 DNA sequencer for sample analysis. The fluorescent dye set used to label the 

EcoRI primers was 6–FAM (blue), TET (green), 6–HEX (yellow) and an internal size 

standard, TAMRA–500 (red). The reaction products were combined in groups of three, 

labelled with different dye in the same well to allow the simultaneous detection of three 

AFLP reaction products in a single lane on a 6% polyacrylamide denaturing gel. The 

combined reaction products were vacuum dried and rehydrated in 4–5 µl PCR grade 

water overnight. A loading buffer was prepared containing 60% formamide, 16.6% 

internal size standard (TAMRA 500) and 23.3% loading dye. For each sample, 2 µl of 

loading buffer was combined with 1 µl of sample, denatured at 94°C for 5 min and 

stored on ice prior to loading 1.6 µl of the sample per well.  

 

5.2.4.8 Gel analysis and data collection 

The PE Applied Biosystems Protocol for running AFLP gels was followed. Virtual 

Filter Set C (Integrated DNA Technologies) was used and the instrument was pre-

calibrated for the Dye Primer Matrix Standards. Each gel run took approximately 9 h, 

during which the data was electronically captured by automated fluorescent scanning 

detection of DNA fragments. Data capture was controlled by GeneScan Service 

Software and the data was analysed using Genotyper software. The Genotyper program 

allowed easy identification of polymorphisms between the two parental DNA samples 

and between the bulked samples from the F3 progeny for each primer pair. Polymorphic 

AFLP bands were scored simply as present or absent in each sample studied. A similar 

analysis was subsequently conducted on DNA samples from F3 individuals. Primer 

pairs that revealed numerous clear polymorphisms were selected for screening the F3 
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population. The data was converted to binary data format and exported in Excel 

spreadsheet format.  

 

5.2.5 Statistical analysis 

The binary data indicating the presence (1) or absence (0) of each polymorphic AFLP 

band in each F3 plant were collated with the plant’s resistance score and with the code 

number of the F2-derived F3 family to which it belonged. These data were analysed by 

the method of Restricted Maximum Likelihood (REML) (Patterson and Thompson 

1971) which distinguishes between fixed-effect and random-effect terms in a general 

linear model. The magnitude of a fixed effect is estimated, in a simple case, by the 

difference between means whereas that of a random effect is estimated by a variance 

component. The following REML model was fitted for each polymorphic AFLP band: 

 

Response variable: resistance score 

Fixed-effect term: band 

Random-effect terms:  family + plant within family 

 
This REML analysis produced an estimate of the effect of the band under consideration, 

and this was divided by SEeffect to give a t value which measures the effectiveness of the 

band in accounting for the variation in resistance among the F3 plants. A large positive 

value of t indicates that the band is associated with resistance whereas a large negative 

value indicates that it is associated with susceptibility. Either may be of use as a 

selection criterion. The REML analysis also produced an estimate of the variance 

component due to each of the two random-effect terms. The first of these, Vfamily, 

represents the variation among families, genetic in origin, that is not accounted for by 

the band under consideration. Hence a band that gives a large value of t, positive or 

negative, and a small value of Vfamily, is a promising candidate as a selection criterion for 

resistance. In addition to the identification of AFLP bands associated with resistance, 

their associations with each other were explored. The data are not sufficiently extensive 

to produce reliable linkage groups and do not include information that would allow such 

groups to be identified with the chromosomes of the pea genome. Therefore, instead of 

performing linkage mapping, the relationships among the polymorphic AFLP loci were 

explored by PCO. The mean value of the binary presence-or-absence data for each locus 

in each F2-derived family was first obtained (usually 0 or 1, but an intermediate value in 

those families in which some F3 individuals had the band and others lacked it). Each F2-
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derived family was then considered as a variable, and each AFLP locus as an 

observation, i.e. a point in the multi-dimensional space defined by the variables. The 

Euclidean distance between every possible pair of AFLP loci was then calculated and 

used to form a matrix of similarities among the loci. This similarity matrix was used to 

determine the coordinate (the score) of each AFLP locus on each of a set of dimensions 

(principal coordinates), to represent as much of the information in the similarity matrix 

as possible, using as few dimensions as possible. REML analysis and PCO analysis 

were performed using the statistical software GenStat 5, Release 4.2 (VSN International 

2000).  

 

5.3 Results 

5.3.1 Pea weevil resistance 

The distributions of pea weevil resistance scores in the two parent lines was quite 

distinct. In the F2 and F3 generations it was more spread out (Fig. 5.1), spanning the 

range between the parents. However, the nearly continuous distribution of scores in the 

F2 and F3 generations indicates that the trait is controlled by several genetic loci or that 

some non-genetic variation is present, or both. The mode of the distribution in F2 and F3 

generations is well towards the lower end of the range suggesting that susceptibility is 

dominant to resistance at most of the loci concerned. The significant relationship 

between resistance scores in the F2 and F3 generations confirms that the trait is heritable 

(h2 = 0.604) — see also Chapter 4. Although the fairly low value of the regression 

coefficient suggests that considerable non-genetic variation is present. 

 

5.3.2 Choice of polymorphic AFLP loci 

The mean number of polymorphisms observed between the parents with the 64 primer 

pairs studied was 27 (range 3–63) and between the resistant and susceptible bulks was 

14 (range 0–48). Eighteen primer pairs were preferentially selected from the higher end 

of the ranges between the parents (range 25–63, with a mean of 40 polymorphisms) and 

between the bulks (range 11–37, with a mean of 21) (Table 5.1). Primer pair selection 

was also based on the quality of the AFLP bands. These primer pairs were used to 

screen 57 F3 individuals belonging to resistant and susceptible F2-derived lines and 

resulted in 588 polymorphisms being produced between the parents and among the F3 

individuals. 
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Fig. 5.1.  Frequency distribution of B. pisorum resistance in parental, F2 and F3 plants from the cross 

‘Pennant’ X ‘ATC113’. 100% resistant = no exit hole in any seed,  0% resistant = exit holes in all seeds 

scored. 
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Table 5.1.  Primer pairs that produced high frequency of polymorphism between resistant and susceptible 

parents and between resistant and susceptible progeny bulks. 

 

Fluorescent dye Code Selective base 

sequences 

 Number of polymorphisms 

    between parents among bulks 

6–FAM (blue)  E2M5 E–AAG, M–CTA   63 29 

 E2M8 E–AAG, M–CTT  35 21 

 E5M2 E–ACG, M–CAC  60 37 

 E5M6 E–ACG, M–CTC  42 15 

 E8M1 E–AGG, M–CAA  32 17 

 E8M2 E–AGG, M–CAC  40 22 

 E8M5 E–AGG, M–CTA  34 21 

 E8M8 E–AGG, M–CTT  52 23 

TET (green)  E1M2 E–AAC, M–CAC  53 32 

 E1M8 E–AAC, M–CTT  37 25 

 E6M4 E–ACT, M–CAT  25 11 

 E6M6 E–ACT, M–CTC  62 23 

 E6M8 E–ACT, M–CTT  26 17 

6–HEX (yellow)  E4M2 E–ACC, M–CAC  26 17 

 E4M4 E–ACC, M–CAT  41 23 

 E4M5 E–ACC, M–CTA  51 26 

 E4M7 E–ACC, M–CTG  27 11 

  E7M8 E–AGC, M–CTT  25 15 

 

5.3.3 REML analysis 

Like other parametric statistical methods, REML analysis is based on the assumption 

that the residual values are normally and independently distributed, with homogeneous 

variance. In this case, as significance tests are not performed nor confidence intervals 

estimated, the validity of this assumption is not a formal requirement. However, the 

values of t and Vfamily are likely to be more informative if it is at least approximately 

fulfilled. The response variable under consideration in this case, percentage resistance, 

is at best quasi-continuous, so the assumption cannot be precisely met. Diagnostic plots 

were made for three representative bands (one associated with resistance, one with 

susceptibility and one not strongly associated with either) to assess how nearly the data 

conformed to this ideal. Where the assumption is precisely met, the histogram of 

residuals should follow a normal distribution and points in fitted-value plots should fall 

in a horizontal band of uniform width, and those in normal and half normal plots should 
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fall on a straight diagonal line. The observed plots were reasonably close to these ideals 

for all three bands (data not shown).  

 

Fig. 5.2.  Values of t and Vfamily obtained for 588 polymorphic AFLP bands by REML analysis, showing 

the degree of association between each band and pea weevil resistance. Each point represents an AFLP 

band. The colour shading of each point is determined by its t value, darker shading = higher t value. The 

three representative bands for which diagnostic plots were constructed are indicated (E4M7359, 

associated with resistance, t = 3.655, Vfamily = 556.5; E8M5162, little association with resistance or 

susceptibility, t = 0.182, Vfamily = 874.9 and E1M8133, associated with susceptibility, t = –4.158, Vfamily = 

441.6).  

 
Fig. 5.3.  Principal coordinate analysis of selected AFLP bands. Each point represents an AFLP band. The 

three bands considered in detail in Fig. 5.2 are indicated. 
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The results of the REML analysis for the 588 polymorphic AFLP bands are illustrated 

in Fig. 5.2. A strong association with resistance or susceptibility is represented by t > 

2.5 or t < –2.5 respectively. In addition to large positive or negative t values, low values 

of Vfamily are sought. AFLP bands with high positive or negative t values (|t| > 2.5) and 

low Vfamily values are good candidates for use as markers. To illustrate the efficiency of 

REML analysis in the identification of candidate bands, the relationship between the 

three bands identified in Fig. 5.2 (E4M7359, E8M5162, and E1M8133) and the 

percentage resistance in the extremes of the F3 population is presented in Table 5.2. 

 

The strong association of band E4M7359 with resistance (t = 3.655, Vfamily = 556.5) is 

reflected by the presence of this band in all the 100% resistant F3 plants and its absence 

in all the 100% susceptible F3 plants. Likewise, the strong association of band E1M8133 

with susceptibility (t = –4.158, Vfamily = 441.6) is reflected by the presence of this band 

in all the 100% susceptible F3 plants and its absence in all the 100% resistant plants. 

Similar patterns are observed for other bands in the ‘strongly associated with resistance’ 

and ‘strongly associated with susceptibility’ groups (Table 5.2). The absence of 

association of band E8M5162 with either resistance or susceptibility (t = 0.182, Vfamily = 

874.9) is reflected by the sporadic presence of this band in both the 100% resistant and 

the 100% susceptible F3 plants (Table 5.2). 

 

Table 5.2. The distribution of polymorphic AFLP bands E4M7359, E1M8133, E8M5162 in parent lines 

and F3 families extremes. 

% Resistance

Parent F2 F3 E4M7359 E8M5162 E1M8133

Pennant 0 0 0 0 1

ATC113 100 100 1 1 0

F3 families

14.06.2 100 100 1 1 0
14.06.3 100 100 1 0 0
21.24.1 80 100 1 1 0
21.24.7 80 100 1 0 0
21.24.5 80 100 1 1 0
17.12.1 70 100 1 1 0
14.17.3 10 0 0 1 1
14.17.1 10 0 0 0 1

14.17.2 10 0 0 0 1
19.03.2 10 0 0 1 1
19.05.3 0 0 0 1 1
19.05.1 0 0 0 1 1
16.03.1 0 0 0 0 1
16.03.2 0 0 0 0 1

% Resistance

Parent F2 F3 E4M7359 E8M5162 E1M8133

Pennant 0 0 0 0 1

ATC113 100 100 1 1 0

F3 families

14.06.2 100 100 1 1 0
14.06.3 100 100 1 0 0
21.24.1 80 100 1 1 0
21.24.7 80 100 1 0 0
21.24.5 80 100 1 1 0
17.12.1 70 100 1 1 0
14.17.3 10 0 0 1 1
14.17.1 10 0 0 0 1

14.17.2 10 0 0 0 1
19.03.2 10 0 0 1 1
19.05.3 0 0 0 1 1
19.05.1 0 0 0 1 1
16.03.1 0 0 0 0 1
16.03.2 0 0 0 0 1

0 0 1 1
19.05.3 0 0 0 1 1
19.05.1 0 0 0 1 1
16.03.1 0 0 0 0 1
16.03.2 0 0 0 0 1



Chapter 5 

 67
 

5.3.4 PCO analysis 

The first two principal coordinates accounted for 43% of the variation in the distribution 

of the AFLP bands among F3 families (Fig. 5.3). Only the AFLP loci that had a t value 

greater or equal to 2.5, and a Vfamily of less than 700 are shown for clarity and listed in 

Table 5.3. Any pair of bands that are shared by families is represented by two points 

that lie close together in PCO space, whereas any pair that occur mostly in different 

families is represented by points that lie far apart. Resistance to pea weevil is strongly 

associated with the second principal coordinate, the bands tending to have a high 

positive score on this component. There is also a slight association with the first 

principal coordinate. Bands that are strongly associated with resistance or susceptibility 

and that are also far apart from each other in the PCO space indicate different 

quantitative trait loci (QTLs). Table 5.3 lists AFLP bands that fit the criteria for a good 

candidate marker established from REML and PCO (t ≥ 2.5 and Vfamily ≤ 700).
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Table 5.3.  Summary information for the AFLP bands which are candidates for PCR markers to select for 

pea weevil resistance. The three selected bands, E4M7359, E1M8133 and E8M5162 are highlighted in 

bold text. 

