
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



QUANTITATIVE INHERITANCE OF RESISTANCE 

TO STRIPE RUST (Puccinia striiformis West.) 
IN WHEAT (Triticum aestivum L.) 

A thesis presented 

in partial fulfilment of the requirements 

for the degree of Doctor of Philosophy (Ph.D.) in 

Plant Breeding & Genetics 
Department of Plant Science 

Massey University 

Mohammad Reza Ghannadha 
1993 



In the name of Almighty God, 

the most Compassionate, the most merciful, 

Praise be to God, Lord, Master, Cherisher and Sustainer 

of the universe 



i i i  

ABSTRACT 

Fifteen wheat (Triticum aestivum L.) cultivars, of widely varying resistance to 

stripe rust, were tested by measuring infection type, latent period, pustule size and 

pustule density in the glasshouses to study the inheritance of resistance to three 

pathotypes of stripe rust (Puccinia striiformis West.). Large differences were 

demonstrated between cultivars by using ANOVA and MAN OVA. There were h ighly 

significant positive genotypic and phenotypic correlations amongst infection type, 

pustule size and pustu le density whereas there were h ighly significant negative 

correlations amongst latent period with other components. Pathotype 232E1 37 A- was 

more aggressive than the other pathotypes on these cultivars. Heritabil ity was 

moderately h igh for infection type and latent period in comparison with pustule size 

and pustule density. 

Genetic studies were made of seedl ing resistant to two pathotypes of stripe 

rust by means of a diallel cross among five seedling resistant cu ltivars and one 

susceptible. Parents and F, progenies were assessed for the four characters 

previously mentioned. Hayman's and Griffing's dial lels demonstrated that the additive 

component of variation was the major component although dominance was important, 

in which case it was usually partial dominance. High heritability was observed for al l  

characters showing the effectiveness of the breeding programme. By using W/Vr 

graphical analysis, it was observed that Tiritea which is susceptible to both 

pathotypes had reversal gene action. Reversal gene action was also observed 

amongst seedling resistant cultivars. In general, if a cultivar was susceptible to a 

pathotype it would show recessive gene action, and if it was resistant it would show 

dominance. 

To study the interaction of seedling resistant gene(s) with adult plant resistant 

gene(s) , four adult plant resistant with five seedling resistant cu ltivars were 

intercrossed in a factorial mating fash ion. Parents and F, progenies were tested by 

two pathotypes of stripe rust in the glasshouse, measuring the four characters 

mentioned before. Estimates of genetic components of variance indicated that the 

major genetic effect control l ing all characters was additive, and that the additive 

component resulting from seedl ing resistant cultivars was by far greater than that 
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which resulting from adult plant resistant cultivars. Th is suggests that even in  crosses 

of seedl ing resistant cu ltivars transgressive segregation wi l l  be observed. In general, 

those genes in adult plant resistant cultivars were masked by those in seedling 

resistant cultivars. 

Four adult plant resistant cultivars and one susceptible were intercrossed in 

a diallel fashion. Parents and F 1 progenies were tested with three pathotypes in th� 

glasshouse, measuring the four previous characters. Griffing's and Hayman's 

analyses indicated that general combining abil ity explained a high proportion of the 

variabil ity of most of the characters. This was substantiated by high narrowsense 

heritabil ity estimates. Specific combining abil ity was small but significant, suggesting 

that dominance and nonallelic interaction played a minor role. In  general, partial 

dominance was observed for most characters but in response to pathotype 

232E1 37A-, full dominance and overdominance also were observed. The number of 

genes cou ld be changed for any one character by changing the pathotype.The W /Vr 

graphic analysis of Hayman indicated that Ti ritea which is susceptible to all 

pathotypes had reversal dominance. Reversal gene action were also observed i n  

adult plant resistance cultivars but Briscard had constant recessiveness for most of 

characters against all pathotypes. 

All possible crosses, except reciprocal, were made among four adult plant 

resistant cultivars and one susceptible to study in more detai l the inheritance of 

infection type and latent period in the glasshouse by using generation mean analysis. 

This involves parents, Fl, F2, and backcross populations. Testing was at the seedling  

stage, using the common pathotype (1 06E 1 39A-) i n  New Zealand. A l l  crosses 

showed transgressive segregation in both resistance and susceptibil ity. These results 

indicate that most of the genes condition ing resistance (low infection type or long 

latent period) in adu lt plant resistant cultivars are different from one another. This is 

collaborated by the number of genes conditioning both characters, which were also 

different. Over ten crosses, the broadsense and narrowsense heritabilities averaged 

0.76 and 0.61 , respectively for infection type. These were greater than the 

heritabilities for latent period. For both characters, simple additive-dominance model 

was not sufficient and epistatic gene action for resistance was significant for al l  

crosses. This suggested the action of more than one gene. Additive and additive x 
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additive gene action were important for both characters. 

I nheritance of stripe rust severity was studied in the field, by m eans of d ial lel 

and generation mean analysis of al l  possible crosses among four adult plant resistant  

cu ltivars and one susceptible. The d ial le l  showed that the additive component of 

vari ation again was the major gene action .  This was confi rmed by a h igh narrowsense 

heritabi l ity. In the adult stage, resistant cultivars showed dominance which was partia l  
for resistance. Results of generation means analysis confi rmed the dial lel resu lts . 

Over all ten crosses, sign ificant epistatic gene effects were present, suggestin g  

po lygenic  inheritance. Transgressive segregation was observed, indicating  different 

genes amongst the parents were controll ing the resistance. The average broadsense 

and narrowsense heritabil ities were 0 .73 and 0 .5 1 , respectively. Genes condition ing 

rust severity i n  adult plant resistant cu ltivars showed more frequent (part ial) 
dom inance in the adult stage than i n  the seedl ing stage. Also the numbers of genes 

in the adu lt stage were greater than in the seedl ing stage. 

Knowledge of the type of gene action i nvolved in  the expression of a character 

is helpfu l  i n  deciding on the breeding procedu res to be used for improvement of the 
character. The study showed that selection among F2 plants of a lmost all crosses 

should be e ffective for h igher levels of resistance than the parents and would be  
useful sou rces o f  resistance i n  breeding programme. 
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CHAPTER 1 

INTRODUCTION 

I n  the year 1 650 the world 's population on the earth was estim ated at 500 m il l ion; 
providing about 3 ha of crop land per capita. Now the population is g reater than 4 bi l lion 

and the avai lable crop land is less than 0.4 ha per capita. I n  the year 2000 the world 

population may be estimated to be about 6.8 bil lion (Poehlman , 1 987) , so the demand 
for food is increasing day by day. 

Wheat (Triticum aestivum L . )  is grown in  a wide range of environments around 

the wo rld,  in  almost every country from within the Arctic Circle to the equator, and m ore 
than 20% of our food comes from wheat (Poehlman, 1 987) This suggests that it is the 

wor ld's most important crops (Fig.  1 ) . 

VI"\�)vI"\VA (2.0%) 
WHEAT (19.6%) -�-....... 

RICE (21.2%) 

RYE (1.6%) 
POTATOES (4.9%)liiiii�'11�1�W�-t::>1"\ (1.5%) 

CORN (5.4%) 
MILLET & SORGHUM (4.1%) 

ALL OTHER FOODS (39.7%) 

Fig. 1 .  The percentage of human food composition in the wor ld (Poehlman, 1 987) 

Stripe rust (yellow rust) caused by Puccinia striiformis West. f.sp. tritici, is 

repo rted to be the most serious rust of wheat in many areas of the world where wheat 

is grown in cool ,  damp climate (Roelfs et al., 1 992) .  The world geographical distribution 

of stripe rust races is shown in  Fig. 2 (Stubbs, 1 988). 

Apa rt  from yield improvement, genetic resistance has been the main focus of 

wheat breeders throughout the world. In Australasia, wheat stripe rust was fi rst reported 

in Australia in October 1 979 (O'B rien et al., 1 980). The rapid establishment and 
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Introduction 3 

widespread distribution of this disease i n  the first season of occurrence suggested that 

the pathogen may have been present, but undetected , for several years (Wel l ings et al., 

1 987).  These authors postulated that an intemational traveller might have imported the 

first race of stripe rust from Europe to Australia i n  1 979. The rust appeared i n  New 

Zealand, in 1 980, apparently having been windbome from Austral ia (Beresford, 1 982; 

Mcin tosh and Well ings, 1 986). The relationship between pathotypes in  New Zealand is 

presented schematically in Fig. 3 (Cromey and Munro, 1 992) . 

1980 

1981  

1982 

1983 

198� 

1985 

1986 

1987 

1986 

1989 

1990 

Fig.  3. Stripe rust recorded in New Zealand, their year of identification ,  and virulen ce 

Stripe rust is a continual threat to wheat in  many areas of the world. Crop losses 

i n  susceptible cultivars were as high as 50-60% in Australia (Mcintosh and Wel l ings, 

1 986) and up to 60% in New Zealand (Beresford, 1 982). As wel l  as i nfecting leaves ,  

stripe rust can attack wheat spikes. In  New Zealand, spike infection can be widespread 

in crops of susceptible wheat cul tivars, resulting in sign ificant yield losses where the 

disease is not controlled adequately (Cromey, 1 989a). Spike infection has been recorded 

i n  the fol iar-resistant cultivar in the U nited States (Purdy and Allan,  1 965). 

There are three approaches to the control of rust disease: firstly agronomic 

practices such as removing the "green bridge" (volunteer plants) , secondly, chemical 

control and thirdly, genetic control via the host. Chemical control, although often 
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effective, may pose envi ronmental hazards, is relatively expensive. It m ay be especially 

uneconomic in developing countries. However, control through host genetic resistance 
to rusts is both economically feasible and environmental ly safe. 

The use of resistant cultivars is the most feasible means to p revent  stripe rust 

damage. Two d ifferent types of resistance a re present amongst the cu ltivars :  overal l  o r  

seedl ing resistance and adult plant resistance. The fi rst effective a t  all stages of plant 

g rowth , which the second is effective only at post-seedl ing g rowth stages (van der Plank, 

1 982) . Cultivars that contain only specif ic major genes for resistance are vulnerable. 

Race-specif ic resistance can be identified easily and is effective in the seedling test. 
However, i t  causes d i rectional selection and pressure towards greater virulence in rust 
populations and consequently that major gene(s) , whethe r  seedling resistance or adult 

p lant resistance, causes "boom and bust cycle" of cereal cu ltivars (Fig .  4) .  

Ac reage  

( 
i n c re a s e s 

B re ed e r produ c e s 
c u l t i var  wi t h  H O S T  

n e w  res i s ta n c e 

~ Acreage dE: C reo ses 

800 M Frequency  

\ (  
i n c r ea s e s  \ 

Inc reased 
E p i d e m i c  PAT H OG E N  viru l e n c e  ) �  }cted 

B U ST Fre q u e n c y  
d e c r ea ses 

Fig.  4 .  The "boom and bust" cycle ( Priestley, 1 978) . 

Consequently, breeders have turned their attention to other forms of resistance, 
such as adult plant resistance (but polygenes and durable type) , that are not so 

d ramatically effective. Adult plant resistance is  defined as resistance that is absent in 
young  seedl ings but develops as the plant matu res. If the resistance is controlled by 

several to many genes and does not result in differential selection in the pathogen, the 

pathogen may have greater difficulty in developing effective virulence. S uccessful use 

of such resistance is enhanced by a knowledge of its genetic nature. 
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Since 1 980, stripe rust resistance has been a m ajor aim in New Zealand wheat 

breeding programmes and a number of cu ltivars with improved resistance have been 

released (Cromey, 1 989b) .  However the resistance of some cultivars often has been 
short-l ived due to the occu rrence of new virulent races. Recently, breeding programmes 

h ave focused on the aim of developing of cultivars with more durable resistance. 

Johnson ( 1 984) defines durable resistance as " resistance that remains effective du ring 

its p rolonged and widespread use in  an environment favourable to the d isease". The test 

for durable resistance must include two elements, time (long) and area ( large).  By these 

cri te ria ,  it is difficult to know whether some new cultivars possess durable resistance. 

Al lard ( 1 960) pointed out that potential problems inherent in incorporation of resistance 

f rom unadapted cu ltivars i nto a breeding program are the possible i ntroduction of 
u n known susceptibil ity to a nontarget pathogen ,  or l inkage between the genes control l i ng 

disease resistance and agronomically undesirable traits such as late maturity, he ight, 

and weak straw. Also studies in the U SA (Hendri ksen and Pope, 1 971 ; Krupinsky and 
sharp, 1 979) and United Kingdom (Wallwork and Johnson , 1 984) suggested that 

improved levels of resistance can be obtained from intercrosses among moderately 

resistant and moderately susceptible wheats. These , presumably, were of a polygenic 

nature. 

The present study aims at estimating the quantitative genetiCS of adu l t  and 
seedl ing resistant cultivars to stripe rust with a local, but d iverse wheat germplasm. This 

knowledge should enhance the possibi l ity of constructing multiple gene combinations,  
as wel l as demonstratin g  h ow major gene(s) and minor genes interact. 

Estimating components of quantitative genetiC variation may be usefu l in at least 

three ways : ( 1 )  understanding fundamental genetic phenomena, (2) predicting genetic 

advance under selection ,  and (3) identifying parents which might increase resistance for 

F 1 hybrids. The th i rd reason may become increas ingly important in cereal breeding if 

hybrid vigou r is of useful level .  Spragu e  ( 1 963) listed th ree major factors that m ust be 

considered and which may l im it progress in the analysis of quantitative variation :  the 

n umber of genes involved ,  the type of gene action , and the genotype environment 

interaction . 
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Therefore, objectives of this study were: 

1 .  To estimate seedl ing responses and genotypic parameters cultivars with 

respect to components of res istance separately for th ree pathotypes and over all 

pathotypes col lectively; 

2 .  To est imate quantitative genetics of seedling-resistance with two pathotypes 

(using two glasshouse dial lel , one per pathotype) ;  

3.  To estimate quantitative genetics o f  combinations o f  seedl ing and adult plant 

resistance with two pathotypes (using two glasshouse factorial- matings , one per 

pathotype) ;  

4. To estimate quantitative genetics of adult plant resistance over th ree 

pathotypes ( us ing three g lasshouse dial lels , one per pathotype); 

5.  To estimate more detai led quantitative genetics of adult plant resistance, u sing 

parents, F l '  F 2 '  and backcross to both parents progenies with common pathotype as 

seedl ings in  ten generation means mating des igns; 

6. To estimate quantitative genetics of adult plant resistance in  adult stages with 

common pathotype (using one field dial/el) ; 

7.  To estimate more detailed quantitative genetics of adult plant resistance, us ing 

parents , F l '  F 2 '  F 3' backcross and backcross self ing to both parents progenies i n  adult 

stages with comm on pathotype in ten generation means mating designs. 
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Several thousands of rust species attack a wide range of h igher plants. A number 
of them cause serious economic losses i n  crops, but none more so than the th ree rusts 

that attack wheat , the world's most i m portant crop. 

2. 1. 1. 1. Wheat stem rust 

Stem rust, which is also called black rust, is caused by Puccinia graminis Pers. 

The name black rust refers to the black tel iospores which are formed towards the end 
of the g rowing season. With in P. graminis, special ization on particu lar host genera has 

occurred to produce formea specials .  Three of the most important a re : P. graminis 

f .sp.avenae, which is specific to oats and some related grasses, P. graminis f.sp.secalis 

on rye and some related grasses, and ,  most important, P. graminis f.sp. tritici on wheat, 

barley,  and many of other  relatives of wheat. 

2. 1. 1.2. Wheat leaf rust 

Wheat leaf rust, sometimes cal led brown rust, i s  caused by Puccinia recondita 

Rob. ex Desm. It also shows special ization for specific hosts and the wheat leaf rust 

fungus is commonly designated P. recondita f.sp. tritici. 

2. 1. 1.3. Wheat stripe rust 

Stri pe rust often called yellow rust ( i t  was accepted that the American name, 

stripe rust rather than European name, yellow rust was the adopted name throughout 

Austral ia  and N ew Zealand,  Mcintosh and Wel l ings, 1 986) ,  is caused by Puccinia 

Striiformis Westend, and is one of the most important rust diseases of wheat. This rust 

requ i res relatively cool temperatures for good g rowth , and so is found wherever wheat 

is g rown i n  a cool , damp cl imate. It is sensitive to envi ronmental factors such as h igh 
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temperatu re, low moistu re and air pollution (Stubbs , 1 985) . The world d istribution of 

yel low rust v i ru lence and the geographical distribution of yellow rust were reviewed by 
Stubbs in 1 985 and 1 988, respectively. I t  is most common i n  regions where the climate 

is cool ( temperate about 1 5 °C and less) and is general ly associated with h igh 

elevations, northern latitudes or cooler years, or i n  t ropical areas where wheat is g rown 

in the cool ,  moist winter season. It takes its name from the characteristic stri pe of 

u redinia that produce yel low coloured u rediniospores. 

2. 1.2. Taxonomy and specificity 

The wheat rust pathogens belong to the genus Puccinia of the fami ly 

Pucciniaceae of the order Uredinales of the class Basidiomycetes (Littlefield, 1 98 1 ) .  In  

the Basidiomycetes, meiosis occurs in a basidium and results in the production of fou r 

haploid, s ingle-celled basidiospores. The order Uredinales includes the rust fungi ,  which 

are h igh ly special ized plant pathogens. Depending on the taxonomist ,  the Uredinales are 

d ivided into two or more fami l ies based on the characters of the tel iospores. By far the 
largest number of rust species belong to the Pucciniaceae and Puccinia is the largest 

genus in the family. Because the rust fungi are h ighly specialized and have narrow host 

ranges, identification of the hosts i s  an important aid i n  identi fy ing a rust fungus. Cereal 
rusts are h igh ly special ized pathogens and resistance , whether race-specific or non- race

specific, operates to one pathogen species; so they a re pathogen specific. Al l  th ree rusts 

differ i n  morphology, life cycle, and optimal envi ronmental conditions for g rowth .  

2. 1 .3. Variability in the rust pathogen 

With in  a rust species, the f i rst level of variabi l ity is " fo rmae specials" .  They are 

defined by their abil ity to attack a particular host speCies or a g roup of related species 

but do not differ morphologically. When a progeny of the pathogen exh ibits a 
characteristic that is different from those present i n  the parental i ndividuals , i t  i s  called 

"variant" . The population of genetically identical individuals produced by the variant is 

cal led a "biotype". The biotype with certain def ined characteristics such as pathogen icity 

on a particular set of host differentials is cal led a "physiological race" or "strain "  or 

"pathotype" (Robinson, 1 969). The orig in of pathogenic variabi l i ty is m utation ,  somatic 

recombination ,  parasexuality and sexual state. So far m utation and somatic 
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recombination have been associated with variabil ity in  stripe rust (Stubbs,  1 985) .  

2. 1.4. Life cycle of stripe rust 

Since no alternate host has been identified for stripe rust, only three spores 

stages are known; urediospores, tel iospores and basidiospores. The l ife cycle of stripe 
rust involves repeated cycles of the asexual u redinal stage. A major difference between 

stripe rust and the other two rusts infecting  wheat is that in stripe rust a s ingle infection 

on a leaf can produce a long stripe contain ing many u redia whereas for the other rusts, 

a single u red in ium is usual ly p roduced from one infection (Fig. 5). 

Basldiospores , 

j 

Early 

autumn 

/ 

Basid iospores 

on basidium 

Tellospores 

No host known 

cycle on 
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o 

Uredinlospores 

Summer 

on leal 

Fig. 5. Life and d isease cycles for wheat stripe rust ( R oelfs et al. , 1 992) 

2.2. Host-pathogen systems 

These host-pathogen systems can be divided into two categories: Specific and 
Non-specific. 

Race-specific or vertical resistance implies resistance to some pathotypes o r  

races and not to others; the presence of differential genetic interactions between h ost 

and pathogen genotypes ,  there is  the possibi l ity to identify races, relatively sim ple 
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i nheritance. Non-specific, or horizontal , resistance impl ies res istance to al l  isolates of the 

disease organism; the absence of genetic inte ractions between host and pathogen 

genotypes, and no possibi l i ty to discern pathogen races and often polygenic inheritance. 
So if a pathogen isolate has overcome non-specific resistance it m ust be reclassified as 

specific. Specific resistance has also been defined as resistance to infection or 

hypersensitive resistance, while non-specific res istance permits infection but reduces 

colon ization or spread of the disease (van der Plank, 1 968b; Nelson , 1 978) . 

High levels of resistance based on single genes are often very vulnerable to the 
occurrence and spread of new races of pathogens, wh ile polygenic resistance (wh ich is 

control led by several genes and is difficult or impossible to identify the effect of ind ividual 
genes , Knott, 1 988) is not usually affected by thi s  p roblem of being overcome by new 

races. Resistance that have sometimes been characterized as adult plant resistance 

( resistance is not fully expressed at the seedling stage) , slow rusti ng (a reduced rate of 

epidemic development) , partial resistance (a reduced rate of epidemic development 
despite a h igh or susceptible infection type) , minor genes, etc. are usual ly placed i n  non

specific g roup. 

2.2. 1. Race specificity and gene-for-gene theory 

Flor ( 1 942, 1 946, 1 947) was the fi rst person to study both the inheritance of 

pathogenicity in a pathogen and the inheritance of resistance in i ts host. Working  with 

f lax rust (Melampsora lini Desm.) and its host, flax (Linum usitatissimum L . ) ,  he  

demonstrated that i f  a flax cu ltivar carried a Single gene for resistance, then vi ru lence 

in the rust was also conditioned by a single gene. S imilarly, if resistance in a cultivar was 

conditioned by two genes, then v i ru lence in the rust was conditioned by two genes. Flor 

( 1 956) used the term complementary genes for the interacting genes in the h ost and 

pathogen. However, s ince this term has a specific and different genetic m eaning,  the 
terms corresponding or match ing genes are now used. 

2.2.2. Expression of specific resistance 

1 .  Hypersensitivity. This is an active res istance mechanism in  which the rapid 

death of the host cel ls around the point of infection prevents colonization ( Robinson , 
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1 976) . 

2 .  Immunity. An immune response is indicated by the absence of v is ible lesion 

on the host plant (Stakman et al. , 1 962) and an immune plant is  a non-host ( Robinson, 

1 976) .  Since an immune or hypersensitive reaction depends on h ost genetic background 

and/or the rust cultu re used, the presence or absence of visible lesions does not imply 

two different types of specific genes. 

3.  I ntermediate. Resistance does not prevent colonization but reduces the rate 

of spread of the pathogen ,and is  usually expressed both in seedl ing and i n  the adult 

plant growth stages. 

4. Adult plant resistance. The resistance wh ich is apparent in post seedl ing 

g rowth stages and also termed mature-plant or f ield resistance. The onset of adult-plant 

resistance has been reported from the th ird leaf stage (Anderson , 1 966) to after  the 
emergence of the flag leaf (Samborski and Ostapyk, 1 959). Since genes for adult-plant 

resistance may often be effective against a wide spectrum of rust races, Robinson ( 1 976) 

stated that all adu lt-plant resistance is of the horizontal type. However, race specificity 

has been found for several of the adult plant genes for resistance e.g. in stripe rust, see 

Priestley ( 1 978) . Wallwork and Johnson ( 1 984) reported that Cappel le Oesprez which 

has several specific genes for seedling resistance and several for adult-plant resistance, 

is a durable cu ltivar. Some of the adult-plant factors appear to be responsible for d u rable 

resistance. 

2.2.3. Theoretical aspects of non-race-specificity 

The recogni tion of races and resistance genes are possible i n  the case of genetic 

interactions between host and pathogen genotypes based on a gene-for-gene system. 

Typical race-specific and typical non-race-specif ic resistance form the extremes of a 

continuum;  the size of the race-specific effects depend on the size of the gene effects. 

Th is is well supported by the wheat-stripe rust system where the effects of the many 

res istance genes vary from small to large ( Robbelen and Sharp, 1 978). Zadoks ( 1 972) , 

studying various wheat cultivar-stripe rust race combinations, obseNed a contin u u m  

between instances of near non-race-specific resistance t o  instances o f  clear race-specifi c  
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resistance. Parlevliet ( 1 985) stated that non-specific resistance can arise from two 

genetic systems : when the host and the pathogen genes have small effects and operate 

on a gene-for-gene basis and when the host and pathogen genes ,  whether of small o r  

large effect, d o  not operate o n  a gene-for-gene basis . Genes with large effects operating 

in a non-specific way are believed not to exist in host-special ized pathogen systems. I n  

cereal-cereal rust systems resistance genes with large effects most l i ke ly operate o n  a 
gene-for-gene system and are race specific. Resistance genes with smal l  effects, too 

small to study them individually (polygenes) ,  give a non-race-specific pattem whether 
they operate on a gene-for-gene system or not .  

2.2.4. Expression of non-specific resistance 

I n  recent years there has been increasing interest in resistance that reduces the 

rate of epidemic development by reducing  the number and rate of g rowth of pustu les, 

the f inal pustu le size , the spore production and confers a longer latent period ( reviewed 

by Parlevliet, 1 979, 1 983, 1 985) . The effect is often cal led s low rustin g  and resistance 
is thought to be nonspecific. However, slow rusting is s imply one man ifestation of 

resistance and is not necessarily nonspecific. Specific genes conditioning i ntermediate 

levels of resistance or condition ing adu lt-plant resistance also reduce the rate of 
epidemic development because of reduced spore production and possibly longer latent 
periods as well (Parievliet, 1 977a). 

2.3. General expression of resistance 

Since 1 97 1 , much more work has been done on more complex types of 

resistance such as slow rusting, and the number of papers reporting genes having small 

effects has i ncreased greatly. Because individual genes have smal l  effects in such 

resistance, it is  m uch more difficult to identify them and to determine whether  a gene-for

gene relationship exists. However, for barley leaf rust ( Hordeum vulgare; Puccinia 

horde/) , Parievl iet ( 1 977a) obtained evidence for a differential i nteraction and suggested 

that minor  genes operate on a gene-for-gene basis. Exceptions to the gene-for-gene 

hypothesis h ave been reported , but can usually be resolved if the hypothesis is 

described in terms of the i nteraction of gene products rather than the i nteraction of 

genes. 
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2.3. 1. Temperature sensitivity 

Temperatu re can affect the expression of many genes; some genes become in 

effective at high temperatures G reen et al. (1 960) ,  wh ile others become ineffective under 

low temperatures Lewellen and Sharp ( 1 968) . The wheat cultivar P . 1 . 1 78383, which has 

minor  additive genes for resistance to stripe rust ,  showed g reatest resistance at h igh 
temperatu res, while other m inor genes confer more resistance at a lower temperature 

(Lewel len and Sharp 1 968) . Sharp et al. ( 1 976) selected plants among infected plant 

population g rown at different temperatures that were resistant over a wide range of 
temperatu res . Evidently , these differences in sensitivity to temperature are due to 
diverse physiological functions of the minor genes concerned ( Robbelen and Sharp, 

1 978) . 

2.3.2. Gene interaction 

A cu ltivar with two genes, each determining a different level of resistance, usually 

exhibits the rust reaction phenotype of the most effective gene, and the gene conferring 
the least resistance is masked. The most effective gene is epistatic to those that 

condition a less resistant reaction . Furthermore, a cu ltivar with two or more genes wil l  

be resistant to all of the rust races to which the genes are effective separately. Sharp et 

al. ( 1 967) found that each of the two cultivars P I 1 78383 and Chinese 1 66 had a 

d ifferent dominant major gene. Each gene gave a h igh level of resistance that was 

largely unaffected by the environment. However, F2 plants lacking the major genes 

segregated for additional genes that gave some resistance themselves or acted as 

modifiers of the heterozygous major genes. Up to th ree m inor genes were accumu lated 

in l ines with good levels of resistance, and these gene are generally sensitive to stripe 

rust. 

2.3.3. Inhibitory effects 

G enes conditioning h ost resistance can also be inhibited o r  suppressed by 

nonallel ic genes (Mcintosh and Dyck, 1 975; Kerber and G reen , 1 980; Johnson and Dyck, 

1 984). 
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2.3.4. Background effects 

The genetic backgrou nd can affect the expression of specific genes for resistance 

(Dyck and Samborski , 1 974) . A gene for resistance may be dominant in one genetic 

background and recessive in  another. Consequently, the s usceptible parent in  a cross 

can influence the degree of dominance of a gene (Anderson , 1 966). The reaction 
conferred by a gene may be dom inant relative to one race of  a pathogen ,  and recessive 

to another (Knott and Anderson , 1 955; Lupton and Macer, 1 962). It has been suggested 

that this phenomenon may be due to two closely l inked genes, the expression of one 
being dominant and the other  recessive (Hooker and Saxena, 1 971 ) .  Further Johnson 

( 1 98 1  b) ind icated that the genetic background is important to the expression of durabil ity .  

2.3.5. Allelism 

When two or more genes are either tightly l inked o r  are alleles (at the same locus 

on a chromosome) . Such tight l inkage, or multiple al lel ism may restrict the number of 
genes that can be combined into one cultivar (Dyck and Samborski , 1 970; Johnson et 

al. , 1 986) . 

2.3. 6. Reduced infection rate 

van der Plank ( 1 963, 1 968a) concluded that horizontal res istance was 

characterized by a reduced apparent infection rate (slow rusting) but race-specific 

resistance can also be expressed as slow rusting (Johnson and Tylor, 1 972, 1 980; 

Parlevliet , 1 979) ;  many genes control l ing specific resistance have intermediate effects 

and p roduce results s imi lar to slow rusting. Because of diff icult ies i n  recognizing non

specifi c  resistance Parlevliet and Van Ommeran ( 1 975) defined partial resistance as that 

resistance which is man ifest by a h igh infection type and slow rusting. This partial 

resistance is assumed to be by and large non-specific and was reported in wheat to 

stem rust (Wilcoxson et al. 1 974, 1 975), leaf rust (Caldwel l  et al. ,  1 970; Shaner and 

F inney, 1 980) ,  and stripe rust (Hendriksen and Pope, 1 97 1 ; Dehn 1 977, quoted by 

Parlevl iet 1 985) .  
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2.4. Durability 

Race-specific resistance genes, with few exceptions, are not du rable. When they 

exposed over large areas for long periods , races develop that neutral ize the effect of the 

resistance gene. With genes for specific resistance, an pathotype attacks only those 

cultivars that carry the matching gene for resistance (and culti vars with no resistance 

gene) and no other u nmatched gene. With polygenes where an isolate overcomes only 

part of the resistance of a cu ltivar regardless of whether the resistance is specific or not, 

so polygenic resistance is much more l ikely to be du rable. A major p roblem with the 
concept of non-specific resistance is the d ifficulty in p roving its occurrence. A resistance 

may appear to be non-specific or effective against all races until a race of the pathogen 

is discovered to which it is susceptible. In other words, resistance is non-specific unti l  

it is found to be specific.  To prove non-specificity, every member of the pathogen 
population would need to be evaluated, which of course is impossible, so proving these 

resistances are noh-specific is l imited to the pathogen isolates at hand. To solve this 

problem, durable resistance has been defined as that resistance that h as remained 

effective i n  a cultivar during its widespread cultivation for a long sequence of generations 

or period of time, in an environment favourable to a d isease (Johnson and Law, 1 973; 
Johnson 1 979, 1 981 a, 1 983) . This can be judged only in retrospect, and can be either 
complexly or s imply inherited. Further Johnson ( 1 981 b) also indicated that the genetic 

background is important to the expression of durabil ity. Knott ( 1 988) stated that two 

reasons why polygenic resistance can be durable for two reasons : f irstly, the pathogen 

can not develop a high ly virulent or aggressive race or, if one is produced , it is not 

competitive, and secondly, a highly vi rulent or aggressive race, for whatever reason, 

does not come into contact with the resistance host. 