 

  Band number   Code   t   V family   

Candidate markers for resistance   
1   E4M4136   4.79   333   
2   E6M6277   4.17   565   
3   E4M7435   3.72   661   
4   E4M7359   3.66   556   
5   E8M8107   3.22   780   
6   E8M5152   3.05   681   
7   E4M2393   2.78   569   
8   E6M4371   2.67   696   
9   E4M4144   2.62   735   
10   E8M8240   2.5 9   703   
11   E8M5125   2.58   707   
12   E6M6302   2.56   572   
13   E8M2335   2.55   647   

        
Intermediate band   EM85162   0.18   875   
        
Candidate markers for susceptibility, Group 1   

1   E1M8133   - 4.16   442   
2   E6M6260   - 4.23   556   
3   E8M5360   - 3.11   603   
4   E5M6105   - 3.01   593   
5     E8M51 000   - 2.88   625   
6   E2M8285   - 2.87   607   
7   E2M8151   - 2.77   688   
8   E7M8133   - 2.72   616   
9   E8M5312   - 2.71   615   
10   E8M5250   - 2.59   614   
11   E5M2225   - 2.53   700   

Candidate markers for susceptibility, Group 2   
1   E5M6375   - 4.78   646   
2   E4M7241   - 3.96   593   
3   E6M6213   - 3.84   737   
4   E 8M5168   - 3.74   785   
5   E8M2285   - 3.68   598   
6   E8M2282   - 3.62   754   
7   E2M5205   - 3.49   668   
8   E8M5620   - 3.27   556   
9   E8M2500   - 3.22   433   
10   E2M5414   - 2.77   646   
11   E5M6237   - 2.71   745   
12   E1M8490   - 2.58   603   
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5.4 Discussion 

The results reported here strengthen the case that resistance to the pea weevil is 

heritable. However, the progeny did not comprise discrete categories of resistant and 

susceptible individuals distributed according to Mendelian ratios, which indicates that 

resistance is a quantitative trait under the control of more than one gene and/or 

influenced by the environment. Moreover, the distribution of resistance scores in the F2 

generation suggests that resistance is recessive to susceptibility, which will further 

increase the effort required to recover this trait during backcrossing (or introgressions). 

In these circumstances, marker assisted selection has the potential to increase the 

efficiency of a backcrossing program considerably. However, to implement such a 

program, molecular markers linked to at least one of the genes that determine resistance 

must be identified. Bulked segregant analysis has been shown to be less effective in 

identifying markers for quantitative traits than for traits governed by a single locus 

(Mackay and Caligari 2000). On the other hand, the use of a balanced mapping 

population of recombinant inbred or doubled haploid lines, though ideal for mapping 

purposes, was not feasible as the time, space and large numbers of plants required were 

not available. Instead, small numbers of highly resistant or susceptible F2 plants were 

advanced to the F3 generation. This served several purposes. Firstly, it confirmed that 

pea weevil resistance was indeed a heritable trait and not an artefact due to escapes or 

environmental factors. Secondly, it provided a population of plants with a high 

frequency of pea weevil resistance with potential for backcrossing to the agronomically 

well adapted parent (the susceptible cv. ‘Pennant’). Finally, it generated a population 

with a confirmed resistance profile within which to search for molecular markers linked 

to resistance. The use of the F3 generation had the additional advantage of a higher 

frequency of homozygosity than the F2 — this was particularly important when 

considering a recessively inherited trait. 

 

Since the number of F3 families available was limited and the AFLP markers used were 

not mapped to chromosomes, a linkage map was not made to identify markers 

associated with resistance. Instead, an alternative set of criteria was developed for 

choosing AFLP bands as candidates for use in marker assisted selection. The REML 

analysis of the resistance scores and AFLP bands in the F3 population took into account 

the pedigree relationships among the F3 plants and accommodated the unbalanced 

dataset that was available. It provided two measures of the strength of the association of 

each band with resistance, namely the t value and the between-family component of 
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variance (Vfamily). A strong association with resistance or susceptibility is indicated by a 

large positive or negative t value, respectively, while a low value of Vfamily indicates that 

a relatively small amount of genetic variation is left unaccounted for by the band under 

consideration. The bands that combine an extreme value of t with a low value of Vfamily 

are candidates for use as markers in a selection program. Examples of such bands are 

E4M7359 (associated with resistance, t = 3.655) and E1M8133 (associated with 

susceptibility, t = –4.158). The PCO analysis then permits the choice of AFLP bands 

that are weakly associated with each other, which could permit the identification of 

more than one gene involved in the pea weevil resistance mechanism.  

 

The statistical approaches used here have provided more guidance than is given by a 

bulked segregant analysis alone, which only has a low probability of detecting a QTL 

unless it is of very large effect (Mackay and Caligari 2000). However, they do not 

require the large representative segregating population that would be needed for formal 

genetic linkage analysis, which is somewhat similar to the genotype-by-environment 

(GGE) biplot method of Yan and Kang (2003). On the basis of the approach used in this 

study 13 AFLP bands were identified with a statistically significant association with 

resistance (t ≥ 2.5) and 23 bands (in two distinct groups in PCO space) associated with 

susceptibility (t ≥ –2.5) (Table 5.2). It is proposed that this method will have practical 

applications in tracking genes associated with pea weevil resistance after further 

development of the selected bands by DNA sequencing and conversion into PCR 

(polymerase chain reaction) markers. 
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Chapter 6 

 

Conversion of AFLP markers linked to pea weevil resistance loci 

into SCAR markers 

 

6.1 Introduction  

This study was designed to validate the methods used in the previous chapter (Chapter 

5) for selecting candidate AFLP fragments linked to pea weevil resistance in seeds, and 

convert them into SCAR markers without formal linkage map associations. Conversion 

of AFLP-derived fragments into locus specific markers, such as sequence characterised 

amplified regions (SCAR) (Paran and Michelmore 1993), sequence tagged site (STS) 

(Olsen et al. 1989) or cleaved amplified fragments (CAPS) (Akopyanz et al. 1992; 

Konieczny and Ausubel 1993) is becoming an increasingly common part of marker 

assisted breeding programs and there are many examples in the literature of successful 

conversion of AFLP markers into simple PCR markers that can be run on agarose gels. 

For example, Dussle et al. (2002)  converted AFLP fragments tightly linked to sugar 

cane mosaic virus resistance genes Scm1 and Scm2 into simple PCR-based markers for 

use in maize improvement. An AFLP marker linked to one of several resistance genes 

against downy mildew in maize has been converted into a dominant SCAR marker 

(Agrama et al. 2002). Meksem et al. (2001)  report converting AFLP fragments linked 

to cyst nematode resistance loci in soybean into STS markers.  

 

AFLP band sequences associated with pea weevil susceptibility or resistance were also 

compared to known DNA and protein motif sequences using BLAST (Basic Local 

Alignment Search Tool),  commonly used to search for sequence homology between 

unknown nucleotide sequences and ones of known sequence or function. Nucleotide 

sequences of cloned AFLP candidate fragments identified in Chapter 5 were compared 

with documented nucleotide sequences and protein-coding amino acid motifs to 

determine similarities with other resistance genes.  
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6.2 Materials and methods 

6.2.1 Plant materials and introgression populations 

Details of parent origins and crosses between pea weevil resistant P. fulvum accession 

‘ATC113’ and pea weevil susceptible P. sativum cultivar ‘Pennant’ are presented in 

Chapter 3 and further described in Chapter 7. Plants tested included 28 F2-derived F3 

families (derived by single seed descent), parents ‘ATC113’ and ‘Pennant’, P. fulvum 

accession ‘ATC114’ (pea weevil resistant) and P. sativum cultivar ‘Dunwa’ (pea weevil 

susceptible). Plants were screened for pea weevil resistance using the in situ pod 

bioassay and results are presented in Chapter 4. Genomic DNA was extracted from all 

plants as described in Chapter 5. 

 

6.2.2 Pea weevil resistance nomenclature 

Susceptible parent ‘Pennant’ was designated ‘S’ for susceptibility, pea weevil resistant 

parent ‘ATC113’ as ‘R’ to denote complete resistance. Progeny was designated ‘R’ if 

each seed from a single plant was without an exit hole (100% resistant). Progeny was 

designated ‘S’ if each seed from a single plant had an exit hole (0% resistant). Progeny 

was considered segregating and designated ‘SG’ if there was a mixed response in seeds 

of a single plant and percentages resistance in the range 1–99%.  

 

6.2.3 Cloning of fragments from AFLP gels 

Genomic DNA isolation and preliminary AFLP stages are the same as those described 

in Chapter 5. Radioactive labelling of primers and the selective AFLP reactions were as 

described by Vos et al. (1995) , following the GibcoBRL (Life Technologies) protocol, 

with minor modifications.  

 

6.2.4 Primer Labelling  

Primer labelling was performed by adding radioactively labelled [γ-33P] ATP (2,000 

Ci/mmol) to the 5’ ends of selective EcoRI primer. The following components were 

added to a 0.5 ml microcentrifuge tube (for 30 reactions): 150 ng selective EcoRI 

primer, 3 µl [γ-33P]ATP (2,000 Ci/mmol) (Bresatec), 6 U T4 polynucleotide kinase 

(GibcoBRL, Life Technology)  in 1 X T4 polynucleotide kinase buffer (70 mM Tris-

HCl pH 7.6, 10 mM MgCl2, 100 mM KCl, 1 mM 2-mercaptoethanol) (GibcoBRL, Life 

Technology), made up to a final volume of 15 µl with sterile water. The labelling 

reaction was incubated at 37°C for 1 h, followed by heat inactivation at 70°C for 10 

min. This provided sufficient label for 30 reactions (selective AFLP reaction used 0.5 µl 
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labelled product. A 100–1000 bp DNA ladder (Bresatec) was γ-33P labelled using the 

same reaction conditions as above, replacing the primer template with DNA ladder. A 

30–330 bp ladder was also γ-33P labelled (GibcoBRL, Life Technologies) using 5X 

exchange buffer supplied with kit in a reaction volume of 5 µl. The 30–330 bp DNA 

ladder reaction was incubated for 10 min at 37ºC, followed by 15 min at 65ºC, and then 

placed on ice. An equal volume of TE buffer was added followed by 25 µl loading dye. 

 

6.2.5 Selective AFLP reaction conditions  

For each primer pair, the following components were combined in a microcentrifuge 

tube (for one reaction): 0.5 µl labelled selective EcoRI primer and 4.5 µl MseI primer 

mix (containing 0.2 mM dNTPs and 6.7 ng/µl primer) (GibcoBRL, Life Technologies), 

0.5 U Tth Plus polymerase (Fisher Biotech Australia), 1X Tth Plus polymerase buffer 

(67 mM Tris-HCl (pH 8.8), 16.6 mM (NH4)2SO4, 0.45% Triton X-100, 0.2 mg/ml 

Gelatin) (Fisher Biotech Australia), 1.5 mM MgCl2 (Fisher Biotech Australia) and 5 µl 

diluted (1:30) pre-amplified template DNA, made up to 20 µl with sterile water. 

Thermal cycling was performed using a Hybaid PCR Express thermocycler with the 

following cycle conditions: one cycle at 94°C for 30 s, 65°C for 30 s and 72°C for 60 s. 

The annealing temperature was lowered by 0.7ºC during 12 cycles. This gave a 

touchdown phase of 13 cycles and was followed by 23 cycles at 94°C for 30 s, 56°C for 

30 s, 72°C for 60 s. Total running time was approximately 2.5 h and the holding 

temperature was 4ºC. Table 6.1 lists the selective 3+ primers used in the selective 

amplification step of candidate AFLP fragments for conversion to SCAR markers.  

 

Table 6.1.  [γ-33P] ATP* labelled EcoRI+3 and MseI selective primer sequences. 

 Selective Primers 

 EcoRI 

E1 5’-GACTTGGCCGTACCAATTCAAC* -3’ 

E4 5’-GACTTGGCCGTACCAATTCACT* -3’ 

E6 5’-GACTTGGCCGTACCAATTCACG* -3’ 

E8 5’-GACTTGGCCGTACCAATTCAGG* -3’ 

 MseI 

M2 5’-GATGAGTCCTGAGTAACAC-3’ 

M6 5’-GATGAGTCCTGAGTAACTC-3’ 

M7 5’-GATGAGTCCTGAGTAACTG-3’ 

M8 5’-GATGAGTCCTGAGTAACTT -3’ 
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6.2.6 Polyacrylamide gel electrophoresis (PAGE) 

Selectively amplified fragments were mixed with an equal volume of loading buffer (20 

µl) (98% formamide, 10 mM EDTA), 0.005% each of bromophenol blue and xylene 

cyanol), denatured at 90ºC for 3 min, and placed on ice prior to loading 3 µl of each 

sample onto a 5% denaturing polyacrylamide gel (38 x 50 cm) (20:1 

acrylamide:bisacryl; 7.5 M urea; 1X TBE buffer) which had been pre-warmed by 

running at constant power (85 W) (Bio-Rad Power Pac 3000) until the temperature 

indicator read 45–50ºC (about 30 min). After loading, the gel was run at constant power 

(90 W) for 2.5 h or until the xylene cyanol (slower moving dye) was two-thirds down 

the gel (depending on the size of the amplified fragments that were to be isolated). The 

radioactive gels were transferred to Whatmann 3MM paper, wrapped in plastic wrap 

and dried using a gel dryer (Bio-Rad). Autoradiography was carried out by exposing 

BIOMAX MR X–ray film to the gel for 2–8 days at –80ºC with an intensifier screen. 

 

6.2.7 Isolation and cloning of AFLP fragments 

The AFLP fragments considered to be closely linked to pea weevil resistance or 

susceptibility loci were excised from the dried polyacrylamide gel with a sterile scalpel 

blade using the developed X–ray film as a guide. The gel fragments were eluted in 50 µl 

sterile water overnight at 4ºC followed by denaturing at 95ºC for 15 min. The AFLP 

fragments were re-amplified using the same primer combination used to produce the 

original AFLP fragment in a 50 µl PCR reaction as follows: 5 µl template (eluate), 75 

ng each of the selective EcoRI and MseI primers, 1.5 U Taq DNA polymerase (Qiagen 

Pty, Ltd), 0.2 mM dNTPs in 1X PCR buffer (10 mM Tris-HCl, 50 mM KCl, 2.5 mM 

MgCl2) and brought to volume with sterile water. PCR cycling conditions were: 30 

cycles of 94°C for 30 s; 56°C for 60 s; and 72°C for 90 s with a 4ºC temperature hold. 

The size of each amplified fragment was verified by running a 10 µl aliquot on a 1.0% 

agarose gel in 0.5X TBE alongside a DNA ladder (2000–100 bp). The PCR product was 

then separated on a 2% agarose gel and if there was a single product it was excised from 

the gel under UV light and purified using the QIAquick Gel Extraction kit (Qiagen Pty 

Ltd) following the manufacturer’s instructions. The purified product was quantified 

before ligation into a plasmid vector. A minimum of 30 ng was considered suitable for 

cloning. 
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6.2.7.1 TA Cloning 

The addition of an adenosine (A) overhang by standard PCR amplification with Taq 

DNA polymerase is the basis of TA cloning. The (A-tailed) AFLP fragments were 

ligated into the bacterial plasmid vector pCR®2.1  (10 ng/µl plasmid DNA in: 50% 

glycerol, 50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 1 mM DTT, 0.1% Triton X-100, 100 

µg/ml BSA, phenol red) (TOPO TA Cloning® kit (version L), Invitrogen, Living 

Science) by mixing 4 µl fresh PCR product with 1 µl TOPO® salt solution (1.2 M NaCl 

and 0.06 M MgCl2) and 1 µl TOPO® vector. The reaction was mixed gently at room 

temperature for 5 min. Two microlitres of the ligation reaction was transferred to a vial 

of ‘One shot’® chemically competent E. coli (as per the manufacturer’s specifications) 

and incubated on ice for 10 min, followed by a heat shock for 30 s at 42ºC after which 

the cells were immediately placed on ice. A volume of 250 µl SOC medium was added 

to each vial and the cells were incubated for 1 h at 37ºC with shaking.  

  

6.2.7.2  LB (Luria-Bertani) antibiotic plate preparation 

Approximately 15 ml of the SOC mixture was plated out on LB plates containing 

Ampicillin (50 µg/ml) and Kanamycin (25 µg/ml) and spread with 100 µl of IPTG (0.1 

M) and 20 µl X-GAL (100 µg/ml). Plates were incubated overnight at 37ºC. 

 

 6.2.7.3 Blue/white selection 

Successful transformation events were identified as white colonies on the LB selective 

plates and confirmed by PCR amplification. Sterile toothpicks were used to transfer 3–5 

white plasmid colonies (and blue control colonies) from each plate into separate 20 µl 

PCR reactions containing 30 ng of the same EcoRI and MseI selective primers used to 

generate the original AFLP band, 0.6 U Taq DNA Polymerase (Qiagen, Pty Ltd), 1X 

PCR buffer (10 mM Tris-HCl pH 8.0, 50 mM KCl, 2.5 mM MgCl2), 0.2 mM dNTPs 

and brought to volume with sterile water. PCR cycling conditions were: 30 cycles of 

94°C for 30 s; 56°C for 60 s; and 72°C for 90 s, with a 4°C hold. PCR products (5 µl) 

were confirmed on a 0.8% agarose gel alongside 1 kb DNA ladder (Gene Ruler) 

(Fermentas, Gmbh). Plasmid DNA was isolated from positive colonies (PCR products 

of correct size from white colonies) using UltraCleanTM 6 Minute Mini Plasmid Prep Kit 

(MO BIO Laboratories, Inc, #12300) following the manufacturer’s instructions and 

quantified on a 0.8% agarose gel using a mass ladder standard.  
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6.2.7.4 Confirmation of plasmid inserts 

Plasmid DNA was restricted to release insert and verify fragment size. A 10 µl 

restriction digest was set up as follows: 5 µl extracted plasmid, 3.6 U EcoRI restriction 

enzyme (Promega, Pty Ltd), 0.1 µg/µl BSA, 1X Buffer H (90 mM Tris-HCl, 10 mM 

MgCl2, 50 mM NaCl) (Promega, Pty Ltd) and brought to volume with sterile water. The 

digest was incubated at 37ºC for 1 h and 3 µl separated on a 1% agarose gel (TBE) to 

check the insert size.  

 

6.2.8 Sequencing reaction 

Colonies that produced amplicons of the same size as isolated fragments were 

sequenced. The recombinant plasmids were sequenced using the BigDye® Terminator 

dideoxy terminator cycle sequencing reaction (PE Applied Biosystems) with T7 

promoter primer following the manufacturer’s instructions. Samples were analysed 

using an ABI 377 PRISM automated sequencer (PE Applied Biosystems) at Royal Perth 

Hospital (Australia). 

 

6.2.9 Primer design 

The computer program Primer3 (Rozen and Skaletsky 2000) was used to design the 

primers, optimised for the following: (i) primer length (19–24 bp), (ii) ideal minimum 

melting temperature (Tm) 57˚C, (iii) ideal maximum Tm 63˚C (iv) primer 3’ ends 

terminating in a C or G residue. The primer pairs were commercially synthesised by 

GIBCO BRL. AFLP fragments were renamed, for example AFLP fragment E4M7359 

was renamed SC47359. The newly designed SCAR primer pairs were tested on parental 

genomic DNA, F2, F3 and  introgressed populations. 

 

6.2.10 PCR optimisation and validation of SCAR markers 

PCR reactions for forward and reverse SCAR primer pairs were first performed on 

genomic DNA of the susceptible and resistant parents and positive and negative 

controls using 5 µl template (100 ng DNA), 100 ng of each primer, 0.2 mM dNTPs, 1X 

Mg2+-free DyNAzyme EXT buffer (50 mM Tris-HCl pH 9.0, 15 mM (NH4)2SO4 and 

0.1% Triton X-100) (Finnzymes), 2.5 mM MgCl2,1 U DyNAzyme EXT DNA 

polymerase (Finnzymes) and sterile water to a total volume of 50 µl. The following 

PCR amplification conditions were used: an initial denaturing step at 94˚C for 3 min, 

followed by 25 cycles of 94˚C for 30 s, 55˚C for 30 s, 72˚C for 90 s and a final 

extension at 72˚C for 5 min. The positive control was the original product excised from 
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the gel and amplified by specific AFLP primer pair combinations. The products were 

electrophoresed through a 2% agarose gel (1X TBE) and visualised under UV light. 

PCR products were assessed for (i) polymorphism between parents and (ii) quality of 

PCR products. Primer combinations that were monomorphic between parents or gave 

poor fragment resolution were further optimised by varying the MgCl2 concentration 

and/or annealing temperature. A gradient PCR was set up for eight primer pairs over a 

range of annealing temperatures (49–56˚C) and MgCl2 concentrations (1.5, 2.0, 2.5, 

2.75, 3.0 mM) in a working volume of 25 µl using the same PCR cycling parameters as 

before. Primers that produced a polymorphism between the parents were then tested on 

F2-derived F3 families. 

 

6.2.11 BLAST searches 

Basic Local Alignment Search Tool (BLAST) was used to search for sequence 

homology between the nucleotide sequences of the AFLP fragments and known (DNA 

and protein) sequences held on GenBank® and SWISS-PROT databases, using ANGIS 

Biomanager. BLASTN and BLASTX algorithms were applied (Altschul et al. 1997). 

BLASTN compares a nucleotide query sequence against a nucleotide sequence database 

and BLASTX compares a nucleotide query sequence translated in six reading frames 

against a protein sequence database.  

 

6.3 Results 

6.3.1 Conversion of AFLP fragments to SCAR markers 

AFLP markers were chosen for cloning, based on the three proposed gene clusters for 

pea weevil resistance and three for pea weevil susceptibility (based on the REML and 

PCO analysis detailed in Chapter 5) (Fig. 6.1). Ten markers that were selected for 

conversion into SCAR markers are listed in Table 6.2. Each group theoretically 

represents a major gene region controlling the pea weevil resistance trait. Of the ten 

AFLP fragments that were cloned, eight produced products consistent with the original 

fragment size. Two of the cloned AFLP fragments, E4M2393 and E1M8133, did not 

have a plasmid insert of the predicted size and were abandoned. The remaining eight 

fragments were sequenced (Fig. 6.2) and positively identified by flanking adapter and 

selective 3-base primer sequence. Forward and reverse primers which would amplify 

the corresponding genomic locus or sequence were designed, based on the DNA 

sequence internal to the adapter sequence, and as close as possible to the 5’ terminal 

ends of each fragment (Table 6.3).  
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Fig. 6.1.  Principal coordinate analysis of AFLP bands associated with B. pisorum resistance or 

susceptibility. Markers clustering with susceptibility in groups 1–3 are proposed as the major gene sites 

controlling the expression of susceptibility to B. pisorum; markers clustering with resistance in groups 1–

3 are proposed as the major gene sites controlling the expression of resistance to B. pisorum. (Analysis 

from Chapter 5). 

 

PCR conditions for eight SCAR primer pairs were optimised and the optimal conditions 

for amplification are presented in Table 6.4. Two SCAR markers, SC47359 and 

SC47435 were polymorphic between parents, present as dominant markers in the 

resistant parent ‘ATC113’ and resistant accession ‘ATC114’ but absent in the 

susceptible parent, ‘Pennant’ and a susceptible cultivar ‘Dunwa’ (Fig. 6.3a). SCAR 

marker SC66260, derived from ‘Pennant’ was dominant and polymorphic between 

‘ATC113’ and ‘Pennant’ although a second, larger fragment of approximately 800 bp, 

in addition to the predicted 219 bp fragment was also present in the susceptible parent 

(Fig. 6.3b). 

 

SCAR markers SC88240 and SC18144 were polymorphic under variable PCR 

conditions, but the polymorphisms were not consistently reproduced and these SCAR 

primers were therefore not considered further in this study (Figs. 6.3 (b) and (d), Table 

6.4). SCAR markers SC82500 and SC66302 were monomorphic over a range PCR 

thermocycling conditions and were not considered further in this study (Fig. 6.3(c)). 

SCAR marker SC25414 produced a ladder of products in both parents and was 

considered unsuitable as a marker ‘fragment’ (Fig. 6.3(e)). 
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Table 6.2.  Ten AFLP fragments were selected for conversion to SCAR markers. t = statistical 

association with resistance or susceptibility, higher values represent closer association. Vfamily = variation 

within F3 families for presence/absence of marker, lower values represent less variation. 

 

Fragment number  Code t Vfamily 

Candidate markers for resistance 

Group 1 E4M7359 3.66 556 

Group 2 E4M2393 2.78 569 

 E6M6302 2.56 572 

Group 3 E4M7435 3.72 661 

 E1M8144 2.23 624 

 E8M8240 2.59 703 

Candidate markers for susceptibility 

Group 1 E6M6260 –4.23 556 

 E1M8133 –4.16 442 

Group 2 E2M5414 –2.77 646 

Group 3 E8M2500 –3.22 433 

 

 

Table 6.3.  Nucleotide sequence of primers (20-mers) used for SCAR markers converted from AFLP 

markers linked to pea weevil resistance or susceptibility alleles. 

SCAR 

marker 

AFLP 

locus 

SCAR forward primer (5’→3’) 

SCAR reverse primer (5’→3)  
bp Phenotype Marker type 

 
SC47359 

 
E4M7359 

 
AGGGGAGGGT TGATTCTTAC 
CACAATCATC TGAACGCATA 
G 

 
338 

 
resistance 

 
dominant 

 
SC47435 

 
E4M7435 

 
CAGAGACGAC GACAAAGACG  
CCAGCTAGAC AAATGAAG  

 
388 

 
resistance 

 
dominant 

 
SC66302 

 
E6M6302 

 
GTGTTCAGCC TCCTATGTTG  
CCCCCTCTCT CTGCTTATG  

 
251 

 
 resistance 

 
monomorphic 

 
SC88240 

 
E8M8240 

 
ATGTGTGGGC TTCCTATTTC 
GTCAGTGAAG CTTTCTGGG 

 
199 

 
 resistance 

 
monomorphic 

 
SC18144 

 
E1M8144 

 
TGATGCACAC TTATTTTTGG 
GACGCATGGA GGATGATA  

 
94 

 
 resistance 

 
monomorphic 

 
SC66260 

 
E6M6260 

 
GGGACAAAAT GGGGTTTACC 
AAAAGATAAC CCACCCATAG  

 
219 

 
 susceptibility 

 
dominant 

 
SC82500 

 
E8M2500 

 
GCTTCAATTC CAGGTGATGA 
AGGTCAATGC AATCTCAAC  

 
457 

 
susceptibility 

 
monomorphic 

 
SC25414 

 
E2M5414 

 
TGAGCATCAC AATTCTTCTC 
GTTGGCAGAT GGTGTAATC 

 
372 

 
 susceptibility 

 
multimorphic 
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Fig. 6.2.  DNA sequence information for eight AFLP bands associated with B. pisorum resistance (AE) or 

susceptibility (PE).  