2.5. Assessment 

2.5. 1. Infection type 

The infection type, which is the product of the interaction of the host and 

pathogen , has been used extensively for the assessment of resistance to m any 

biot rophic d isease, such as rusts . Line et al. ( 1 974) expanded to a 0 to 9 scale from the 

basic scale with four  classes (Gassner and Straib, 1 932, quoted by Line et al. 1 974) for 
stripe rust. A 0 indicates immun ity,  1 to 3 indicate variation for low infection type, 4 to 



Literature Review 1 6  

6 ind icate variation for i ntermediate infection type, and 7 to 9 indicate variation for h igh 

infection type. This expanded scale has the advantage that the data on infection type are 

better suited for statistical calcu lations. 

2.5.2. Latent period 

Variation for latent period (days from inoculation unti l  the f irst pustu le erupted) 
has been reported for many rust disease(Parlevliet, 1 975 , 1 977b, 1 980; Ohm and 

Shaner, 1 976; Martin et a/. , 1 979), including  stripe rust ( Park and Rees, 1 989; Dehne, 

1 977, quoted by Parlevliet, 1 985; and Cromey, 1 992a). The g rowth stage of the plant 

and the age of leaves can play an important role in that variation.  At the head ing growth 

stage, the latent period is usually longest and decreases with the leaves down the stem. 

Younger and older plants have shorter latent periods, with the seedling stage showing 
the shortest latent period and smal lest differences (Parlevliet, 1 975 , 1 977b) . 

2.5.3. Pustule size 

Because of difficulties in measu ring spore production , i t  is often estimated by 

pustule size, assuming a close association between spore production and size. 
Differences in pustu le s ize amongst cultivars have been reported (Ohm and Shaner, 

1 976; Johnson and Wilcoxson , 1 978 ; Kuhn et a/., 1 978) , including stripe rust in wheat 

(Cromey, 1 992a) . 

2.5.4. Pustule density 

Differences in pustule density among cultivars have been reported by Ohm and 

Shaner ( 1 976); Kuhn et a/. ( 1 978) , including stripe rust in wheat (Cromey, 1 992a) . 

Parlevliet and Kuiper ( 1 977a) found that differences in pustule density varied with the 

development stage. 

2.5.5. Percentage severity 

The percent area of plant organs covered with rust pustu les can be m easured 

once at the peak of epidemic development or several times from the beginn ing to the 
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end of the epidemic. The former is assumed to represent the cumulative result of all 
infection or resistance during the p rogress of the epidemic (Parlevliet and van Ommeren,  

1 975) ;  the latter enables the com putation of  the apparent infection rate "r "  (van der 

Plank,  1 963, 1 968a) or the area u nder the disease progress curve (AUDPC) (Wilcoxson 

et al. , 1 975) .  In general, AUDPC is considered to be a better criterion for measu ring  slow 

rusting than r (Rees et al. , 1 979a ,  b; Shaner and Finney, 1 980), because the r value 

depended not only on the slow rusting  of cultivars, but also on the stage of the 

development of the epidemic (Parlevliet, 1 985). Earl iness, interplot interferences and 

presence of major race-specific genes can change the evaluation of slow rusting  

( Parlevl iet 1 985, 1 988) . 

I nfection type is appl icable to both specific and non-specific resistance. Latent 

period, pustule size and number are su itable to measu re components of resistance i n  

the g lasshouse, and longer latent period, smaller pustule size and lower pustule density 

a re associated with slow rusting. AU DPC can be used to measu re slow rusting in  the 

field. 

2.6. Inheritance of resistance to stripe rust 

Rust resistance is a complex character. Person and Sidhu ( 1 97 1 ) surveyed 301 

papers deal ing with rusts ,on al l  crops, in which, resistance was reported to be due to 

dominant genes i n  292 papers and recessive genes in 36. It was reported to be due to 

major genes in 291 papers and m inor genes in 1 9 . Gene interaction was reported in 43 

papers and al lel ism in 27. M uch research has been published on the inheritance of 

resistance, studied using seedl ing infection with known isolates, u nder controlled 

favou rable environmental conditions. The resistance of adult plants in the field is just as 

important f rom an epidemiological and breeding standpoint .  Many cultivars which are 

resistance in the seedling g rowth stage is dependent on major gene, and remain 

resistant against the same rust pathotypes th roughout their enti re l i fe cycle; This is 

termed seedl ing or overall resistance (Zadoks, 1 96 1 ) .  Some cultivars a re susceptible in 

g reenhouse tests, but demonstrate extensive resistance at the adult g rowth stage; and 

this is termed field or adult resistance (Zadoks, 1 961 ; Purdy and Allan, 1 963). 
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2.6. 1. Simple inheritance 

2.6. 1. 1. Recessive genes 

1 8  

Biffen ( 1 905) ,  working with stripe rust, provided the first evidence that resistance 

to a pathogen could be control l ed by resistance factors acting in accordance with 

Mendel's laws . By crossing susceptible and resistant wheat cu ltivars , he found that stripe 

rust resistance reacted as if a single recessive gene was involved (B itten, 
1 907, 1 9 1 1 , 1 91 2) .  Armstrong ( 1 922) continued Bitten's work and described s imple 
recessive Mendel ian factors condition ing resistance i n  crosses between susceptible and 

resistant wheat cultivars. Pal ( 1 95 1 ) found that resistance to natu ral in fection to stripe 

rust in the field was control led by a single recessive gene in the mature plants. Reports 

of recessive resistance were also found by Favret and Val/ega ( 1 953) , S ikka et al. ( 1 960) 

and Sawhney and Bakshi (1 965) .  Lupton and Macer ( 1 962) found that resistance of 

seedlings of cv .  Cappelle Desprez to pathotype 8B was due to the recessive al lele Yr4a, 
whereas the resistance of Heines Peko was conditioned by Yr6. Al lan and Purdy ( 1 967) 

determined that recessive alleles controlled resistance of the winter wheat Kansas 
587023 as wel l  as Heines Kolbon and Spalding Prolific, using a single spore cultu re. 

However, Spalding P rol ific only exhibited a clear-cut 1 recessive:3 dominance 

segregation ratiO in F2, when Gaines was used as the susceptible wheat parent. In 

p rogeny tests of Spalding's Prolific x Omar the intermediate type had to be included with 

the susceptible class to obtain satisfactory agreement for segregation expected with a 

single recessive gene . 

2.6. 1.2. Dominant genes 

Dominant monogenic resistance appears to occur much more frequently with 

stripe rust than does resistance due to single recessive genes. Isenbeck ( 1 93 1 ) and 

H ubert ( 1 932) ,  quoted by Robbelen and Sharp (1 978) , reported partia l  dominance of a 

s ingle gene for resistance in the F2 population for stripe resistance in hybrid 

combinations with Chinese 1 66 in the g reenhouse. On the other h and ,  Favret and 

Val/ega ( 1 953) showed dominance for the same resistance factor f rom Chinese 1 66, 

using a different pathotype in  a f ield test. Further cases of monogenic dominant 

resistance have been reported for Cometa Klein (Ghosh et al. , 1 958), for cultivars Rio 

Negro, Centeria and La Prevision (Singh and Dhil lon, 1 963) , and for cultivars Andes,  
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Bowie and Narino 59 (Omar et a/. , 1 970). Lewellen et at. ( 1 967) showed that stripe rust 

resistance is control led by two types of resistance gene. They crossed a susceptible 
cu ltivar with two resistant cu ltivars, both of which were shown to possess a d ifferent 

dominant major gene for resistance against the pathotypes used. In the h omozygous 

state each gene cond itioned a h igh level of resistance which was largely independent 

of envi ronment or cultural conditions. Singh and Johnson ( 1 988) ran an experiment to 

understand the reaction of two European and one Indian cul tivar to British and non

British races of stripe rust. Genetic analysis indicated that all three cu ltivars possess the 

gene Yr2 and that the European cultivars that possess at least one additional gene for 
resistance to the non-British races. The data for Heines VI I are especially important 

because of its use as a differential cu ltivar. 

2.6. 1.3. Reversal of dominance 

Dominance and recessiveness, j ust as resistance , are not absolute attributes of 

a host plant, but are only the expression of its specific interaction with a certain 
pathogen. Accordingly, Lupton and Macer ( 1 962) reported that the resistance gene Yr3c 

in M inister reacted as a dominant against the weakly aggressive pathotypes 5 and 8, but 

manifested i tself as recessive against the aggressive pathotypes 2B and 8B. The same 

reversal in dominance could also be shown for the genes Yr3a from Cappel le desprez 

and Yr6 from Peko (Macer, 1 966b) . I n  explanation ,  the authors pointed out the possib i l ity 

of a dosage effect. I n  heterozygous plants a S ingle allele could be sufficient for the 

expression of resistance against a weak pathotype but not effective against a strong one. 

The alternative explanation that resistance, in such cases, is due to two closely l inked 

genes, one acting as dominant against one pathotype and the other acting as recessive 

against the other pathotype, has not yet been demonstrated for stripe rust; examples of 

th is have been described only for maize rust, Puccinia sorghi (Hooker and Saxena, 

1 967) . Additional evidence for a dosage effect was indicated by the resul ts of Lupton and 

Macer ( 1 962) .  They reported the recessive Yr3c gene was expected to segregate with 

25% resistance l ines in the F2 population for the p rogeny of Minster x Cappelle Desprez. 

However, in the F2, 1 67 plants were found to be resistant and only 70 susceptible. One 

can also hypothesize that the Yr3c gene from Cappel le Desprez which alone confers no 

resistance against the 2B-pathotype,  does complement the effect of the Yr3c gene from 

M in ister, result ing in an effective resistance of the heterozygous individuals. The reversal 
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in  dominance was also seen from seedling to adult plant in Favret and Val lega (1 953). 
Changes in  dominance were also reported with stem rust where a gene behaved as 

recessive in the seedl ing stage and as a dominant i n  a population of older plants 

(Hooker, 1 967) . 

2.6. 1.4. Mapping of resistance genes 

The al location of resistance genes to individual chromosomes is d ifficu lt for stripe 

rust even when the required aneuploids are available, because of the significant 

environmental influences on the infection phenotype with this pathogen . Singh and 
Swaminathan ( 1 959) crossed the 2 1  monosomic of Chinese Spring with the resistant 

cultivar Cometa Klein and tested the F 2 as seedl i ngs in the g reen house with the 

pathotypes H and 1 3. They postulated a recessive gene on each of chromosomes 4A 
( IV) and 6A (VI) operating against pathotype H and another gene on chromosome 5A 

(IX) condition ing resistance to pathotype 1 3 . Using the same technique Macer ( 1 966a, 

b) showed that the dominant Yr1 locus of Chinese 1 66 was on chromosome 2A ( I I ) .  In  
substitution l ines (after replacement of a s ing le chromosome pai r of Chinese Spring with 
a the homologous chromosome pai r from Thatcher) .  Stubbs ( 1 966) located one dominant 

resistant gene of Thatcher on chromosome 2B (XI I I ) . This was later confi rmed by 
Johnson et al. ( 1 969) to be Yr7. Welsh et al. ( 1 964) , however, found that none of the 

single substitution l ines of Thatcher gave ful l  resistance. Thei r  resu lts showed that 

chromosome 2A ( I I ) , 5B (V) and 6B (X) al l contained factors contributing to resistance 

in different degrees. At a relatively low temperatu re the chromosomes 38, 5B and 6B 

were effective, while at a relatively high temperatu re resistance was even more 

accentuated by 2A, 3B and 5B. Almost all of the resistance genes determined for 

individual wheat chromosomes so far have occurred exclusively on the genomes A and 

B (Singh and Swaminathan, 1 95 9) .  Stripe rust resistance associated with the 0 genome 

h as been found on ly for Compai r (Ri ley et al. , 1 968a, b) .  Law et al. ( 1 978) presented a 

review of genetic control of resistance to stripe rust among a series of varieties having 

a h istory of durable resistance to this pathogen. Among these varieties the m ajor 

contribution to adult plant resistance has been shown to be determinate by a 

translocated chromosome 5Ss-7Ss on which at least three genes affect ing d i fferent 

components of resistance have been identified. They also described the manipu lation 

of this chromosome in breeding programmes. 
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2.6. 1.5. Specificity in resistance 

I n  discussing this topic, the resu lts in general present valuable information on the 
genetic basis for stripe rust resistance in crosses between resistant and susceptible 
cultivars. They, however, do not give any information on the relationsh ips of resistance 

genes present in d ifferent cu ltivars. Zadoks ( 1 96 1 )  proceeded from the theoretical 

position that Person ( 1 959) had proposed.  He ascertained the reaction of 1 7  mature 
field-grown wheat cultivars to 1 5  different pathotypes and classified them for stripe rust 
resistance using B, U ,  X, L, M and T as gene symbols. Lupton and Macer ( 1 962) and 

Macer ( 1 964 ,  1 966a) introduced Yr (Yel low rust) in order to deSignate genes for 
resistance to P. striiformis. They evaluated an extensive number  of p rogen ies from 

intervarietal c rosses using at f i rst four  and then an additional th ree pathotypes of yellow 

rust. Thei r  resu lts showed a preponderance of independent and mainly dominant genes 

for resistance. 

Since the 1 930's , i t  has been known that pathotypes differ in pathogenicity 

towards individual wheat cu ltivars, as wel l  as to related species and genera (Johnson , 
1 988) . This specificity operates according to the gene-for-gene hypothesis, with "Yr" 

genes proving to be race-specific (Johnson , 1 988) . Not only there is specificity in 
seedl ings, but specificity also exists in adu l t  plants (Johnson and Tylor, 1 977; Priestley, 

1 978; Zadoks, 1 961 ) .  Lupton and Macer ( 1 962) designated four i ndependent loci (Yr1 

to Yr4) contro l l ing seedling resistance, including th ree proposed al leles at the Yr3 locus 

and two at the Y r4 locus. Macer ( 1 966a) added a fu rther three loci , Yr5 to Yr7 .  The gene 

YrB was introduced to wheat from Aegitops comosa ( Triticum comosum) by R iley et at. 

( 1 968a) .  Macer ( 1 975) designated a gene present in l ines carrying the wheat-rye 

translocation chromosome I BU1 RS as Yr9 and a gene in the cultivar Moro as Yr1 0. 

G enes Yr1 1 to Yr1 4  were deSignated by Mcintosh ( 1 986) and controlled a set of race

specific interactions observed in adult plants of several cu ltivars of wheat to isolates of 
yellow rust collected in the United Kingdom.  The gene Yr1 5 was derived from Triticum 

dicoccoides and is effective in seedl ing stage (Gerechter-Amitai et at. , 1 989). The gene 

Y r1 6 controls adult plant resistance in Cap pelle Desprez and was identified by the use 

of chromosome substitution and the development of homozygous recombination l ines 

(Worland and Law, 1 986) . The genes Yr1 to Yr1 4 are all known to be race-specific but 
as yet there is no evidence for race specificity of Yr1 5 and Yr1 6 .  Many other s pecificities 
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are l ikely to be controlled by genes other than those so far designated (Knott, 1 989) . 
Stubbs ( 1 98S)numbered race-specific host differential cultivars from 0 to 1 S . For the 

numbers 1 to 1 S  these corresponded approximately with the named genes, but for the 

numbers 1 1  to 1 S  the specificities were d i fferent from those designated by the genes 
Yr1 1 to Yr1 S .  The genes YrS and Yr7 are usual ly dominant and both are located on the 

long arm of ch romosome 2B. Johnson and Dyck ( 1 984) tested F, plants from crosses 

of Triticum spelta (YrS) with Thatcher and Lee, both of which posses Y r7,  with race 

43E 1 38 which possesses pathogenicity for Yr7 but not for YrS. The F, with Lee was 

resistant but that with Thatcher was susceptible despite the presence of heterozygous 

YrS. In the case of the Triticum spelta by Thatcher cross, segregation of susceptible 

plants occu rred in the F2 and F3 generations when tested with a race lacking 

pathogenicity for both genes. Joh nson and Dyck (1 984) suggested that Thatcher may 

possess a dominant inh ibitor of the gene Y rS .  There were no susceptible plants in an F2 
of 200 plants or  an F3 of 200 fami l ies from the cross of T. spelta (YrS) with Lee (Yr7) , 

suggesting that Lee does not possess the inh ib itor and supporting the evidence of 

l inkage or al lel ism of these genes (Johnson et al. ,  1 986) .  Wel l ings et al. ( 1 988) showed 

that phenotypic effect of YrA (an undescribed sou rce of resistance) varied when exposed 

to contrasting l ight intensities in the post- inoculation phase. 

2.6. 1 .6. Multiple alleles: 

Just as with the dominant and recessive man ifestations, the number of genes in 

a host popu lation can only be determined with help of ,  and in  dependence of, the 

available pathogen cultures. The f i rst information on mu ltiple alleles concem ed the gene 

YrS according to later nomenclature (Macer, 1 966b) . Simi lar types of al lel ic series were 

then determ ined by Lupton and Macer ( 1 962) at the Yr3 and Yr4 loci of wheat. A 

corresponding situation was establ ished for barley with the Ps2 and Ps3 loci (Bakshi and 

Luth ra, 1 97 1 ) .  In all cases , such f inding could also be due to a series of very closely 

l i nked genes; but since the lack of recombinant was deduced f rom the usual analysis of 

several hundred meiotic products only, the actual status is largely of theoretical interest. 

Much more s ign if icant was the f inding that h ost cult ivars whi ch are not di rectly related 

qu ite frequently contain the same gene for resistance (Lupton and Macer, 1 962). It is ,  

however, always possible in such cases that appearing pathotypes may produce a 

differential reaction with the same host genotype. Thus the grouping of various sources 
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of resistance that carry the same allele can only be considered as a tentative or  

prel iminary description. 

2.6. 1. 7. Pyramiding 

Combin ing race specific resistance genes, whether seedl ing genes o r  adult plant 
genes,  has not been successful in control l ing stripe rust in cl imates such as that i n  
B ritain (Johnson ,  1 988) where the envi ronment i s  favourable to  the pathogen in most 

years. It m ight however be successfu l in those cl imates which are less favou rable to the 

pathogen. The I nternational Maize and Wheat I mprovement Centre ( 1 98 1 )  reported that 

the pyramiding of primarily specific genes in breeding for resistance to stem rust of 
wheat has been reasonably successfu l in several countries. There is an i ncreasing 

consensus that a l l  types of  resistance must be uti l ized in the development of a breeding 
strategy to produce cultivars with stable rust resistance (Oyck and Kerber 1 985) . 

2.6. 1 .8. Artificial limit and intermediate monogenic expression 

Many authors seemed to have started from what had to be proved, an 

explanation according to Mendelian ru les is admitted a priori and the results are 

interpreted accordingly. This is true for all d isease where quantitative differences play 
a role and many authors arbitrarily have fixed an artificial l im it between susceptible and 

resistance F3 fam il ies or have d rawn conclusions as to the number of gene solely on the 

basis of F 2 data. Armstrong ( 1 922) f irst spoke about recessive inheritance i n  a cross of 

susceptible and resistant l ines, but with more consideration in later generations it was 

clearly ind icated to be an i ntermediate expression of a monogenic resistance. Macer 

( 1 966b) adduced a simi lar example with the Yr1 gene in Chinese 1 66, which by 
superficial rating was designated as dominant in action, but with further i nvestigation the 

revised designation of the observed reaction type thus fitted a 1 :2: 1 segregation ratio. 

Allan et al. ( 1 966) found an intermediate expression in a cross of moderately resistant 

cu ltivars in a field test. Simi lar results in the greenhouse were reported by Allan and 

Purdy ( 1 967) . In the publ ication of Allan and Purdy ( 1 970) F2 progenies with an 

intermediate infection type were g rouped with a resistant or susceptible type in order to 

arrive at a 1 5 : 1  ratio. Bitten ( 1 905, 1 907) and Armstrong ( 1 922) considered all infection 

type 0 to belong to susceptible class,  whi le other authors (Singh and Swaminathan ,  
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1 959; Omar et al., 1 970) additionally i ncluded type I - I I  i nto resistant category. Thus, it 

is easy to see why the f i rst authors mainly considered resistance to be recessive, whi le 
the latter most frequently established the dominance of resistance. Therefore, the rule  

is adopted i n  most publ ications that the correctness of  the infection type g rouping must 

further be checked by �3 segregation ratios (Lupton and Macer, 1 962; Al lan et al. , 1 966) . 

2.6. 1.9. Spectrum of pathotype effect on Mendelian classification 

The identification of resistance genes in  the host can be greatly inf luenced by the 

prevalent spectrum of pathotypes. McRostie (1 921 ) demonstrated that two pathogen 

cultures each reacted in the F 2 to give 3: 1 ratios, whi le in a m ixture of the two, the same 
population exh ibited 9:7 ratio. Thus, in  f ield investigations, or by use of heterogenous 

uncontrol led spore mixtu res, s ingle Mendel ian distributions can become masked or even 

completely indiscemible. 

2.6. 1. 10. Stage specific differences 

Various stages of plant development can affect the components of resistance. 

Stubbs ( 1 968) observed that the f irst leaf was susceptible but that the second leaf 
showed moderate resistance when i noculated at a later date. However, if the tip of the 

secondary leaf was inoculated concomitantly with the primary leaf, the rust reaction was 

the same for both leaves. Stubbs ( 1 968) explained th is as being due to the influence of 

the endosperm , considering that the period of the observed sh ift in resistance correlated 

especially well with the duration of physiological dependence of wheat seedl ing on 

endosperm functions, known from other experiments (F riend, 1 966). S imilar organ

specific differences in resistance have been shown for later stages of  plant  development. 

Zadoks ( 1 961 ) reported differences in pr imary leaves , stem leaves, stems and heads. 

There is l i tt le doubt that such organ-specific resistance reactions are under genetic 

control (Robbelen and Sharp ,  1 978) . 

2.6.2. Complex inheritance 

I n  tota l ,  the phenotypically recognisable resistance of a host plant is u ndoubtedly 

noth ing less than the final expression of a complex of physiological p roc::esses , in whi ch 
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the resistance gene controls only one point  in a chain of events ( H ooker and Saxena, 

1 971 ) .  

2.6.2. 1.  Digenic expression 

G riffey and Allan ( 1 988) studied the 1 4  sources of stripe rust resistance 

represented by near-isogen ic l ines developed in stripe rust susceptible Lemhi 53. Plant 
reactions of the l ines were evaluated in  Fl , F2 and BC1 populations from resistant by 

susceptible crosses and in F 1 and F 2 populations from resistant by res istant crosses. I n  
glasshouse and field studies they found both seedl ing and adult plant resistance genes . 

Segregation patterns from resistant by susceptible crosses suggested monogenic o r  

digenic contro l  of plant reaction t o  t h e  pathogen with digenic expression more common 

in the f ie ld. 

2.6.2.2. Complementary effects 

I nh eritance of resistance from ol igogenes i nvolves additive genes as well as other  
types of gene interactions. Al lan et  at. ( 1 966) indicated two recessive resistance factors 

with complementary effects demonstrated in the an F2 dist ribution.  I n  contrast, their F3 

greenh ouse results i n  another cross could be interpreted either as digenic 
complementary control or as hypostasis for resistance. Bah l and Koh li ( 1 960) also found 

two dominant complementary factors for the h igh grade seedl ing resistance.  Especial ly 

obvious was the complementary effect of factors for resistance in  the c ultivars Hope and 

Timstein .  Both are very susceptible; but the F l  from the cross between them was 

resistant in the field to all pathotypes in the Netherlands. Correspondingly ,  Stubbs ( 1 966) 

reported that none of the 21 substitution l ines of these parents i nto Ch inese Spring  was 

res istant to the Falco pathotype. 

2.6.2.3. Epistasis 

Sikka et  a/. ( 1 960) described another mode of genetic i nteraction. They crossed 

a resistant cu ltivar to a susceptible one. In the Fl all combinations expressed resistance 

as dominant and the F2 showed a segregation of 1 3  resistant : 3 s usceptible. They 

explained these resu lts as being due to a recessive gene "s" d i rectly cond it ion ing  
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resistance and a dominant inhi bitor " I " which suppressed susceptibi l ity. With this 

hypothesis, the genotype of the resistant parent was considered as ss l l  and of the 

susceptible parent as SSii. In a sim ilar manner, though with reversed symbols ,  Baksh i  
and Sawhney ( 1 965) interpreted the i r  g reenhouse results. Simi lar epistasis relations can 

be seen in the publ ication of Omar et a/. ( 1 970). A dial lel cross of 4 resistant and 3 
susceptible was evaluated, and ratios of 3R: 1 3S ,  1 2R:4S were found .  

2.6.2.4. Additive effects 

Two or more independent or modifying factors were found with i ncreasing 

frequency in later analyses of crosses (Bhul lar et a/. , 1 967), because the f i rst 
encouraging  results prompted plant b reeders to i ncorporate as many of them as possible 

i n  their b reeding material. For example th ree dominant factors i n  the cultivar Bonza by 

Omar et a/. ( 1 970) . Consequently, it became evident that not only the resistant parent 
contributed to resistance in the progeny but also combinations of recessive factors 

(Rudorf and Job, 1 934, quoted by Rbbbelen and Sharp, 1 978). More frequently, simi lar 

cases occurred ,of course ,  i n  crosses between various moderately susceptible parents 

(Allan et a/. , 1 966) . 

2.6.2.5. Mendelian classification for more than two factors 

I n  genetic analyses of stripe rust resistance, hypotheses based on more than two 

factors usually are more or less questionable because of the phenotypic instabi l ity of the 

reaction. Pal et al. ( 1 956) proposed the presence of one independent dominant gene and 

two complementary genes; to each of the last two factors was ascribed only a small 

effect if alone, but both acting together were thought to be able to express ful l  resistance. 

It, therefore, appears doubtful that these results are due solely to selected grouping of 

the reaction classes to fit the desired segregation ratios. 

2. 6.2. 6. Transgressive segregation 

I n  progeny tests, i n  which several genes segregate simu ltaneously, gene analysis 

is d ifficu lt not only because of the expected large number of d ifferent phenotypes. Much 

more significant is the occurrence, in  many cases, of a large number of intermediate 
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gradations of resistance, instead of a sharp split between resistant and susceptible 

reactions. Often these intermediate plants also exhibit a hypersens itive type of reaction .  

Additional ly ,  such intermediate reactions are easi ly influenced by  the environment, 

especially temperatu re, to an extent that they may be considered at one time as resistant 

and at another  t ime as susceptible ( Isenbeck, 1 93 1 , quoted by Rbbbelen and Sharp, 

1 978). 

It was reported that resistance h igher degree than in either parent can be 

selected i n  the progeny from crosses between susceptible or  moderately resistant 

parents (Krupinsky and Sharp ,  1 979; Wallwork and Johnson , 1 984) .  These two papers 

s h ow that transgressive segregation for resistance to stripe rust can be selected in the 
p rogeny of many different wheat crosses. It could therefore be a usefu l  way of increasing 

resistance by crossing among locally adapted wheats, rather than trying  to transfer 

d u rable resistance. But transgressive segregation for resistance could arise from 
i nteractions or additive effects or race-specif ic genes , or from the transfer of race-specific 
g enes from a suppressive to an expressive backgrounds (Wal lwork and Johnson, 1 984). 

I t  could be also arise from the accumulation of resistance genes of the type associated 

with durable resistance (Johnson, 1 988) .  Certain wheat varieties may posses major 

genes for res istance against specific pathotypes and at the same time carry minor genes 

that dete rm ine the reaction to other rust isolates (Volin and Sharp, 1 969) . Crossing 
between two parents of moderate resistance can result in  transgression for greater 

resistance (Lewellen et ai ,  1 967; Lewellen and Sharp, 1 968; Sharp, 1 972; Lupton and 

Johnson , 1 970). Pope ( 1 968) could probably distingu ish 20 polygenes in  the 28 cultivars 

of wheat he investigated. They were all additive in action, but showed clear d i fferences 

in their  effective contribution to resistance. He attempted to obtain h igher degrees of 

resistance by combining al l the available small effects. Often a s ignificant number of 

res istant plants occurred only after several generations of selfing, i noculation and 

repeated selection of the m ost resistance plants (Sharp et al., 1 976) , indicating the 

p resence of many genes condition ing resistance . Since major genes were excluded from 
the parental materials, the added gene increments could be readily fol lowed. Zwer and 

Qualset ( 1 99 1 ) intercrossed four spring wheat cultivars whi ch d iffering in  o rig in and 

reaction in the seedl ing stage to one race of stripe rust. They examined F1 , F2 and F3 

generations i n  the g reenhouse. They found digenic and transgressive segregation in  a l l  

c rosses. G rama et al. ( 1 984) intercrossed seven selections of wild emmer with a m inor 
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effect gene cultivar. The transgressive segregation towards resistance in the F 2 observed 

in al l  the combinations indicates that additive gene action for resistance indeed occurs 

in wi ld emmer. 

2.6.2. 7. The possibility of the detection of adult plant resistance genes in the 

seedling growth stage 

Allan et al. ( 1 966) analyzed 8 different progen ies of wheat and determ ined 2 

complementary or epistatic factors for resistance in g reenhouse tests using seedl ing 

plants at the 1 o r  2 leaf stage. H owever, classification of the same progeny in  the field 

8 days before heading indicated, in  m ost cases, 3 loci. The supplementary factor for 
resistance in  the mature plant stage apparently was derived from the susceptible parent. 

By contrast, loci conditioning resistance in the field were gene ral ly not detectable in 

g reenhouse tests. But there is evidence that some adult plant resistance genes are 

detectable in seedling. 

2.6.2.8. Is adult plant resistance certainly non-specific? 

The work of Manners ( 1 950) and Zadoks ( 1 961 ) demonstrated that resistance 
developed by plants after the seedl ing stage could be race-specific. But as many other 

publ ications have suggested that field or adult resistance is race non-specific; a claim 

val id on ly so long as no corresponding v i ru lent pathotype is found.  The wheat cultivar 

Joss Cambier, in spite of its high g rade adult (field) resistance , showed a considerable 

i ncrease in  rust attack in England for the fi rst time in 1 971  (Priestl ey and Dol ing,  1 974) , 

and also specificity for other cu ltivars (Priestley and Doodson, 1 976) . Such establishment 
that certain type of field resistance can be overcome by certain pathotypes, does not 

necessarily signify that pathotype non-specific components of resistance do not exist. 
Even by genetiC means, pathotype non-specific resistance cannot s imply be identif ied 

by the presence of minor genes of polygenes per se. Lupton et al. ( 1 971 ) ,  therefore, 

began basic inheritance studies on such situations of un i form resistance by analys ing 

the resu lts of dial lel crossing with the same cultivars. Their resu lts indicated that 

pathotype independent-resistance, p resent in thei r material ,  was not necessarily 

determ ined by polygenes, since l ines showing the resistance reaction of the better parent 

appeared more frequently than expected . 



Literature Review 29 

2.6.2.9. The inheritance of adult plant resistance 

With the increased interest in horizontal or general resistance, minor gene, adult 

p lant resistance, slow rusting, tolerance, etc . ,  stimulated by van der Plank ( 1 963) , many 

more cases of complex resistance have been reported. Since these types of resistance 
h ave more complex i nheritance, they are more difficult to analyze genetically, and 

special methods are often necessary to measure them: measurement of latent period, 

pustu le  s ize, spore production , or area under the disease p rogress curve. 

Wilcoxson (1 981 ) reviewed slow rusting in cereals, f inding that most studies 

i nvestigated the progenies of crosses between slow and fast rusting l ine were 

investigated. The segregation patterns were quantitative in n ature ,  and transgression was 
observed regularly. I n  wheat i nfected with Puccinia striiformis, m inor genes have been 

found that additively reduced the infection type. These m inor genes appear to be 
temperatu re-sensitive and to act independently of the race-specific major genes (Pope, 

1 968; Lupton and Johnson , 1 970; Sharp and Vol in ,  1 970; Hendriksen and Pope, 1 97 1 ; 

Sharp et al., 1 976; Robbelen and Sharp, 1 978; K rupinsky and Sharp, 1 979) .  Minor or 

polygenes apparently are as m uch a part of the resistance complex of cereals to rust as 

the major genes are. I t  should be mentioned that s low rusting can be due to: a) race

specif ic, adult plant or incomplete reSistance; b) a low frequency of pathogenicity for a 

race specific gene in a mixed popu lation of races, so that the cultivar possessing the 
gene receive a low frequency of matching infection; c) s low rusting of a durable, 

apparently race-non-specific type. 