251 G 

     1  ATGATGCACA CTTATTTTTG GATCAGAACA CATCATTTCA TAGGCCTAGC 
51 ATATTACATC ATCCTACACA TATATCATCC TCCATGCGTC GCAA 

     1  TGTGAGGGGA GGGTTGATTC TTACGGAGGC ATGTTCCGAT GATGACTTTG 
    51  ATGGTGACTA ATGGTTCAGT TTTTGATCAG AGTCCTATCT ATAAGTCGGA 
   101  TTTATGGAGT TATTTCCGAA ACGTCGGAGT TCTGTCCGTG GTATTTATCA 
   151  GTGGGGATCC GTTTATTTCA GGATCCCCTG GGCTGGTTCA GAGGGTCTTT 
   201  TGGTTATCAG ATCAGTGAAT CTCTGATGAT GACGGTGATG TATTATTCCG 
   251  TTCCGTTTAT TCCGGAACTC CCAAGTCGGA TTTGTGGTTA CCTATGCGTT 

301 CAGATGATTG TGATCAAGTC AGAGGCTGTA ACTCAGTG 

     1  CCAGAGACGA CGACAAAGAC GGCGGCGGCA ACGACACCGA TCACAGGTAC 
    51  ACTTCTTCTC CTTCCTCGCG CTTCTCTTCT TCTTCTTCTT ACTTCTGGAA 
   101  ATGGCTTCTT CTTGCGAGTC AAAATGCGGA AGCGATGGTG GGAGTGGAGT 
   151  ATTGATTGGT GGTTCAGTTC TACCGTGTAG AGCTTCGAAT GATGAAGCTC 
   201  TCACAACAAT GGAAAATGGA GTGAGCGTGT ACTGAGGGTA GGGGAAACAA 
   251  CGCAAGATTC GTCTGGATCA GAAAAAATTT GGACCCCAAT GATTGACAAT 
   301  GATTGCTCTA CTTATAATGT GATCCAAGAG GGTATTTTAG GGAATTGAAT 

     1  TGGAGGGAGA CAGCTTCACG TGTTCAGCCT CCTATGTTGG AAAAGGAAAT 
    51  GGCCAACATG TTCATGAATA CGCTTCCTGG ACCTAACCTG GAGCGTCTGG 
   101  TGGGGTGCAA TGCCTCCAAC TTTGCTGATG TGGTCTCTAC CAGGGAGAGG 
   151  GTGGAGAATT ACCTGAAGAC CTGCAAGATC CAAAATGGAG TTGGATCTTC 
   201  ATCAGGGGTA AAGAAGCCGT TCATTGGAGG GCATAAGCAG AGAGAGGGGG 

     1  AAGCTTCAAT TCCAGGTGAT GCAAATTTCA TCCTCTCCTT TTGCCGTTTT 
    51  TTTATCATAG ATGTGTAGAT CCTGTTGTGT AGAGCACGAG TATGTGTTTA 
   101  GAATTGAGTT TGGCTGAGAA TTGAGCATGA TATGTTGAAT ATAAGCTTGG 
   151  ATCTCAAATA TGTTTCTCTT CGATATGAAG AATCTAGGTA GAATTAGAAG 
   201  GAATTGAGGT CATATTTGGA TTCACCATTG AAAACTGAGT TGATTGATAT 
   251  AAGCCTTTTG GATTTCTGGA AATTTTCATG GCGGAGCCAC CGTGTGTCTC 
   301  AACGGAGAAG ACGACCGGAG TTGTAGCTCC GGTGTCTGCG TGTTATCTAG 
   351  GGTTTTATGA CTGTGTGCCA TGTGTGCGCT TGCTTGGACG GTTGATTGGT 
   401  TGAGATTGCA TTGACCTTGC CACGCGTGCG TTGAAACGCT GAATGCGCAT 

     1  ATTGAGCATC ACAATTCTTC TCCCTATCGT CCGAAGATGA ATGGGGCGGT 
    51  TGAGGCAGCC AATAAGAATA TCAAGAAGAT TGTGCAGAAA ATGGTGGTAA 
   101  CCTATAGAGA CTGGCATGAG ATGTTACCGT TTGCATGCAT GGGTATCGAA 
   151  CGTCGGTGCG TACATCTACA GGGGCAATGC CTTTCTCACT GGTATATGGG 
   201  ATGGAAGCAG TGTTACCTGT TGAGGTTCAG ATTCCCTCGT TGAGAGTCCT 
   251  GATGGACGTA AAGTTGCAAG AGGCTGAATG GGTAAAGACC CGGTATGAGG 
   301  AGTTAATTAC TTTCTGAGAT CGGTATTCAA TATCATACTC AGATTACACC 

     1  TGCAAGGGGA CAAAATGGGG TTTACAACTA CCGGTTACCG GGTAGGAAAC 
    51  CACAGAAATA GGACTTACAA CTACCAGTTA CTGGGTAGAA GGCCATAACA 
   101  TCCTGTAAGA CCCCAATTTT GTCCCTAAGA TCCCTCATGG CACCATATCA 
   151  TATCATATCA TCGCCTCAAG GATCATTGTG CACCTTGCCT CCTTCCCTAT 

     1  AAGCTTCAAT TCCAGGTGAT GCAAATTTCA TCCTCTCCTT TTGCCGTTTT 
    51  TTTATCATAG ATGTGTAGAT CCTGTTGTGT AGAGCACGAG TATGTGTTTA 
   101  GAATTGAGTT TGGCTGAGAA TTGAGCATGA TATGTTGAAT ATAAGCTTGG 
   151  ATCTCAAATA TGTTTCTCTT CGATATGAAG AATCTAGGTA GAATTAGAAG 
   201  GAATTGAGGT CATATTTGGA TTCACCATTG AAAACTGAGT TGATTGATAT 
   251  AAGCCTTTTG GATTTCTGGA AATTTTCATG GCGGAGCCAC CGTGTGTCTC 

AE18-144 T7  LENGTH: 94  CHECK: 9561  .. 

      

AE47-359 T7  LENGTH: 338  CHECK: 5678  .. 

    

AE47-435 T7  LENGTH: 388  CHECK: 357  .. 

351     CTGAGTTGTT AGATCTTCAT TTGTCTAGCT GGCAATTA 

AE66-302 T7  LENGTH: 251  CHECK: 1100  .. 

    

AE88-240 T7  LENGTH: 457  CHECK: 4263  .. 

451     GCTGAGT 

PE25-414 T7  LENGTH: 372  CHECK: 8448  .. 

351      ATCTGCCAAC GAGCAATCCT CC 

PE66-260 T7  LENGTH: 219  CHECK: 7540  .. 

201     GGGTGGGTTA TCTTTTGAG 

AE82-500 T7  LENGTH: 457  CHECK: 4263  .. 
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Fig. 6.3.   SCAR primer products (a) SC47359, lanes 1–4 = ‘ATC114’  (R), ‘ATC113’ (R), ‘Dunwa’ (S), 

‘Pennant’ (S); SC47435, lanes 5–8 = ‘ATC114’ (R), ‘ATC113’ (R), ‘Dunwa’ (S), ‘Pennant’ (S); (b) 

SC66260, lanes 1–4 = ‘ATC114’ (R), ‘ATC113’ (R), ‘Dunwa’ (S), ‘Pennant’ (S); SC88240, lanes 5–8 = 

‘ATC114’ (R), ‘ATC113’ (R), ‘Dunwa’ (S), ‘Pennant’ (S); (c) SC82500, lane 1= 500 bp AFLP product, 

lanes 2–3 = ‘Pennant’ (S), lanes 4–5 = ‘ATC113’ (R); SC66302 (lane 6 = 302 bp AFLP product,  lanes 7–

8 = ‘Pennant’ (S), lanes 9–10 = ‘ATC113’ (R); (d) SC18144, lane 1 = 144 bp AFLP product, lanes 2–3 = 

‘Pennant’ (S), lanes 4–5 = ‘ATC113” (R) and  (e) SC25414, lane 1 = 414 bp AFLP product, lanes 2–3 = 

‘Pennant’ (S), lanes 4–5 = ‘ATC113’ (R). Size of fragments indicated (bp) and molecular weight ladder 

illustrated in lanes M. 

 

6.3.2 Validation of SCAR markers 

Two SCAR markers, SC47359 and SC47435, each with a high positive t value 

(indicating a statistically significant association with pea weevil resistance) produced a 

polymorphism between the parents. These markers were validated on the F2-derived F3 

population. SCAR marker SC47435 co-segregated with the four most highly resistant F2 

lines (14.06, 21.24, 17.12 and 22.14) (≥85% resistance) (Table 6.5). SCAR marker 

SC47359 also co-segregated with the most resistant F2 lines 14.06, 21.24 and 17.12 (F2 

line 22.14 was not assessed for this marker) (Table 6.5). Both markers co-segregated 

with six F2 lines which were of variable resistance (12–60%) and with two 100% 
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susceptible lines (F2 lines 2.04 and 16.03). Two lines (22.28 and 12.01) did not possess 

either marker and had resistances of 17% and 0% respectively (Table 6.5). 

 

Table 6.4.  PCR thermocycling conditions for SCAR markers derived from AFLPs putatively linked to 

pea weevil resistance or susceptibility. Annealing temperatures and MgCl2 concentrations are listed with 

corresponding product. Source of fragment, susceptible or resistant parent are also listed. 

 

 

6.3.3 BLAST searches 

BLAST results for eight AFLP sequences are listed in Table 6.6. Nucleotide homology 

with known DNA or protein function sequence was found in two of the fragments 

associated with susceptibility, E2M5414 (t = –2.7) and E6M6260 (t = –4.23). AFLP 

fragment E2M5414 was highly correlated with an integrase (fragment) STR246N (1e-25) 

and with P. sativum Psat2–14 repetitive sequence (2e-40). E6M6260 showed a high 

association with P. sativum gibberellin c20-oxidase gene (2e-14). The remaining bands 

showed no appreciable homology with GenBank database sequences at time of 

reporting (Table 6.5). Marker fragments derived from the wild parent showed no 

significant association with known sequences in the database searches, which is not 

surprising because P. fulvum and many other wild species are largely unexplored or 

uncharacterised on world genetic databases. 

 

SCAR marker Annealing temp MgCl2  Marker details Code Origin 
          ˚C (mM)    

SC18144 54.7 2.75 Polymorphic R ATC113 

 [53.6][51.2][50.0] 2.5 Monomorphic   

SC47359 54.8 2, 2.5, 3 Polymorphic R ATC113 

SC47435 55 2  Polymorphic R ATC113 

 53.2 2, 2.5, 3 Polymorphic   

SC66302 55 1.5, 2, 2.5 Monomorphic R ATC113 

 51.2 2.5 Monomorphic   

SC88240 55 2.5 Codominant R ATC113 

 [55.1][53.6][52.0] 2.5 Monomorphic   

SC66260 56.2 2.75 Polymorphic + second band S Pennant 

 [55.1][53.6][52.0] 2.5 Polymorphic + second band   

SC25414 49.4 2.75 Multimophic  S Pennant 

 53.7 2.75 Several fragments/poor 

resolution 

  

SC82500 51.8 2.5 Monomorphic S Pennant 
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Table 6.5.  Distribution of SCAR markers SC47435 and SC47359 in 28 F2-derived F3 families. Band 

presence = 1 or absence = 0, % seed resistance to B. pisorum in F2-derived F3 families. n/a = not assessed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.6.  BLAST results for two of the AFLP bands with significant t values (high association with 

susceptibility). E value = expectation value, the number of different alignments with scores equivalent to, 

or better than the observed alignment score that are expected to occur in a database search by chance. The 

lower the e value, the more significant the score.  % i.d. = percentage similarity of  AFLP sequence with 

BLAST sequence result, bp = distance over which the similarity was found. 

Locus t Description Query E % i.d. bp 

E2M5414 –2.769 
 
P.  sativum clone Psat2–14 repetitive 
sequence 

AF155753 
(blastn) 

2e-40 90 145 

  
 
Integrase (fragment) str 246N: plant 
defence-related gene 

Q40580 
(blastx) 

1e-25 65 347 

E6M6260 –4.234 P. sativum gibberellin c–20 oxidase gene 
AF138704 

(blastn) 8e-14 88 90 

F2 SC47435 SC47359 % Resistance 

    14.06 1 1 100 

21.24 1 1 87 

17.12 1 1 85 

18.07 1 1 60 

15.04 1 1 47 

19.20 1 1 38 

17.04 1 1 17 

21.01 1 1 13 

15.03 1 1 12 

  2.04 1 1 0 

16.03 1 1 0 

22.14 1 n/a 100 

22.22 1 n/a 27 

  9.02 1 n/a 20 

17.09 1 n/a 13 

19.16 1 n/a 6 

19.03 1 n/a 0 

21.20 1 n/a 0 

  8.02 1 0 9 

12.07 1 0 6 

14.17 1 0 0 

19.05 1 0 0 

12.06 0 n/a 13 

23.08 0 n/a 6 

  8.07 0 n/a 0 

17.03 0 n/a 0 

22.28 0 0 17 

12.01 0 0 0 
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6.4 Discussion 

SCAR markers SC47359 and SC47435 were effective in distinguishing between 

susceptible and resistant F2-derived F3 lines, although some susceptible plants possessed 

both markers. Considering that the pea weevil resistance trait is under the control of 

recessive genes, it would be expected that markers for resistance will be present in some 

susceptible heterozygous plants. The overall pattern was that the highly resistant lines 

were recruited by both markers as well as some medium and some non-resistant lines. It 

provides a rationale for using at least two, if not more, markers to help reduce the 

working population. For example, Dalbó et al. (2001)  was successful in reducing the 

percentage of susceptible individuals in a population segregating for disease resistance 

genes from 24.5–52.1% to 2.6–18.2% by using more than one marker. If the two 

markers are closely linked to two separate loci, it would be expected that using the two 

markers together would be more efficient in identifying homozygous resistant lines for 

two of the three proposed loci. The presence of SC47359 or SC47435 PCR products in 

some susceptible progeny could be due to recombination between the marker and the 

resistance gene, but may also be explained by the presence of recessive resistance 

alleles in heterozygotes.  

 

The bands that have been cloned ideally require further validation to determine whether 

they are in fact the true clones of the original AFLP bands. In this study, one replicate of 

each clone was sequenced and tested using agarose gel electrophoresis. Although the 

SCAR markers developed in this study are not yet very efficient in their present form 

for use in screening for pea weevil resistance, they do show potential as effective 

markers. Conversion of these markers to codominant markers would distinguish 

between homozygous and heterozygous individuals, allowing more efficient selection 

of resistant lines and thereby making them more applicable in a marker assisted 

breeding program. There are many established as well as newly emerging methods 

available for converting AFLP markers for example, PCR-walking (Devic et al. 1997), 

single nucleotide polymorphisms (SNPs) (Jordan and Humphries 1994), deep 

sequencing (Rudd 2003) and single strand conformational polymorphism (SSCP) (Orita 

et al. 1989). The monomorphic markers cloned and sequenced in this study could be 

converted into polymorphic codominant markers, offering more markers potentially 

associated with different resistance or susceptibility PCO clusters. Development of 

other markers that were identified in the different PCO clusters could also be attempted. 