2.6.2. 1 0. Polygenes 

Hypersensitivity and distinct infection types, as a rule ,  a re conditioned by one or 

a few major genes. Quantitative gradations in resistance, wh ich can be measured in 

terms of rates or degree of host infection or spore yield of the pathogen (Johnson and 

Tylor, 1 976a) , general ly arise f rom the additive effect of the phenotypically less striking 

reactions of a larger number of resistance genes (polygenes). The number of reported 
cases of polygenic systems condition ing stripe rust resistance is small in comparison to 

the number  of publications on o l igogenic inheritance. Complex resistance to stripe rust 

of wheat has frequently been reported ( reviewed by Robbelen and Sharp,  1 978) .  
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Typically, the number of resistant progeny in the early generations of crosses is low, 
there are many intermediate types of reaction , and there is no dist inct separation 
between resistant and susceptible plants. Resistance is often affected by environm ent, 

particu larly temperature.  Lewellen et at. ( 1 967) and Lewel len and Sharp ( 1 968) studied 

F"  F2, F3 and testcross populations from several crosses at two temperature profi les ,  2°C 

n ight / 1 8°C day and 1 5°C n ight / 24°C day, in a growth chamber. The resu lts i ndicated 
that resistance was control led by two types of genes. In addition to dominant m ajor 
genes ( in one case complementary dom inant genes) , there were several recessive m inor 

genes. In cultivar Rego the minor genes were effective at lower temperatures, b ut i n  

P . 1 . 1 78383 they were effective at higher temperatures. The m inor genes from the two 

cu ltivars could be combined to give good resistance at both temperatu re profi les. The 

F 2 plants, however, lacking major genes or heterozygous for them, d isclosed additional 

segregation of factors for resistance. These factors could be effective alone or act as a 

modifiers, intensifying the resistant reaction of the heterozygous major gene. The resu lts 

also indicated the presence of a large number of such hypostatic minor genes; at least 

th ree such modifiers segregated in the F2 and in selected F3 l ines from the cross Lemhi  

x P 1 1 78383. With the F3 p rogeny derived from fu l ly susceptible F2 plants from that cross, 

it was further demonstrated that in the absence of a major gene, minor genes can be 
combined to give usable, effective resistance. One ,  two and th ree minor genes 

conditioned infection types of 2, 0 or even 00 at a relatively high temperature o r  of 
types 3, 2 and 0, respectively, at a lower temperature (Sharp and Hehn, 1 967; Sharp,  

1 968). These authors showed one or more temperature-sensitive, recessive genes 

provided for greater resistance levels, but at lower temperature. Manners ( 1 950) also 

described temperature sensitivity in stripe rust. Evidently, these differences in sensitivity 

to temperature are due to d iverse physiological functions of the minor genes concerned. 

From the cross, Itana (susceptible) x P . 1 . 1 78383, Sharp and Voli n  ( 1 970) selected 

l i nes carrying 1 ,  2 or 3 minor genes. At 2°C / 1 8°C they gave infection types 3, 2, and 

0, respectively, on a 0-4 scale and at 1 5°C / 24°C they gave infection types 2,  0 and a".  
The l ines gave simi lar reactions to 1 1  isolates of stripe rust, and the authors suggested 

that the resistance was nonspecific .  

Krupinsky and Sharp ( 1 978) studied the parents and F,  plants from a 6x6 set of 

dial lel crosses involving six minor  gene l ines, and from a 7x7 set of dial lel crosses 
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involving th ree minor gene l ines and fou r susceptible winter wheats. They concluded that 

general combin ing abil ity (additive gene effects) was m uch larger than specific com bin ing  

abil ity, and heritabi l it ies were above 90%. Maternal and reciprocal effects were also 

significant. 

Pope ( 1 968) did field studies on numerous c rosses and indicated that resistance 

to stripe rust was frequently due to a min imum of five genes having smal l ,  additive 

effects. He suggested that a min imum of 20 genes was involved and that they functioned 

in gene complexes. Pope ( 1 968) considered minor genes not to be resistance genes in 
the true  sense, but to be modifiers in a gene complex which determined the resistance 
reaction of the host plants. 

These findings regarding a lower vulnerabil ity of m inor genes to the occurrence 
of specific pathotypes p rovided on ly a tentative indication that the resistance which they 

conditioned might be basically d ifferent from that conferred by major genes. Indeed , a 
resistance may be only be non-specific unti l  a new gene for viru lence or  a new race 

appears in the pathogen population . Nevertheless, there is much in favour of the 

hypothesis that minor genes are the constitut ing genetic elements for a horizontal type 

of resistance as advocated by van der Plank ( 1 963, 1 968a,b), and also (Stubbs, 1 977) . 

I n  England a number of older wheat cultivars are susceptib le to stripe rust as 

seedl ings but have maintained adequate resistance in the field. Lupton and Johnson 

( 1 970) crossed the resistant Little Joss with the susceptible Nord Desprez. The F 1 plants 

were severely rusted and only 5% of 2500 F2 plants showed some field resistance. Thei r 

F3 progen ies showed varying degrees of resistance. The authors concluded that 

resistance was recessive and complex i n  inheritance. 

Wallwork and Johnson ( 1 984) intercrossed Maris Bil bo, Joss Cambier and Nord 

Desprez which are an susceptible to race 1 04E 1 37 in the field. Transgressive 

segregation for resistance occu rred in all th ree c rosses. Three of the most resistant l ines 

f rom Joss Cambier x Nord Desprez showed more resistance than their  parents to 1 2  

races . The authors suggested that resistance was recessive and that the number of 

genes was not large since resistance was accumulated qu ickly. 

( 
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Dijk et al. (1 988) tested 29 older cultivars with durable resistance and eight recent 

non-durably resistant cultivars in the seedl ing growth stages and as adul t-plants against 

1 2  West-Eu ropean stripe rust races and against some non-European races in the 

seedl ing growth stages only. They concluded winter wheat cu ltivars released in the 

Netherlands before 1 930 carried durable resistance to stripe rust and cultivars released 

in the period between 1 930 and 1 950 often were du rably resistant wh ile recent cultivars 

infrequently showed du rable resistance. This durable resistance was not diff icu lt to 

t ransfer to new cultivars. They also concluded that as in the early years the selection 

was done in the field in dependence of the occurrence of the pathogen , which tended 

towards a mi ld selection against susceptibi l ity. G radually the selection became more 
efficient by introducing the pathogen and using h ighly susceptible spreader cultivars .  In  

th is  latter situation selection is  more clearly for resistance and the selection pressure 

is more severe. Parlevl iet ( 1 983) stated that the former  situation is more conducive to 

the selection of complex of polygenic resistance, the latter more for the selection of 

s imply inherited resistances due to genes with large effects , which often appear to be 

of the non-durable type .  Thus, the changed procedu res for selecting stripe rust resistant 

winter wheats apparently resulted in erosion of partial resistance. This is in accordance 

with van der Plank's ( 1 968b) concept of the Vertifol ia effect. 

Mi lus and Line ( 1 986a, b) in itiated an approach to quantitative data i n  plant 

disease. They i ntercrossed three durable and one susceptible cultivars. They evaluated 

parental , F1 (and reciprocal) ,  F2 and both backcrosses populations in the field for 

intensity of rustiness. Hayman 's generation means were used to analyze data for the 

mode of gene action . Number of genes and heritabil ity were calculated as well .  

Estimations based on th ree quantitative formulae indicated that rust intensity was 

control led by two or  th ree genes in Nugaines and Luke. Their results showed resistance 

in the th ree cultivars was partially recessive with no maternal inheritance. Epistasis was 

significant i n  Nugaines, but most gene action among loci was additive. They did a 

comprehensive study on quantitative aspects of stripe rust inheritance. 

2.6.2. 1 1. Procedures for studying complex resistance 

Resistance that is complex i n  i nheritance is difficult to study genetical ly. Individual 

genes have smal l effects and distributions in  segregating generations of crosses is 
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usually cont inuous. Thus,  normal genetic analyses using F2 populations, F3 fami lies, and 
backcrosses are more difficult than fo r s imply inherited resistance. I f  resistance is 

measured on an appropriate scale, such as the percent rust intensity in  f ie ld tests, then 

quantitative genetic methods can be u sed . Depending on the experimental design,  

additive, dominance and epistatic effects , heritabi lity and the n umber of effective factors 
can be estimated.  Particularly for the number of effective factors, the assumptions made 

in  the analyses are often un realistic and the estimates are subject to considerable error. 

2. 7. The constant search for resistance 

Race-specific resistance is condit ioned by the interaction of specific genes in the 

host with those in the pathogen . Flor ( 1 955) showed that a cultivar i s  resistant or 

susceptible to a physiologic race of the pathogen depending on the g enotype for 

resistance or susceptibi l ity of the host and genotype for virulence or aviru lence of the 
pathogen . This gene-for-gene system seems a logical consequence of the coevolution 

of a host and its obligate parasite in natu re. Johnson ( 1 96 1 ) i n  man-gu ided evolution 

showed the pathogen adapt repeatedly to overcome the resistance of new host cu ltivars. 

This abi l i ty of the pathogen to generate new viru lent forms necessitates an ongoing 
search for new sources and types of resistance that can be ut i l ized in  b reeding for 

d isease resistance. I n  a breeding programme, it is desirable to understand the genetic 

variation in both host and pathogen;  knowing how the resistance is exp ressed should 

make it easie r  to design appropriate tests and follow them th rough a breeding 

programme. I t  can be dangerous to breed for resistance without any knowledge of the 

genes carried by the parents. Because of genetic variation in rust, b reeding for 

resistance is a on-going task. 

2.8. Sources of genetic disease resistance 

Due to continual evolution of rust pathogens to form new and viru lent biotypes, 

there must be a constant search for germ plasm possessing resistance to stripe rust 

with i n  cultivated and pri mitive cultivars (e.g. Sharp et al. , 1 976) . Because of g reat genetic 

d iversity of p rim i tive cu ltivars and land races ,  they are more l ikely sources of new 

resistance genes than material derived from breeding p rogrammes. The known genes 

for rust res istance in  most of the cereal crops are now being u ti l ized on an in ternational 
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scale, consequently, few new genes for resistance can be expected from advanced 

breeding  stocks. Additional sources of new resistance genes may be found in alien and 

related cultivated species, or induced m utation. 

2.9. Quantitative genetics 

Genetic variabi l i ty is essentia l  for the success of a plant b reeding programme. 

Quantitative genetic research measures this variabil ity and examines the act ion, 

i nteraction and l inkage relationships of genes.  Phenotypic statistics ( mean , variances, 
covariances and measures of skewness and kurtosis) may be employed for this purpose 

( Breese, 1 971 ; Mather and J inks, 1 977, 1 982) .  

I nformation of total phenotypic variation that i s  conditioned by the joint action of 

genetic and environmental forces is very important for the breeder in making decisions 

for the al location of resources and expected response to selection . For estimation of 

components of variance, we wil l consider mating designs that develop progenies for 

evaluation .  Al l  mating designs include progenies that i nvolve relationships among 

relatives having known genetic components of variance .  

2.9. 1 .  Dia/le/ analysis 

Dial lel crossing is one type of i mportant mating system enjoying universal 

appl ication in genetics specially plant breeding .  The dial lel mating design has been 
uti l ized extensively to obtain genetic variance estimates (Mol l  and Stube r, 1 974) .  A fu l l  

dial lel cross consists of al l  possible crosses between a number of varieties ( l ines) .  I f  

there are p varieties, there wil l be r1 combinations, consist ing of p parent and p(,/:r1 ) 

crosses. Th is includes reciprocal crosses wh ich may be differentiated by matemal o r  

paternal effects. A s  p increases, r1 may become impossibly large. For th is reason, many 

methods have been developed for examination of partial diallel crosses. Th is  mat ing 

design can f i t  in to at least two genetic models : one essentially developed for a single 
dial lel ic gene ,  but extended to many genes under restrictions (Jinks, 1 954; Hayman, 

1 954a, b ,  1 957,  1 958b, 1 960c; Mather and J inks, 1 977) . The other is  a more general 

model (Griffing ,  1 956) . Gi lbert ( 1 958) h as l isted the assumptions n eeded for dial/el 

analyses, fol lowing Hayman's ( 1 954a, b)  method. These are : d iploid segregation; no  
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reciprocal differences; independent action of non-al lel ic genes; no multiple al lel ism ; 

al leles i ndependently distributed at random between the parents. Reciprocal differences 

and polyploidy may readily be al lowed for, but the other assumptions are more 

problematic. The analysis of Griff ing ( 1 956) , being made in terms of combin ing  abi l i ty, 

has less demanding genet ical assumptions, and i s  probably to be preferred . This 

information is sufficient for plant breeding. 

2.9. 1. 1. Griffing's method 

G riffing ( 1 956) described fou r possible experimental meth ods : ( 1 ) i ncl uded 

parents and both sets of F , 'S ;  (2) parents and only one set of F/s (no reciprocal); (3) 

both sets of F/s are included, but not the parents combinations; and (4) only one set of 

F /s but neither parents nor reciprocals are included. Regard to the sampling 
assumptions ,  Griffing ( 1 956) considered the different mean-squares necessary for the 

fixed and random models. In an analysis based on a fixed model , one i s  concerned with 
comparisons of the combin ing abilit ies of the actual parents used in the experiment and 

the identification of superior combinat ions. In  an analysis based on a random model ,  
inferences are to be made about the population from which the parents were sampled 

and these inferences are made from estimates of components of variance. In G riff ing's 

method, genetic variance between crosses is partit ioned into two components. The fi rst 
is variance of general combin ing abi l i ti es (ifgca) which contains on ly additive genet ic 

variance and epistatic interactions of additive x additive, and so on. The second 

component is  variance of specific combin ing abi l it ies (if sea) whi ch i nvolves dominance 

genetiC variance and al l  other types of epistatic interact ion. Sprague and Tatum ( 1 942) 

f i rst defined general combin ing abi l i ty as "average performance of a l ine in hybrid 
combination " .  Specific combin ing abi l ity was "those cases i n  which certain combinations 

do relatively better or worse than would  be expected on the basis of the average 

performance of the l ine involved." Estimates of (ifgca) and (a2sca) are derived from 

covariances of ful l- and half-sibs (Kempthome, 1 957) . Formulae for estimation of 

covariances of ful l - and half-si bs are : 

CovF.S. = [( 1 +F)/2] a2A + [( 1 +F)/2f a20 + [( 1 +F)/2]2 a2
AA + [ ( 1 +F)/2t a2AO + 

[( 1 +F)/2]4 a2 
DO + . . .  
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CovH.S. = [( 1 +F)/4] cfA + [( 1 +F)/4]2 cfAA + [( 1 +F)/4]3 cfAM + ' "  
where 

(J2A = additive genet ic vari ance of a random mating ,  non-inbred (Le. 

panmictic) 

cf D = dominance genetic variance of a panmictic 

cf AA = epistatic interaction of additive x additive type 

cf DD = epistatic interaction of dominance x dominance type 

(J2AD = epistatic interaction of additive x dominance type 

cf AM = epistatic in teraction of additive x additive x add itive type 
F = inbreeding coefficient amongst the parents 

Variance of g.c.a. (cf gca) and s .c.a. (cf sea) may then be calculated as (Kempthorne, 1 957) : 

(J2gca = CovH.s (half-s ib) ,  because half-sib  sets are being 

compared 

cfsca = CovF.s (full-s ib) - 2 CovH.S 

There are two models : I .  fixed and I I .  random. I n  model I the parents are the 
population , whereas in  model I I  the parents are a sample from a population. The 

d istinct ion between the two models is important not only for analysis of variance but for 

the information derived from the analysis of variance . Because the parents are the 

population for model I ,  estimation of components of variance is not appropriate but 

est imat ion of the effects of each pair of parents for specif ic crosses ( SCA) and for al l  

crosses that incl ude a common parents (GCA) is appropriate and valid .  GCA and SCA 

effects are more informative than components of variance for the model I analysis 

(Hal lauer and M i randa, 1 981 ) .  Also, estimated effects are applicable only for the parents 

included and wou ld be different i f  the parents were tested with a different g roup of 
parents. For the model II analysis, estimation of the components of variance is of prime 

interest. to relate the variance components to types of gene action in the reference 

popUlat ion , it is helpful to write the expected mean square i n  terms of genetic 

relationsh ips of relatives and translate from covariances of relatives to the genetic 

components of variance. 
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2.9. 1.2. Hayman-Jinks' method 

Hayman and J inks, in a series of papers from 1 953, developed an analysis of 

d iallel c ross data based on variance and covariance estimates of a sample of parents 

and thei r F , 's .  The most important featu re of their analysis is regression of Wr on Vr 

(covariances and variances of parental arrays , respectively) wh ich provides information 

on the average degree of dominance and hence dominance type (partial, complete, or 
overdominance) ; the relative proportion of dominant  and recessive genes in  the parents , 

and genetical diversity among the parents. I n  Hayman's method, some of the 
assumptions may be violated with i mpunity; others remain essential , especially that of 

random distribution of genes among parents (8aker, 1 978) . Some may be tested using 

featu res of dia l le l  itself such as analysis of variance of Wr-V,. Hayman ( 1 954b) , following 

Mather ( 1 949), showed with a g raphical analysis how to approach the problem of 

dominance. If the assumptions are met, it can be shown that for a p x p diallel that the 

variance of al l  the offspring  of the i t h  parent,  i .e .  of the i t h  complete array , V, is simply 

related to the covariance between these offspring and their non-recurrent parents, Wr• 

I n  fact, 

Wr = V, + 1 /2 VA - I2pqd2 

= Vr + 1 /2 VA - 1 /(2pq) Vo 

if gene frequencies at all loci are the same. A plot of Wr against Vr will therefore d isplay 

the relationship between VA and a function of Vo' I f  dominance is u n iform ,  l inearity should 
be seen .  Furthermore, the parabola W,2 = V P * Vp delimits the area i n  which the results 

may occur (where Vp is variance of parents. The pOSition of the pairs of points W" V, 

relative to the regression l ine of un i t  slope th rough the mean Vr , Wr ind icates the 

nature of dominance. The l ine th rough the orig in indicates complete dominance : the 

g reater the intercept with the abscissa, the more the tendency to overdominance. G ilbert 

( 1 958) noted that W, and Vr do n ot fulf i l the basic assumption s  of i ndependence and 

norm ality requ i red for regression analysis, so that departure from s imple l inearity, used 

by Hayman to justi fy ranking  the dominance of parents by the sum Wr+V" may not 

provide this justif ication . He suggested that the test of h omogeneity of variance m ight be 

applied to Yr' 
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I n  the presence of non-al lel ic interactions and/or correlated gene distributions, th is 

l i near relationship is lost. Certain types of distu rbance cause graphical d istortion i n  
characteristic ways wh ich may permit thei r detection. For example, complementary 

in teraction bends the W/Vr l ine concavely upwards,  whi l e  dupl icate i nteraction has the 

reverse effect (Mather and J inks ,  1 977, 1 982). 

By this method we can estimate four genetic components as fol low : 

H ,  = I4uvh2 

F = I8uv(u-v)dh 

where 0 is twice the panmictic additive genetic component of variation,  H, and H2 
m easu re dominance components of variation, and F accounts for non-independent 
contributions of additive (d) and dominance (h)  effects when gene frequencies (u and v) 
a re u nequal. I sign ifies a sum over all segregating loci .  Equations which estimate 0, H, .  

H2 and  F come from one or  more combinations of V p (variance of parents entering the 
-

d ial lel ) ,  Vr ( mean variance of parental arrays) , (mean of covariances between the family 

means with i n  each array and the phenotypes of their  respective non-recurrent parents) 

and V; (variance of parental array means). Additive genetic variance (erA) and 

dominance genetic variance (er D) may be estimated from the above genetic parameters 

when it is assumed that the parameters apply to a random mating base popu lation of 

wh ich the parents used in the dial lel are a sample. With the assumptions, u = v = 0.5 

(and assuming no  epistasis) , 0 and H2 become DR and HR where R equals random 

mating .  Equating these with Falconer'S ( 1 98 1 ) equations for additive and dominance, we 

obtain : 

these estimates show the proportion of genetic variation attributable to additive and 

dominance genetic variances. 



Literature Review 39 

Analysis of variance of array statistics can be done to determine the applicabil ity 

of an additive-dominance model in accounting for the data. The analysis partitioned the 

variance in to amongst arrays and residual mean squares. Signif icance and non

sign ificance of Wr+Vr ind icate presence and absence o f  dominance, respectively, and 

significance of Wr-Vr shows that the data did not conform adequately to the model due 
to epistasis and/or correlated gene distributions (Mather and J inks, 1 977, 1 982) .Som e  

statistics can be estimated f rom genetical components o f  variation which wil l  be 

explained in the materials and methods. 

2.9.2. Factorial mating designs 

The Design I I  mat ing design or Factorial design was described by Comstock and 

Robinson ( 1 948, 1 952) . The expectations of males and females for  design " are 
equivalent to g.c.a. , and the male x female source is equivalent to s.c.a. of d ial le l  

analysis (Hallauer and M i randa, 1 981 ) .  I n  this design , because we have two d ifferent 
sets of parents, we have two independent estimates of  g .c.a . .  Appropriate F-tests can 

be made to test for the d ifferences among males and among females and for the i r  

interactions. I ts genetic information is s imilar to diallel, despite their being d i fferent sets 
of parents for each sex. With i ncreasing number of parents, the number of crosses 

increases but not as much as for d iallel . This is a advantage of this design, especial ly 

i f  one wishes to estimate the genetiC parameters of a reference population.  The genetiC 

interpretation of the variance components is (Becker, 1 984) : 

where 

d'j = COVHS(F) = 1 /4 VA + 1 /1 6  V AA + 1 /32 V AAA + 1 VM 

d'mj = COVFS - COVHS(M) - COVHS(F) = 1 Vo + 1 4/1 6 V AA + 1 VAO + 1 Voo + 30/32 
VAAA 

- d'm' d'f and if mf are variance of male, female and thei r interaction, respectively 

- COVHS(M)' COVHS(F) and COVFS are covariance of h al f  sib for male, female and 

covariance of fu l l  sib 
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- VA' V AA and V AAA are additive variance and i ts i nteractions, respectively 

- V D' V DD are dominance variance and its interaction, respectively 

- VAD is  additive x dominance interaction 

- V M is maternal variance 

- V E is environmental variation 

Th is design is well-adapted for use in most cross-poll inated species and a few 

self-pol l inated species, such as tobacco, in which an adequate amount of seed is easily 
produced from each mating.  Usually, the costly, t ime-consuming effort req ui red to 

produce sufficient seed for replicated evaluation t rials has essential ly p recluded the use 

of this and simi lar designs in self-pol l inating species, such as small g rains and soybean. 
However, Stuber ( 1 970) has outl ined a procedure for estimation of additive, dominance, 

and additive x additive genetic variance using inbred progeny evaluation.  The inbred 

relatives are generated by bulk selfing of the F 1 progenies in mating designs such as 

design I and I I .  These selfed progenies are g rown and evaluated in  trial s imilar to those 

used for non-inbred p rogenies. Although the progenies evaluated are inbred to varying 
levels, genetic variances defined for the non-inbred reference population can be 

estimated with no restrictions on gene frequencies or number of al leles per locus (Fehr 

and H adley, 1 980). Design I I ,  a factorial deSign,  is  essential ly a modification of design 
I (Comstock and Robinson,  1 948, 1 952) . I t  is used to estimate genetic variance and to 

evaluate inbred l ines for combining abil ity. Each member of a group of parents u sed as 

males to each member of another group of parents used as females. Usual ly, reciprocal 

crosses are assumed to be identical genetically, therefore , seed of reciprocals is bu lked 

for planting progeny evaluation tests. In  the analyses of variance, male and female 

designations are purely arbitrary to facil itate the analyses (Fehr and Hadley, 1 980). 

2.9.3. Generation means analysis 

I n  the study of quantitative traits, important consideration is given to the gene 

action that control these traits. The generation mean analYSis is used to study gene 

effects by us ing d ifferent generations derived from a cross between h omozygous 

parents .  The use of different generation means to estimate magnitude of gene action and 

the expression of  a character to an additive-dominance model was p roposed by Caval l i  

( 1 952) and has been i l lustrated by Hayman ( 1 958a, 1 960b) and Mathe r  and J inks ( 1 977, 
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1 982). Generation mean analysis i s  an  application of weighted least squares contrast 
that estimate relative genetic effects from the means of d ifferent generations. The 

weights a re based on the internal variance of each generation. A weig hted ANOVA 
would usually p recede it i n  o rder to p rovide s ign ificance test and error variance. The 

most common sets of generations are as follow: 

P, : the h igher scoring parent 

P 2 : the l ower scoring parent 
F, : P, x P2 
F2 : F ,  selfed 

BC, : P, x F ,  

BC2 :  P2 x F ,  

P ,  : the h igher scoring parent 

P 2 : the lower scoring parent 

F2 : F,  selfed 

F3 : F2 selfed 

BCS, : ( P, x F , )  selfed 

BCS2 : ( P2 x F , )  selfed 

More complex experiments can be produced by inter-crossing and selfing  these 

generations further (Mather and J inks, 1 982) .  A bu lk  of progenies of each generation is 

evaluated in a replicated experiment. Sufficient sampling of segregating generations is 

necessary to have a representative sample of genotypes. In parental and F, generations 

no sampli ng is i nvolved, but F2, F3 and backcross generations wi l l  be segregating and 
sample size has to be considered. The resultant i nternal variances form the bases of the 

weighing .  

Several different possibil ities exist for the type and number of generations that 

can be included in a generation mean experiment .  If the two parents, F "  F2 and both 

backcrosses are evaluated, we have s ix means for comparison. Expectations of each 

generation can be determ ined and a weighted least squares analysis made to estimate 

m ,  [d] , [h], [ i ] ,  [j] and [I] with a fai r  degree of precision. We can also make a goodness 

of fit test (observed means compared with predicted means) to determine the adequacy 

of the m odel for m ,  [d] and [h] to explain the differences among the generation means. 

Hayman ( 1 958a; 1 960b) defined the base population as the F2 population ( rather 
than m id-pa rent in Mether and J inks' method) result ing  from a cross of two inbred l ines,  

which d iffer by any number of un l inked loci, has expectation of m in  term of genetic 

effect and the following expectations for other generations: 
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m d h 

P ,  1 - 1 /2 1 - 1  1 14 

Pz - 1  - 1 /2 1 14 
F ,  1 1 /2 0 0 0 1 /4 

Fz 1 0 0 0 0 0 

F3 1 0 - 1 /4 0 0 1 1 1 6  

BC, 1 1 /2 0 1 /4 0 0 

BCz 1 - 1 /2 0 1 14 0 0 

BCS, 1 /2 - 1 /4 1 14 - 1 /4 1 1 1 6  

BCS2 1 - 1 /2 - 1 /4 1 14 1 /4 1 / 1 6  

The general model used i s  : 

where the mean of a generation Y is a function of the mean (m) of all generations in  a 
cross and five coefficients (a, � ,  a

2
, 2a� , �2

) as products of genetic parameters : pooled 

additive effect [d] ,  pooled dominance [h], pooled interaction between additive effects [i], 

pooled interaction between additive and dominance OJ, and pooled interaction between 

dominance effects [IJ. The base i n  the model of Mather and Jinks ( 1 982) is m and the 

expectations of generations wil l be presented in materials and methods. 

A cross producing an F, heterozygous for more than one locus can be made in 

two ways. If the increasing al leles occur together in  one of the parents and the 

decreasing alleles in the other, the genes m ay being said to be associated. Or if each 

parent m ight carry the increasing al lele of one or some genes and the decreasing allele 

of the another or others, the genes being said to be dispersed (Mather and J i nks ,  1 982). 

Under the dispersion state the genes tend to balance one another out, so the additive 
effect is the sum of the additive effects at all loci , taking the sign i nto account. Similarly 

the dominant effect is the sum of dominant effects of the individual genes takin g  the sign 

in to account. But for dominant  effect the sign of h does not depend on gene association 

nor  dispersion but on the direction of the dominance itself (Mather and J i nks ,  1 977) .  

G am ble ( 1 962a, b) used other  symbols for gene effects and showed that h is symbols 

can be related with other symbols. 
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Generation mean analysis has been widely used to estimate the genetic 

parameters for various characters in many c rops. In wheat stripe rust, it was used to 

study the inheritance of resistance in th ree du rable , h igh temperatu re and adult plant 
resistant cultivars by Mi lus and Line ( 1 986a) . 

Rowe and Alexander ( 1 980) clarified computational aspects of the methodology 

and i ndicated the generalization to more complex genetic models. The computational 
presentation by Mather and J inks does not specifical ly indicate the general statistical 

nature of the methodology nor the potential for generalization to more complex genetic 

models. 

Generation mean analysis has some advantages. Because we are working with 

means (first o rder statistics) rather than variances (second order statistics) ,  the e rrors 

are inherently smaller. We can easily extend generation mean analYSis to more complex 

models that i nclude epistasis, but the main effects (d and h )  are not un ique when 

epistatic effects are present. Generation mean analysis is equally applicable to cross
and self-pol l inating species. Smaller experiments are required for generation mean 

analysis to obtain the same degree of precision . It also has some d isadvantages which 

are. An estimate of heri tabil ity can not d irectly be obtained and one can not p redict 
genetic advance because estimates of genetic variances are not available. Cancel lation 

of effects may be a sign ificant disadvantage because, for example, dominance e ffects 

may be present but opposing at various loci in the two parents and cancel each other. 

2.9.4. Generation variance analysis 

Mather and J inks ( 1 977) a/so developed a generation variance analysiS which 

al low us to calcu late heritabil ity and degree of dominance. Their expectations are as 

fol lows: 

VP1 = Ew 

VP2 = Ew 

VFI = Ew 

VF2 = 1 /20 + 1 /4H + Ew 

VBGI = 1 /4D + 1 /4H - 1 /2F + Ew 
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where 

VSC2 = 1 /4D + 1 /4H + 1 /2F + Ew 

Ew : non-heritable component of variation 

D : additive component of variation 

H : dominance component of variation 

F : dependent contribution of d and h over al l loci 

Estimates are obtained from these expectation as follows: 

Ew = 1 /4 (Vp1 + Vp2 + 2VF1) 

D = 4VF2 - 2 (VSC1 + VSC2) 

H = 4 (VSC1 + VSC2 - VF2 - Ew) 
F = VSC1 - VSC2 
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The dominance ratio can be estimated as I'(H/D) and the estimation F/I'(D*H) can 

provide evidence of dominance deviations at different loci . Having only four equations 

for the estimation of four parameters we obtain a prefect fit solution to them, and we can 

neither calcu late the standard deviation of the estimates of D, H, E, and F, nor indeed 

can we test the goodness of fit of the additive-dominance model as a whole. 

Hayman ( 1 960a) solved the problem mentioned above by using the procedure 

wh ich is essentially the same method of weighted least squares already used for the 

analysis of means. The expectations for other generations such as F3, BCS1 and BCS2 

which may be needed in Hayman's method are as fol lows : 

where 

V 1 F3 = 1 /2 D + 1/1 6 H + Eb + 1 /n V2F3 

V2F3 = 1 /4 D + 1 /8 H + Ew 
V 1 SCS1 + V1 SCS2 = 1 /2 D + 1 /8 H + 2Eb + 1 /n V2 

V2SCS1 = V2SCS2 = 1 /4 D + 1 /8 H + Ew 

V1 F3 : the varian ce amongst F3 l ines 

V 2F3 : the mean variance of within l ines 
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Eb : non-heritable variation between fami l ies 

Ew : non-heritable variation with i n  fami l ies 

n : number of plant per l i ne 

V l BCS l : the variance amongst the selfed backcross with Pl 

V1 BCS2 : the variance amongst the selfed backcross with P2 
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V1 BCS2 = V1BCS2 : the mean variance of with in second selfing backcross Vvith P1 

and P2, respectively. 