It would be very useful to establish whether the clusters of markers associated with 
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susceptibility and resistance represent different genes, and to determine which clusters 

are allelic. Knowing which markers are allelic would then enable the development of 

pseudo-codominant markers, combining a susceptible and resistant marker in one PCR 

reaction. This has already been done successfully for monogenic traits (Barzen et al. 

1997; Brahm et al. 2000; Haley et al. 1994; Johnson et al. 1995; Kelly and Miklas 

1998). Development of more markers from each of the PCO clusters should lead to 

more effective detection of the pea weevil resistance trait. 

 

The Basic Local Alignment Search Tool (BLAST) searches of two AFLP fragments 

identified sequence similarities to other plant DNA and gene function sequences. 

Although a positive match was found with these sequences, they could still thousands of 

base pairs away from the genes involved in insect resistance.
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Chapter 7 

 
Towards restoration of cultivar traits 

 

7.1 Introduction 

Plant breeders are generally reluctant to use non-adapted germplasm from wild relative 

species due to the introduction of undesirable characters into elite cultivars. Pisum 

fulvum, the genetic source of pea weevil resistance, is no exception, being of poor 

agronomic type. It has small black velvety seeds and a weedy, indeterminate growth 

habit (Ben-Ze'ev and Zohary 1973; Hoey et al. 1996). As with other wild forms, P.  

fulvum has dehiscing pods, a wild trait represented by a rolling up of pods with 

explosive scattering of seeds (Blixt 1974). P. fulvum also possesses the wild 

amphicarpic character, having aerial as well as basal pods, that grow downwards into 

the ground. Many accessions of P. fulvum display an enhanced branching response to 

photoperiod when compared to domestic cultivars. For breeder acceptance it is 

necessary to transfer the desirable pea weevil resistance genes into a superior agronomic 

type while leaving behind the undesirable wild genetic background. Although these two 

species (fulvum and sativum) have the same chromosome number (2n= 14), there is a 

suggestion that P. fulvum is cytoplasmically different to Pisum sativum (Ben-Ze'ev and 

Zohary 1973). Despite chromosomal and cytoplasmic differences, fertile hybrids have 

been successfully produced when the cultivated field pea acts as recurrent female parent 

and P. fulvum as the pollen donor (Ben-Ze'ev and Zohary 1973; Smartt 1984). 

Germination of F1 seeds proceeds normally although F1 seedlings display stunted 

growth and considerable chlorophyll variegation (chimeras). The F1 hybrids are semi-

sterile with approximately fifty percent seed set and the mature pods generally contain 

between one and three seeds (Ben-Ze'ev and Zohary 1973; Hoey et al. 1996). Non-

viable shrunken seed is produced when P. fulvum serves as pollen recipient (Ben-Ze'ev 

and Zohary 1973).  

 

The compatibility between the two parents  ‘Pennant’ and ‘ATC113’ was explored in 

this chapter by investigating a range of quantitative and qualitative agronomic 

characters including first flowering node, days to flowering, basal branching, flower 

colour, plant height, seed coat colour, seed size, seed shape and number of seeds per 

pod. ‘Pennant’ is an early flowering field pea variety with white seeds. The P. fulvum 

accession ‘ATC113’, which is also an annual, has an indeterminate growth habit and 
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typical wild-type small, black seeds. ‘Helena’, a Dundale-derived dun field pea, is 

purple-flowered with green-brown seeds and is late flowering. In transferring pea 

weevil resistance to elite field pea cultivars a strategy was designed to minimise the co-

introgression of undesirable wild-type traits. The approach taken was to screen 

successive generations for a range of agronomic characters and develop a ‘wildness’ 

index based on these traits (and pea weevil resistance) to identify lines with best overall 

agronomic potential, while at the same time retaining the pea weevil resistance trait. 

Large seed size is an important agronomic trait for field pea. Mean seed size of each 

population was therefore assessed as a measure of progress made during the recurrent 

selection process.  

 

7.2 Materials and methods 

7.2.1 Plant materials and growing conditions 

Plant materials included the adapted P. sativum lines ‘Pennant’, ‘Helena’ and ‘Dunwa’ 

and the wild P. fulvum accession ‘ATC113’. Four generations of hybrid lines included 

379 F2 plants (‘Pennant’ X ‘ATC113’), 195 F3 plants and 89 F4 plants (derived by 

selfing ‘Pennant’ X ‘ATC113’ lines). Three resistant F2-derived F5 recombinant inbred 

lines (RILs) (14.06.2.4, 21.24.2.5, 14.06.3.6) derived from the ‘Pennant’ X ‘ATC113’ 

cross were introgressed into ‘Helena’, a Dundale-derived WA cultivar. The RILs acted 

as pollen donor in each cross. Introgressed (BC1F1) seed was selfed and the lines were 

advanced by single seed decent. Four introgression (BC1F2) populations, B3.1 (n = 27), 

B3.10 (n = 27), B3.4 (n = 20) and B4.1 (n = 55) were assessed for character traits and 

also screened for pea weevil resistance. Second and third introgression populations were 

also produced (crossed into another cultivar ‘Dunwa’) and assessed for seed size and 

number of seeds per pod. Plant growing conditions were as previously described in 

Chapter 3. The development of the test populations is described in a flow chart (Fig. 

7.1) and in Appendix 3 (Table A3.1). 

 

Fig. 7.1.  Flow chart of development of populations. Cross 1 = ‘Pennant’ X ‘ATC113’; ‘Pennant’ = female; 

‘ATC113’ = male; F1 and F2 = 1st and 2nd filial generations; F3 and F4 = 3rd and 4th filial generations; F5 = 5th filial 

generation. Introgression 1 (BC1) = ‘Helena’ X F5; ‘Helena’ = female; F5 selected lines = male, derived by selfing of 

selected resistant F3 plants produced in Cross 1. BC1F1 = Introgression 1, 1st filial generation (F5 X ‘Helena’); BC1F2 

= Introgression 1, 2nd filial generation; BC1F3 = Introgression 1, 3rd filial generation. Introgression 2 (BC2) = 

‘Dunwa’ X BC1F3. ‘Dunwa’ = female. BC1F3 lines = male, derived by selfing selected resistant plants produced in 

Introgression 1. BC2F1 = Introgression 2, 1st filial generation; BC2F2 = Introgression 2, 2nd filial generation. 

Introgression 3 (BC3) = ‘Dunwa’ X BC2F1. ‘Dunwa’ = female; BC2F1 lines = male, produced in Introgression 2; 

BC3F1 = Introgression 3’, 1st filial generation.  
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Fig. 7.1.  Flow chart of development of populations (see previous page for details). 
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7.2.2 Interspecific hybridisation 

The plant populations were produced by conventional hybridisation. The white-

flowered P. sativum cultivar ‘Pennant’ was the female parent in the interspecific cross 

with the orange-flowered P. fulvum accession ‘ATC113’ (Z708) as the pollen donor 

(Ben-Ze’ev & Zohary 1973). In subsequent hybridisations, P. sativum cultivars 

‘Helena’ and ‘Dunwa’ served as female parents. 

 

Flower buds were emasculated 1–2 days before anthesis and because stigmas are 

already ripe at this stage buds were pollinated immediately with the donor pollen. The 

sepal, in front of the keel petals, was removed to expose the keel and to access flower 

parts for emasculation and pollination. Fine forceps were used to open out the keel 

petals and expose the anthers. The anthers and intact pollen sacs were removed and the 

keel petals closed over to prevent desiccation of the ovule and stigma. Pollen was 

transferred to the female recipient flowers by dusting the post-anthesis pollen attached 

to the anthers from the pollen donor plant onto the sticky stigma tip of emasculated 

buds. Keel petals were closed over and flower buds labelled with a string tag with 

details of the cross. Crosses were made in early morning to encourage optimal seed set 

when turgor in the plants was high. Hybrid seeds (F1) were collected from each plant, 

grown on and selfed to produce second, third fourth and fifth filial generations (F2, F3, 

F4 and F5). ‘Backcross’ populations (introgressions) were treated in the same way. 

 

7.2.3 Trait measurements  

7.2.3.1 In situ trait measurements  

Ten phenotypic traits were scored on the plants in situ in the greenhouse, or post-

harvest, depending on the trait being measured. These included the following: Days to 

flowering (DTF), measured as the number of days from the date of sowing to day of 

first open flower to assess relative earliness or lateness in different lines; First flowering 

node (FFN), also related to earliness, was measured by counting nodes from the base of 

the main stem to the node bearing the first flower; Basal flowering (BF), measured by 

the presence or absence of flowers at the stem base, representing the wild, amphicarpic 

P. fulvum phenotype; Number of basal stems (#BS), measured by counting axillary 

branches from the base of the main stem, with multiple branching indicative of the wild 

phenotype and a single stem representing cultivar phenotype; Plant height (mm) (HT), 

measurement taken from the above ground portion of the stem to the top of the mature 

plant; Flower colour (FC), recorded for the inner wing and keel petals (FC_I) and the 
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outer standard petals (FC_O) using visual colour discrimination. Best colour match with 

the Royal Horticultural Society (R.H.S.) colour chart codes was also recorded (Royal 

Horticultural Society). Colour coding (0–7) from white through to darker shading was 

assigned for subsequent quantitative statistical analysis. 

 

7.2.3.2 Post harvest trait measurements 

The following measurements were made for individual plants post-harvest. These 

included mean seeds per pod (MSP), mean seed weight (MSW), percentage filled pods 

(%PF), seed shape (SS) (round or dimpled) and seed coat colour (SC). Seed coat 

colours were also assigned a number (1–10), based on pigmentation, from light to dark 

for subsequent quantitative statistical analysis (Table 7.1).  

 

Table 7.1.  Seed coat colour categories of seeds derived from the ‘Pennant’ X ‘ATC113’ cross. 

 

7.2.4 Statistical analyses  

Analysis of variance (ANOVA) was conducted on quantitative trait characters of 

parents and F2 individuals. Non-normally distributed data such as percentage values, 

were first transformed to arcsin values. Multiple comparisons were calculated using the 

method of Tukey (1977) . Qualitative traits were assessed by chi-square analysis to 

determine the probable number of genes governing a trait. Principal components 

analysis (PCA) was used to construct a ‘wildness index’ based on traits with significant 

effects in the F3 population and  introgression populations. Mean seed size was 

measured across successive populations to evaluate positive shift towards cultivated 

genotype. 

Seed coat colour Colour code 

Cream 1 

Cream/green 2 

Green 3 

Green/Brown 4 

Light brown 5 

Brown 6 

Dark Brown 7 

Mixed/spots 8 

Black 9 

Mottled purple 10 
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7.3 Results  

7.3.1 Phenotypic trait variation 

The F2 progeny shared character traits from both parents, as illustrated with the 

frequency distributions, showing that true hybridisation occurred in the interspecific 

cross between ‘Pennant’ and ‘ATC113’. Frequency distributions of the F2 population 

for seed weight, days to flowering, first flowering node, plant height, basal branching, 

number of seeds per pod and percentage filled pods are shown in Fig. 7.2 (a–f). Arrows 

for each trait on the respective histograms indicate parental and F2 means. The F2 

population mean for seed weight was 0.136 g with a normal frequency distribution 

indicative of a quantitative character (Fig. 7.2(a)). Days to flowering (DTF) followed a 

skewed distribution with early flowering dominant over late flowering (Fig. 7.2(b)). The 

range for DTF in the F2 population was greater than that of the parents indicating 

transgressive segregation. The cut-off point for early and late flowering is shown by 

shading (Fig. 7.2(b)), and is based on parental values. Early flowering was assigned at 

six weeks (42 days) and late flowering at more than 42 days.  

 

First flowering node (FFN) also followed a normal distribution with an F2 range greater 

than the parental means, again indicating transgressive segregation (Fig. 7.2(c)). For the 

purpose of subsequent chi-square assessment, the cut-off value for FFN was assigned as 

the 13th node (based on ‘Pennant’ at 12th node and ‘ATC113’ at 14th.). Plant height (HT) 

also followed a normal distribution with evidence of transgressive segregation (Fig. 

7.2(d)). Plant height was categorised as either short (30–130 mm) or tall (>135 mm), 

based on the division in the frequency distribution. Basal branching, based on basal 

stem numbers followed a semi-quantitative distribution with single stem dominant over 

multiple stems (Fig. 7.2(e)). The basal branching character was reclassified as branching 

or non-branching (multiple stem or single main stem) for the purpose of subsequent chi-

square assessment. ‘Pennant’ and ‘ATC113’ pods contained between 5 and 6 seeds per 

pod, while the majority of F2 pods contained a single developed seed (Fig. 7.2(f)). The 

percentage of filled pods (%PF) varied significantly between the F2 population and the 

parents ‘ATC113’ and ‘Pennant’ (Fig. 7.2(g)). For the parents, %PF was 100% and for 

the F2 population the average %PF was 60%. The range was wide, from no filled pods 

to 100% pod fill. Nine flower colour categories were identified in the F2 population as 

presented in Fig. 7.2(h). For chi-square assessment, seed coat colour was pooled as 

cream or pigmented (Table 7.1) and flower colours were pooled into white (Group 0) or 

pigmented (groups 1–7) (Table 7.2). 
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Table 7.2.  Flower colour categories for plants derived from the ‘Pennant’ X ‘ATC113’ cross. R.H.S = 

Royal Horticultural Society colour code. 

 

7.3.2 Chi-square analysis of traits in the F2 population 

Days to first flowering, first flowering node, plant height and number of basal stems 

were tested as discrete traits. Chi-square results for these characters as well as basal 

flowering, seed shape, flower and seed colour are presented in Table 7.3. In the F2 

population under study, days to first flower (DTF) fit a monogenic ratio with early 

flowering lines dominant over late flowering lines (P = 0.9291). The node of first 

flower (FFN) also fit a 3:1 ratio with flowering at earlier nodes (1–12) dominant over 

later flowering nodes (13–26) (P = 0.148). Plant height (HT) fit a digenic epistatic 9:7 

ratio for tall over short (P = 0.188).  