2.9.5. Heritability 

Heritabi l ity is a coefficient of determ ination ind icating what proportion of 

phenotypic variance is genetic. The mean gen-flow via sexual reproduction (breeding 

value) depends largely on heritabi l ity, and is a major component of  predicting  genetic 
advance in selection . The accuracy of p rediction would be low, for example, for a trait 

whose measu rements show l ittle genetic variance but a relatively h igh degree of 

env i ronmental variance. For parents to transmit characteristics of their offspring i n  some 
predictable degree, it is obvious that env i ronmental variance should be low, and genetic 

variance h igh , the trait should be only sl ightly affected by environmental differences but 
g reatly affected by genetiC differences. The variation exh ibited i n  any character 

constitutes the phenotypic variance (Vp) . This may be divided i nto genetiC variance (V G ) ' 

non-genetic or environmental variance (V E) and thei r interaction (V G E) ' The genetiC 

variance (V G) is  composed of three major components: additive genetic variance (VA) '  

dominance variance (V D) and nonal lel ic interaction variance (VI) '  The additive portion of 

phenotypic variance is of greater importance i n  the average resemblance between 

relatives than the dominance portion. Because of this, the relationsh ip between the 

additive variance the total phenotypic variance is common ly used i n  predicting  the results 

of selection of variates. There are two meanings of heritabi l ity : 

s ince VA i s ,  at most equal , smaller than V G ' it may be cal led the narrow sense heritabi l i ty 

i n  contrast to the broad sense type. 

I n  a H ayman-Jinks dial lel cross heritabi l ity is estimable as fol lows : 
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h2Bs = ( 1 /2 0 + 1 /2 H ,  - 1 /4 H2 - 1 /2 F) 1 ( 1 /2 0 + 1 12 H, - 1 /4 H2 - 1 /2 F + E) 

h2
Ns = ( 1 /2 0 + 1 12 H ,  - 1 /2 H2 - 1 /2 F) 1 ( 1 /2 D + 1 12 H ,  - 1 /4 H2 - 1 /2 F + E) 

where E is the pooled error mean square from analysis of variance of parents and F, 's. 

For a G riffing's dial le l ,  i t  may be estimated for : 

Heritabi l ity can also be estimated in terms of the parent-offspring regression 

techniques, which indicates narrow sense heritability (Robinson et al., 1 949; Falconer, 

1 98 1 ) and on the basis of variance components from repl icated p lots (Hanson , 1 963) . 

2.9. 6. Number of genes 

The most common problem in  applied genetics is the size of the initial sample 

to be screened; the more populations sampled ,  the more chance of obtain ing rare alleles 

having the properties desired. But on the other hand there is less abil ity to assess the 

material adequately . If a trait is control led by n genes, there are 3n kinds of digenic 

genotype possible in the F2, and the smallest adequate population in the F2 would be 4n 

( Pope and Dewey, 1 978) . The number of genes involved in the inheritance of 

quantitative characters inf luences the l imits of progress from selection. Many statistical 

methods exist for the estimation of the number of genes determining a trait, a number 

of biometrical p rocedures have been developed for estimating the number of genes 

goveming quantitative traits i n  autogamous diploids, from the early Castel-Wright 

segregation index (Wright, 1 952) to genotype assay (J inks and Towey, 1 976) . Actually, 

we estimate the number of effective factors infl uencing a t rait, rather  than the number  

o f  gene. The effective factors may be defined in terms o f  the c ross between two 

h omozygous l ines, P ,  and P2, at the loci which differ between the l ines. Some al leles 

tending to i nc rease the trait of i nterest wi l l  be homozygous i n  one l ine, some i n  the other. 

If for the k loci at which P, and P 2 differ, P ,  contains only al leles i ncreasing the trait ,  
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wh ile P2 contains only alleles decreasing it, then the d ifferences between P, and P2 will 
be 2ka. The estimate of additive genetic variance of the trait from the F2 will be 

and p=q=O.5 

so that or 

Hence 

The estimator k must be the min imum number of genes affecting a trait, as it has 

been assumed equality of effects as well as independence of all gene loci. Mather  and 

J inks ( 1 982) have shown that if one strain has 'x' loci fixed for the '+' allele and 'k-x' 

fixed for the '_J allele, and conversely for the other strain ,  then setting r = (k-2x)/k, the 

estimate is reduced by a factor (. Furthermore,  i f  the gene effects a re not all equal, and 
their variance is V Aa '  then the estimate will be reduced independently by a factor 

( 1  + V Aa)" ' .  

Lande ( 1 981 ) outl ined a procedu re to estimate the min imum n umber of freely 

segregating genetic factors contri buting to the differences in a quantitative character 

between two populations that h ave diverged by artificial or natu ral selection .  He  

presented a l l  standard errors for those form ula. 

The method of moments (Caste l ,  1 92 1 ; Burton , 1 95 1 ; Wri ght,  1 968) was among 

the f i rst p rocedu res for analysing the differences in a quantitative trait between two 

h omozygous parents .  Subsequent procedu res included Mather's k ,  (Mather 1 949) , the 
partition ing method (Powers et al. ,  1 950; Powers, 1 963) , discriminant analysis (Weber, 

1 959), the i nbred backcross procedure (Wehrhahn  and Al lard, 1 965) ,  the convolution 
approach (Tan and Chang, 1 972) ,  genotype assay (J inks and Towey, 1 976; Towey and 

J inks, 1 977) ,  and the doubled haploid method (Choo and Reinbergs ,  1 982) .  Methods 
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vary in  thei r assumptions, in  t ime and resources requ i red, and  in the  precision and 

reliabil i ty of estimates of the n umber of genes. 

Panse ( 1 940) introduced another method using F 2 and F 3 second order statistics 

(genetic variances) to estimate k. 

A recent method, cal led genotype assay by J inks and Towey ( 1 976) and Towey 
and J inks ( 1 977), is designed to overcome various problems such as large standard 

error because of l inkage, sensitivity to unequal gene effects and so on, which are seen 

in previous methods. They emphasized that because the method detects only genes with 

effects sufficient to yield a signif icant difference, given the variabi l ity in the material , the 

range shown wi l l  be an underest imate. This method requi res an estimate of proportion 
( Ph) of randomly selected Fn p lants , derived from crossing two h omozygous parents, that 

a re homozygous for at least one locus. The proportion Ph is estimated by testing for 

unequal means of Fn+2 l ines derived from two or more randomly selected Fn+1 progeny 

of each assay plant. 

Wehrhahn and Allard ( 1 965) used a technique, cal led " inbred back-cross l ine" ,  

which has the  advantage that the  magnitude o f  effects o f  the genes detected can be 
measu red.This method involves the production of inbred l i nes fol l owing several 

backcrosses to the recurrent parent and thei r subsequent classification in repl icated field 

t rials as d ifferent from or not d ifferent from the recurrent parent. Un less many genes 

govern the trait, most inbred backcross l ines are expected either to be genotypically 

identical to the recurrent parent or single gene deviates. 

Park ( 1 977a, b) has developed further related methods which are designed to 

assess the number of genes affecting a trait over the early generations of selection in  
o rder to estimate l ikely total response l imits to selection depending on the number of  loci 

involved. 

2.9. 7. Genetic correlation 

I t  was established in classical genetics that many genes have manifold effects; 

i .e .  some genes seem to affect traits that are unrelated . G enes that have manifold 
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effects are pleiotropic. In pleiotropic the same gene affects d ifferent traits i n  a 

complementary way; whereas in  epistasis different genes affect the same trait. The 

existence of pleiotropic effects of genes i n  classical genetic analysis woul d  logically i mply 

the existence of pleiotropic effects for traits. Then i t  is possible that selection may be 
exerted on secondary traits that have greater heritabi l it ies than the primary trait. Success 

of selection,  however, also depends on association between the traits ; i f  association is 

not l arge the effect of ind i rect selection for second trait by use of f i rst trait will not be 

successfu l .  linkage also is another cause of a correlation between traits . 

Genetic correlations a re of interest to determine degree of association between 

traits and how they may enhance selection. Genetic correlations are useful if indi rect 

selection gives greater response to selection for a trait than d irect selection for the same 

trait. This depends on estim ates of heritabilities for each t rait and genetic correlation 

between them (Hal lauer and M i randa, ( 1 981 ) .  Success from combination select ion 
depends on level of genetic correlation among traits incl uded for selection .  

2. 1 0. Multivariate analysiS 

Having introduced correlated characters and response including the selection 

i ndex, i t  is  clear that multivariate methods generally may be of use to the geneticist and 

breeder. 

Multivariate analysis is the branch of statistics concemed with analYS ing mult iple 

measurements on one or more populations. I t  is  a techn ique of data summary and 

reduction , grouping and analYSing which can also d iscrim inant populations on the basis 

of many associated attributes.  

AnalysiS of variance (ANOVA) has been a widely used and usefu l approach to 

study d iffe rences among several populations or treatments. But ANOVA handles only 
one variable, which is assumed to be normal ly distributed with the same variance i n  

each population . I f  one wants to deal with many characters together, ANOVA cannot do 

it and the m ulti ple analysis of  variance (MANOVA) is  needed to solve this kind of  

p roblem. there is  also the problem of  redundancy in  univariate F-test because of  . . . . . .  . 
with other attributes. I n  MAN OVA one is concemed with the mu ltivariate general isation 
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(vector variable) of analysis of variance, which is the study of g roup differences with a 

number of variable combined (Bose, 1 977). S ince MANOVA deals with the vector 

variables rather than scalars, it looks at the whole d ispersion of the variables, i .e .  

variance and covariance. It is a more su itable m ethod of handl ing combined variables. 

I t  is also a very important tool for genetic studies because most quantitative genetic 

information derives f rom partition ing variance and covariance of phenotypic values, and 
Manova can generate a dispersion matrix for this purpose. The distinctive natu re of 

MANOVA design is that dependent variable is a vector variable. This  dependent vector 

variable is assumed to be multivariate, normal i n  distribution and with the same 

dispersion, or variance-covariance matrix, for each popu lation . Equal ity of dispersions 
is the Manova extens ion of the assumption of homogeneity of variance i n  Anova design. 

In Manova the research issues concem the realness of the differences among the 

population centroids, or the mean vector (Bose, 1 977) . 

There are two nu l l  hypotheses established for Manova. Hypothesis one is used 
to test that the popu lations have a common dispersion ; whereas hypothesis two i s  to 

identify whether the popu lations have a common centroid.  

2. 1 0. 1. Discriminant analysis 

When two or more populations have been measured for several characters, 

special interest to certain l inear function cal led discriminant functions, by wh ich the 
populat ions are best discriminated. Since Manova cannot make a comparison of various 

means, we need to use discrim inant function to get test scores for a means comparison .  

So it is  of  great importance in multivariate analysis, and it has been widely used i n  social 

science (Manly, 1 986) 

2. 1 0.2. Canonical Correlation 

The canonical correlation is the maximum correlation between the l inear functions 
of the variables in  two data sets. Canonical analysis is the most general of the 

m ultivariate techniques, multiple regression and Manova are al l  special cases in it .  It is 

a descriptive or screen ing procedure rather than a hypothesis-testing one. S ince 

canonical  correlation analyses the relationship between two sets of variable, it is su itable 
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fo r  deal ing with relationships o f  characters which being measured. 

2. 1 0.3. Cluster analysis 

The cluster analyst's objective is to find out which objects are simi lar and 

dissimi lar to each other. Cluster analysis is widely applicable in research to determine 

clusters of sim ilar objects. Cluster analysis may be worthwh i le owing to g rouping of 

s im i lar objects or  for data reduction .  Many algorithms have been proposed for cluster 
analysis. Here attention wi l l  be restricted Ward's min imum variance clustering  m ethod. 
Ward's ( 1 963) describes a class of h ierarch ical  c lustering m ethods i nc luding the 

m in imum variance method. Anderberg ( 1 973) showed that Ward's m ethod would appear 

to be the more suitable than the other methods of clustering, and also conceptually 

attractive basis of this method meant that it was chosen as the method to be u sed for 

th is data set. Ward's method tends to join clusters with a smal l number  of observations 

and is strongly biased toward producing clusters with rough ly the same number of 
observations. It is also very sensitive to outl iers (M i l l igan ,  1 980) . Ward's method fol lowes 
a series of clustering steps that begin  with t clusters ,  each contain ing one object, and 

it ends with one cluster contain ing al l objects. At each step it makes whichever m erger 
of two clusters that wil l  resu lt in the smallest increase in  the value of an sum-of-squares 

index, or variance. Th is  meant that at each clustering step we m ust try a l l  possible 

mergers of two clusters, compute the value of sum-of-square i ndex for each, and select 

that one whose value of sum-of-square index is the smal lest. Then we go on to the next 

clustering step and repeat the p rocess (Romesburg ,  1 984) .  The result of h ierarchical 

cl ustering can be represented in a dendrogram (tree diagram) .  A p ractical p roblem in 

performing a cluster is deciding on the number of clusters to obtain .  In h ierarchical 

c lustering system the number of clusters which m ay be obtained from n ,  the n umber of 

individuals (objects) to one depending on the l evel at which the h ierarchy is cut-off 

(Anderberg ,  1 973) .  To find a truncation point, there was some way to do that, e .g .  based 

on previous knowledge of the structure of the data set (Anderberg ,  1 973), o r  making 
a rbitrary cut-off paints ( Romesburg ,  1 984) . Gordon (pers .  comm .) implemented a cut-off 

measure based on the F ratio of amongst cluster sums of squares I with in cluster  sums 

of squares. The cluster membersh ip  at each stage of successive clustering can be used 
as treatment in a successive MANOVA analyses. Wil k's Lambda F-ratio can be used to 

get a joint significant test of a/l attributes simultaneously. That clusteri ng  stage wh ich h as 
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greatest s ign if icance (lowest probabil ity) can be used as the cut-off point (Gordon , pers. 
comm. ) .  

Pattern analysis as commonly employed (Wi l l iams, 1 976) consists o f  the joint 

n umerical classification and ordination of a set of entities (cultivars) on the basis of the i r  

attributes (number of rust assessments) .  This approach shou ld f ind considerable 

application in the prel iminary evaluation of rates of disease development on the very 
large numbers of genotypes tested in some plant breeding programmes. 
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CHAPTER 3 

MA TERIA LS A ND METHODS 

To estimate the quantitative genetics of adult  plant and seedling resistant 

cu ltivars to stripe rust, seven experiments were carried out at Lincoln ( glasshouse) and 

Palmerston North (glasshouse and field), New Zealand ,  during 1 991 - 1 993. The reaction 
of fifteen cu ltivars in response to three pathotypes of stripe rust were studied in d ifferent 

stages. 

3. 1.  Cultivars, hybrids and experiments 

Fifteen cultivars were chosen for their d iffering reactions to stripe rust and were 

grown from authenticated seed. There were as fol lows: 

Cu ltivar Resistance Y r  genes Reference O rigin 
Oroua specific 7 Cromey 1 990 NZ 
Pegasus specific 1 ,6 Cromey 1 990 U K  
Sapphi re specific 6 ,7 Cromey 1 990 U K  
Batten specific 9 Cromey 1 990 U K  
Karamu durable A Johnson 1 988 NZ  
Briscard nonspecific Cromey 1 990 U K  
Domino nonspecific Cromey 1 990 U K  
Otane nonspecific Cromey 1 990 NZ 

Ruapuna nonspecific Cromey 1 990 NZ 
Tiritea susceptible Cromey 1 990 NZ 

Kotare nonspecific C romey 1 990 NZ 

Takahe susceptible C romey 1 990 NZ 

El ite Lep.  durable 2 Johnson 1 988 FR  

Yeoman durable 1 3  Johnson 1 988 U K  
Flanders du rable 1 Johnson 1 988 N DL 

1 New Zealand, U nited Kingdom, France and Netherlands, respectively 

Seven experiments were done as follows: 
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3. 1. 1. Seedling tests 

1. Cultivars experiment. Fifteen cu ltivars ,as mentioned above, were used to 

investigate components of resistance with cultu res of three pathotypes of Puccinia 

striiformis ( 1 06E 1 39A-, 1 1 1 E 1 43A-, 232E1 37A-) .  

2. Specific dial/el. Five cu ltivars with specific resistance and one susceptible 

cu ltivar (Oroua, Pegasus, Sapphi re ,  Batten ,  Karamu and Tiritea, respectively) were 
intercrossed in all combinations of a d ial lel set of crosses, without reciprocals. Six 

parents and fifteen F1  p rogenies were tested with cu ltu res of two pathotypes ( 1 1 1  E 1 43A

, 232E1 37A-) in two separate diallels i n  g lasshouse. 

3. Specific vs nonspecific factorial mating. Five cu ltivars with specific 

resistance,as used in experiment two , and four cultivars with nonspecific resistance 

(Briscard, Domino, Dtane, Ruapuna) were crossed in a factorial mating  design. N ine 

parents and the twenty F1 progen ies were tested with cultu res of two pathotypes 

( 1 1 1  E 1 43A-, 232E 1 37A-) in two separate experiments in the g lasshouse. 

4. Nonspecific glasshouse dial/el. Four cu ltivars with n onspecific and one 

susceptible cu ltivar (Briscard, Domino, Dtane,  Ruapuna and Tiritea, respectively) were 

i ntercrossed in al l  combinations of a dial /el set of crosses, without reciprocals. Five 
parents and ten F1 progenies were tested with cultu res of three pathotypes (1 06E 1 39A-, 

1 1 1  E 1 43A-, 232E 1 37 A-) in three separate dial/els in the glasshouse. 

5. Nonspecific glasshouse genera tion mean. Those cu ltivars used in  experiment 

fou r were continued for further generations. Al l  ten crosses were extended by other 

generations (Pp P2, F l ,  F2, BCl - backcrossed to Pl- and BC2 -backcrossed to P2-) to 

stablish ten fam i lies. These were tested with a common pathotype (1 06E 1 39A-) and ten 
separate generation mean analyses were conducted in the glassho use. 

3. 1 .2. Adult plant tests 

6. Nonspecific field diallel. The same materials as in experiment four were tested 

with one pathotypes (1 06E 1 39A-) in a dial /el mating design in the fie ld .  
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7. Nonspecific field generation mean. The same materials as in experiment five 

plus F3, BCS, (backcross selfing with P, ) and BCS2 (backcross self ing with P2) l ines were 

tested in  the field with the common pathotype ( 1 06E 1 39A-) , giving a fu rther  in a ten 

generation mean analyses. 

3. 1 .3. Crossing 

For each cross, seed of respective cultivars were planted i n  20 cm round plastic 
pots fi l led with a potting mixtu re (sand, peat and osmocote 5 :2 parts and 250g, 

respectively) and grown in the greenhouse with 1 6  h r  l ight. Plant ing was staggered in 

time to ensure that all cu ltivars would be at about the same g rowth stage for crossing. 

Standard p lant breeding techniques for hand emascu lation and for pol l ination were used 

for crossing (Plate 1 ) . Parental and F, ears were harvested in August 1 991  were 

th reshed individually and were immediately planted in the glasshouse to produce 
backcross, F2 and additional F ,  seed for nonspecific cultivars . The F , plants, as male 

parents, were crossed with the i r  respective female parents to produce the backcross 
generations. Seed of the cul tivars and progeny from the crosses between them were, in 

all cases, obtained from ears that had been enclosed in  glassine bags at flowering t ime 

to p revent outcrossing. 

Because of differences in heading date f rom other cultivars and lack of seed, five 
of the fifteen cultivars (Kotare, Takahe, El ite Lepeuple, Yeoman and Flanders) were not 

incl uded in any crosses. 

3.2. Cultures, storage and inoculation 

Th ree cu ltures of the Puccinia striiformis from the rust cultu re collection of C rop 

& Food Research I nstitute at Lin coln ,  New Zealand,  were used into this investigation. 

Cu lture WYR1 (pathotype 1 06E 1 39A-) was pathotyped f ro m  volunteer wheat in 
Canterbu ry in  1 986. 

Culture WYR4 (pathotype 1 1 1  E 1 43A-) was pathotyped from cv. Pegasus in  South 

I sland i n  1 988. 

Culture WYR9 (pathotype 232E 1 37A-) was pathotyped from cv. Batten in 

Canterbury in  1 990. 
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Plate 1 .  Overview of  crossing block: (a) glasshouse location, (b) hand emasculation , and 
(c) poll ination 

(a) 

(b) 

( c) 
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Pathotype nomenclatu re follows the system described by Johnson et a/. ( 1 972) ,  

us ing the suffix by Wel l ings & Mcintosh ( 1 990) . 

U redospores of the th ree cultu res were increased at th ree different times on the 
susceptible wheat cv. Ti ritea grown in isolation i n  the glasshouse and control led 

temperatu re room (Plate 2).  Each day, inoculum was col lected by holding the plants over 
a sheet of alumin ium foi l and gently tapping them, so that spores fel l  to the surface. 

They were partially dried (about 60 % r.h . )  in desiccator contain ing s i l ica gel , for 24 

hours, and then sealed in plastic-lined alumin ium foi l  bags and stored in an Ultra-lOW 

freezer at -70 oc. I nocu lum of each pathotype was heat-shocked by immersing in warm 

water (42 oc for 4 minute) before use. Plants in the g lasshouse were sprayed with the 

fungicide Ethi rimol ,  which has no any effect on stripe rust, to prevent powdery m i ldew 
infection . Any unwanted powdery mildew spores collected along with stripe rust spores, 

were inviable fol lowing storage at -70 oc. 

Material for the seedl ing tests (experiments 1 -5)  was planted in 1 0  cm 

pots contain ing pott ing m ixtu re. The pots were placed i n  the glasshouse with a 1 5  h r  

daily photoperiod at 1 5±2 DC. I noculation was carried out when the fi rst leaf was ful ly 

expanded and the second leaf was about half the length of the fi rst leaf. For inoculat ion, 
al l  pots were sprayed as u n iformly as possible using an atomizer with a spore 

suspension in distil led water with one d rop of Tween 20 per l itre and were left i n  a 

darkened moist chamber for 24 h r  at 1 0±1 DC. 

In the field (experiments 6-7) , spreader rows of a h ighly susceptible variety, cv. 

Ti ritea, were sown every five rows and also around the entire experimental field. When 

the second leaf become obvious all spreader rows were inoculated with a suspension 

of u redeospores in disti l led water with one d rop of Tween 20 per l itre ,  using a knapsack 

sp rayer at midnight. To ensure a good epidemic, all the material was inoculated two 

weeks after the fi rst inoculation, with a mixture of spores and fine flour ,  particle size 1 00 

11m ,  (Roelfs et a/. 1 992) ,  using a knapsack motorized blower i n  the late evening .  Spores 

were applied at the rate of 5-6g per hectare, which equates to approximately 1 000 

spores per plant (Stubbs et ai , 1 986) . There was a good epidemic in the field (Plate 3). 



Plate 2.  Rust increase on susceptible wheat cv. Ti ritea grown in  the 
(a) g lassho use and (b) control led temperature room 

(a) 

(b) 
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Plate 3 .  General view of the plots (a) no epidemic, (b) moderate epidemi c, and 
(c) severe epidemic 

(a) 

(b) 

(c) 
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3.3. Assessment and data collection 

I n  the glasshouse, four attributes were measured, wh ich were components of 

resistance i n  seedlings (experiments 1 -5)  : infection type, latent period, pustule size and 

pustu le density. Daily assessments from the 7th day after inoculat ion were made for 

latent period (days from inoculation to f irst pustule eruption) by checking  al l  leaves for 
visible pustu les. Leaves with pustu les were tagged with colou red wire ,  the date recorded, 

and these leaves omitted from further  checking. Daily assessment continued unti l 
pustu les were present on all leaves. Then, assessments for i nfection  type were made 

based on a 0-9 ordinal scale (is shown in plate 4) ,  according to the method described 
by Line et al. ( 1 974) , as fol lows : 

o 0 no visible signs o r  symptoms 

VR necrotic or chlorotic flecks, no sporu lation 

2 R necrotic and/or ch lorotic blotches 1 or  stripes, no  sporu lation 

3 M R  necrotic and/or ch lorotic blotches or stripes ,  trace sporulation 
4 LM necrotic and/or ch lorotic blotches or stripes , l ight sporu lation 

5 M necrotic and/or chlorotic blotches or  stripes , inte rmediate 

sporu lation 

6 H M  necrotic and/or chlorotic blotches o r  stripes, moderate sporulation 
7 MS necrotic and/or ch lorotic areas, abundant sporu lation 

8 S chlorosis behind sporulating area, abundant sporu lation 

9 VS no chlorosis or necrosis, abundant sporulation 

' Slotches occur on seedl ings and stripes occur on plants in later stages of g rowth. 

Final ly, leaves were cut and preserved in jars which contained 

lactophenol :ethanol ( 1  : 2 ,  v/v) solution for later assessment of pustu les size (mm2) and 

pustu le density (number of pustules per m m2 of infected leaf area). 

Lactophenol was made as follows: 

phenol (pure crystals) 20 9 
lactic acid (SG 1 .2 1 ) 20 g 

g lycerol 40 g 
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Pl ate 4. General classification of i nfection types for stripe rust 
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distilled water 

ethanol (95%) 

20 g 

50 g 
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The phenol with water were wanned until dissolved and then the lactic acid and 

glycerol were added to it. A little dye such as cotton blue or picric acid may be added 

(0.05 g of cotton blue per 1 00 ml or substitute a saturated solution of picric acid for water 

when preparing the lactophenol). 

The length and width of 1 5  random pustules per leaf were measured using a 

microscope (magnification 1 OX) with a micrometer, and the means calculated. 

In -the field (experiment 6-7), rust severity (Fig. 6),  based on the modified Cobb's 

scale (Peterson et ai, 1 948) was recorded for individual plants at th ree different dates, 

at ten day intervals, starting from growth stage 45-47 (Fig. 7) or boot swollen (Zadoks 

et ai, 1 974). Assessments for any block were recorded within a short period (2.5 days) 

at each date. 
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Fig. 6. The modified Cobb scale: A, actual percentage occupied by rust u redinia; 8, rust 

severities of the modified Cobb scale after Peterson et a/. 
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Fig. 7. Descriptions of the g rowth stages of wheat after Roelfs et al. ( 1 992) 
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3.4. Data analysis 

I n  the g lasshouse experiments 1 -S, the latent period (days) and pustu le s ize, 

mm2x 1  0 0 0 ,  ( 1 /4*n*length*width) data were not transformed, because they a re contin uous 

data. I n fection type (scale 0-9) data was subjected to a test of normality using correlation 
test for normality (Bl iss ,C. I . ,  1 967) by M I N ITAB statistical package (Min itab Inc. , 1 989). 

This test supplies a normal probabil ity plot, wh ich is a usefu l supplement to histograms 

in  checking for nonnormality. M IN ITAB plots the sample versus the values, and if the 
sample is from a normal population , the plot is approximately a straight l ine. I t  exh ibited 

curvature if the population is not normal. The correlations of al l  tests were not significant 

from unity. The scale for pustule density (no.x1 00) data, which fol lows the poisson 

d istribution ,  were changed usin g  a square root transformation,  (X+O.S) 1f2, (Steel and 

Torrie ,  1 980) . The value of half was added because real zeroes were present in data. 

When the progress of a rust epidemic has been measured at several times duri ng  

its development, the area under the disease progress curve (AUDPC) can be calculated. 
In the field (experiments 6-7), since epidemics develop in a logistic fashion, which 

implies that there is a l im it to their g rowth and that their increase is i n itia l ly exponentia l .  

Therefore rust severity was transformed us ing a log i t ,  I n [x/(1 OO-X)]+ 1 0  (van der Plank 
1 963; Robbelen and Sharp, 1 978; Stubbs et ai ,  1 986; Berger, 1 988) . A value of ten was 
added to obtain all positive numbers. Area under the disease p rogress curve was 

obtained by : 

AUDPC = [2:: (>\+ 1 + X,) I 2 ] * T'+1 - T, 

where Xi i s  severity (transformed) in  t ime ith and Ti is date of reading in  t ime i1h (day). 

3.5. Experimental design 

1. Cultivars experiment. Three experiments were conducted one for each of 

th ree pathotypes. Each experiment consisted of two randomised complete blocks. Each 

pot (experimental un it) contained six plants. The model for a randomised complete block 

design is as follows: 
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where 

Xijk = Jl + ex; + �j + c,j + <P (ii)k 

Xijk = the obseNed variable 

i = 1 . . .  t where t is the number of genotypes 

j = 1 . . .  b where b is the n umber of b locks 

k = 1 . . .  s where s is the number of samples per plot 

Jl = the grand mean 
ex; = the effect of the ith cultivar 

�j = the effect of the ith block 

Cij = the ijth res idual (error) effect 

<P (ij)k = the ijkth with i n  plot effect 

65 

To obtain more information , the three experiments were pooled i nto a combined 
analysis. Pathotypes were analogous to environments, and genotype-pathotype 

interactions were estimated. The model for th is pooled randomized complete block 

design was : 

where 

Xijkl = Jl + Yk + �i(k) + ex; + (aY)ik + Cijk + <P (ijk) l 

Xijkl = the observed value of the ijklth plot 

i = 1 . . . t where t is the number  of genotypes 

j = 1 . . . b where b is the number of blocks 

k = 1 . . . p where p is the number of pathotypes 

I = 1 . . . s where s is the number of sam ples per plot 

Jl = the grand mean 

Yk = the effect of the �h pathotype 

�j(k) = the effect of the jth block nested within the �h pathotype 

ex; = the effect of the ith cultivar 

(ay)ik = the i nteraction of ith cu ltivar and �h pathotype 

Cijk = the ijkth residual (error) effect 

<P (ijk)1 = the ijklth with in  plot e rror 

The source of variation , degrees of freedom , expectation of mean squares and 
F- ratio (Steel and Torrie, 1 980) a re p resented in  Table 1 ,  using  a random effect model. 
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Table 1 .  Sources of variation,  degree of freedom, expectations of mean squares and F
ratios of pooled analysis of variance 

S .O.V. DF MS 

Pathotype p-1 MSp 

Block p(b-1 ) MSs(p) 

Cu ltivar g- 1 MSG 
Path .*Cult. (g-1 )(p-1 ) MSGP 
E rror p(g- 1  ) (b-1 ) MSe 

* Random effects ph i losophy 

E(MS) 

if+gif s(p)+bif GP+bgif p 

if+gifs(p) 

if+gif GP+beif G 
if+bif GP 
if 

F- ratio' 

(MSe +MSp)/( M Ss+MSGP) 

MSs/MSe 

MSG/MSGP 
MSGp/MSe 

The expectations of mean squares were obtained following Cru m p  (1 946).  When 

the numerator or denominator is a l inear function of mean squares, a complex F-test wi l l  

be used (Satterthwaite, 1 946; Crump, 1 946) . This has degrees of freedom as fol lows: 

f' = [L: (MS)f / B [(MS)
2 I fJ 

where MS; and f; are the ith mean square and degree of freedom (Satterthwaite, 1 946). 

The computer programme THWAITE (Gordon pers. comm. )  was used to estimate th is 
complex F-test, and its degrees of freedom.  This programme also estimated all variance 

components and their standard errors. The mean-squares and means comparison were 

f irst performed using SAS PROC GLM. To estimate fu l l  and restricted heritabil ities along 

with thei r  standard errors, the computer programme AOVTEMP was used (Gordon pers .  

comm. ) .  

2. Specific diaJlel. Two experiments were conducted one for each two 

pathotypes ( 1 1 1 E 1 43A-, 232E 1 37A-) .  Each experi ment consisted of two randomised 

complete blocks. Each pot (experimental un it) contained s ix plants. The model for a 

randomised complete b lock design i s  as before. The analyses of variance were 

separately performed on all parents, F 1 ,s and both. 

3. Specific vs nonspecific factorial. The s ituation is as same as experiment 

two. 
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4. Nonspecific glasshouse diallel. Three experiments were conducted one for 

each th ree pathotypes ( 1 06E1 39A- , 1 1 1 E 1 43A- and 232E 1 37A-). The experiment 

consisted of two randomised complete blocks for each pathotype 1 1 1  E 1 43A- and 

232E1 37 A- with six plants in  each pot (experimental un it) ; but for pathotype 1 06E1 39A-, 
there were fou r blocks and five plants per pot. The model for a randomised complete 

block design is as before. The analyses of variance were separately carried out on all 

parents, F" s and both. 

5. Nonspecific glasshouse generation mean. One experiment was conducted 

with pathotype 1 06E1 39A-. The experiment consisted of fou r randomised complete 
blocks with five plants in  each pot (experi mental un it) .  Plots were of differen t  size for 
each generation ,  to al low for segregation. A weighted analysis was performed using 

inverse intra-plot variance as weight. The total size were : 5 plots for P" P2 and F , ;  1 2  
plots for each backcross and 45 plots for the F2 • The model for a randomised complete 

block design is as before . 

6. Nonspecific field diallel. One experiment was conducted for pathotypes 

1 06E 1 39A- . The experiment consisted of five randomised complete blocks. Each row 
(experimental u n it) was 2 m long with 45 cm spacing between rows and ten plants per 

row. The model for a randomised complete b lock design is as before . The analyses of 

variance were separately performed on all parents, F 1  ,s and both. 

7. Nonspecific field generation means. One experiment was conducted with 

pathotype 1 06E 1 39A-. All generations were planted at Massey university, Palmerston 

North;  the experiment consisted of five randomised complete blocks with ten plants in 
each plot (experimental un it) . Plots ( rows) were of different size for each generation , to 

al low for segregation. A weighted analysis us ing reciprocal of intra-plot variance, was 

used for the generation mean analysis. The total s ize were : 5 rows for P "  P2 and F , ;  

1 0  rows for  each backcross; 20 rows for the F 2; 1 00 rows for  F 3 ;  and 30 rows for  each 

backcross selfing .  The model for a randomised complete block design is as before. The 
extra generations (F3 and backcrosses self ing) were provided so that both forms of the 

genetic analysis could be offered . 

Analysis of all experiments used the procedure GLM of the SAS statistical 
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package (SAS I nstitute I nc . ,  1 985) was used. Duncan's new multip le ranges were used 

where the genotype number was more than ten (Balaam, 1 963); LSD otherwise. 

3. 6. Genetic analysis 

Several mating designs were used to study types of gene action that condition 

the inheritance of stripe rust resistance as follows : 

3.6. 1. Diallel mating design 

3.6. 1 . 1. Graphical diallel 

The F ,  and parental data were analyzed using the statistical and graphical 

techniques described by Hayman ( 1 954b) , J inks ( 1 954), Mather and J inks ( 1 977). Using 
this approach , i t  is possible to estimate parameters which p rovide i nformation about the 

-
genetic system control l ing quantitative traits. The parental array variances ( Vr ) ,  the 

-
covariances of each array with the non- recurrent parent ( Wr) ,  variance of parents (Vp) , 

and variance of parental array means ( V-) were calcu lated. Their  components (additive, r 

D, dominance, H 1 and H2, components and covariance of additive and dominance 

components, F) are as fol lows: 

-
Vr = ( 1 /4) D + ( 1 /4)H 1 - ( 1 /4 )F  

-
Wr = ( 1 /2) D - ( 1 /4)F 

Vp = D 

V;:- = ( 1 /4)D + ( 1 /4)H ,  - ( 1 /4 )H2 - ( 1 /4)F 

The test of sign ificance of Wr+Vr and Wr-Vr values of arrays, by analysis of 

variance was conducted and amongst array mean squares compared with thei r  
respective error mean squares. I f  dominance are present Wr+Vr must change from array 
to array. I f  there is non-allelic i nteraction , Wr-Vr wil l  vary between arrays, although if only 

dominance is  present, Wr-Vr wi l l  not vary more than expected from e rror variation. The 

W/Vr graph ic  analyses were performed on F, and F2 data, using l inear regression 
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analysis. The W/V, graph provides : ( 1 )  i t  supplies a test of the adequacy of the model; 
in the absence of non-allelic interaction and with independent distribution of the genes 

among the parents W, is related to V, by a straight regression l ine of u nit slope; (2) given 

that the model is adequate, a measure of the average level of dominance is  provided by 

departu re from the origin of the pOin t  where the regression l i ne cuts the W, axis (above 

the origin partial dominance, in the origin complete dominance, and below the origin 

overdominance) ;  (3) the relative order of the points along the regression l ines ind icates 

the d istribution of dominant and recessive genes among the parents (nearest to origin 
most dominant genes and furthest from the origin fewest dominant genes) . Tests of 

s igni ficance of slope, ( its deviation from unity) were conducted. I f  it deviated significantly 

from one, epistasis and/or disequi l ibrium was i ndicated. 

Genetic components of vari ation, 0 (additive component), H ,  and H2 (dominance 
components) , and F (non- independent contributions of additive and dominance effects), 

were estimated. In fact those components of variation can be est imated by one or more 

combination of V p (variance of parents) ,  Vr (mean variance of parental arrays) ,  Wr 
(mean of the covariances between the family means withi n  each array and the 

phenotypes of their respective non- recurrent parents), and V, (variance of parental array 

means) as fol lows: 

o = Vp - Ep 

H ,  = 4 Vr + Vp - 4 Wr - {[ (4(n-1  ) )/n] EF + Ep} 

H2 = 4 Vr - 4 V, - [(4(n- 1 )2)/n2] EF - [(4(n-1 ))/n2] Ep 
-

F = 2Vp - 4 Wr - [(2(n-2))/n] Ep 

whe re n : number of parents 

EF : F, error mean square 

Ep : parent error m ean square 

The equations of Mather and J inks ( 1 982) of estimating genetic components were 

modified to suit a half dial lel . Because Mather and J inks used a fu l l  d ial lel ,  therefore it  

is unsuitable in  the present study, so by removing a half in all coefficients of the F,  error 
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mean square (EF) it would be su itable. Standard errors of genetical components were 

not estimated as "no worthwhile estimate of the errors of these component is  avai lable" 

(Mather  and J inks, 1 982) .  

There are some statistics (Mather and J inks, 1 982) that may b e  calculated by 
those components of variation as follows : 

1 .  ( H ,ID) 't2 measures average degree of dominance over  all segregating loci . The 

statistic may describe th ree dominance types, namely, partial ( H , <D) ,  complete (H ,=D) ,  

and overdominance (H ,>D) .  

2.  (0.5*F)/[D(H, -H2)ft2 measures the extent to which the dominance level varies 

from one locus to another. The absolute value of the statistic varies from 0 to 1 ,  where 
1 indicates a constant dominance level over all loci . 

3 .  uv is the product of the frequencies of increasing and decreasing alleles, 

respectively, over all loci and is estimated by H!(4H , ) .  The maximum value of 0.25 

occurs when gene frequencies are equal , that is, u = v = 0.5.  Gene asymmetry is 

indicated when H!(4H, )  less than 0.25. 

4. [(4DH , ) 't2+F]/[(4DH , ) 't2-FJ measu res the proportion of dominant to recessive 

alleles over all parents. 

5. Broadsense and narrowsense heritabi l ity estimates can be calculated from 

h2 
BS = (0.5D+0 .5H , -0 .25H2-O.5F)/(0.50+0.5H , -0.25H2-O.5F+E) 

h2 
NS = (0.50+0.5H , -0.5H2-O.5F)/(0.50+0.5H, -0.25H2-O.5F+E) 

where E is the pooled error mean square from analysis of variance of (n(n+ 1 )/2) 

genotypes. 

6. r(P,wr+vr) is the correlation between Wr+Vr for each array and the mean of the 

its comm on parent. This statistic identifies whether the distribution of dominant to 

recessive al leles is correlated with common parent phenotype. 
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7 .  a2 AR / if D R  (= 0.5 0 / 0.25 H2) shows the relative importance of these two 

genetic variances in a random mating (R) population where it is assumed u = v = 0.5 

and epistasis is absent. 

8. The number of effective factors (K) can be estimated by using :  
K = (MF1 - Mp)2 / 0.25 H2 

where MF1 and Mp are the overall means for F1 progeny and parents, respectively (Jinks 
1 954) . 

3. 6. 1.2. Combining ability analysis 

The data were analyzed to estimate general  and specif ic combin ing abil ity effects 
(g .c.a. and s.c.a. ,  respectively) (G riff ing, 1 956) using Method 2 (parents and one set of 

F , 's are included, but not reciprocal F , 's) .  The model I (fixed effects) was examined, by 

using SAS macro procedu res .  There are p(p+1 )/2 genotypes, where p is number of 

parents . The model is as fol low : 

( Fixed) 

where 

i = 1 . . .  p where p is number of parents 

j = 1 . . .  p where p is number of parents 

k = 1 . . .  b whe re b is number of blocks 

I = 1 . . . c where c is number of samples per plot 

u is the population mean 

gj and gl are the general combining abil ity effects for the ith parent and jth 
parent, respectively 

Sjj is the specific combining abil ity effect of the c ross between the ith and 

jth parents 

ejjkl is the effect associated with ijklth i ndividual observation 

Because no genetic variation was expected within  the pu re l ine parents or the 

F , 's ,  plots mean were used for all characters. In  this model to test the differences among 

g .c.a.  effect F[(P-1 ) ,m]  = Mg / Me' was used and to test the differences among s.c.a. F[p(p. 
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' )I2,m] = Ms / Me' was used, where p is the number of parents, m is the degree of f reedom 

associated with the e rror mean squares, and Mg, Ms and Me' are the g .c.a . ,  s .c.a .  and 

error mean squares (G riffing ,  1 956) . The relative importance of g .c.a. and s.c.a. can be 

estimated by calculati ng ratios of relevant mean squares, 2 Mg / 2 Mg + Ms' as suggested 

by Baker ( 1 978) . 

3.6.2. Generation mean analysis 

The generation mean analyses were carried out for experiments five and seven. 

The m odel wh ich was proposed for generation mean analysis ( Mather and J inks ,  1 982) 
can show the relationsh ip of the additive (d) and dominance (h )  components of gene 
action in the parental, F, and midparent (m)  means when susceptibi lity (the parent with 
the h igher score) is partially dominant (as wel l  as for any other condition of dominance) . 

• -d • •  +d • 

• h • 

- I 1-
P2 m F,  P,  

These analyses were executed if the wei ghted analysis of variance indicated 

significance for generations. The genetic component was further partitioned into six 

components to estimate gene effects , as in the model : 

where Y : the mean of a generation 

m : the mean of all generations in a cross 

[d] : pooled additive effect 

[h] : pooled dominance effect 

[i] : pooled i nteraction between additive effects 

Ul : pooled interaction between additive and dominance effects 

[I] : poo led i nteraction between dominance effects 

a, �, a2, 2a�, �2 
: products of genetic parameters 
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The coefficients of genetic components in some generations used are l isted h ere 
( Mather and J inks, 1 982) : 

m d h j I 

P1 1 1 0 1 0 0 

P2 1 - 1  0 1 0 0 

F1 1 0 1 0 0 1 

F2 1 0 1 /2 0 0 1 /4 
F3 1 0 1 /4 0 0 1 /1 6  

BC1 1 1 /2 1 /2 1 /4 1 /4 1 /4 
BC2 1 - 1 /2 1 12 1 14 - 1 /4 1 14 
BCS1 1 1 /2 1 /4 1 /4 1 /8 1 /1 6  
BCS2 1 - 1 /2 1 14 1 /4 - 1 /8 1 11 6  

The standard p rocedure consisted of estimat ing those gene effects from the 

means of the available types of generations ,  fol lowed by a comparison of the observed 

generation means with expected values derived from the estimates of the six 

parameters .  If there are six generations it is not possible to conduct a goodness of f it 

test. The estimates of the s ix or less parameters were obtained by using weighted least 

square, because the number of i nd ividuals and variances d i ffered in each generat ion,  

weighted generation means were used by taking weights as the reciprocals of squared 

standard errors of each m ean (Mather and J inks ,  1 982). I n  th is study all s ix generations 

were examined with two, th ree, four, five and s ix parameters to see if a parsimonious 

model cou ld  explain the observed means as effic iently as the fu l l  model .  These 

parsimon ious models were tested for goodness of f it to the observed mean by the chi

square test with four, three, two and one degree of freedom. These have been cal led 

scaling test by Caval l i  ( 1 952) , Hayman ( 1 958a) and Mather and J inks ( 1 982).  Rowe and 

Alexander ( 1 980) expanded the p rocedu re to more generations in  matrix notation as E 
G = 0 whe re the 0 is col umn  vector of generation means,  and G vector of genetic 

parameters to be estimated by least squares and E matrix depends u pon the genetic 

m odel and can consist of the genetic expectations of the six generations in terms of two, 

three, fou r, five and six parameters model. 

The solution for the parameter estimates obtained by the inversion of matrix E, 
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and post multiplication by vector 0, expressed in matrix form as 

G = E-1 0 . The inversion and multipl ication of the matrix was carried by the M IN ITAB 

statistical software ( 1 989) . Al l  operations can be stated as 
fol lows: 

W = Diagonal [ 1 /if xJ (as weights) 

E G = 0 or  (E'W)E G = (E'W) 0 
or G = {E'W E)"1 E 'W 0 

E'= transpose of E 
and for standard error of components of mean as fol lows: 

VG = E'Vo E 
Vo = Diagonal [if xJ or  W = VO-1 
VG = (E'W Er1 

3.6.3. Generation variance analysis 

According to Mather  and J inks ( 1 977) , components of variation from al l  

generations were calcu lated . Their expectations are as fol lows: 

where 

VP1 = Ew 

VP2 = Ew 

VF1 = Ew 

VF2 = 1 /20 + 1 /4 H  + Ew 

VSC1 = 1 /40 + 1 /4 H  - 1 /2F  + Ew 

VSC2 = 1 /40 + 1/4H + 1 /2F  + Ew 

Ew : non-heritable component of variation 
D : additive component of variation 

H : dominance component of variation 

F : dependent contribution of d and h over aI/ loci 
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And to calculate them , we h ave as fol lows: 

Ew = 1 /4 (VP1 + VP2 + 2VF1 ) 

o = 4VF2 - 2 (Vac1 + VSC2) 

H = 4 (VSC1 + VSC2 - VF2 - Ew) 
F = VSC1 - VSC2 
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and also we can estimate the dominance ratio as .f(H/O) ;  and F/.f(O*H} which can 

provide evidence of dominance deviations at d ifferent loci . 

Having only four  equations for the estimation of fou r  parameters we must obtain 

a prefect fit solution to them, and we can neither calculate the standard deviation of the 
estimates of 0 ,  H, E ,  and F ,  nor indeed can we test the goodness of f i t  of the additive

dominance model as a whole (Mather and J inks, 1 982) . 

3.6.4. Factorial mating designs 

Th is mating design was used for the experiment th ree (seedl ing versus adu lt 

p lant resistant cultivars) .  The design " mating design or factorial mating  design was 

described by Comstock and Robinson ( 1 948, 1 952) . I n  th is design sources of variat ion 

for male, female and the i r  interaction , plus repl ication and male-female combinations x 

repl icates (as error) are avai lable. The model can be presented as : 

Y hi/k = J.l + (Xi + �/ + ((X�)ij + Rh + ehijk 
Where 

Y hi/k : the observation of the �h fu l l  sib progeny in a plot i n  the hth 
repl ication of the ith paternal plant and the jth maternal plant 

J.l : grand mean 

a, : the effect of the i t h  paternal p lant 

�j : the effect of the j th m aternal p lant 
(c43)ij : the i nteraction of the paternal and maternal plants 

Rh : the effect of the hth replication 

ehijk : the environmental effect and remainder of genetic effect between full sibs 

on the same plot 
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The genetic interpretation of the variance com ponents was reviewed i n  

chapter 2 .  
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Crosses between inbred l ines were made in the g reenhouse according to factorial 

mating design of Comstock and Robinson ( 1 948,  1 952) . Adult plant resistant cu l tivars 

were used as males whi le seedl ing  resistant cu ltivars were used as females. Appropriate 

F-tests can be made to test for the differences among males and among females and 

for their i nteractions, i .e. error term was adult-seedl ing  resistance combination x 
repl icates. According to Hal lauer and M i randa ( 1 981 ) the genetic information is s imi lar 

to a dial le l ,  but different sets of parents are used as males and females for the factoria l  

mating deSign. Because a diallel is on ly a factorial mating design where the number of 

male and female parents are equal. 

3.6.5. Heritability 

For experiments five and seven (generation m eans analysis in g lasshouse and 

field) , b roadsenes and narrowsense heritabi l it ies estimates based on variances of 

populations were calculated by different methods as fol lows: 

i f  

then 

ci' F2 = VA + V D + V E 

ci'SC1 + <fSC2 = VA + 2 VD + 2 VE 

VA = 2 ci' F2 - ( <f 
S C 1  + <f SC2) 

V D = <f F2 - VA - V E 

V E = <f P1 + <f P2 + 2 ci' F1 
VE = <fP 1 + <fP2 + ci'F1 

h2ss = (VA + VDl / (VA + VD + VE) 

h2Ns = VA / (VA + VD + VE) 

( M ather and J inks, 1 977) 

(Allard, 1 960; S immonds, 1 979) 

(Warner, 1 952) 

or b road sense heritabi l ity can be calculated by : 
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where 

VE = <1'F1 
VE = (<1'P1 + <1'P2) I 2 

VE = (<1'P1 + <1'P2 + <1'F1 ) 1 3 

(Burton , 1 95 1 ) 
(Allard ,  1 960) 
( Kelly and Bl iss , 1 975; 
Bu rton , 1 952) 

( Mahmud and Kramer, 1 95 1 ; 
Kelly and Bl iss , 1 975) 

For their standard e rror of them using the variance of a ratio e.g. Z=XIY 
as follows: 

where 
J.lx = E(x ) ,  /ly = E(y) ; <1'x, <1'Y' <1'z are variances of x, y and z, respectively 

A standard error for h2 
NS was used from Ketata et al. ( 1 976) as follow: 
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where dfF2 , dfBP and dfB2 refer to the degrees of freedom associated with VF2' VB 1 ' and 

VB2. respectively. Sign ificance of h2
Ns was also evaluated noting that the ratio 2VF2 I (VB 1 

+ VB2) approximately follows an F distribution with n 1 and n2 degrees of f reedom 

where n 1  = dfF2 

n2 = (VB1 + VB2)2 I [(V2B1 I dfB 1 ) + (�B2 I dfB2)] 

For broad sense heritabil ity, Kel ly and Bliss ( 1 975) ; Burton ( 1 952) i .e.  V E = (<1' P 1  
+ <1'P2 + <1'F1 ) I 3, standard error can be approximated from van G inkel and  Scharen 

( 1 987) as fol lows : 

S .E .h2Bs = { [1 /9]*[2IVF2)2] * [ (VP 1+Vp2+VFildfF2 + (Vpl/dfp, + (Vp2)2/dfp2 + 
(VFlldfF1] } 112 

where dfp1 , dfp2 dfF1 dfF2 are equal to degree of freedom of the P" P2, F1 and F2 
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populations , respectively. 

The heritabi l ity based on sou rces of variations in  a randomised complete block 

design (experiment five) can be estimated as fol lows : 

where 
TMS : the variance of treatment (populations) 

d' G : the genotypic variance 

d's : the error variance 
r : the number of replications 

and for a pooled random ised complete block design (experiment one) it can be express 

in two forms,  I .  full and I I .  restricted heritabi l ity (Gordon et al. , 1 972) : 

I .  h2
Bs = ifG / d'Pl 

I I .  h2 BS = if G / d' P2 

where cr2 
P l (fu l l  phenotypic variance) and d' P2 ( restricted phenotypic variance) were 

defined as follows : 

where 

d'Pl = d'E + d'G + d'GE + d'B + d's 
d'P2 = d'G + d'GE + d's 

d' E : macro envi ronment variance 

d' G : genotypic variance 

d' GE  : genotype envi ronment interaction variance 

d' B : block variance (meso environment) 

d's : error variance 

The standard error of heritabi l ity estimates are determined according to Gordon 
et al. ( 1 972) by computer programme AOVTEMP (Gordon pers. comm. ) .  
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In dial lel cross (experiment two, fou r and six) whether Hayman's or  Griff ing's 
method, heritabi l ity is estimable, respectively, as follows : 

h2
Bs = ( 1 /2 D + 1 12 H ,  - 1 /4 H2 - 1 /2 F) 1 ( 1 /2 0 + 1 12 H ,  -

1 /4 H2 - 1 /2 F + E) 

h2
Ns = ( 1 /2 D + 1 12 H ,  - 1 /2 H2 - 1 /2 F) / ( 1 /2 0 + 1 12 H ,  -

1 /4 H2 - 1 /2 F + E) 

where E is the pooled error mean square from analysis of variance of parents and F , 's .  

3.6. 6. Number of genes 

For experiments five and seven ,  the min imum number of genes or effective 

factors was estimated by fol lowing formulas (Lande, 1 981 ) :  

v s can be calcu lated by several methods, 

where 

Vs = VF2 - VF, 

Vs = VF2 - (0.5 VF, + 0.25 Vp, + 0.25 VP2) 

Vs = 2VF2 - Vsc, - VBC2 

Vs = Vsc, + VSC2 - (VF, + 0.5 Vp, + 0.5 VP2) 

(Castle, 1 92 1 )  

(Wright, 1 968) 

(Wright, 1 968) 

IlP2' IIp ,  are mean phenotype of parent one and two (P2 > P, ) 

V s is variance segregating 

Vp" Vp2, VFP VF2, VBC1 and VBC2 are variance of fi rst, second,  

F "  F2, f i rst and second backcrosses 



Materials and methods 

and thei r standard error  are : 

and Var(Vs) can be estimated in four  ways : 

Var(Vs) = [2*(VF2)2/Nd + [0.5*(VF, )2/NF,l + [O. 1 25* (Vp, )2/Np,l + 
[0 . 1 25*(V P2)2/Np2] 

Var(Vs)= [2* (Vsc, )2/Nsc,l + [2* (Vsd2/NsC2] + [2* (VF, )2/NF,] + 

[O .5*(Vp , )2/N p ,J + [O .5* (VP2)
2/Np2J 
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The number of genes or effective factors ( for experiments five and seven) may 

be calculated by the fol lowing equations as wel l  : 

where �F'  is mean phenotypic of F, 

For experiment seven , the Wright's formula ( 1 968) can be chan ged for F3 

population which is :  

3.6. 7. Genetic correlation 

Genetic correlations was estimated for experiment one. Because two or more 

t ra its may be correlated phenotypically ,  but we are seeking to know whether such a 
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correlation is a man ifestation of an underlying genetical correlation o r  reflects 

environmental factors. G enetic correlation , rA, is the corre lation of breeding values for two 
traits within individuals in  the population, whereas an environmental correlation ,  rE, is the 

correlation of environmental deviations (possibly includi ng  non-additive genetical) .  It m ay 

i m mediately be thought of as contain ing most of the remain ing information in  phenotypic 
correlation,  r p ,  which is the correlation of phenotypic values (Falconer, 1 981 ) :  

3. 7. Multivariate analysis 

3. 7. 1. Discriminant analysis 

Experiment one was subjected to MANOV A. B ecause MAN OVA is the statistical 
technique concerned with analysing the variance of mu lt iple measurem ents on several 
populations, and discriminant  analysis is the technique for centroid comparison between 

those popu lations (Manly,  1 986) . 

I n  plant breeding ,  the criteria for assessing resistance involve a n umber  of 
correlated attributes of resistance, hence the MANOVA and d iscriminant analysis wi l l  

assist the evaluation of genotypes. 

Discriminant function analysis can be used to separate two or more g roups of 

indiv iduals given measurements for these individuals on several variables . The data for 

a discrim inant function ana lysis do not need to be standard ised to have zero means and 

un it variances prior to the start of the analysis, as is usual with principle component and 

factor analysis . This is  because the outcome of a discrim i nant function analysis is n ot 

affected in any important way by the scal ing of ind ividual variables. 

A SAS PROe MANOVA of general l inear model (GLM) was used in this analysis. 

Fol lowing the discriminant functions, the fou r  components of resistance for each 

g enotype were changed to one set of score for each pathotype. This led to a new data 

set involving fifteen rows (Cu ltivars) and three columns ( pathotypes) .  So each genotype's 
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response was described by th ree scores. In order to identify the response of each 

genotype over all pathotypes and classi fy them, these scores were subjected to a cluster 

analysis. 

3. 7.2. Cluster analysis 

The aim of clustering  was together the most s imi lar entities into the same cluster, 

and to segregate the diss imi lar entities i nto different clusters, thus " reducing" the number 
of  entities . A s imilarity matrix is  constructed f irst, based often on Minkouski matrix. The 

second Minkowski leads to the wel l-known Eucl idean distance (Anderberg, 1 973) . I n  
Ward's m in imum-variance (or sum-of-square) method, the d istance between two cultivars 

is the pooled amongst-cluster sum of squares of the s imi larity scores. At each cluster 

stage,  the corresponding i ncrement in the with i n-cluster sum-squares is m in imized after 

consideri ng all possible cluster merges from the cu rrent stage. The sum of squares are 

easier to interpret when they are divided by the total sum of squares to give proportions 
of variance. As clustering  proceeds and clusters merge, the i nternal homogeneity of 

clusters decreases. The sacrifice of the internal homogeneity is unavoidable as the 
n umber of clusters is reduced. Ward's method joins clusters to maximize the l ikel i hood 
at each level of the h ierarchy u nder the fol lowing  assumptions (SAS I nstitute I nc. , 1 990):  

- multivariate normal m ixture 
- equal spherical covariance matrices (homogeneity of dispersions) 

- equal sampling probabi l ities 

The PROC CLUSTER from SAS programme was used to calcu late cluster 

analysiS. To determine a truncation point for the dend rogram (to def ine the n umber of 

clusters) , the method proposed by Gordon (pers. comm. )  was used. This i s  based on the 

most sign if icant F value for the ratio "amongst cluster mean squares" / "with i n  cluster 

mean squares". This techn ique can use either the Simi larity mean of square,  or a paral lel  

MANOVA partitioning of the or ig inal variates. The latter was used in th is case. 

The stage of clusteri ng  with the most significant F was used as the dendrogram 

function point to defin ing the optimum value of cluster. This concept reflects the 

fundamental phi losophy behind the efficient defin ition of  g roups : that the amongst-g roup 

variabi l i ty should be m in imum relative to  the withi n-group variabi l i ty (Gordon , pers .  
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comm. ) .  In this way, by clustering mu ltiple discriminant scores combin ing components 

of resistance for each pathotype, the reaction of the wheat l ines were d iscrim inated. 
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CHAPTER 4 
RESUL TS 

4. 1. Cultivar experiment 

Fifteen cultivars of wheat were tested against th ree pathotypes of stripe rust at 

three different times, measuring four components of resistance: infection type, latent 

period, pustule size and pustule density. 

4. 1. 1. Univariate analysis 

4. 1 . 1. 1. ANOVA and means 

A pooled analysis of variance was used to estimate means of cultivars over th ree 

pathotypes, means of pathotypes over fifteen cultivars, and their interactions (Table 2).  

The pathotype ( race) , cultivar, and their interaction were h ighly significant for all 

characters.  

The mean infection type for cultivars in response to each pathotype, and the 

mean over three pathotypes, are presented in Table 3. For pathotype 232E1 37A-, Tiritea 

and Batten had h igh infection type values whereas Oroua and Sapphire had infection 

types of less than 4 and other cultivars were intermediate (infection type 4-7). For the 

pathotype 1 1 1  E1 43A-, Ti ritea, Pegasus and Sapphire had high infection type whereas 

Batten had low infection type. For pathotype 1 06E1 39A-, Tiritea had high infection type 

whereas Pegasus, Batten and Sapphi re had infection types of less than 4. The 

comparison of means pooled over the th ree pathotypes indicated that Tiritea generally 

had a high infection type (susceptible) whereas Batten with a low infection type generally 

was resistant. Some cultivars such as Tiritea, Takahe, Otane, Yeoman and Ruapuna 

showed consistent infection types in response to the three pathotypes, whe reas the 

infection types of Batten,  Pegasus, Sapphire, Oroua and Karamu were pathotype

specific. Other cultivars such as Kotare, F landers, El ite Lepeuple, Domino and Briscard 

showed some variation in reaction to the three pathotype. It can be concluded that in 

response to the pathotypes, considerable variation in cultivar reaction come from 

interaction of gene(s) in the hosts and those in pathotypes. 
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Latent period as days from inocu lation to ruptu re of the f i rst pustu le was 
measured for f ifteen cu ltivars in response to three pathotypes (Table 4) .  Pustu les were 

formed on a" cu ltivars in response to pathotype 232E 1 37A-, al lowing the measurement 

of latent period. Latent period ranged from 1 3.00 days for Sapphire to 1 1  .00 days for 

Tiritea. For pathotype 1 1 1  E 1 43A-, Batten had a hypersensitive response with the 

absence of pustu les. For this pathotype, apart from Batten , the longest latent period was 

for Karamu, with 1 4.25 days, whereas Ti ritea with 1 1 .67 days had shortest latent period. 
Pustules did not form on either Batten or Pegasus in  response to pathotype 1 06E1 39A-, 
the cultivars showing hypersensitivity ( i .e .  presence of flecks) and immunity (no visible 

s ign of d isease) respectively. Removin g  Batten and Pegasus from consideration, 

Sapphi re and Tiritea had the longest and shortest latent period with 1 5.75 and 1 1 .60 

days, respectively. The comparison of means of fifteen cu ltivars pooled over th ree 

pathotype ind icated that there was no difference between Sapph ire , Ruapuna and 

Karamu which had the longest latent period (apart from Batten and Pegasus) whi le 

Tiritea had the shortest latent period. 

The results of pustule size measu rement are presented i n  Table 5. I n  response 

to pathotype 232E1 37A-, the range of pustule size was from 39 .75 to 29.57 for Batten 
and E l ite Lepeuple, respectively. I n  the case of pathotype 1 1 1  E 1 43A- which was not 

v i ru lent on Batten , the pustule size for Batten was zero.  Due to the adding and 
mu ltiplying of a constant value to al l  data (discussed in Materials and Methods) the value 

of 1 0.00 was used for Batten . Apart from Batten the range of pustu le s ize was from 

55.41 to 32 . 1 2  for Sapphire and Kotare, respectively. I n  response to pathotype 

1 06E1 39A- , Batten and Pegasus did not form pustu les. For the other  cultivars, the 

maximum pustule size was recorded as 4 1 .05 the for Takahe and the min imum was 

29.82 for Kotare. Pooling the results of pustule s ize over the th ree pathotypes showed 

that Tiritea had the largest and Kotare the smal lest size of pustu le. 

The resu lts of pustule density a re p resented in Table 6 .  Tiritea had the h ighest 

n umber of pustules in response to all pathotypes. For pathotype 232E1 37A-, apart from 

O roua and Sapph i re which were resistant to this pathotype, Batten and El i te Lepeuple 

h ad signif icantly lower pustule density than the others ,  although this pathotype was 

v i rulent on Batten and expected to give h igh pustule  density. For pathotype 1 1 1  E 1 43A-, 
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Batten did not form any pustules, s ince this pathotype was not v i ru lent on it, but Kotare 

and E l ite Lepeuple had lower pustule densities than the others. For pathotype 

1 06E 1 39A- , Batten and Pegasus d id not have any pustu les, but Sapphi re and Kotare 

had lower pustu le densities than the others. By pool ing the mean of cultivars over th ree 

pathotypes, Ti ritea had the h ighest and Kotare the lowest pustu le density. 