 

Basal branching fit a monogenic inheritance model (single stem dominant over multiple 

stems) for the F2 population (P = 0.541). Basal flowering fit a 9:7 digenic epistatic ratio 

for the F2 population (P = 0.273). Seed shape (SS) fit a monogenic inheritance model 

(3:1) with round seeds dominant over dimpled seeds (P = 0.346). For flower colour, the 

F2 population fit a digenic 15:1 ratio (pigmented: white) (P = 0.50). Seed coat colour in 

the F2 population did not fit simple chi-square ratios (Table 7.3). 

 

 

 

 

 

 

Flower colour R. H. S. Colour Code # F2 plants 

White 155 0 20 

Cream 158 1 42 

Lemon 20 2 7 

Apricot 33 3 51 

Apricot/pink 44 4 37 

Pale pink 55 5 34 

Pink 55 6 126 

Purple 63 7 53 
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Fig. 7.2.  Frequency distribution of traits of agronomic importance in F2 population (‘Pennant’ X 

‘ATC113’). (a) seed weight, (b) days to flowering, (c) node of first flower, (d) plant height, (e) number of 

basal stems, (f) number of seeds per pod and (g) percentage filled pods. Lighter and darker bars indicate 

cut-off values, based on parental means. Means are indicated by arrows. 
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Table 7.3.  Segregation ratios and chi-square analysis for characters traits in an F2 population  (‘Pennant’ 

X ‘ATC113’). n = number of F2 plants. 

 

F2 Population n Character A Character B Ratio χ
2 P value 

       

Days to flowering  Early Late    
Observed 379 285 94 3:1 0.0079 0.93 
Expected  284.3 94.7    
       

First flowering node  0–12 13–26    
Observed 368 288 80 3:1 2.086 0.15 
Expected  276 92    
       

Plant height  Tall Short    
Observed 355 212 143 9:7 7.735 0.19 
Expected  199.7 155.3    
       

Basal branching  Single stem Branched    
Observed 356 262 94 3:1 0.374 0.54 
Expected  267 89    
       

Basal flowering  Non- flowering Flowering    
Observed 356 190 166 9:7 1.199 0.27 
Expected  200.25 155.75    
       

Seed shape  Round Dimpled    
Observed 361 263 98 3:1 0.887 0.35 
Expected  270.75 90.25    
       

Flower colour  Pigmented White    
Observed 370 350 20 15:1 0.450 0.50 
Expected  356.87 23.1    
       

Seed colour 363 Pigmented Cream    
Observed  328 35 15:1 7.127 0.01 
Expected  340.3 22.7   

 

7.3.3 Trait associations 

Correlations were performed to assess associations between the character traits and with 

pea weevil resistance. Pearson’s correlation coefficients for the traits are presented in 

Table 7.4. Pea weevil resistance was not significantly associated with any of the traits, 

except for a negative association with seed coat colour, and even then, only at a low P-

value of 0.1. The phenotypic traits measured in this study therefore cannot be used as a 

marker for pea weevil resistance, but likewise, none of the observed wild traits will 

necessarily co-segregate with pea weevil resistance in the selected plants. Taller plants 

with later flowering nodes produced larger seeds although taller plants also tended to 

have fewer filled pods. There was a negative correlation between flowering date, and 
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flower and seed coat pigmentation with later flowering plants producing flowers and 

seeds with paler colours. Flowering date was correlated with the number of basal stems 

with later flowering plants having more basal branching. Flowering date was not 

correlated with plant height. The colour of the inner wing and keel petals was positively 

correlated with the colour of the outer standard petals and with seed coat colour, as 

would be expected. This is in agreement with the general observation that white 

flowered peas produce cream or white coloured seeds and purpled flowered varieties 

produce darker, or dun-coloured seeds. 

 

7.3.4 Wildness index  

A wildness index was constructed on the F3 population using principal component 

analysis (PCA) of the quantitative traits and pea weevil resistance measurements (Fig. 

7.3). The purpose of the PCA was to present the collated data as a visual tool that would 

allow selection of resistant lines with the best overall cultivar performance. The 

relationship between the character traits and pea weevil resistance was best represented 

by the first and third principal components, which explained 22.3% and 14.25% of the 

variation respectively (Fig. 7.3). The second principal component explained 14.92% of 

the overall variation, but pea weevil resistance and its association with the majority of 

traits was not well expressed on this component and therefore was not considered 

further. The PCA graph (Fig. 7.3) shows that flower and seed colour were closely 

associated with each other. The plants that clustered with ‘Pennant’ were white-

flowered and had cream-coloured seed coats and were susceptible to pea weevil 

resistance. Pea weevil resistance was closely associated with increased basal stem 

number. Plants that clustered in this quadrant also had a small seed size, small number 

of seeds per pod and low percentage of seeds per pod, suggesting a more wild habit. 

 

F3 plants from the same family tended to cluster together, for example individuals from 

F3 family 6.09 (Fig. 7.3, point ‘12’ ), although some plants from a single family had a 

very different character profiles (Fig. 7.3. point ‘1’). To illustrate the character variation 

among F3 plants, individual trait scores for several F3 plants from different regions of 

the PCA chart are summarised in Table 7.5. Resistant F3 line 14.06.2 (Fig. 7.3, point 

‘19’) was selected for further crossing as it showed a positive shift away from 

‘’ATC113’ towards ‘Pennant’ and had best overall adapted character performance for 

any resistant plant. It had an average seed size of 0.14 g, a single stem and good pod fill.  



 

 

 

 

 

Table 7.4.  Pearson’s correlation coefficients for phenotypic traits measured in ‘Pennant’ X ‘ATC113’ F2 progeny. MSW = seed weight, DTF = days to flowering, FFN 

= 1st flowering node, HT = plant height, #BS = number of basal stems, MSP = number of seeds per pod, %PF = percentage filled pods, FC_I  = colour of wing and keel 

petals; FC_O = colour of standard petals; SC = seed coat colour. r = 0.109 at P = 0.05 (n = 325), * r = 0.106 at P = 0.1 (n = 240). 

 

Trait MSW DTF FFN HT #BS MSP %PF  FC_I  FC_O      SC 

Seed weight           

Days to flowering ns          

First flowering node 0.121   0.329         

Plant height 0.339   ns   0.396        

Number of basal stems ns   0.285   0.129   0.221       

Seeds per pod ns   ns –0.125   ns ns      

Pod fill ns   ns –0.203   0.304 ns 0.226     

Flower colour – inner ns –0.207 –0.239   ns ns ns ns    

Flower colour – outer ns –0.174 –0.188   ns ns ns ns 0.862   

Seed coat colour ns –0.252 –0.303 –0.131 ns ns ns 0.758 0.699  

Pea weevil resistance ns   ns   ns   ns ns ns ns ns ns –0.116* 
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Table 7.5.  Character traits for parents (‘Pennant’ and ‘ATC113’) and eight F3 individuals of varying pea weevil resistance ranking. DTF = days to flowering; FFN = 1st flowering 

node; FC_I  = colour of wing and keel petals; FC_O = colour of standard petals; SC = seed coat colour; #BS = basal stem number; HT = plant height; %PF = percentage filled pods; 

MSP = number of seeds per pod; MSW = seed weight; PWR = percentage pea weevil reistance. 

 

Family Plants DTF FFN FC_I FC_O SC #BS HT %PF MSP MSW PWR 

 P1 ‘Pennant’ 36 11 white white cream 1 115 100 5 0.23 0.0 

 P2 ‘ATC113’ 33 15 apricot apricot black 4 136 100 4 0.07 100 

 19 14.06.2 52 17 apricot white dark brown 1 200 71 1.3 0.14 100 

 29 18.07.1 41 13 apricot apricot brown/green 1 190 91 1.6 0.07 75.0 

 22 15.04.2 41 2 pink pink brown/spots 3 295 46 1.4 0.10 57.1 

 10 5.14.1 26 11 pale 

pink 

cream brown/spots 1 71 67 3.5 0.09 40.0 

 10 5.14.5 21 10 dark 

pink 

pale 

pink 

brown/spots 1 159 89 1.4 0.11 50.0 

 38 22.28.1 31 11 white white cream/green 1 80 40 1.3 0.12 50.0 

 12 6.09.2 27 13 white white cream 1 147 100 2.4 0.20 0.0 

 12 6.09.5 25 13 pink pink dark cream 1 149 100 5.6 0.19 0.0 
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Table 7.6.  Character traits for susceptible cultivars (‘Pennant’, ‘Helena’ and ‘Dunwa’), resistant accession ‘ATC113’ and four BC1F2 individuals of high pea weevil resistance 

ranking. DTF = days to flowering; FFN = 1st flowering node; FC_I  = colour of wing and keel petals; FC_O = colour of standard petals; SC = seed coat colour; #BS = basal stem 

number; %PF = percentage filled pods; MSP = number of seeds per pod; MSW = seed weight; PWR = percentage pea weevil reistance. 

 

Code Plants DTF FFN FC_I FC_O SC #BS %PF MSP MSW PWR 

P1 ‘Pennant’ 36 11 white white cream 1 96.2 5.0 0.23 0 

P2 ‘ATC113’  33 15 apricot apricot black 4 97.1 4.0 0.07 100 

P3 ‘Helena’ 64 22 purple purple dun 1 97.0 5.1 0.17 0 

P4 ‘Dunwa’ 71 21 purple purple dun 1 99 3.5 0.24 0 

1 B3.4.14 67 11 pink pale pink brown/spots 8 100 1.6 0.10 100 

2 B3.10.13 94 22 pink pink green/spots 6 98.1 1.2 0.22 83 

3 B3.10.46 44 11 pink/apricot lemon brown/spots 2 43.1 1.0 0.09 75 

4 B3.4.29 44 14 apricot pink/apricot green/spots 3 23.1 1.2 0.19 75 

98 
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Characters for seven F3 plants from five different F2 families are also listed in Table 7.7 

to illustrate the range of character traits and pea weevil resistance scores. 

 
7.3.5  Introgression assessment 

A second wildness index was developed using the introgression populations. Plant 

height was not included in the analysis as it was not significant in the F3 PCA analysis. 

The relationship among the character traits and pea weevil resistance is presented here 

for the first and third principal components, which explained 21.9% and 14% of the 

variation respectively. The second principal component explained 16.8% of the 

variation. Highly resistant lines (50–85%) were distributed mainly across the positive 

coordinates (circled group) while the susceptible lines were more randomly distributed. 

The low-resistance lines (10–49%) fell more or less between these two groups (Fig. 

7.4). The distributions of the four BC1F2 populations were homogenous along the two 

principal components with no one group forming a distinct cluster (data not shown). 

The resistant plants are summarised in Table 7.6 to illustrate the variation in character 

traits used as the basis for selecting the best lines to advance.  

 
The 100% resistant  introgressed plant (B3.4.14) had 100% pod fill and comparable 

flowering habit to that of the recurrent parent (‘Helena’) but seed size was very small 

(0.10 g), branching habit was wild and seeds were brown and spotted. Line 2 (B3.10.13) 

was 83% resistant, had large seed size (0.22 g), was late flowering with an overall wild 

pattern. Line 3 (B3.10.46) was 75% resistant, had a single stem and earlier flowering 

habit than that of the recurrent parent, but had very small seeds (0.09 g), a flower colour 

similar to the original ‘ATC113’ parent and percentage of filled pods was low (43%). 

Line 4 (B3.4.29), also 75% resistant, had good seed size (0.19 g), a low number of basal 

stems and good overall flowering habit. The only undesirable character trait for line 4 

was poor pod fill (23%). Lines 1 and 4 would be considered good candidate lines for 

further introgressions. 

 

 

 

 

 

 

 

 



Chapter 7 

 100 

 

Fig. 7.3.  Wildness index based on principal component analysis (PCA) of F3 individuals and parents (P. 

sativum cv. ‘Pennant’ and P. fulvum accession ‘ATC113’). Numbers 1–38 correspond to the F2 families 

that the F3 plants were derived from. 

 

Fig. 7.4.  Wildness index based on principal component analysis (PCA) of BC1F2 individuals, P. fulvum 

accession ‘ATC113’, P.sativum cvs. ‘Pennant’, ‘Helena’ and ‘Dunwa’. Numbers 1–4 correspond to 

BC1F2 lines presented in Table 7.7. 
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7.3.6 Progress of introgression ‘backcrosses’ into ‘Helena’ 

The overall shift from wild P. fulvum parent to that of the cultivar genotype is illustrated 

in Figs. 7.5 and 7.6. These figures show that progress towards reconstituting the adapted 

background can be achieved within a few crossing cycles using directed selection based 

on a wildness index.  

 

Fig. 7.5.  Seeds of B. pisorum-susceptible parent P. sativum cv. ‘Pennant’ and B. pisorum-resistant parent 

P. fulvum accession ‘ATC113’; susceptible P. sativum cultivars ‘Dunwa’ and ‘Helena’; and introgressed 

lines showing increase in seed size with each cycle of introgression. 

 

 

Fig. 7.6.  Pea pods of B. pisorum-susceptible parent P. sativum cv. ‘Pennant’ and B. pisorum-resistant 

parent P. fulvum accession ‘ATC113’; and introgression lines showing increase in pod size with each 

introgression. 

ATC113 

First introgression  (BC1F2) 

Helena Pennant 

Second introgression (BC2F2) 

Dunwa 

‘Pennant’ 

‘ATC113’ 

Introgression #1 (BC1F2) 

Introgression #2 (BC2F2) 
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7.4 Discussion 

The pea weevil resistance character was not negatively associated with any of the wild 

character traits measured in the populations under study when tested using Pearson’s 

correlation. This is most promising in that it should reduce the negative effects of 

linkage drag often associated with traits from non-adapted sources. Successive 

backcrossing can successfully remove much of the alien genetic material, as shown in 

this study. Many of the desirable traits associated with the cultivated lines used 

(‘Pennant’ and ‘Helena’) were re-established in the  introgressions. Each pod of 

cultivated field pea contains between four and nine seeds. A small proportion of the F2 

plants produced between three and five seeds per pod, which is encouraging. By the 

first ‘backcross’ introgression, the mean number of seeds per pod had further increased. 

Gains in seed size, reduction in wild branching habit and the general directed shift away 

from the wild genotype has been achieved and illustrates that the donor pea weevil 

resistance genes from P. fulvum can be introgressed successfully into cultivar field pea. 

The resistant plants still had a low number of seeds per pod indicating that further 

crosses will be required to achieve cultivar levels of 5–7 seeds per pod, which is similar 

to the findings of Kaushal and Ravi (1998) who obtained seed set in interspecific 

crosses of Oryza species between 1.4 and 80%. Traits that were dominant or recessive 

and controlled by one or more genes, give some insight into future approaches to their 

elimination or incorporation. For example, single stem is a cultivar trait that is dominant 

over increased branching. Breeding to incorporate this trait is not likely to be difficult, 

whereas traits with more genes involved may be less easy to incorporate.  

 

In this study, days to flowering, first flowering node and tallness were all positively 

correlated. Selection of resistant lines with shorter pre-flowering period may accelerate 

their usefulness as parental breeding material. Genotypes with a long pre-flowering 

period tend to be tall and may be more susceptible to lodging (Bert et al. 2003). 

Flowering date was not correlated with plant height, which is an unexpected result as 

these two traits are generally related in the field. This is one limitation of glasshouse 

assessment for such traits. Pea weevil resistance was not correlated with any of the 

character traits in the F2 population. This signifies two things — firstly, none of the 

measured wild traits are likely to co-segregate with resistance, a great advantage in 

ensuring a rapid return to the adapted genetic base with minimal linkage drag. Secondly, 

it is unlikely that there is a phenotypic trait such as flower colour which could act as a 

convenient visual marker for pea weevil resistance in this particular cross. However, 
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flower colour is associated with seed colour, and as pale seeds are an important trait for 

marketability, it will be useful to select pea weevil resistant lines with a range of flower 

colours to allow concomitant selection for desirable seed colours. In primitive pea, 

environmental conditions exert a major influence over the degree of branching of basal 

stems (Blixt 1974). The plant characters in this study were not assessed for 

environmental effects in the field. Variation in daylength is also likely to influence the 

expression of many of the traits.  

 

In the cross between P. sativum cultivar ‘Pennant’ and P. fulvum accession ‘ATC113’, 

there was evidence of reduced fertility, pod fill reduction and possibly chromosomal 

and/or cytoplasmic aberrations, however, the majority of the hybrids were fertile and 

produced a normal distribution in the F2 population for the range of traits under 

investigation. Some P. fulvum accessions can produce trisomics when crossed with P. 

sativum (Errico et al. 1996). Ochatt et al. (2004) has reported the need for embryo 

rescue to produce viable hybrids between P. sativum and P. fulvum accessions. In 

studies by Clement et al., it has been their observation that seed viability may be as low 

as 40% in F2 and F3 seed from P. sativum x P. fulvum crosses (pers. comm.). Accession 

‘ATC113’ was not used as the P. fulvum parent in either of these two studies. It is 

proposed here that ‘ATC113’ is serendipitously more efficient in producing viable seed 

in intraspecific crosses with P. sativum than other P. fulvum accessions, and therefore is 

a good choice for the efficient incorporation of useful traits into cultivar field pea. 
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Chapter 8  

 

8.1 General discussion 

This study provides valuable information on the mode of inheritance of pea weevil 

resistance in a cross between Pisum sativum and a Pisum fulvum accession and of the 

plant parts that contribute to the resistance mechanism. It demonstrates that successful 

interspecific hybridisation can be made between P. sativum and P. fulvum accessions 

using conventional crossing techniques, challenging some observations that these two 

species are incompatible (Ochatt et al. 2004; Wroth 1998). It is the first study to develop 

molecular markers for use as an alternative to phenotypic screening of pea weevil 

resistance and introduces an alternative method to identifying linked markers with direct 

application to breeding programs. This is also the first study of advanced introgressed 

populations derived from the P. sativum x P. fulvum cross, and demonstrates the 

heritability of a seed-mediated pea weevil resistance in a background of reasonably 

adapted germplasm. 

 

The first part of this study confirmed that at least two resistance mechanisms (pod wall 

and seed antibiosis), implicated in earlier studies by Hardie and Clement (2001) and 

Clement et al. (2002), significantly contributed to the pea weevil resistance character. It 

established that the wild parent accession used throughout this work was resistant to pea 

weevil and the cultivars were susceptible. It also further advances the knowledge of pea 

weevil resistance mechanism(s) by investigating interspecific populations derived from 

the hybridisation between the wild resistant accession and susceptible cultivated pea. 

The work in the first chapter sets the scene for subsequent chapters, including the 

investigation of the inheritance of pea weevil resiance, providing a justification for 

carrying out molecular marker assessment and initiating a ‘backcross’ introgression 

breeding program for the incorporation of seed resistance. 

 

The study establishes that pod and seed-based mechanisms are involved, and that the 

seed damage rating scale (SDR) used by Clement et al. (2002) and the percentage seed 

emergence scale developed by Hardie (1992)  were essentially equivalent. However, 

resistance screening based on visual seed damage or seed weight loss were less well 

correlated with seed resistance, and probably of limited use in the early stages of a 

breeding program. The percentage seed resistance method was used throughout 
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subsequent chapters because it was considered more suitable for statistical assessment 

than the 1–5 seed damage rating scale of Clement et al. (2002). In this study, almost 

70% of eggs placed on pods of the susceptible parent ‘Pennant’ burrowed though the 

pod walls, and for the resistant parent, ‘ATC113’ this was 43%. For the interspecific F2 

plants with 100% seed resistance, pod resistance ranged from 16.6 to 83.3%. Seed 

resistance in the plants with pod wall resistance could not be determined because of the 

nature of the bioassay. 

 

Considerable work has been undertaken worldwide on bruchids as storage pests in 

legumes and the genetic inheritance of these resistance mechanisms have been 

established for some Callosobruchus species (Adjadi et al. 1985; Redden 1983; Rusoke 

and Fatunla 1987). However, much less is known of the field pest Bruchus pisorum and 

its relationship with its host species, Pisum sativum. This is the first study to investigate 

the mode of inheritance of the resistance. The study shows that the seed-mediated 

resistance mechanism is a heritable trait, controlled by three major recessive genes. This 

is consistent with findings of other reported instances of bruchid resistance in other 

legume species (Adjadi et al. 1985; Redden 1983; Rusoke and Fatunla 1987). The 

significance of this finding is that the wild pea accession offers a stable form of 

resistance not due to spatial or temporal effects, but due to a heritable antibiosis-based 

resistance. The three major genes can theoretically be introgressed into cultivated field 

pea by conventional breeding, but the process can also be potentially accelerated by a 

marker-based selection strategy.  

 

Pod wall resistance has been observed in P. fulvum accession ‘ATC113’ in studies by 

Clement et al. (2002), although the resistance was quite variable over different years 

under similar conditions. Monogenic and digenic pod wall resistance to other bruchid 

species has been reported for other legumes (Rusoke and Fatunla 1987). The pod wall 

response of ‘ATC113’ and susceptible cultivar, ‘Pennant’ in this study were similar, 

although the F2 population showed a transgressive segregation — some progeny did 

express quite high levels of pod wall resistance, and others were more susceptible than 

either of the parents. This is significant in that it shows that the contribution of genes 

from both parents may confer protection against pea weevil. It is possible that the 

variability that exists in the expression of this trait (Clements et al. 2002) has led to the 

similarity in response between the susceptible and resistant parents. The frequency 

distribution in the F2 population was indicative of a quantitative trait but this source of 
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resistance is likely to be difficult to introgress. Attempting to introgress pod wall 

resistance by conventional breeding methods or by using molecular markers might be 

considerably more difficult, due to the large number of genes potentially involved.  

 

There was nothing to indicate that the resistance mechanism was expressed by the seed 

coat. This has also been the observation of other workers on resistant legume species 

and bruchid pests (Rusoke and Fatunla 1987). The in situ plant bioassay method proved 

most effective in identifying seed resistance in this study, however it is extremely 

labour intensive. Field screening on the other hand, can rapidly identify pea weevil 

infested seed (visual examination of seeds with holes), but does not necessarily 

differentiate between plant or pod antixenosis (avoidance), pod wall resistance or seed-

based resistance. This could result in the misclassification of resistant lines, unless 

followed up with further testing, either by single seed examination or by marker 

assessment. Screening methods based on seed weight loss or visual seed damage are 

also unlikely to reliably identify pea weevil resistant lines. The molecular markers 

developed in this study offer an adjunct approach to screening for the pea weevil 

resistance trait.  

 

Having ascertained that three major recessive genes (and possibly many minor ones as 

well) are responsible for the seed-based resistance, has influenced the approach taken in 

the subsequent molecular marker work. For example, it has established that effective 

selection for pea weevil resistance would benefit from having more than one marker. It 

also establishes that bulked segregant analysis (BSA), which is ideal for monogenic 

traits, would have limitations in the identification of multiple resistance loci (Mackay 

and Caligari 2000). A full mapping population was not considered in this study due to 

the logistics involved within the timeframe of this project. In the context of targeting a 

single recessive trait (pea weevil resistance), it was considered appropriate to enrich for 

resistant progeny using selective genotyping of the F2 population followed by 

confirmation of resistance in the F3 progeny. The advantages of using the F3 population 

rather than the F2 was the ability to differentiate between homozygous from 

heterozygous plants, particularly relevant in the case of a recessively inherited trait. 

Applying bulked segregant analysis to the resistant and susceptible F3 bulks led to a 

much smaller number of primer combinations being needed to test the F3 individuals. 

For example, 64 primer pairs were screened against the two parents and two F3 bulks 
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resulting in a reduced number of 15–18 primer pairs being selected as optimal for 

screening the F3 individuals.  

 

It was not considered appropriate to apply standard mapping programs to the F3 data as 

most of these programs are designed for the balanced F2 or backcross populations 

(Michelmore et al. 1991; Tanksley and Young 1996). Combining selective genotyping, 

bulked segregant analysis (BSA) and restricted maximum likelihood (REML) followed 

by spatial visualisation of markers using principal coordinate analysis (PCO), allowed 

the smaller F3 population to be used most efficiently. There are similar reports of 

selective genotyping in the literature, for example, Lebowitz et al. (1987) and Lander & 

Botstein (1989) enriched for traits of interest by selecting only the tails of the F2 

distribution (or backcross population) followed by mapping of the F2 or backcross 

populations. In the F3 population used in this study, resistance values ranged from 0–

100%, other methods would classify these into two groups ‘resistant’ or ‘susceptible’, 

whereas the method described in this study allowed more categories to be included. 

Restricted maximum likelihood (REML), in combination with principal coordinate 

analysis (PCO) offered the flexibility required for an unbalanced population, allowing 

the F3 generation to be assessed. Using the F3 population for marker associations 

allowed the REML to take into account the relationship between the F2 and F3 

generation and among F3 families. The advantages of this were that markers with a low 

family variation (Vfamily) (where all the F3 individuals from a single F2 plant had a 

similar phenotype) and closely linked either to resistance or susceptibility (high ± t 

score), could be considered reliable candidate bands for further conversion. They were 

chosen as being more reliable than linked markers with a very high Vfamily within F3 

families, indicating segregation in the F3 or else a misscored F2 plant. The use of REML 

minimised errors caused by an unbalanced population and included the relationship 

between F3 siblings, based on the F2 scores. 

 

Followed by the PCO analysis, markers associated with different putative gene regions 

could be identified by the scatter of positions in the coordinate space with a higher 

likelihood of targeting more than one gene involved in the resistance. From the PCO 

distribution of bands it was not possible to assign allelic groups definitively but it could 

be hypothesised that R and S clusters are allelic, based on the strength of the t scores. 

Selection for markers associated with resistance should be more informative than 

markers associated with susceptibility as the former are associated with recessive 
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alleles. Selection of markers associated with susceptibility will not differentiate between 

homozygous susceptible and heterozygous plants thereby necessitating their conversion 

to codominant markers. This is the first report of principal coordinate analysis being 

used to select candidate markers linked with a trait of interest, and offers a practical way 

of identifying markers to use in a marker assisted breeding program, in the knowledge 

that they are potentially linked to the different resistance genes. Several of these 

markers were tested on F2-derived F3 families (derived by single seed descent), parents 

‘ATC113’ and ‘Pennant’, P. fulvum accession ‘ATC114’ (pea weevil resistant) and P. 

sativum cultivar ‘Dunwa’ (pea weevil susceptible) (in Chapter 6) to assess the efficiency 

of the statistical method developed in this study. The results showed that the REML 

algorithm offers an alternative method for identifying markers in the absence of formal 

linkage map associations.  

 

Another issue facing introgression of genes from wild, non-adapted germplasm is in 

eliminating the wild donor germplasm associated with poorly adapted characters 

(Tanksley and Young 1996) such as small seeds, dark seed colour, extensive branching, 

flower colour, flowering time and indeterminate flowering. It was important to examine 

the possibility that pea weevil resistance might be linked to any of the common 

detrimental traits which might slow down a return to the adapted parent genetic 

background, due to linkage drag. Pearson’s correlation showed that the character traits 

investigated in this study were not associated with pea weevil resistance and should 

make transfer of resistance genes more feasible, which is most encouraging. Principal 

component analysis (PCA) of these character traits proved to be a useful tool in making 

overall selection of lines based on the character traits with cultivar leanings. It has 

application in advancing specific lines for different purposes or for particular 

environments, for example purple-flowered pea varieties are considered better for soils 

with high boron levels, early flowering lines for short season regions, semi-determinate 

flowering lines for regions with variable rainfall, or drought susceptible regions, and 

paler coloured seeds for human consumption (Khan et al. 1996; Khan and Croser 2004; 

Siddique and Sykes 1997). Principal component analysis has been used on many species 

for the visual classification of genotypes (Maughan et al. 1996; Ru-Qiang et al. 2000; 

Xu et al. 2000) and also for the evaluation of susceptible and resistant genotypes aimed 

specifically at breeding improvements (Yan and Falk 2002).  
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To date, much of the research on P. fulvum and P. sativum has focused on cytogenetics, 

phylogenetic analysis and disease resistance genes (Ben-Ze'ev and Zohary 1973; Errico 

et al. 1996; Errico et al. 1991; Hoey et al. 1996; Wroth 1998; Gurung et al. 2002). Pea 

weevil resistance in P. fulvum was probably first investigated in depth by Hardie (1992) 

and further by Hardie et al.(1995), Hardie et al. 1999, Hardie and Clement 2001 and 

Clement et al. 2002, upon which this current research is derived. Molecular mapping of 

P. fulvum x P. sativum interspecific hybrid populations has never been done before for 

the pea weevil resistance trait. No other studies to date have developed P. fulvum x P. 

sativum-derived germplasm with a direct breeding application with material as 

advanced, nor has the inheritance of the pea weevil resistance trait been previously 

reported. It is very encouraging that within a few rounds of introgression, the material 

developed in this study resembles that of cultivar field pea, and pea weevil resistance 

has remained a stable although recessive component. 