The analysis of variance showed that race or pathotype was significant (Table 2) . 

To understand which pathotype is the most aggressive to the range of cu ltivars chosen , 
the m ean of each pathotype over the fifteen cul tivar was compared for each character 
(Table 7) . For all characters, there was no overlapping for the means. In case of infection 

type, although the mean of the pathotype of 232E1 37A- was more aggressive on some 

cultivars than the others, i t  was close to the mean of pathotype 1 1 1  E 1 43A-. The m ean 

of pathotype 1 06E1 39A- was less than the others. This order among the pathotype 

means was obseNed also for latent period. The most aggressive pathotype 232E 1 37 A

had the shortest mean latent period and the least aggressive pathotype 1 06E 1 39A- had 
the longest mean latent period. For pustu le size the pathotype 1 1 1  E 1 43A- was more 

aggressive than the others since it fou nd more pustules than path otype 232E1 37 A- and 

the smallest pustules size belonged to pathotype 1 06E 1 39A-. For pustu le density the 

order was s imi lar to that of infection type and latent period. 

4. 1. 1.2. Variance components and heritability 

Estimates of variance components and heritabi l ity (fu l l  and restricted) are 

p resented in Table 8. The variance component of pathotype x cultivar interaction was 

the most i mportant component for all characters. Both full and restricted heritabi l iti es 

were h igh ly s ign ificant and restricted heritabi l ity was h igher than fu l l  he ritabi lity. Latent 

period and pustu le density had the h ighest and lowest he ritabi l ities (Table 8) , 

respectively . Us ing t-test there was no d ifference between both heritabilities for each 

character because variance of block was smal l .  

4. 1. 1.3. Phenotypic and genotypic correlation 

P henotypic and genotypic corre lations for al l components of resistance i n  
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response to three pathotypes are presented in Table 9. Al l  correlations ,  whether 
phenotypic or genotypic, were h igh ly sign ificant, except the phenotypic correlation 

between l atent period and pustule density. Genotypic correlation was calculated by 

removal of envi ronmental effects from the phenotypic correlations. Generally, genotypic 

correlation was greater than phenotypic correlation. Latent period was a negatively 
correlated with other characters.  All correlations for pathotype 1 06E1 39A- were high and 

fol lowed by pathotypes 1 1 1  E 1 43A- and 232E1 37 A-. In response to pathotype 1 06E1 39A
, a h igh correlation was obtained between latent period and pustule density, fol lowed by 
pustu le  s ize and pustule density, latent period and pustu le density, infection type and 

pustule  density, infection type and pustu le s ize, and infection type and latent period. For 

pathotype 1 1 1  E 1 43A-, the descending order of correlations was between pustule size 

and number, latent period and pustu le density, latent period and pustule s ize,  infection 

type and pustule size, infection type and pustule density, and i nfection type and latent 

period. I n  the case of pathotype 232E 1 37A-, the descending order of correlations was 

between infection and pustu le size, infection type and pustu le density, infection type and 

latent period, pustule size and pustule denSity ,  latent period and pustule size , and latent 

period and pustule density. 

To estimate the phenotypic correlation between �omponents (as sets) of each 

pathotype, PROC CANCORR was used. These correlations are presented i n  Table 1 0. 

A h igh correlation was obtained between latent period, pustule size and pustule density 
of pathotype 1 06E 1 39A- with latent period and pustu le density of pathotype 1 1 1  E 1 43A-. 

I t  can be expected that there is no correlation between components of resistance of 

d ifferent pathotype which can be seen i n  Table 1 0. 

4. 1.2. Multivariate analysis 

4. 1.2. 1. Multiple discriminant analysis 

Multivariate analysis of variance with a randomised complete block design was 

performed for each of th ree pathotypes across al l  characters. The purposes were to 

d iscrim inate cultivars with a l l  components of resistance s imu ltaneously for each 

pathotype separately and to look for patterns amongst these d iscriminants to identify 

cultivar type. Table 1 1  shows the descriptive statistics of the cultivar d iscrim inant  for 
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each pathotype, where Wi lk's Lambda was transformed as an F approximation. Strong 

significant differences were detected between all g roups (cu ltivars over fou r  components 

of resistance). Table 1 1  also shows the discriminant function,  eigenvalue, proportion of 
total discriminant power accounted for by each mu lt iple discrim inant function , and 
cumulative amount of d iscriminant power of functions. In this structu re, all o rig inal 

variables can contribute with the dependent variable in each l inear function; therefore not 
only we can determine the relationsh ip  between function and the orig inal variables, but 

one can also determine the relationship between the orig inal variables i n  their own right. 

Variables which have h igh negative coefficients negatively contribute with those variables 
having positive coefficients. The magnitude of the coefficients shows the relative 

contribution of original variables to each function. 

In response to pathotype 232 E 1 37 A-, the fi rst function accounts for 90% of total 

discrim inant power and is followed by 6%, 3% and 1 %  for second, th i rd and fou rth 

functions (Table 1 1 ) .  S ince the fi rst function accounts for most of the discri m inant power, 
the rest only accounts for a small part of the discrim inant power and is of no value in th is 

analysis . Therefore, the fi rst function was retained for fu rther analysis. Function one was 

main ly associated with infection type and pustu le density and negatively associated with 
latent period (Table 1 2) .  The f i rst function was too strong to use in g rouping cultivars and 

by using a standardised canonical coefficient it may be written as fol lows: 

Z ,  = 2.84 IT - 0 .05 LP - 0. 1 2  PS + 1 .55 PN 

I n th is function, according to structure and standardised coefficient it can be interpreted 
that the relationship of i nfection type and pustu le density to score was the prime positive 

determinor while it was pseudo for latent period and pustule density. 

In the case of pathotype 1 1 1  E1 43A- , the Wilk's Lambda F test was h i gh ly 

s ign ificant for  the fi rst th ree functions and for  the fourth function it was s ign if icant at the 
5% probabil ity level (Table 1 1 ) . The eigenvalue explained 88% and 9% of the ratio of the 

between cultivar variation to pooled withi n  cultivars variation for the f i rst and the second 

canonical variables. The fi rst canon ical variable structure (Table 1 1 )  showed that the f i rst 

canonical variable was most strongly influenced and negatively correlated with the 
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characteristic of latent period, pustule density and pustu le s ize in  response to th is 

pathotype. Here again the fi rst function was too strong to use in the g rouping of cu ltivars 
and by using standardised canonical coefficient it may be written as follows: 

Z1 = -0.96 IT - 5.44 LP + 0.79 PS + 1 .09 PN 

This can be interpreted as meaning that latent period and pustule density ( i n  response 

to this pathotype for these fifteen cultivars) with h igh coefficients and correlations on the 

f i rst canonical variable tended to produce a susceptible reaction with short latent period 
and h igh pustu le density. The relationship of l atent period to score was the prime 

negative determinor whi le it was prime positive determinor for pustule size and pustule 

density; and it was reverser (suppressor) for infection type. 

In response to pathotype 1 06E 1 39A-, the Wilk's Lambda F-test was highly 

significant (Table 1 1 ) and the f i rst two functions account for 93% and 6% of total 

discriminant power, respectively. By accepting the fi rst function, the fi rst canonical 

structu re shows that the fi rst canonical variable was strongly inf luenced by latent period, 
pustu le size, pustu le density and infection type respectively (Table 1 2) .  The f i rst function 
can be written as follows : 

Z1 = 0.68 IT - 0.02 LP + 0 . 1 3 PS + 0 .26 PN 

From the coefficients i n  the equation for Z1 it can be seen that th is  variab le wi l l  tend to 

be  large when there are h igh values i n  everything,specially i n  i n fection  type, except 

latent period . The i nterpretation of the relationship of all characters to the score is similar 

with inte rp retation for pathotype 1 1 1  E 1 43A-. 

The score ,  5, for each cultivar on the based of f irst function was obtained by 

multiplying the standardised cultivar means,  Z, by standardised canonical coefficients, 

U, ( resulted f rom first canonical discriminant function) ,  i .e. 5 = U'Z by SeCREST 

programme (Gordon's unpublished). Table 1 3  displays the score of each cultivar in 

response to th ree pathotypes. Thus, four  original variables ( infection type, latent period, 

pustule  size and pustu le density) were reduced to one set of scores for each pathotype. 
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N ot only was the n umber of comparisons between cultivars reduced, but the validity of 
these comparisons was enhanced, since the f i rst function accounted for m ost of the total 

d iscriminant power. As it can be seen from Table 1 2, susceptibi l i ty to one pathotype was 

shown by positive and resistance with negative values. For example, in reaction to 
pathotype 232E1 37A- the most susceptible (over four components) and resistant 

cu ltivars were Ti ritea and Oroua with score values 47.40 and -69.06, respectively. For 

pathotype 1 1 1  E 1 43A-, Tiritea and Batten were the most susceptible and resistant 
cu ltivars and in case of pathotype 1 06E1 39A- , Takahe and Batten were the most 

susceptible and resistant cultivars. 

The scores on these three pathotype can be plotted to show differences among 

cultivars in th ree d imensions , and then the differences can be readily visualized. Fig. 9 
shows the cu ltivars based on the fi rst functions which plated on th ree pathotypes as 

three axes. The symbols of cu ltivar were explained in Table 1 3. The cultivars Batten and 

Pegasus were placed apart from of the other cultivars. To see the differences among 
fifteen cultivars based on those scores (which were made from four components of 

resistance of each pathotype) , a cluster analysis was used. 

4. 1.2.2. Canonical discriminant analysis 

The fou r  variables (components of resistance) across the fifteen cultivars were 

analyzed by canonical discriminant analysis (SAS programme), to d iscriminate among 

pathotypes. Table 1 1  shows the Wilk's Lambda and other statistics. Both functions were 

h igh ly s ignif icant and the functions account for 79% and 21 % of total discriminant  power 

(Table 1 1 ) . Since it is worthwhile to p lot the fi rst few sign ificant canonical variables to 

i l lustrate which of these variables have the most discriminating power in separatin g  

g roups (pathotypes) ,  the separation of these pathotypes can be seen in  Fig. 8.  

4. 1.2.3. Cluster analYSis 

I n  o rder to classify these fifteen cultivars (discriminated over four components of 

resistance for each of pathotypes) , the d iscriminant scores (three for each cultivar) were 

clustered by Ward's method. The result ing dendrogram (Fig. 1 0) shows that the sum-of-
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squares between clusters at each stage of clusteri ng,  and t he  groups formed at that 

stage.  The probabil ities of the MANOVA F-test over the orig inal variable of several 

sequential clustering stages are presented in Table 1 4. The min imum probabi l ity was for 

the cluster eight. The Fig .  1 0  shows that the truncation point of the dendrogram was 
determined at the cluster level 8. Eight groups involving cu ltivar(s) were formed by 

tru ncating as follows: 

- group 1 : Tiritea, Takahe 

- group 2 : Otane 
- group 3 : Ruapuna, Briscard, Domino, Yeoman , El ite Lepeuple, 

Karamu 

- group 4 : Oroua 
- group 5 : Kotare, Flanders 

- group 6 : Sapphire 

- group 7 : Pegasus 
- group 8 : Batten 



Table 2. Pooled analysis of variance for four components of resistance in fifteen cultivars with th ree 
pathotypes of stripe rust 

S .O .V. D.F.  MS 

I nfection Type Latent Period Pustule Size Pustule Number  

Race 2 203.05 ** 924.20 ** 3440.57 ** 49497.46 ** 

Block(Race) 3 0 . 1 4 ns 0.25 ns 6.26 ns 627.78 ns 

Cultivar 1 4  1 53.34 ** 550.81 ** 2 1 02 .23 ** 23609.57 ** 

Race X Cultivar 28 33.90 ** 1 1 8.53 ** 6 1 0.55 ** 7987.82 ** 

Error 42 0.38 0.41 5.87 494.49 

ns and ** : not-si gn ificant and significant at 1 % probabi l ity level ,  respectively 

The complex-F ,  (Race + Error) I (Block + Race*Cultivar), was sign ificant at P=0.00 1 level 



Table 3. Differences amongst fifteen cultivars with three pathotypes of stripe rust for infection type (scale 0-9) using Duncan's 
multiple ranges 

232E1 37A- 1 1 1  E 1 43A- 1 06E 1 39A- over three pathotypes 

Tiritea 8 .9 a Tiritea 9.0 a Tiri tea 8.8 a Tiritea 8.9 a 
Batten 8.5 ab Pegasus 8.8 a Otane 7.3 b Otane 7.6 b 
Takahe 7.9 bc Sapphi re 8 . 1  b Oroua 6.9 b Takahe 7. 1 c 
Briscard 7.7 cd Otane 7.7 bc Takahe 6.2 c Briscard 6.2 d 
Otane 7.6 d Takahe 7.5 bcd Yeoman 4.4 d Domino 6.0 de 
Domino 7.6 d Oroua 7.5 d Domino 4.3 de Ruapuna 5.9 de 
E lite L. 6.8 e Briscard 6.7 e Karamu 4.3 de Oroua 5.7 ef 
Yeoman 6.8 e Ruapuna 6.4 ef Ruapuna 4.3 de Yeoman 5.6 ef 
Ruapuna 6.7 ef Domino 6.2 f Flanders 3.6 ef Sapphi re 5.4 gf 
Kotare 6 .7 ef Yeoman 5.4 9 Briscard 3.6 f El ite L. 5.3 9 
Karamu 6.3 f Flanders 5 . 1  9 Kotare 3.5 f Pegasus 5.0 h 
Pegasus 5.4 9 Elite L. 5.2 9 Elite L. 3.4 f Kotare 4.9 h 
Flanders 5.3 9 Kotare 4.9 9 Sapphi re 3.0 f Flanders 4.9 h 
Sapphi re 3.4 h Karamu 5.5 h Batten 2 .0 9 Karamu 4.8 h 
Oroua 2.7 h Batten 1 .9 i Pegasus 0.0 h Batten 3.S i 

Means with the same letter within  columns are not significantly different (p=O.OS) 

<0 tv 



Table 4. Differences amongst fifteen eultivars with th ree pathotypes of stripe rust for latent period (days) using Duncan's 
multiple ranges 

232 E 1 37A- 1 1 1  E 1 43A- 1 06E1 39A- over th ree pathotypes 

Sapphi re 1 3.0 a Batten 30.0 a Pegasus 30.0 a Batten 25.5 a 

Oroua 1 2 .7 a Karamu 1 4.3 b Batten 30.0 a Pegasus 1 7 .6 b 

Ruapuna 1 2.4 ab Ruapuna 1 3 .5 bc Sapphi re 1 5 .8 b Sapphi re 1 3 .4 c 

Karamu 1 2 .3 abc Briscard 1 3.4 e Elite L. 1 5 .0 bc Ruapuna 1 3.4 e 

Flanders 1 2 .2 abcd Elite L .  1 3. 1  cd Flanders 1 4.6 cd Karamu 1 3 .4 e 

Briscard 1 2 . 1  abcd Domino 1 3 .0 cd Ruapuna 1 4 .4 cd Briscard 1 3 .2 cd 

Pegasus 1 1 .8 bcde Kotare 1 2 .7 cde Kotare 1 4 .2 cde Elite L.  1 3. 1  ede 

Batten 1 1 .8 bcde Oroua 1 2 .6 de Briscard 1 4 .2 cde Kotare 1 3 .0 def 

Kotare 1 1 .7 bede Sapphi re 1 2 .5 def Karamu 1 3.8 def Oroua 1 2 .8 efg 

El ite L. 1 1 .7 bede Flanders 1 2 .3 defg Yeoman 1 3 .4 ef Flanders 1 2 .7 fg 

Yeoman 1 1 .6 cde Otane 1 2 .2 efg Oroua 1 3.3 fg Domino 1 2 .6 gh 

Domino 1 1 .6 cde Takahe 1 2. 1  efg Domino 1 3 . 1  fg Yeoman 1 2 .4 h i  

Gtane 1 1 .6 cde Yeoman 1 2. 1  efg Otane 1 2 .5 gh Otane 1 2 . 1  ij 

Takahe 1 1 .3 de Pegasus 1 1 .8 fg Takahe 1 2 . 1  h i  Takahe 1 1 .9 j 

T iritea 1 1 .0 e Tiritea 1 1 .7 9 Tiritea 1 1 .6 i Tiritea 1 1 .4 k 

Means with the same letter with in columns are not s ign ificantly d ifferent (p=O.05) 

CD � 



Table 5. Differences amongst fifteen cultivars with th ree pathotypes of stripe rust for pustule size (mm2 x 1 000) using Duncan's multiple ranges 

232 E 1 37A- 1 1 1  E 1 43A- 1 06E1 39A-

Batten 39.8 a Sapphi re 55.4 a Takahe 
Tiritea 37.8 a Tiritea 44.0 b Tiritea 
Takahe 36. 1  ab Pegasus 43.0 b Otane 
Otane 33.7 bc Otane 42 .3 bc Oroua 
Briscard 33.0 bcd Briscard 38.7 cd El ite L. 
Flanders 32.8 bcd Oroua 38 .5 d Briscard 
Ruapuna 32.7 bcd Takahe 37.5 de Karamu 
Yeoman 32.5 bcd Ruapuna 37.3 de Domino 
Domino 32.0 bcd Domino 36.9 def Ruapuna 
Pegasus 31 .5 cd Karamu 34.5 efg Flanders 
Karamu 3 1 .4 cd Flanders 33.4 fg Sapphi re 
Kotare 31 .2 cd Yeoman 32.2 g Yeoman 
Sapphi re 30.2 d Elite L. 32.2 g Kotare 
Oroua 30.0 d Kotare 32. 1  g Pegasus 
El ite L. 29.6 d Batten 1 0.0 h Batten 

Means with the same letter with in  columns are not sign ificantly d ifferent (p=0.05) 

41 . 1  a 
40.3 ab 
37.2 bc 
36.3 cd 
34.8 cd 
34.3 cd 

33.8 cd 
33.8 cd 
33.6 cd 
33.5 cde 
33.0 de 
32.8 de 

29.8 e 
1 0.0 f 

1 0.0 f 

over th ree pathotypes 

Tiritea 40.7 a 
Sapphi re 39.9 a 
Takahe 38.5 b 
Otane 37 .8 b 
Briscard 35 .4 c 
Oroua 35 .0 c 

Ruapuna 34.5 cd 
Domino 34.3 cde 
Flanders 33.3 def 
Karamu 33. 1  ef 
Yeoman 32.5 fg 
El ite L. 32.2 fg 

Kotare 3 1 .2 g 
Pegasus 29.2 h 
Batten 20.5 i 

<.0 OJ 



Table 6. Differences amongst fifteen cul tivars with th ree pathotypes of stripe rust for pustule density ( x  1 00)/mm2 using Duncan's multiple ranges 

232 E 1 37A- 1 1 1  E 1 43A- 1 06E 1 39A- Pooled over 

Tiritea 228. 1 a Tiritea 23 1 . 1  a Tiritea 230.3 a Ti ritea 229.8 a 

Otane 204.5 b Sapphi re 2 1 9.9 a Otane 208.5 b Otane 1 99.2 b 

Ruapuna 203.5 b Karamu 1 95.5 b Takahe 1 98.4 bc Yeoman 1 93. 1 b 

Yeoman 201 .6  b Oroua 1 9 1 .8 b Yeoman 1 90.0 cd Takahe 1 91 . 1 b 

Karamu 1 95.8 bc Pegasus 1 88. 1 bc Oroua 1 87.7 cde Karamu 1 89.8 bc 
Takahe 1 9 1 .7 bcd Otane 1 86.0 bc Elite L. 1 87.6 cde Ruapuna 1 89.0 bc 

Flanders 1 85.4 cde Yeoman 1 85.5 bcd Ruapuna 1 78.9 def Flanders 1 78.9 cd 
Kotare 1 82 .2 cde Ruapuna 1 83 . 1  bcd Karamu 1 77.0 defg Elite L .  1 76.3 d 

Pegasus 1 80.7 de Takahe 1 82.9 bcde Briscard 1 75.0 efg Domino 1 74.8 d 
Dom ino 1 78.9 de Domino 1 77.6 cde Flanders 1 73.7 efg Briscard 1 74.4 d 
Briscard 1 75.4 de Flanders 1 75 .7 cde Domino 1 66.6 fg Oroua 1 74.0 d 

Elite L.  1 73.7 e Briscard 1 72.6 def Kotare 1 64.2 g Sapphi re 1 73.8 d 

Batten 1 72.2 e Elite L. 1 69.2 ef . Sapph i re 1 37.5 h Kotare 1 68.0 d 
Sapph i re 1 58.0 f Kotare 1 60. 1 f Pegasus 70.7 i Pegasus 1 50.9 e 
Oroua 1 4 1 .8 g Batten 70.7 g Batten 70.7 i Batten 1 06.5 f 

Means with the same letter with in columns are not sign ificantly different (p=0.05) 



Table 7. Mean differences of four components of resistance with three pathotypes of stripe rust races , pooled 
over fifteen cultivars 

Pathotype I nfection Type Latent Period Pustule Size Pustu le Number 

(scale 0-9) (days) (mm2 x 1 000) ( x1 00)/mm2 

232 E 1 37A- 6.5563 a 1 1 .8389 a 32.9535 a 1 85.0830 a 

1 1 1  E 1 43A- 6.3252 b 1 3 .9448 b 36.71 94 b 1 79.0970 b 

1 06E 1 39A- 4.4266 c 1 5 .9021 c 3 1 .5644 c 1 67.6440 c 

LSDo.05 0 . 1 386 0. 1 449 0.5369 4 .9 1 69 

Means with the same letter within columns are not sign ificantly different 
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Table 8. The estimations of variance components , their standard errors , heritabil ities and their standard errors 
for pooled analysis of variance of fifteen cultivars in response to three pathotypes of stripe rust 

S.O.V. 

Race 

Block 

Cultivar 

Race x Cultivar 

E rror 

Full h
2 

Restricted h2 

** : significant at p=0.0 1  

Infection Type 

1 . 1 29± 1 .355 

0.003±O.002 

1 9.907±9.777 

1 6 .760±4.530 

0.380±0.083 

0.52±0.06 ** 

0.54±0.06 ** 

Variance Components 

Latent Period 

5.372± 6. 1 65 

0.002± 0.003 

72.047±35.097 

59.060±1 5.839 

0.41 0±0.090 

0.53±0.03 ** 

0.55±0.03 ** 

Pustule Size 

1 8 .86± 22.96 

0.0 1 ±  0.07 

248.61 ±1 35. 1 9  

302 .34± 8 1 .59 

5 .87± 1 .28  

0.43±0.02 ** 

0.45±0.02 ** 

Pustu le Density 

275.84± 330.3 1  

1 .78± 6.98 

2603.63±1 529.23 

3746.67±1 068.78 

494.49± 1 07.91 

0.37±O.0 1 ** 

0.38±O. 0 1  ** 

<0 co 



Table 9. Phenotypic and genotypic correlations among four components of resistance ( IT: Infection Type, 
LP: Latent Period, PS: Pustule S ize, and PO: Pustule DenSity) in reaction to th ree pathotypes of stripe rust 

Character 

IT 

LP 

PS 

Pathotype 

1 06E1 39A-

1 1 1 E 1 43A-

232E1 37A-

1 06E 1 39A-

1 1 1 E 1 43A-

232 E 1 37A-

1 06E 1 39A-

1 1 1  E 1 43A-

232 E 1 37A-

LP 

Phenotypic Genotypic 

-0.7 1 ** 
-0 .75 ** 

-0 .67 * *  -0 .71  ** 

-0.42 * *  -0.78 ** 

PS PO 

Phenotypic Genotypic Phenotypic 

0.77 ** 0.80 ** 0.78 ** 

0.76 ** 0.85 ** 0.65 ** 

0.53 ** 0.66 ** 0.38 ** 

-0.96 ** -0 .98 ** -0.87 ** 

-0.75 ** -0 .8 1  ** -0.78 ** 

-0.22 ** -0.62 ** -0. 1 4 ns 

0.88 ** 

0.74 ** 

0.33 ** 

Genotypic 

0 .87 ** 

0.76 ** 

0.71  ** 

-0 .94 ** 

-0.88 * *  

-0.59 * *  

0.96 ** 

0.9 1 ** 

0.53 ** 
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Table 1 0. Correlations among components of resistance from three pathotypes in fifteen cultivars of wheat 

I nfection Type (IT) Latent Period (LP) Pustule Size (PS) Pustule Density (PO) 

1 1 1  E 1 43A- 232E1 37A- 1 1 1  E 1 43A- 232E1 37A- 1 1 1  E1 43A- 232E137A- 1 1 1 E1 43A- 232E1 37A-

IT 1 06E1 39A- 0.34 0.2 1 -0.33 -0.03 0.25 0.04 0.45 0. 1 9  

1 1 1  E 1 43A- -0.20 -0.04 -0. 1 8  0.1 1 

LP 1 06E1 39A- -0.24 -0.22 0.63 -0.09 -0.41 0.05 -0.59 -0. 1 0  

1 1 1  E 1 43A- 0.29 -0. 1 5  0.60 -0. 1 9  

PS 1 06E 1 39A- 0.32 0.22 -0.62 0.27 0.45 -0.21  0.62 -0.09 

1 1 1  E 1 43A- -0.40 0.26 -0.47 0.04 

PO 1 06E 1 39A- 0.28 0.40 -0.59 -0 .26 0.33 0.25 0.57 0.44 

1 1 1  E 1 43A- -0.31 0 . 1 7 -0.43 0.26 

...L 
o o 



Table 1 1 .  Discriminatory power and related statistics for cultivar d iscriminant, for each pathotype in fifteen cultivars of wheat 

Pathotype Func. Eigenvalue Proportion 

232E 1 37A- 1 1 1 7 .85 0 .90 

2 8.03 0 .06 

3 4 .40 0 .03 

4 0.66 0 .01  

1 1 1  E 1 43A- 1 440.34 0 .88 

2 46.54 0 .09 

3 1 0. 1 8  0 .02 

4 2 . 1 6  0.01 

1 06E 1 39A- 1 1 886.58 0.93 

2 1 27 .39 0 .06 

3 1 0.05 0.01 

4 3.47 0 .00 

All th ree 1 0.63 0 .79 

2 0. 1 7  0 .21  

Cumulative 

0 .90 

0 .96 

0 .99 

1 .00 

0.88 

0.97 

0 .99 

1 .00 

0 .93 

0 .99 

1 .00 

1 .00 

0.79 

1 .00 

Approx F 

7 .69 

3 . 1 7 

2 . 1 6 

0 .84 

25. 1 2  

1 0.49 

5 .36 

2 .75 

52. 1 9  

1 6 .95 

6.53 

4 .4 1  

4 1 .69 

24.71 

Wilks' Lambda 

Num DF Den OF 

56 45.0 

39 36.3 

24 26.0 

1 1  1 4 .0 

56 45 .0 

39 36.3 

24 26.0 

1 1  1 4 .0 

56 45.0 

39 36.3 

24 26 .0 

1 1  1 4 .0 

8 882 

3 442 

Pr > F 

0.0001 

0 .0003 

0.0288 

0.6062 

0.0001 

0 .0001 

0.0001 

0.0391 

0.0001 

0.0001 

0.0001 

0.0055 

0.0001 

0.0001 

--L 
o --L 
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Table 1 2. Canonical structure and coefficient of two fi rst function for fou r  comQonents of resistance of three Qathohmes 

Pathotype Character Between Canonical Structure Standardized Canonical Coefficients 

Discriminant 1 Discriminant 2 Discrimi nant 1 Discriminant 2 

232E 1 37A- I nfection Type 0 .9786 0. 1 429 2 .8395 0 .0085 

Latent Period -0.7727 -0.2069 -0.0544 -0. 1 444 

Pustule Size 0 .67 1 3  0 .6285 -0. 1 22 1  1 . 1 1 71 

Pustu le Density 0 .8381 -0.3251 1 .5475 - 1 .31 40 

1 1 1  E 1 43A- Infection Type 0.6824 0.71 85 -0.961 9 2 .7890 

Latent Period -0.9940 -0.01 73 -5.4363 2 .2402 

Pustule Size 0.83 1 2  0 .4468 0.7855 0.2076 

Pustu le Density 0.91 37 0.2470 1 .0882 0.281 7  

1 06E1 39A- Infection Type 0 .7284 0.6790 - 1 .994 1 5.4653 

Latent Period -0.9952 -0.01 78 -7.42 1 5 4.3359 

Pustule Size 0 .9877 0 . 1 275 6.5797 0.6786 

Pustule Density 0 .9422 0.2605 1 .4649 -0.2747 

All three Infection Type -0.6797 0.7335 -0.8258 1 .0323 

Latent Period 0 .9285 -0.37 1 4 1 .5230 0.4737 

Pustule S ize 0 . 1 503 0 .9886 1 .751 6 0.8374 

Pustu le Density -0.8670 0.4984 0.0771 -0.6338 

...... 
0 
N 



Fig. 8. Plot of canonical scores of fifteen cultivars of wheat on discriminant functions 1 and 2 (B: Batten, 0: Oroua, P: Pegasus races) 
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Table 1 3 . Discriminant scores for fifteen cultivars for th ree pathotypes of stripe rust 

Cu ltivar Pathotype Symbol 

232E1 37A- 1 1 1 E 1 43A- 1 06E1 39A-

Oroua -69.06 25.67 1 1 8 . 1 0  Cube 

Pegasus - 1 7.62 37.90 -695 . 84 Cross 

Sapphi re -5 1 . 1 3  38. 1 3  1 6 .99 Spade 

Batten 23. 1 9  -333.98 -72 1 .26 Balian 

Karamu - 1 .2 1  9.20 98.78 Star 

B riscard 1 5.05 1 0.09 1 01 . 53 Pyramid 

Domino 1 3.43 1 8.97 1 1 6. 04 Heart 

Otane 2 1 .50 33.54 1 57 .08 Club 

Ruapuna 8.38 1 2 .31 79 . 1 3 Diamond 

Tiritea 47.40 48.52 2 1 4 .41  Cyli nder 

Kotare 2.28 24.03 38.87 Pil lar 

Takahe 22.49 32 .35 230.94 P rism 

E lite Lep. 0.71 1 8 .25 90.44 Flag 

Yeoman 9.31 39 .35 1 00 .62 Square 

Flanders -22.07 37.69 81 .49 Point 



Fig. 9. Plot of scores of fifteen cultivars of wheat on three pathotypes 
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I 
T i r i t ea I 

I 
Takahe I 

I 
O t a n e  I 

I 
K a r amu I 

I 
E l i t e  L .  I 

I 
Ruapuna I 

I 
Domino I 

I 
B r i s c a rd I � 

I 
Y e oman I 

I 
O r oua I -

I I--
Ko t a re 

t i F l a n d e r s  I 
-

I 
S a pphi r e  I -

I 
Pega s u s  I 

I 
Ba t t en I }-

I 
I 

o 6 . 1  1 2 . 2  

(Sum of Squares Between Clusters x 1 05) 

Fig. 1 0. Ward's min imum variance cluster analysis of four  components of resistance 
in response to th ree pathotypes between f ifteen cultivars of wheat 
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Table 1 4. The probabil ity of MAN OVA cluster membership at each stage of clusterin g  

N u mber of df Wilks' Lambda Probabil ity 

stage Num Den F ratio 

3 33 3.7 1 87.85 0.000737996771 932 

4 30 9.6 1 57.73 0.000030321 1 40002 

5 27 1 2 .4 1 06.25 0.00000891 5696526 

6 24 1 6.2 87.5 1  0 .0000001 62909566 

7 2 1  1 8.9  88.07 0.00000003441 9969 

8 1 8  2 1 .5 97.35 0.000000021 467201 

9 1 5  23.7 1 01 .92 0.00000005491 0501 

1 0  1 2  25.5 1 08.5 1 0.0000002 1 0904994 

1 1  9 26. 1 1 1 9 .36 0 .000000527880498 

1 2  6 24.0 1 3 1 . 1 6  0.000000941 1 34843 

1 3  3 1 5 .0  1 39.58 0.000002781 479225 
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4.2. Specific diallel 

To study inheritance of resistance in  race-specific cu ltivars, five seedl ing resistant 

cultivars i nvolving Oroua (Yr7) ,  Pegasus (Yr1 ,6) ,  Sapphi re (6,7) ,  Batten (Yr9) , Karamu 

(YrA) and one susceptible cultivar, Tiritea, and their progenies were tested with two 

pathotypes in two dial lel mating designs. 