 

8.2 Future directions  

So far, no mapping has been done on pea weevil resistance genes in Pisum spp. 

Mapping studies of the F2 population could be conducted to confirm where these 

resistance genes are mapping to on the Pisum linkage map, using the subset of the 

primer pairs that successfully identified polymorphisms between resistant and 

susceptible plants in this study. Future directions include constructing molecular maps 

of the population and aligning them with published maps of the pea. It may also be 

possible to determine the biochemical nature of the seed resistance and investigate 

which part of the plant and at what stage the response is switched on/off. It would be an 

advantage to be able to turn on/off the genes controlling the resistance in particular plant 

parts, for example, in the pods, to protect the seed from any damage. Cytogenetics in 

combination with fluorescent in situ hybridisation (FISH) or genomic in situ 

hybridisation (GISH) could be investigated to establish the chromosomes involved in 

the pea weevil resistance mechanism. 

 

The PCO coordinates for resistant and susceptible markers in opposite quadrants are 

potentially allelic, and this could be investigated in the future with the aim of designing 

pseudo co-dominant markers. PCR multiplexing (simultaneously amplifying two or 

more loci in a single PCR) has been reported mainly for DNA fingerprinting (Paglia 

1998), identification of genotypes for Intellectual Property Rights Protection, seed 

purity testing and more recently it has been proposed by Tang (2003)  for use in genetic 
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mapping. Multiplexing of sequence-characterised primers for resistance (or 

susceptibility) does not appear to be widely in use in marker-assisted breeding and it is 

suggested here that it might prove particularly effective for gene pyramiding. A PCR 

system consisting of multiplexed markers (for example three pairs of 

resistant/susceptible PCR markers), each representing one of the three proposed gene 

regions, as visualised by the scatter of 588 AFLP fragments in PCO space, needs to be 

investigated and has the potential to make this system very efficient in selecting 

resistant plants for use in marker assisted selection. Further work could be done on the 

AFLP markers to convert them into co-dominant markers, particularly those which 

produced monomorphic bands between the resistant and susceptible parents by 

redesigning the SCAR primers. For example, Bradeen & Simon (1998) used inverse 

PCR to sequence regions outside of the original AFLP fragment to convert dominant 

AFLP markers to breeder-friendly PCR markers. Other candidate AFLP bands could 

also be cloned and sequenced. 

 

This breeding strategy is still limited by the number of plants that can be bioassayed in a 

controlled/glasshouse environment. Molecular markers will have most impact in 

screening early generation plants to eliminate plants that do not contain the recessive 

markers associated with resistance. A selection procedure combining mass selection in a 

controlled environment, for example the in situ bioassay, molecular marker screening 

and the index-based selection in the field should offer a steady rate of improvement of 

pea weevil resistance in field pea cultivars. 

 

8.3 Practical recommendations 

• Clone and sequence more AFLP-derived fragments and convert to codominant 

SCAR markers. 

• Build up a larger multiplex PCR test with elite germplasm tag, several 

resistance/susceptible marker tags. 

• Carry out further cycles of backcrossing or introgression crosses to breed out 

wild traits before commercialisation. 

• Conduct feeding trials to determine impact as an animal feed. 

• Pea weevil resistant derived lines could be more susceptible to black spot, and 

therefore will require introgression into blackspot resistant/tolerant lines. 
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• Field testing should be followed by confirmation of resistance by in situ 

bioassay in glasshouse to rule out escapes, non-heritable resistance etc. (or with 

molecular markers). 

• Field screening should include measurements of flowering time, flower colour, 

biomass, yield, standing ability, seed weight, root biomass etc. Then use 

selection indices (eg. the wildness index) to increase the efficiency of selection 

for pea weevil resistance and good agronomic performance.  

• Use the resistant material already developed as a border crop. 

• Cross with high yielding/elite field pea lines. 
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to TAG, 2004) (Chapter 5). 
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Breeding for the 3rd Millennium. The Australasian Plant Breeding Association 
Inc., Perth, Western Australia, pp. 362-366. (Oral paper). 

 
Posters/abstracts: 

Byrne, O., D. Hardie and G. Yan 2004. Inheritance profile for pea weevil resistance in 
an interspecific cross between Pisum fulvum and cultivated field pea (poster 
abstract). In: 5th European Conference on Grain Legumes. AEP, Dijon, France. 
(Poster). 

Byrne, O., N. Galwey, D. Hardie and P. Smith 2001. Searching for molecular markers 
for resistance to pea weevil. 4th European Conference on Grain Legumes, 
Cracow, Poland, 8-12th July 2001. (Poster). 

Byrne O., D. Hardie and P. Smith 2000. Development of a molecular marker for pea 
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Presentations at meetings: 

Byrne, O. 2005. Pea weevil resistance in Pisum sativum x Pisum fulvum crosses. 
Briefing Workshop on Pulse Germplasm Development, 12th April, CLIMA, 
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Appendix 2 List of abbreviations 

 

Abbreviation Full description 

#BS number of basal stems 

%PF percentage pod fill 

A adenine 

AFLP amplified fragment length polymorphism 

ANOVA analysis of variance 

ATP adenosine triphosphate 

b regression coefficient 

BC 'backcross' introgression, eg. BC1F1 = first 'backcross', first filial generation 

BF basal flowering 

BLAST basic local alignment tool 

bp base pair 

BSA bulk segregant analysis 

C covariance 

C cytosine 

c. circa 

CAPS cleaved amplified polymorphic sequences 

Ci curie 

CTAB cetyltrimethylammonium bromide 

cv. cultivar 

df degrees of freedom 

DNA deoxyribonucleic acid 

dNTP(s) 2'-deoxy nucleotide triphosphate(s) 

DTF days to flowering 

DTT dithiothreitol, Cleland's reagent 

EDTA ethylene diamine tetraacetic acid 

F Filial, where F1 = first filial generation etc. 

FC flower colour 

FC_I flower colour, inner wing and keel petals 

FC_O flower colour, outer standard petals 

FFN first flowering node 

FISH fluorescent in situ hybridisation 

ft Foot, imperial measurement 

G guanine 

g/L grams per litre 

GISH genomic in situ hybridisation 

GLM generalised linear model 

GM genetic modification 

h hour(s) 
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h2  heritability 

ha hectare(s) 

HT plant height 

ID identification 

IPM integrated pest management 

IPTG isopropyl-bD-thiogalactopyranoside 

ISSR inter sequence repeat amplification 

K potassium 

LB luria bertani 

M Molar 

MAS marker assisted selection 

min minute(s) 

mM millimoles 

MSP mean number of seeds per pod 

MSW mean seed weight 

n sample size 

N nitrogen 

n/a not assessed 

ng/µl nanograms per microlitre 

Np neoplastic pod 

P phosphorus 

P probability 

PCA principal component analysis 

PCO principal coordinate analysis 

PCR polymerase chain reaction 

PWR pea weevil resistance 

PWR dominant gene/locus for pea weevil susceptibility 

pwr recessive gene/locus for pea weevil resistance 

PWS pea weevil susceptibility 

QTL quantitative trait locus 

σ variance 

R resistant 

r Pearson's correlation coefficient 

RAPD random amplified DNA 

REML restricted maximum likelihood 

RFLP restriction fragment length polymorphism 

RHS royal horticultural society 

RIL recombinant inbred lines 

RNA ribonucleic acid 

Rnase ribonuclease 

S susceptible 

S0 F2 population derived by selfing 
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S1 F3 generation derived by selfing 

SC seed coat colour 

SCAR sequence characterised amplified regions 

SDR seed damage rating 

SE standard error 

SG segregating 

SNPs single nucleotide polymorphisms 

SOC SOC medium 

sp./spp. species (singular/plural) 

SS seed size (weight) 

SSR  simple sequence repeat 

STS sequence tagged site 

T thymine 

t tonne 

t t statistic 

t/ha tonnes per hectare 

T4 bacteriophage 

TBE buffer containing Tris, acetate and EDTA 

TE buffer containing Tris and EDTA 

Tris Tris (hydroxymethyl) - aminomethane 

U enzyme unit 

UV ultraviolet 

V volt(s) 

var. variety/varieties 

Vfamily variation between families 

X-GAL 5-bromo-4-chloro-3-indolyl-b-D-galactoside 
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Appendix 3 Population development 
 

 

 

 

 

 

 

Table A3.1.  Derivation of the populations used in this study. Three F2 plants with 100% pea weevil 

resistance (0% susceptibility) (1.06, 14.06 and 21.24) produced from a ‘Pennant’ X ‘ATC113’ cross were 

advanced to F4 by single seed descent. F3 lines retained the F2 coding, followed by seed number, for 

example, F3 plant 14.06.3 was derived from a seed (seed number 3) from F2 plant 14.06. Codes of F2-

derived F4 lines were changed to simplify naming the progeny of crosses with ‘Helena’. For example, 

individual F5 seeds from F4 plant ‘1.06.1.3’ were labelled A1, A2, A3, A4 and A5; F5 seeds from F4 plant 

‘14.06.2.5’ were labelled B2, B3, B4  and B5; F5 seeds from F4 plant ‘14.06.3.4’ were labelled D1, D2, 

D3 and D4; F5 seeds from F4 plant ‘14.06.3.6’ were labelled E2 and E4; F5 seeds from F4 plant ’21.4.2.5’ 

were labelled C2 and C5. F1 seeds from the cross between A1 and Helena were given the labels A1.1, 

A1.2 etc. F2 lines from F1 plant A1.1 (produced by single seed descent) were labelled A1.1.1, A1.1.2, 

A1.1.3 etc. This coding scheme was used throughout the study. 

 



 

  
 

F2 % S F3 % S F4 % S F4 source BC1F1 F2 BC1F1 F2 BC1F1 F2 BC1F1 F2 

1.06 0% 1.06.1 27 1.06.1.1 13 1.06.1.3 A1 #seeds A2 #seeds A3 #seeds A4 #seeds
Line #1 1.06.2 40 1.06.1.2 90 A1 A1.1 174 A2.1 145 A3.1 99 A4.1 183

1.06.3 42 1.06.1.3 0# A2 A1.2 128 A2.2 174 A3.2 145 A4.2 195
1.06.4 20 A3 A1.3 130 A2.3 50 A3.3 117 A4.3 164
1.06.5 n/a A4 A.1.4 117 A2.4 135 A3.4 205

A1.5 148 A2.5 229 A3.5 138
A1.6 152 A2.6 153 A3.6 210

#seeds: 33 #seeds: 62 21 F1 849 886 914 542
14.06 0% 14.06.2 0 14.06.2.4 75 14.06.2.5R B2 #seeds B3 #seeds B4 #seeds B5 #seeds

#seeds: 4 B2 B2.1 130 B3.1 201 B4.1 218 B5.1 0
Line #2 B3 B2.2 147 B3.2 150 B4.2 100 B5.2 0

14.06.2.5 0 B4 B2.3 88 B3.3 139 B4.3 120
#seeds: 5 B5 B2.4 110 B3.4 144

B2.5 152 B3.5 161
14.06.2.6 0 B2.6 115 B3.6 91
#seeds: 1 B2.7 64

B2.8 75
#seeds: 12 #seeds: 9 19F1 881 886 438 0

14.06 0% 14.06.3 0 14.06.3.4   0* 14.06.3.4 D1 #seeds D2 #seeds D3 #seeds D4 #seeds
# seeds: 1 D1 D1.1 95 D2.1 8 D3.1 137 D4.1 0

D2 D1.2 85 D2.2 0
D3 D1.3 59 D2.3 0
D4 D2.4 21

#seeds: 3 <3 seeds* 9F1 239 29 137 0
14.06.3.6 0 14.06.3.6 E2 #seeds E4 #seeds
# seeds: 3 E1 E2.1 104 E4.1 147

E2 E2.2 137
#seeds: 4 0 E4

#seeds: 0% #seeds: 15 #seeds: 14 3F1 241 147
21.24 20% 21.24.1 0 21.24.1.2 0*

#seeds: 3 #seeds: 1
Line#3 21.24.1.3 0*

#seeds: 1
21.24.1.5 33
#seeds: 6

#seeds: 8 0F1
21.24 20% 21.24.2 30 21.24.2.1 0* 21.24.2.5 C2 #seeds C2 #seeds C5 #seeds

#seeds: 3 #seeds: 1 C2 C2.1 25 C2.4 0 C5.1 12
21.24.2.2 0* C5 C2.2 22 C2.5 101 C5.2 24
#seeds: 2 C2.3 64 C2.6 54 C5.3 0
21.24.2.3 33
#seeds: 3
21.24.2.4 0*
#seeds: 1
21.24.2.5 0
#seeds: 3
21.24.2.6 0*
#seeds: 1
#seeds: 11 9

#seeds: 6 #seeds: 19 9F1 111 155 36

Pennant X ATC113 Helena X F4

Table A3.1.   (See explanation on previous page)  
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