4.2. 1.  Graphical (Hayman) analysis 

The analyses of variance for both pathotypes 1 1 1  E 1 43A- and 232 E 1 37 A- are 

presented in Tables 1 5-22 . All genotypes (parents ,  F " s and pooled), with exception of 

parents for latent period to pathotype 232E 1 37 A-, were found to be significantly different. 

This suggests that h igh genetic variabil ity existed for the all components of resistance 

in the genotypes studied. 

The genotypic means of all characters for both pathotypes are p resented in 

Tables 23 & 24. In case of pathotype 1 1 1  E1 43A-, which is v iru lent on Yr 1 ,6 and Yr7 

(Cromey, pers. comm.) ,  Pegasus, Sapphire and Oroua showed a h igh infection type as 

wel l  as Tiritea wh ich is susceptible to a l l  pathotypes. Batten and its crosses showed a 

lower infection types, ind icating the pathotype lacks allele(s) for virulence which one 

matched with those for resistance in Batten. For latent period, despite a large range of 

2 .52 days (Tiritea with 1 1 .67 days and Karamu with 1 4. 1 8  days) there were no significant 

d ifferences for latent period (because of a large standard error) . S ince this pathotype is 

not virulent on Batten and its crosses, there were no pustules formation on some 

individual plants to record a latent period. These were arbitrarily given the value of 40 

days (the end of experiment) for the purpose of a diallel analysis. On that basis, Batten 

and its crosses with Tiritea, Karamu and Oroua were in different classes. For pustule 

size, Sapph i re was h ighly susceptible and then Tiritea and Pegasus, whereas, for pustule 

density, Tiritea had the most pustules, followed by Sapphire, Oroua and Pegasus.  For 

al l  characters measured Batten and its crosses showed resistance. 

For pathotype 232 E 1 37A- , which is viru lent on Yr9 (Cromey, pers.comm .) ,  Batten 

reacted as a h igh ly susceptible cu ltivar and Karamu as a moderately susceptib le cultivar, 
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whereas Oroua and Sapphire reacted as resistant and Pegasus reacted as a moderately 

resistant cultivar (Table 24) .  For latent period, Tiri tea and its crosses with Karamu and 

Oroua, h ad the shortest latent period, whereas Oroua x Karamu and Oroua x Batten had 

the longest latent period. Apparently this pathotype is less virulent on  Oroua compared 

with Pegasus and Sapphire.  Batten h ad the biggest pustules whereas Oroua x Batten 

h ad the smal lest. For pustule density Ti ritea was a susceptible genotype and Sapphire 

x Batten and Oroua x Batten were resistant. 

-
The mean estimates of array variance ( Vr ) ,  array common parent-offspring 

covariance ( W ) , variance of  array m eans ( V-) and variance of  parent l ines (Vp) are r r 

presented i n  Table 25 as well as the regression equations for W/Vr' For both pathotypes, 

the regression equations of all components of resistance were significant, except for 

latent period in response to pathotype 232E 1 37 A-, indicating the regression slope was 

significantly d ifferent from zero. 

Except for pustu le size in response to pathotype 1 1 1  E 1 43A- and latent period in  

response to pathotype 232E1 37A-, the Wr+Vr for both pathotypes were found to be 

heterogeneous (Tables 26 & 27) ,  indicat ing that dominan ce was present. 

The Wr-Vr for latent period for pathotype 1 1 1  E 1 43A- and all components of 

resistance in response to pathotype 232E 1 37 A- were significant. Non-sign ificance of Wr-

Vr i mpl ies a lack of any non-allel ic interaction , and significance of that implies that there 

is non-al lel ic i nteraction . 

The deviation of regression slope from u nity was not significant, except for latent 

period and pustule density in response to pathotype 232 E 1 37 A-. The deviation from un ity 

indicates graph ical distortion was due to one or more of epistasis, correlated gene 

distri butions and environment (Mather and J inks, 1 982) . 

Components of variation and other  genetiC statistics are presented i n  Tables 26 

& 27. The addit ive genetiC variance (0) was greater than dominance genetic variance 

(H ,  and H2) for infection type (both pathotypes) ,  latent period, pustule s ize and pustu le 
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density in the case of pathotype 1 1 1  E 1 43A-, indicating a preponderance of additive 

genetic vari ance .  The H ,  and H2 were positive in all cases. The F value was positive, 

except for latent period and pustule s ize in response to pathotype 232E 1 37 A-. The 

positive sign of the F value indicated that dominance alleles were more frequent than the 

recessive alleles. 

The average degree of dominance, (H ,ID) ' 12 ,  was less than un ity for al l 
components of resistance to pathotype (both pathotypes), except for latent period, 
pustule size and number i n  response to pathotype 232E1 37A- which was more than 

un ity . I f  the average degree of dominance is less than one it ind icates partial dominance 
and greater than one indicates over  dominance is present. 

The positive and negative al leles as shown by uv values were less than 0 .25, 

except for pustule  density to pathotype 232E1 37A- where i t  was close to 0.25. A uv  of 

jess than 0.25 , thus suggests inequal i ty of distribution of inc reasing and decreasing 
alleles. 

The estimates of the cons istency of expression of the degree of dominance 

across a/l segregating loci were between zero and one, except for latent period i n  

response to  232 E 1 37A-, which was more than un ity. The absolute value of the statistic 

varies from 0 to 1 ,  where 1 indicates a constant dominance level over all loci . 

The ratio of dominant to recessive alleles varied for al l components of resistance 

to both pathotypes. 

Estimates of narrow sense and broad sense heri tabi l ity a re presented in Tables 

26 & 27 for all characters (both pathotypes) . Except for latent period and pustule size to 

232E1 37 A- which had a moderate narrowsense heritabi l i ty, all characters showed a h igh 

narrowsense heritabil ity. This indicated that the additive genetic  variance is more 

important than dominance, which was found previously from the genetic statist ics. 

The correlations between common parent mean and (Wr+Vr) were positive, h igh , 

moderate to low, except for pustu le size ( 1 1 1 E 1 43A-) and pustu le  density (both 
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pathotypes) which were negative. 

The ratio of d2 Jd2 0 varied from component to component. This ratio i ndicated that 

there may be an excess of genes with additive effects in the parents for the all 

components except for latent period, pustule s ize and pustule density in response to 

pathotype 232 E 1 37A-. These agreed with genetic statistics which was found previously. 

An estimate of effective factors for infection type (both pathotypes), and pustule 

density (232E 1 37A-) was unable to be interpreted as i t  was below the value one. 

However for other characte rs it was estimated between 2-4 genes. 

Ranking of arrays with respect to the proportion of dominant al leles in the parents 

may be obtained from W/Vr plots (Fig. 1 1 - 1 4) .  For infection type (Fig. 1 1 ) , Batten was 

close to the origin, ind icating  that it had the greatest proportion of dominant al leles. I n  

decreasing order of dominance, the other parents were Sapphire, Oroua, Pegasus and 

Tiritea. Karamu had the greatest proportion of recessive al leles in response to pathotype 

1 1 1  E 1 43A- . With respect to pathotype 232E 1 37 A-, Batten had greatest proportion of the 

recessive al leles and in increasing order of dominance, Pegasus, Sapphi re ,  Oroua and 

Karamu had lower dominant al leles than Tiritea. For latent period ( Fig. 1 2) ,  Batten had 

the h ighest p roportion of recessive genes in response to both pathotypes. Pegasus and 

Sapphi re had the highest proportion of dominant alleles to pathotype 1 1 1  E 1 43A- , 

whereas Ti ritea had h ighest proportion of dominant alleles i n  response to pathotype 

2 32 E 1 37 A- . For pustu le size (Fig.  1 3) to pathotype 1 1 1  E 1 43A-, Batten, Tiritea and Oroua 

showed the h ighest proportion of recessive al leles, where as Pegasus had the h ighest 

the dominant al leles, and the other cu ltivars were in the middle. In the case of pathotype 

2 32 E 1 37 A- , Batten kept its recessive position,  but the other cu ltivars were grouped close 

to the origin , indicating that they had highest proportion of dominant alleles. For pustule 

density (Fig. 1 4) ,  Batten had the highest p roportion of recessive alleles in response to 

a l l  pathotypes, whereas Karamu and Tiritea ( 1 1 1  E 1 43A-) and Tiritea (232E 1 37A-) 

showed h ighest the recessive al leles. 
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4.2.2. Griffing combining ability analysis 

The analysis of variance for general combin ing abi lity (GCA) and specific 

combin ing abil ity (SCA) showed that both combin ing abi lities values were h ighly 

significant (Tables 28 & 29) . Although SCA was h ighly s ign i ficant, the ratio 

2MSGCA/(2MSGCA + 2MSsCA) for all components was more than 0 .93, except for latent 

period and pustule density (232E1 37 A-) which was more than 0.80. This indicted the 

relatively h igher magn itude of the GCA variance over  SCA variance. 

All estimates of G CA and SCA effects for components of resistance (both 

pathotypes) are presented i n  Tables 30-37. I n  response to pathotype 1 1 1  E 1 43A- ( Tables 

30-33) , Batten had the h ighest GCA for lower infection type, for longest latent period, 

smaller pustu le size and n umber than other  cultivars, fol lowed by Karamu. It should be 

noted that resistance in terms of combining abil ity is negative for infection type, pustule 

size and number, but is positive for latent period. I n  the case of SeA, Batten x Tiritea for 

infection type, Batten x Oroua for latent period , Batten x Tiritea for pustu le size and 

Karamu x Tiritea for pustule density had the h ighest SCA, indicating dominance for those 

hybrids for higher resistance. 

In response to pathotype 232 E 1 37A- (Tables 34-37) , Oroua for infection type, 

Ti ritea for latent period, and Oroua for pustule size and n umber had the highest values, 

which indicate as the best combining abil ity and the presence of additive gene action 

involved in the inheritance of resistance. The greatest SCA occurred in : Oroua x Batten 

for i nfection type, latent period and pustule size, Sapphire x Batten and Oroua x Batten 

for pustule density, suggesting that nonadditive gene action ,  such as dominance and 

epistasis ,  effects were involved in inheritance of stripe rust resistance in  these crosses. 

The ranking of cultivars according to their performance (Tables 23 & 24) was 

almost same as their GCA (Tables 30-37) for all characters in response to those two 

pathotypes. Narrowsense and broadsense heritabil ities were very high ( >0.79) . 
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Table 1 5. Analysis of variance for i nfection type of a 6 x 6 dial lel 
i noculated with stripe rust pathotype 1 1 1  E 1 43A-

S.D.V. Parents F 1 ,s Pooled 

df MS df MS df M S  

Block 0.31 ns 1 0 .95 ** 1 0.26 ns 

Genotypes 5 1 7.71 ** 1 4  9.31 .... 20 1 1 .02 ** 

Error 5 0.07 1 4  0 .09 20 0. 1 3  

Table 1 6. Analysis of variance for latent period of a 6 x 6 diallel 
inoculated with stripe rust pathotype 1 1 1  E 1 43A-

S .D.V. Parents F 1 ,s Pooled 

df MS df MS df  M S  

Block 0 .28 ns 1 1 .38 ** 1 0.53 ns 

Genotypes 5 1 .93 * 1 4  0.68 ** 20 0.91  ** 

E rror 5 0 .23 1 4  0 . 1 5  20 0 .28 

Table 1 7. Analysis of variance for pustu le s ize of a 6 x 6 dial lel 
inoculated with stripe rust pathotype 1 1 1  E 1 43A-

S .D.V. Parents F 1 ,s Pooled 

df MS df MS df  MS 

Block 1 6.6 ns 1 0.02 ns 1 2 .27 n s  

Genotypes 5 1 22.2 .. 1 4  24.42 ** 2 0  45.30 ** 

E rror 5 20.2 1 4  3.04 20 6.72 

Table 1 8. Analysis of variance for pustu le density of a 6 x 6 dial lel 
inoculated with stripe rust pathotype 1 1 1  E 1 43A-

S.D.V. Parents F 1 ,s Pooled 

df MS df MS df  MS 

Block 1 226.3 ns 20.5 ns 1 1 8.0 n s  

Genotypes 5 830.4 * 1 4  842 .9  ** 20 798.2 ** 

E rror 5 79.5 1 4  86.9 20 92.8 

ns, * & ** : not Sign ificant, significant at P = 0.05 & P = 0.0 1 , respectively 
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Table 1 9. Analysis of variance for i nfection type of a 6 x 6 diallel 
i noculated with stripe rust pathotype 232 E 1 37 A-

S .O.V. Parents F 1 ,s Pooled 

df MS df MS df MS 

Block 0.07 ns 1 0 .08 ns 1 0.01 ns  

Genotypes 5 1 0.27 * 1 4  4 .61  ** 20 5.81 o,o, 

Error 5 0. 1 0  1 4  0. 1 0  20 0 . 1 1 

Table 20. Analysis of variance for latent period of a 6 x 6 diallel 
inoculated with stripe rust pathotype 232E 1 37 A-

S .O.V. Parents F 1 ,s Pooled 

df MS df M S  df MS 

Block 0.23 ns 0 . 004 ns 1 0. 1 2  ns  

Genotypes 5 0 .73 ns 1 4  0 .989 ** 20 0.87 **  

Error 5 0 .39 1 4  0 .204 20 0.25 

Table 21 . Analysis of variance for pustu le s ize of a 6 x 6 dial lel 
inoculated with stripe rust pathotype 232E 1 37 A-

S .O.V. Parents F 1 ,s Pooled 

df MS df MS d f  MS 

Block 0.01 ns 0 .93 * 1 0.57 ns 

Genotypes 5 35.40 ** 1 4  20.83 o,* 20 28. 1 3 ** 

Error 5 1 .72 1 4  0. 1 6  20 0.56 

Table 22. Analysis of variance for pustu le  density of a 6 x 6 d iallel 
inoculated with stripe rust pathotype 232E 1 37 A-

S.O.V.  Parents F 1 ,s  Pooled 

df M S  df MS d f  MS 

Block 1 1 0 1 .8 ns 54.4 ns 1 1 36.3 ns 

Genotypes 5 1 777.8 ** 1 4  1 386.0 ** 20 1 41 4.6 ** 

E rror 5 91 .4 1 4  1 2 1 .4 20 1 08.85 

ns,  * & ** : not significant, signif icant at P = 0.05 & P = 0.0 1 , respectively 
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Table 23. Duncan's multiple ranges of six cultivars and their progenies for four components of resistance inoculated with stripe rust pathotype 1 1 1  E1 43A 

Cu/tivar Infection Type Latent Period Pustyte Size Pustule dens�ty 
(scale 0-9L (days) (mm x 1 000) ( x1 oo)/mm 

Tiritea 

Pegasus 

TiritealPegasus 

Pegasus/Karamu 

Sapphire 
OrouaiPegasus 

TiritealSapphire 

TiritealKaramu 

Pegasus/Sapphire 

Oroua 

TiritealOroua 

Sapphire/Oroua 

Sapphire/Karamu 

OrouaiKaramu 

Batten/Pegasus 

Karamu 

Sapphire/Batten 

TiritealBatten 

Karamu/Batten 

Batten/Oroua 

Batten 

9.00 a 1 1 .67 a 44.04 be 231 . 1  a 

8 .83 ab 1 1 .73 a 

8.42 abe 1 1 .92 a 

8 .33 abed 1 1 .83 a 

8.08 bcde 1 2.50 a 

7.75 cdef 1 2 .00 a 

7.58 defg 1 2.50 a 

7.56 defg 1 1 .56 a 

7.50 defg 1 2.00 a 

7 .50 defg 1 2.58 a 

7.33 efg 1 2. 1 7  a 

7.25 efg 12 .25 a 

7.00 fg 1 2. 00  a 

6.75 9 1 2. 00  a 

3.58 h 1 3.00 a 

3.55 h 1 4. 1 8  a 

3.29 hi 1 3.50 a 

2.83 hi 24.50 b 

2.83 hi  24.08 b 

2.58 ij 28.67 b 

1 .92 j 40.00 c 

42. 98 bc 

45. 38 be 

42.59 be 

55.41 a 

44.98 be 

44.36 be 

39 .81 bed 

45.82 b 

38.50 cde 

42.23 be 

41 .60 be 

4 1 .65 be 

38.55 cde 

33.49 ed 
34.37 ed 
32.89 e 

22.25 f 

24.30 f 

22.61  f 

1 0 .00 9 

1 88. 1 efgh 

224.95 ab 

220.3 ab 

2 1 9. 9  ab 

224.5 ab 

222.8 ab 

205.6 bedef 

2 1 8.6 abe 

1 91 .8 defgh 

232.0 a 

2 1 4.3 abed 

2 1 2.0 abede 

2 1 3. 1  abed 

1 56.5 i 
1 94.9 edefg 

1 70. 1 hi 

1 86.4 fgh 

1 77.5 ghi 

1 74.2 ghi 

70.7 i 
Means with the same tetter within column are not significantly different (P=O.05) 

-L -L 
(]1 



Table 24. Duncan's multiple ranges of six cultivars and their progenies for four components of resistance inoculated with stripe rust pathotype 232E1 37 A-

Cultivar I nfection Type Latent Period Pust�le Size Pustule dens¥y 
(scale 0-9L (days) (mm x 1000) ( x1 00)/mm 

Tiritea 8.92 a 1 1 .00 a 37. 81 b 228. 1 0  a 

Batten 

TiritealBatten 

TiritealKaramu 

Karamu/Batten 
Sapphire/Karamu 
TiirtealSapphire 

TiritealPegasus 

Batten/Pegasus 

TiritealOroua 
Pegasus/Karamu 

Karamu 

Pegasus/Sapphire 

Pegasus 

OrouaiKaramu 
Sapphire/Oroua 

Sapphire/Batten 

Sapphire 

OrouaiPegasus 
Oroua 

Batten/Oroua 

8.43 ab 1 1 .43 abe 

8.27 ab 1 1 .27 abe 
8. 1 3  ab 1 1 .00 a 
7.75 be 1 2.00 abed 
7.22 cd 1 2 .33 abed 

7.08 cde 1 1 .50 abed 

6.73 de 1 1 . 1 8  ab 

6.70 de 1 2 .20 abed 

6.67 de 1 1 .08 a 

6.42 def 1 2 .08 abed 

6.25 ef 1 2 .25 abed 

5 .70 fg 1 2.20 abed 

5.30 gh 1 1 .70 abed 
5 .00 gh 1 2 .86 d 

4.67 h 1 1 .78 abed 

3.67 i 1 2 . 1 7  abed 

3.57 i 1 2 .50 abed 

3.00 ij 1 2.86 d 
2 . 73 j 1 2.64 cd 

2.56 j 1 4.29 e 

Means with the same letter within column are not significantly different (P=0.05) 

39 .75 a 1 72. 1 5  efg 

36.34 b 208.20 abe 

30.59 ef 2 1 4 .08 ab 

28.76 gh 1 68 .81  fg 

28.77 gh 1 75 .69 efg 

32.43 cd 1 95 .23 bede 

33.38 c 208 . 9 1  abe 

28.81 gh 1 95 . 88 bede 

32.60 cd 201 .57 bed 

32.34 cde 1 75 . 33 efg 

31 .43 def 1 95 .77 bede 

31 .06 def 1 88.66 bedef 

31 .51  def 1 80.65 defg 

28 .20 h 1 64 .04 fgh 

28.76 gh 1 87.60 cdef 

24.8 1  i 1 32 .22 i 

30.21 fg 1 57.97 gh 

28.53 gh 1 40.54 ih 

29.91 fgh 1 42.08 ih 

2 1 .68 j 1 20. 1 5  i 
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Table 25. W/Vr regression equations and basic array statistics for stripe rust resistance in six cultivars of wheat 

character' pathotype regression equation F-test Vp - - v-V W, , , 

IT 1 1 1  E 1 43A- W =  r 0.89 + 1 .03 Vr 74.52 ** 8 .98 3 .42 1 .05 2 .79 

232 E 1 37A- W =  r 0 .86 + 0 .72 Vr 9 .92 * 6 .44 2 .59 0. 1 8  1 .5 1  

LP 1 1 1  EA43A- Wr = 20.80 + 0.82 Vr 1 3 .60 ** 1 26.3 1 32 .85 1 5 . 1 2  1 9 .20 

232 E 1 37A- Wr = 0 .23 + 0.04 Vr 0.07 ns 0 .40 0 .42 -0.1 6 0.20 

PS 1 1 1 E 1 43A- Wr = 47.70 + 1 .0 1  Vr 1 25 .85 ** 228.58 5 1 .09 5 1 .52 47.20 

232 E 1 37A- Wr = -3.97 + 0 .64 Vr 1 0 .36 * 1 7 .45 1 3 . 1 6  -8.55 3.57 

PD 1 1 1 E 1 43A- Wr =577.00 + 1 .00 Vr 1 45.91 ** 3262 .78 61 9.01 620.83 469.72 

232 E 1 37A- Wr =237.00 + 0.41 Vr 4 .75 (*) 858. 1 3  609.42 - 1 00.3 1  309.90 

, In fection Type, Latent Period, Pustule Size and Pustule density respectively 

ns, * & ** : not significant, sign ificant at P = 0 .05 & P = 0.01 , respectively 
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Table 26. Genetic statistics for stripe rust resistance in six cu ltivars of wheat 
1 1 1 E 1 43A-

statistics Infection Type Latent Period 
W, + V, ** ** 

W, - V, ns ** 

t-test(� - 1 ) 0.25 ns 0.81 ns 
0 8.97 1 26.22 

H l  4.74 65.52 

H2 2 .45 54.52 

F 0. 1 0  60.71  

J"(H /0) 0.73 0.72 

uv (H2 / 4H 1) 0 . 1 3 0 .2 1  

0.5F 1J"[O(Hl - H2)] 0.0 1 0 .81  

dom./rec. genes 1 .02 2 .00 

h2Bs 98% 95% 

h2NS 88% 74% 

r (P, , W, + V,) 0.43 0.78 

cr2
A I if D 7 .34 4.65 

K (effective factors) 0.31 1 .63 

Epoo, 0 . 1 3 0.28 

Epa,ents 0 .07 0 .23 

Ebl'bddS 0.09 0.23 

ns, * & ** : not significant, sign ificant at P = 0.05 & P = 0.01 , respectively 

Pustu le Size Pustule density 
ns * *  

ns ns 
0 . 1 1 ns 0.00 ns 

22 1 .78 3229.69 

8 .99 642.28 

7 . 1 1 466.26 

26.55 1 553.04 

0.2 1 0.45 

0 .20 0 . 1 8  

0 .67 1 .03 

1 .87 3.34 

93% 92% 

62% 82% 

-0.35 -0.93 

59.60 1 3.85 

2 .72 3 .70 

6.7 1 92.83 

20. 1 6  79.50 

3.04 86.93 

ex> 



Table 27. Genetic statistics for stripe rust resistance in six cultivars of wheat 

232E1 37A-
Statistics Infection Type Latent Period Pustule Size Pustule density 
Wr + Vr ** ns ** * 

Wr - Vr ** * ** ** 

t-test(13 - 1 )  1 .22 ns 6.00 ** 1 .80 ns 3 . 1 1 ** 
0 6.40 0. 1 4  1 6 .01 82 1 . 1 6  
H l 5 .56 0.59 50.78 1 035.33 
H2 4. 1 7  0.50 37.89 99 1 .42 
F 1 .80 -0.50 1 4 .74 -333.20 
I"(H ,ID) 0.93 2.09 1 .78 1 . 1 2  
uv ( H2 ! 4H 1 ) 0. 1 9  0.2 1 0. 1 9  0.24 
0.5F 1.f[D(H 1 - H2)] 0.30 -2 . 1 7  0.5 1 -0.88 
dom.lrec. genes 1 .36 0.06 1 .70 0.69 
h2BS 98% 66% 97% 89% 
h2NS 72% 49% 4 1 % 63% 
r (Pr , Wr + Vr) 0.37 0.29 0.84 -0.56 
clA / a2D 3.07 0.55 0.85 1 .66 
K (effective factors) 0 .01  2.24 1 .39 0 .01  
Epool 0. 1 1  0.25 0.56 1 08.85 
Eparents 0. 1 0  0.39 1 .72 9 1 .40 
Eh}lbrldS 0. 1 0  0.20 0. 1 6  1 2 1 .42 

ns, * & ** : not significant, significant at P = 0 .05 & P = 0.01 , respectively 

-..&. 
-..&. 
<D 
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Fig.  1 1 .  The WIVr g raphs of i nfection  type 
f rom crosses of six cultivars of wheat (1 = 
Oroua, 2= Pegasus ,  3= Sapphire ,  4= Batten 
and 5= Karamu,  6= Tiritea) in response to two 
pathotypes of stripe rust 
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pathotypes of stripe rust 
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Table 28. Mean squares of general and specific combining abil ity for four  components 
of resistance to stripe rust pathotype 1 1 1  E 1 43A-

S .O.V. df MS ' 

IT LP PS PO 

GCA2 5 2 0.4 ** 1 71 . 1  ** 403.8 ** 4497.6 * *  

SCA3 1 5  1 .0 ..... 1 6 . 1  ** 8.7 ** 261 .5 ** 

E rror 1 99 0.5 2.5 3.6 32 . 1  

Rati04 0.98 0.96 0 .99 0.97 

h
2 5 
BS 0.99 0.99 0.99 0 .99 

h2 6 
NS 0.96 0.95 0.98 0.97 

Table 29. Mean squares of general and specific combin ing abi l ity for four components 
of resistance to stripe rust pathotype 232E 1 37 A-

S.O.V. df MS' 

IT LP PS 

G CA2 5 1 1 . 6  ** 1 . 1 ** 25 .6  * *  

SCA3 1 5  1 .6 ** 0.4 ** 1 3. 1  * *  

E rror 1 99 0.5 0 .04 0 .2  

Rati04 0.94 0.85 0.80 

h
2
BS 

5 0.98 0.99 0.99 

h
2
NS 

6 0.92 0.83 0.79 

, M ean Squares of Infection Type, Latent Period, Pustule S ize 
and Pustu le density 

2 
G eneral Combin ing Abil ity 

3 S pecific Combining Ability 
4 2 MSGCA/(2MSGCA + MSSCA) 
5 B road sense heritability 
6 N arrow sense heritabil i ty 
** s ign ificant at P :: 0.01 

PO 

2280.6 ** 

347.4 ** 

47.3 

0.93 

0.99 

0.92 



Table 30. Estimates of general combining abil ity (diagonal) and specific combin ing abil ity (above diagonal) 
for infection type to stripe rust pathotype 1 1 1  E 1 43A-

Oroua Pegasus Sapphire Batten Karamu Tiritea 
Oroua 0.44** -0. 1 1 ns -0.06ns - 1 .00** 0.60** -0.34** 
Pegasus 1 .26** -0.63** -0 .82** 1 .35** -O.OSns 
Sapphi re 0.70** -0.55** 0.58** -0.36** 
Batten -3.03** 0. 1 4ns - 1 .38** 
Karamu -0.45** 0 .77** 
Tiritea 1 .07** 

S .E .GCA= 0.0340 S .E·scA=0.0934 

Table 31 . Estimates of general combin ing abil ity (diagonal) and specific combining abil ity (above diagonal) 
for latent period to stripe rust pathotype 1 1 1  E 1 43A-

Oroua 
Pegasus 
Sapphi re 
Batten 
Karamu 
Tiritea 

S .E.G�= 0.0490 

Oroua Pegasus Sapphire 
-0.91  ** 0 . 1 8ns 

-2 .92** 
0.30ns 
2 .06** 

-2.79** 

Batten Karamu Tiritea 
4.65** - 1 .77** -0 .87** 

-9.0 1 ** 2 .07** 0.8S** 
-8.64** 0 . 1 0ns 1 .33** 
9 .2S** 0 . 1 2ns 1 .27** 

-0.96** - 1 .43** 
- 1 .70** 

...... 
N (Jl 



Table 32. Estimates of general combining abil ity (diagonal) and specific combin ing abil ity (above diagonal) 
for pustu le size to stripe rust pathotype 1 1 1 E 1 43A-

Oroua 
Pegasus 
Sapph i re 
Batten 
Karamu 
Tiri tea 

S .E .aCA= 0.2420 

Oroua Pegasus Sapphire 
0.55 * 2.47** -3.28** 

4 .45** -2 .96** 
6.82** 

Batten 
-2 .07** 

4.91 ** 
1 .95** 

- 1 3 .38** 

Karamu 
1 .36ns 
1 .50 * 

- 1 .82 * 
1 .04ns 

-0.87** 

Tiritea 
1 .73 * 
0.97ns 

-2.4 1 ** 
-4.32** 
0.73ns 
2.44** 

Table 33. Estimates of general combining ability (diagonal) and specific combin ing ability (above diagonal) 
for pustule density to stripe rust pathotype 1 1 1  E 1 43A-

O roua 
Pegasus 
Sapphire 
Batten 
Karamu 
Tiritea 

S .E .acA= 0.8980 

O roua 
7.33** 

Pegasus Sapph ire 
1 4 .84** -2.43ns 
4 .74** 4.46ns 

1 1  .81 ** 

S .E .scA= 2.4959 

Batten Karamu Tiritea 
1 6.41 ** 3 .77ns 8 .26ns 
1 .3 1 ns 1 3.56** 3.76 * 
7 .83** - 1 .8 1 ns -5.47** 

-47. 1 2** 22.63** 1 7. 1 1 ** 
4 .40** - 1 5 .26** 

1 8 .85 

I\.) (J) 



Table 34. Estimates of general combining abil ity (diagonal) and specific combining abil i ty (above diagonal) 
for i nfection type to stripe rust pathotype 232E1 37 A-

Oroua 
Pegasus 
Sapph i re 
Batten 
Karamu 
Tiri tea 

S .E .GCA= 0.03 1 0  

Oroua 
- 1 .66** 

Pegasus 
-0.99** 
-0.37** 

S .E .scA= 0.0859 

Sapphire 
1 . 1 4** 
0 .88** 

-0.83** 

Batten Karamu Tiritea 
-2.26** 0.03ns 2.0 1 ** 
0.59** 0 . 1 6ns -0.68** 

- 1 .98** 1 .42** 0 . 1 3ns 
0.47** 0 .66** 0.30ns 

0.62** -0.26ns 
1 .76** 

Table 35. Estimates of general combining abil ity (diagonal) and specific combin ing abil ity (above diagonal) 
for latent period to stripe rust pathotype 232E 1 37 A-

Oroua 
Pegasus 
Sapphi re 
Batten 
Karamu 
Tiritea 

S .E .GCA= 0.0470 

Oroua 
0.46** 

Pegasus 
0 .40 * 

-0.07ns 

S .E .scA= 0. 1 296 

Sapph i re Batten Karamu Tiritea 
-0.8 1 ** 1 .60** 0.29ns -0.77** 
0 . 1 4ns 0.03ns 0 .04ns -0. 1 4ns 
0.07ns -0. 1 3ns 0. 1 6ns 0.05ns 

0. 1 7** -0.27ns 0.72ns 
0.04ns -0.43 * 

-0.68** 

..... 
I\) "'..J 
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Table 36. Estimates of general combining ability (diagonal) and specific combining abi l i ty (above diagonal) 
for pustule size to stripe rust pathotype 232E 1 37 A-

Oroua 
Pegasus 
Sapph i re 
Batten 
Karamu 
Tiritea 

S .E .GCA= 0.0700 

Oroua 
-2.04** 

Pegasus 
-0.43 * 
0. 1 6** 

S .E 'sCA= 0. 1 939 

Sapph i re 
1 . 1 6** 
1 .27** 

- 1 .2 1 ** 

Batten Karamu Tiritea 
-7.63** -0.06ns 0.66** 
-2.69** 1 .89** -0.75** 
-5 .33** -0.32ns -0.34ns 
0.50** -2.04** 1 .86** 

-0.55** -2 .84** 
3. 1 3** 

Table 37. Estimates of general combining abil ity (diagonal) and specific combin ing abil i ty (above diagonal) 
for pustu le density to stripe rust pathotype 232E 1 37 A-

Oroua 
Oroua - 1 9 .39** 
Pegasus 
Sapphi re 
Batten 
Karamu 
Tiritea 

S .E .GCA= 0.9720 

Pegasus 
-21 .27** 

2 . 1 8 * 

S .E .SCA= 2.7032 

Sapphi re 
35 . 1 9** 
1 4 .68** 
-7.22** 

Batten Karamu Tiritea 
-29.77** -0. 1 3ns 1 2 .31 ** 
24.39** - 1 0.41 ** - 1 .92ns 

-29.87** -0.65ns -6. 1 1 * 
-9 .72** -5.04ns 1 5 . 1 5** 

4.54** 0.90ns 
29.62** 

-L 
I\) 00 
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4.3. Specific vs nonspecific factorial mating design 

To understand the interaction of adu lt plant resistance factors and seedling 

resistance factors, fou r  cu ltivars with adult plant resistance and five cultivars with 

seedling resistance to stripe rust were i ntercrossed in a factorial mating fash ion .  

The analyses of  variance for both pathotypes a re presented i n  Table 38 & 39.  For 
pathotype 1 1 1  E 1 43A-, the analysis of variance indicated the presence of h ighly 

s ignificant variation among cultivars with the adult plant resistance for pustu le density 

only whereas all characters were highly sign ificant for cultivars with the seedl ing 

resistance. The interactions between cultivars with seedl inh resistance and adult plant 

resistance were sign ificant for pustule s ize (P < 0.01 ) and pustule density (P < 0.05) 

only. For pathotype 232 E 1 37A-, the analysis of variance showed that cu ltivars with the 

adult plant resistance , cu ltivars with the seedl ing resistance and the i r  i nteractions, were 

significant for al l  characters. 

Componenets of resistance to stripe rust of all hybrids for all characters i n  
response to pathotype 1 1 1  E 1 43A- are presented i n  Table 40. The lowest infection type 

was observed in F /s which had Batten as a parent and the h ighest was observed in 
those F, 's which had Pegasus as a parent. Apart from the crosses with Batten which had 

a hypersensitive reaction and were given an arbitrary value of latent period,  there were 

no differences between hybrids for latent period. I gnoring the crosses of Batten ,  the 

smal lest pustule size was observed in Oroua x Ruapuna and the largest was observed 

in Pegasus x Otane; and the lowest and highest pustu le densities were observed in 
Karamu x Ruapuna  and Sapph ire x Briscard, respectively. 

Componenets of resistance to stripe rust of al l F , 's in response to pathotype 

232E1 37 A- are presented in Table 41 . Hybrids with Batten were general ly the m ost 

susceptible genotypes, although the Batten x Domino as a moderately susceptible. 

Sapphi re x Domino had the lowest infection type, i t  was followed by Oroua x Domino. 

The genotype Karamu x Otane had the shortest latent period and Sapphi re x Domino  

h ad the  longest latent period. A l l  crosses with Batten , except that with Domino, h ad the 

largest pustule s ize and Sapphire x Domino h ad the smal lest pustule s ize. The l owest 
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pustule density was observed in the cross Sapphire x Briscard whereas the h ighest one 

was observed in cross Karamu x Otane.  

For both pathotypes, estimates of components of variance and their  standard 

errors for al l characters are presented in Table 42. In response to pathotype 1 1 1  E 1 43A-, 

for cu ltivars with the adult plant resistan ce the additive genetic variance was negative 

for al l characters except for pustu le density. The additive genetic variance for cultivars 

with the seedling resistance was positive and high in comparison with the additive 

genetic variance of cultivars with the adult plant resistance. Dominance genetic variance 

for all characters was smaller than additive genetic variance. I n  response to pathotype 

232E1 37 A- , the additive genetic variance of the seedl ing resistant cultivars was larger 

than the additive genetic variance of adult plant resistant cu ltivars for all characters , 

except for pustule density for which they were simi lar. The dominance variance was 

smaller than the additive part. 

I n  the case of infection type, the degree of dominance for each cross was 

estimated (Table 43 & 44) . I n  response to pathotype 1 1 1  E 1 43A-, the degree of 

dominance was negative, except for all crosses with Karamu, i ndicating dominance for 

the lower infection type. Dominance was for h igher infection type for crosses with 

Karamu .  The degree of dominance was sim i lar for crosses with Batten and Pegasus. I n  

response to pathotype 232E1 37 A-, dominance was for lower infection type for crosses 

with Oroua and Pegasus whereas for Sapph i re,  Batten and Karamu,  dominance was 

different (for lower or higher i nfection type) depending on the cross. 



Table 38. North Carol ina I I  analysis of variance for four components of resistance in response to stripe rust pathotype 1 1 1  E 1 43A

S .O.V. 

Block 

Adult plant cultivars 

Seedl ing cultivars 

Adult x Seedl ing 

Adult - Seedling x Block 

df 

3 

4 

1 2  

1 9  

IT 

1 4.70 ** 

1 . 1 8  ns 

1 97.25 ** 

2 . 1 1 ns 

1 .35 

MS 

LP PS PO 

9.87 ns 0.02 ns 56.22 ns 

28.30 ns 28.65 ns 3802.4 1 ** 

2232 .82 ** 35 1 1 .83 ** 65443.38 ** 

35.32 ns 1 38 .69 ** 1 472.38 * 

34.88 40.04 465 .90 

Table 39.  North Carol ina I I analysis of variance for four components of resistance in response to stripe rust pathotype 232E1 37 A-

S.O.V. dt MS 

IT LP PS PO 

Block 0.01 ns 0 . 1 0  ns 2 .43 ns 64.66 ns 

Adult plant cu ltivars 3 1 6 .28 ** 29.36 *-.. 27.24 ** 1 0789.76 ** 

Seedl ing cultivars 4 40.28 ** 4 1 .80 ** 1 2 1 .60 ** 9484.92 ** 

Adult x Seedl ing 1 2  3.88 ** 1 8 .26 ** 20.30 ** 2064. 1 3  * 

Adult - Seedling x Block 1 9  0.46 1 .24 4.82 761 . 00 

ns : not sign ificant, * and ** : significant at P = 0.05 and 0.0 1 , respectively 

...... 
w 



Table 40. Components of resistance to stripe rust pathotype 232E 1 37 A- of twenty F 1 hybrids among cultivars differing in  resistance 

H�brid Infection TYQe Latent Period Pustule Size Pustu le Density 
Pegasus/Otane 8. 1 7  a 1 1 .33 c 46.48 a 1 97.9 abcde 
Sapph i re/B riscard 7.75 abc 1 2 .50 c 45 .46 ab 21 8.2 a 
Pegasus/Briscard 7.75 abc 1 1 .50 c 41 .99 abcd 21 1 .9 ab 
Pegasus/Ruapuna 7.58 abcd 1 2.75 c 42. 1 3  abcd 1 92.9 bcdef 
Sapph i re/Otane 7.40 abcde 1 2.20 c 37.85 cdef 1 98. 1 abcde 
Pegasus/Domino 7.33 abcde 1 1 .42 c 38.99 bcdef 207.7 abc 
OroualOtane 7 .33 abcde 1 2.00 c 41  .53 abcdef 1 93.4 bcdef 
OrouaiBriscard 7. 1 7  abcdef 1 2 .33 c 41 .26 abcdef 207.8 abc 
Sapphi re/Ruapuna 7.09 abedef 1 2. 55 c 44.49 abcd 1 82.0 ef 
Sapphi re/Domino 6.91 abedefg 1 2.55 c 44.77 abc 1 8 1 .5 ef 
OrouaiRuapuna 6.83 bcdefg 1 3.33 c 36.57 ef 1 85.0 def 
Karamu/Domino 6 .50 edefgh 1 2 .00 c 45.23 abg 1 83.5 ef 
OrouaiDomino 6.00 fgh 1 3 .25 c 39.73 abcdef 205.2 abed 
Karamu/Otane 5 .82 gh 1 2.46 c 39.66 abcdef 1 92.2 bcdef 
Karamu/Briscard 5.50 h 1 1 .67 c 37. 1 0  ef 1 96.2 bcde 
Karamu/Ruapuna 5.50 h 1 2.70 c 42.23 abcd 1 77.0 ef 
Batten/Ruapuna 2.75 i 26.83 b 24.28 g 1 20.5 g 
Batten/Domino 2.50 i 24.83 b 24.31 g 1 20.2 g 
Batten/Briseard 2.40 i 26.90 b 23.82 g 1 22.2 g 
Batten/Otane 2.25 i 33. 1 7  a 1 6 .05 h 79.8 h 

Means with the same letter withi n  the columns are not sign ificantly different (Duncan's multiple ranges P<0.05) 

w N 
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Table 41 . Components of resistance to stripe rust pathotype 232E1 37 A- of twenty F ,  hybrids among cultivars differing i n  resistance 

H�brid Infection T�Qe Latent Period Pustule S ize Pustule Density 
Batten/Briscard 8.00 a 1 2 .25 cd 33.47 a 1 45.3 ij 
Batten/Ruapuna 7.75 a 1 1 .75 d 33.44 a 1 84.3 abcdef 
Batten/Otane 7.50 a 1 1 .83 cd 33.38 a 1 75.2 defg 
Karamu/Domino 6.71  b 1 1 .67 d 32.06 abed 1 77.8 defg 
Pegasus/Ruapuna 6 .67 b 1 1 .58 d 33.28 ab 1 97.4 abed 
Karamu/Briscard 6.58 be 1 2.25 cd 32.03 abed 1 71 .4 efgh 
Batten/Domino 6.56 be 1 1 .78 d 32 .21 abed 1 7 1 .7 efgh 
Karamu/Ruapuna 6.50 be 1 1 .63 d 30.96 bcde 1 89.6 abcde 
Sapphi re/Otane 6.50 be 1 2 .50 bed 29.03 ef 1 60.3 fgh ij 
Sapphire/Ruapuna 6.46 be 1 2.00 cd 31 .77 abed 1 76.2 defg 
Karamu/Otane 6.40 be 1 1 .50 d 32 .78 abe 206.5 a 
Pegasus/Briscard 6.00 bed 1 2.75 bed 31 .61  abed 1 4 1 .6 ijk 
Pegasus/Otane 5.88 cd 1 1 .75 d 32.01  abed 1 89.6 abede 
Pegasus/Domino 5 .88 ed 1 2 .00 ed 30.75 ede 1 98.2 abed 
OroualRuapuna 5 .36 de 1 2 .08 ed 29.92 de 1 58.9 ghij 
Oroua/Otane 5 . 1 0  e 1 1 .90 ed 3 1 .94 abed 1 64.4 fghi 
OroualBrisearc1 5 .00 e 1 2 .20 ed 31 .70 abed 1 63.9 fgh i 
Sapphire/Briscard 4.00 f 1 3 .80 b 27. 1 6  fg 1 20.3 k 
OroualDomino 3.82 fg 1 3. 1 8  be 30.82 cde 1 48.2 hij 
SaQQh i re/Domino 3.22 gh 1 5 .22 a 25 .72 9 1 36.3 jk 

Means with the same letter in the columns are not signifieantly d ifferent (Duncan's mu ltiple ranges P<0.05) 

� 
w 
w 



Table 42. Estimates of components of variance and heritabil ity for four  components of resistance inoculated with two pathotypes of stripe rust 
based on the factorial mat ing design 

Paramete( 

VA(adult) 

V A(seedllng) 

2 0' wp 

ITt 

-O.4±D . 1  

97.6± 1 4.2 

1 .5±0.45 

0 .48 

1 1 1  E 1 43A-

LP PS 

-2.8±2 .2 -44.0±5 .5 

1 098.8±1 61 .2 1 686.6±253.5 

0.9±8.6 1 97.3±26. 9  

38.51  43. 84 

232E1 37A-

PO IT LP PS 

932 . 0±246.8 5 .0± 1 0  4.4±2.0 2 .8± 1 . 9  

3 1 985 .5±4723.5 1 8 .2±2. 9 1 1 .8±3 . 1  50.6±8.8 

20 1 3.0±287. 1  6.8±O. 7  34.0±3.5 3 1 .0±3.9 

61 1 .5 1  0.54 8.33 7.63 

t lT: infection type (scale 0-9), LP: latent period (days),  PS:pustule size (mm2x1 000) and PO:pustule density « x1 00)/mm2) 

2VA(adutt) = 4CovHS (additive variance for Adult) 

VA(seedllng) = 4CovHS (additive variance for Seedling) 

Vo = 4CovFS - [4CovHSadult + 4CovHsseedllngl (dominance variance) 

2 2  ( . 
f '  ) 0' wp = 0' wlIhln plot vanance 0 environment 

PO 

3490.3±686 .9 

37 1 0.4±69 1 .4 

2606.3±407.4 

847.80 
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Table 43. Degree of dominance (hid/ of infection type for each of twenty crosses in response 
to pathotype 1 1 1  E 1 43A-

Cultivar Oroua Pegasus Sapphire Batten Karamu 

Mean 7.50 8.83 8.08 1 . 92 3.55 

Briscard 7.00 -0.32 -0. 1 9  -0.07 -0.81 0. 1 3  

Domino 6 . 1 8  - 1 .27 -0. 1 4  -0.23 -0.73 1 .24 

Otane 7 .67 -2 . 89 -0 . 1 4  -2.29 -0. 89 0. 1 0  

Ruapuna 6 .42 -0.24 -0.04 -0.1 9 -0.63 0 . 36 

1 h :;:: the deviation of the Fl from the midparent (negative value means deviation towards 
resistance & positive value means deviation towards susceptibility) 

d = the departure of the susceptible (or resistance) parent from the midpa rent 

Table 44. Degree of dominance (hid/ of infection type for each of twenty crosses in response 
to pathotype 232 E 1 37A-

C ultivar Oroua Pegasus Sapphire Batten Karamu 

Mean 2 . 73 5 . 30 3 .57 8.43 6.25 

Briscard 7 . 73 -0.09 -0.43 -0.79 -0 .23 -0.55 

Domino 7.56 -0.55 -0.49 - 1 . 1 8  -3.27 -0.30 

Otane 7.64 -0.04 -0.50 0.44 - 1 . 35 -0.79 

Ruapuna 6 . 73 -0.32 -0.92 0.83 0.20 0 .04 

1 h = the deviation of the Fl from the midparent (negative value means deviation towards 
resistance & positive value means deviation towards susceptibi lity) 

d = the departure of the susceptible (or resistance) parent from the midparent 
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4.4. Nonspecific glasshouse diallel 

To study inheritance of components of resistance involv ing in fection type, latent 

period,  pustu le size and pustu le  density ,  four adult plant resistant cu ltivars and one 

susceptible were intercrossed in a diallel fash ion and tested with three pathotypes in 

three diallel mating designs. 

4.4. 1. Infection Type 

Analyses of variance of infection type for pathotypes 1 06E1 39A-, 1 1 1  E 1 43A- and 

232 E 1 37A- are presented in  Tables 45-47, respectively. In all three pathotypes, the 
source of variation due to genotypes (whethe r  parents, Fl 'S or pooled) was h igh ly 

significant , indicating that at least one type of genetiC variation was present. Duncan's 

mu lt iple ranges for genotype means of each pathotype are presented in Tables 57-59. 

The most susceptible genotype to all pathotypes of stripe rust was Tiritea. Almost all 

crosses involving Ti ritea showed a susceptible reaction. The mean of the resi stant 

genotype to these pathotypes was 3.B5, 5 .B7 and 6 .44 for 1 06E 1 39A-, 1 1 1 E 1 43A- and 

232E 1 37 A-respectively, indicating pathotype 232 E 1 37 A- is more aggressive on these 
cu ltivars than the others. The fol lowing crosses, R uapuna x Domino for pathotype 

1 0BE1 39A- ; Briscard x Domino, Briscard x Ruapuna, and Ruapuna x Domino for 
pathotype 1 1 1  E 1 43A-; and Briscard x Domino for pathotype 232 E 1 37 A- showed more 

resistance than either of their parents. 

4.4. 1. 1.  Graphical (Hayman) analysis 

Estimates of basic array statistics Vp'  Wr , Vr and Vi=' for al l  pathotypes a re 

presented in Table BO. Also included are the W/Vr regression equations and thei r F
tests. The regression slope was Significantly d ifferent from zero for pathotypes 

1 06E1 39A- and 1 1 1 E 1 43A-, but not for pathotype 232E 1 37A- (Table BO) . It was 

therefore appropriate to conduct t-test on the departu re of slope from un ity (Mather and 

J i nks, 1 982) .  The resu lts are presented in Tables 61 -63. 

The W/Vr regression plot for infection type for the th ree pathotypes is presented 
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i n  Fig. 1 5 . The coefficient of determination and regression slope plus its standard error 
are included. Analysis of variance of Wr+Vr and Wr-Vr for arrays was carried out and 

showed only Wr+Vr for pathotype 1 06E 1 39A- was significant (Table 6 1 -63). S ignificance 

of Wr-Vr i ndicated that the data may be adequately accounted for by an additive
dominance model whi le no significant d ifference between estimates of Wr+Vr denoted 

that dominance was trivial . The deviation of regression s lope from un i ty (f) - 1 )  was 
signif icant for pathotype 1 1 1  E 1 43A- and not s ignificant for pathotypes 1 06E 1 39A- and 

232E1 37 A- (Tables 6 1 -63) . The deviation f rom u nity indicates graphical d istortion due 
to one or more of epistasis, correlated gene distributions and environment effects 

( Mather and J i nks, 1 982) .  I t  should be mentioned that the slope of regression for 

pathotype 232 E 1 37 A- was sign ificant, despite the high value of i ts standard e rror. This 

probably was due to the position of Domino which was far from other parents (Fig.  1 5) .  
Coefficient of determination was h igh for pathotypes 1 06E 1 39A- and 1 1 1  E 1 43A-, but low 

for pathotype 232E 1 37 A- (Fig. 1 5) .  J inks ( 1 954) proposed the removal of one array if the 

s lope is different from un ity. Using this procedure, i t  was hoped to remove major 

d istu rbances causing non-conformance to an additive-dominance model . But, by 

removing one or  more parents, we were indi rectly sampl ing, whereas our purpose was 
to study a character which needs all parents to be randomly selected.  On this basis, no 
parent was removed. 

Genetical components of variation plus other relevant statistics (Mather  and J inks, 

1 982) are presented in  Tables 6 1 -63 . The la rge amount of D component can be seen 

in the response to pathotypes 1 06E 1 39A- and 1 1 1  E 1 43A-, ind icating a preponderance 

of additive genetic variance. I n  some cases, the negative estimate of H l  and H2, 

suggested that dominance was trivial , s i nce these components have positive 

expectations as seen from formulae, H l  = 4uvh2 and H2 = 1 6u2y2h
2 (Mather  and J inks, 

1 982); and consequently the estimate of [( H /D) ,  uv, O.5F/[[D(H 1 -H2)] and ratio of 

dominance to recessive genes, were also regarded as trivial. For pathotypes 232E 1 37 A-, 

H l  was positive i ndicating the presence of dominance and for the other pathotype due 

to i t  being negative, i t  was not calculated. The estimate of F was the negative for 

pathotype 1 1 1  E 1 43A- and the positive for othe r  pathotypes; where negative, suggesting 

inequality of gene frequencies with an excess of recessive over dominant alle les,  and 

where positive, case suggesting the inequal ity of gene frequencies with an excess of 



Results 1 38 

dominant over  recessive alleles. 

For pathotype 232E 1 37A-, the degree of dominance was 1 .20,  indicating 

overdomi nance. 

The gene frequency was 0.20 for pathotype 232E 1 37 A-, suggesting  i nequality of 
increasing and decreasing genes; when gene frequencies are equal (u = v = 0.5) ,  the 

maximum val ue of 0.25 occurs. 

For pathotypes 232E1 37A- , the ratio 0.5F/I'[D(H,-H2)] was 0 .65 , indicating the 

dominance level over the majority of loci . A constant dominance level over all show a 

value one for this ratio. And the proportion of dominant to recessive alleles over al l  

parents was 1 .78. 

Broad sense and narrow sense heritabil ities for each pathotype a re p resented in 

Tables 6 1 -63. The narrow sense heritabi l ity was never bigger than the b road sense 

heritabi l ity. For two pathotypes 1 06E 1 39A- and 1 1 1  E1 43A-, the narrow sense heritabi l ity 
was high whe reas for pathotype 232E 1 37 A- it was half of that, indicat ing the effect of 

dominance on fixable (additive) variation . 

Correlations between common parent mean and W,+Vr for pathotypes are 

presented i n  Tables 6 1 -63. The correlations for pathotypes 1 06E 1 39A- and 232E 1 37 A

were signif icant, indicating that distribution of dominant to recessive alleles was 

significantly correlated with common parent phenotype. That correlation was not 
significant for pathotype 1 1 1  E1 43A-, i ndicating that the distribution of dominant to 

recessive alleles was only sl ightly correlated with common parent phenotype, and that 

the amount of dominance was trivial . 

The if Jif 0 ratio shows the relative importance of these two genetic variances 

and (Tables 6 1 -63). Effective factors in response to two pathotypes was less than unity 

whereas for the other pathotype it was high ,  suggesting due to its assumptions, it is not 

valid. 



Results 1 39 

A ranking of parental arrays with respect to p roportion of dominant alleles may 

be obtained from the WIVr plots (Fig. 1 5) .  The smallest (WpVr) pOints, closest to the 

origin ,  correspond to parental arrays with the greatest proportion of dominant alleles. I n  
this study, for pathotype 1 06E 1 39A- , the coefficient of determination was qu ite 

acceptable. The regression showed that the highly susceptible cultivar, Tiritea, had the 

h ighest proportion of dominant alleles, whereas resistant cu ltivars, Domino and Briscard, 
had least dominant alleles. The F2 WIVr graphical analysis was also performed for 

infection type in response to pathotype 1 06E 1 39A- (Fig. 1 9) .  The intercept, coefficient 

of determination and slope of F2 regression l ine were similar with those of the F 1 

regression l ine. Even the distribution of the pOints in the F2 was s imilar to that of the Fl '  

Domino had the most recessive alleles in the Fl  whereas in  the F2 it tended to be more 

intermediate. I n  fact, dominance should be more difficult to detect i n  the F2, because of 

reduced heterozygosity. On that basis al l  other cu ltivars other than Domino, moved very 

sl ightly toward the middle or additive position. For pathotype 1 1 1  E 1 43A-, Domino had 

the h ighest proportion of dominant al leles, and B riscard again h ad the least dominant 
al leles,  as for the pathotype 1 06 E 1 39A-. For pathotype 232 E 1 37A-, coefficient of 

determination was low. Otane and Ruapuna coincided with each other and had the 

highest the p roportion of dominant al leles while Briscard and Tiritea had the fewest 
dominant al leles. The position of Domino was somewhat far from the others .  I n  the 

absence of i nteraction and other disturbing influences, WIVr points coincide, apart from 

sampl ing variation,  when only additive variation is present (Mather  and J inks, 1 977) .  I t  

should also be noted that when coefficient of determination values for  regression are low 

due to epistasis, correlated gene d istributions and/or environment, a rray rankings i n  

terms of dominance should be interpreted cautiously. I n  such cases, scattering of the 

(Wp Vr) pOints may be attributable mainly to forms of non-additive genetic variation other 

than dominance. It is worthy of note that positions of array points on the regression l ine 

are relative and ranking of  arrays gives no  quantification of the pro portion of  dominance 

alleles. Ratios of distances between array points could be used to g ive quantitative 

measures of relative proportions of dominance genes. However, these would be time

consuming to obtain, and valid only when coefficient of detennination equals one and 

the t-test (�- 1 )  is nonsignificant. A better approach is the correlation of parental 

phenotypic means against (Wr+Vr) (Mather  and J inks ,  1 977) . Also for al l th ree pathotypes 

the intercepts were above the origin, i nd icating the presence of partial dominance. 
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I n  summary, stripe rust resistance, i n  terms of infection type, against pathotypes 

1 06E 1 39A- and 1 1 1  E 1 43A-, was control led by genes acting additively, and for pathotype 

232E 1 37 A- was controlled by additive and other components of variation. Dominance 
and epistasis and/or correlated gene distributions were of relatively minor importance, 

for f i rst two pathotypes, but cou ld be important for the thi rd pathotype. 

4.4. 1.2. Griffing combining ability analysis 

The analysis of variance for combining abi l i ty for each pathotypes, (Tables 64-66) 

showed that both general (GCA) and specific (SCA) combin ing  abil ity variances were 

h igh ly s ignif icant. The GCA variance was larger than the SCA variance, the ratio 

2MSGCA/(2MSGCA + MSSCA) being 0.99, 0.97 and 0 .88 for pathotypes 1 06E1 39A- , 

1 1 1  E 1 43A-and 232E 1 37 A-, respectively. The closer this ratio  is to un ity, the greater the 

p redictabi l i ty based on general combin ing abi l ity alone (Baker, 1 978) . The relatively 

h igher magnitude of the GCA variance than that of the SCA variance indicates the 

predominance of additive (fixable) gene effects in the genetic contro l  of the stripe rust 
among parents used in this dial lel cross. On the other hand, the sign ificant SCA variance 

suggests a considerable amount of non-additive variance among the parents used for 

dial le l  crossing  was present. Narrow sense and broadsense heritab i l ities ranged from 

0.86 to 0.99 for a l l  pathotypes, respectively. 

The comparison of GCA performance of individual varieties for the stripe rust 

resistance for each pathotype (Tables 67-69) show that Tiritea and Otane for all th ree 

pathotypes and Briscard for pathotype 232E 1 37 A- had positive G CA effects indicating  

suscept ib i l ity as  the i nfection type, whereas the others had negative GCA effects, 

indicating  good combining abi l ity for lower infection type. The rank ing of the varieties 
according to thei r  GCA variance was simi lar to that based on performance per se 

(Tables 45-47) , indicating again the preponderance of the additive action of genes. 

The estimates of SCA effects for infection type (Tables 67-69) show that out of 

the total of 1 0  cross combinations, for each pathotype, 5, 3 and 5 of them had negative 

and the rest positive SCA effects for pathotyp'es 1 06E 1 39A-, 1 1 1  E 1 43A- and 232E 1 37 A

respectively. The highest negative SCA was shown by the combinations Briscard x 
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Domino for pathotypes 1 06E 1 39A- and 232E 1 37 A- and Briscard x Ruapuna for 
pathotype 1 1 1  E 1 43A-, ind icating dominance for those hybrids to lower infection type. 

4.4.2. Latent Period 

The analyses of variance of latent period for the three pathotypes are presented 
i n  Tables 48-50. There were signifi cant differences amongst genotypes (except for F , 's 
to pathotype 1 1 1  E 1 43A-) i n  response to a l l  th ree pathotypes. These differences suggest 

that much genetic variabil ity was present for latent period in the genotypes studied , and 

d ial le l  analysis was warranted for it. The genotypic m eans for latent period for each 
pathotypes are presented in Tables 57-59. For al l  three pathotypes, Tiritea showed a 

shorter latent period than the others whereas longer latent period were recorded in  

Briscard for pathotype 1 061 39A- and Ruapuna for  pathotypes 1 1 1  E 1 43A- and 

232 E 1 37 A- . This indicated that the shortest latent period is the most susceptible cultivar 

and vice versa. Because the m eans of cultivars with a longer latent period were 1 5. 1 0 , 
1 3.50 and 1 2.37 days for pathotypes 1 06E1 39A-, 1 1 1 E 1 43A- and 232E1 37A

respectively, it suggests that pathotype 232E1 37 A- was m ore v i ru lent on these cultivars . 

For pathotype 1 06E1 39A- , a longer latent period was observed in  Briscard x Ruapuna 

than i n  i ts parents. For other pathotypes, some hybrids h ad shorter latent period than 

their parents. 

4.4.2. 1. Graphical (Hayman) analysis 

The estimates of the basic array statistic, W/Vr regression equation and thei r  F

test are presented in Table 60. The regression s lope was sign if icantly different from zero 

for al l  pathotypes. 

A l l  the d ial lel statistics for latent period for the th ree pathotypes are presented in 

Tables 6 1 -63. The Wr+Vr was h igh ly significant only for pathotype 1 06E1 39A-, indicating 

the presence of dominance; for other pathotypes it was not s ign if icant. The Wr-Vr for all 

three pathotypes was not significant. The regression coefficients (/3) were not significant 

for pathotypes 1 06E 1 39A- and 232E 1 37 A-, whereas it was s ignif icant for pathotype 
1 1 1  E 1 43A-. An overall view suggested that non-allel ic interaction was probably present 
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for the last pathotype. 

Additive genetic variance ( 0) was greater than the dominance genetic variance 
(H l  and H2) for pathotypes 1 06E1 39A- and 1 1 1 E 1 43A-. I n  the case of pathotype 

232E1 37 A- , dominance variance (H 1 )  was greater. Estimates of F were positive for all 

three pathotypes, indicating the inequality of gene frequencies with an excess of 

d ominant over  recessive alle les (Tables 6 1 -63) . 

The degree of dominance ,  .f(H ,10), i ndicated that partial dominance for pathotype 
1 1 1  E 1 43A- was present and for pathotype 232E1 37 A- overdominance was observed. 

It was not calcu lated in the case of pathotype 1 06E1 39A- due to its negative value. 

The gene f requencies were 0.21 and 0. 1 5  for path otype 1 1 1  E 1 39A- respectively, 

ind icating i nequality of increasing and decreasing genes for latent period. 

The proportions of positive to negative alleles were 1 . 1 1  and 0.59 for pathotypes 

1 1 1  E 1 43A- and 232E 1 37 A-. I n  the case of the fi rst pathotype the 0.5F/.f[0(H 1-H2)] rat io 

was found be approximately equal to 1 ,  suggesting that the observed dominance was 
consistent for all the loc i ,  rather than variable degrees of dominance at different loci .  

The proportion of dominant to recessive alleles over all parents were 2.63 and 

2 . 1 7 for pathotypes 1 1 1  E 1 43A- and 232E 1 37 A- . Estimates of 0.5F/.f[0(H 1-H2)] and the 

p roport ion of dominant to recessive genes were trivi al for pathotype 1 06E1 39A-, due to 

the un importance of dominance. 

Heritabi l ity estimates, both b road sense and narrow sense, are presented i n  

Tables 6 1 -63 . I n  al l cases narrow sense heritabil ity values were less than broad sense. 

The ranges of broad sense and narrow sense heritabi l ity for latent period in response 
to the three pathotypes were 60-73 and 30-52, respectively. I t  can be concluded that 

environment affects latent period more than infection type. 

The correlations between common parent means and Wr+Vr for each array were 

s ignificant and are presented in Tables 6 1 -63. This i ndicated that the distri but ion of 
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dominant to recessive alleles was correlated with common parent phenotype for all th ree 

pathotypes. 

The effective factors for pathotypes 1 06E1 39A- and 1 1 1  E 1 43A- were 1 .56 an 

3 .90, but less than one for pathotype 232 E 1 37 A-. And to show the i mportance of additive 
to dominance variance, the cJ2 A/cJ2 0 could be used to estimate the relative importance of 

genetic variances. 

The g raphic analysis (Fig. 1 6) for pathotype 1 06E 1 39A- shows that B riscard and 
Ruapuna contained most recessive alleles, wh i le Otane contained most dominant al leles. 

Ti ritea and Domino were intermediate. The relationship between Wr and Vr for latent 
period of F, and F2 populations (Fig. 3) i noculated with 1 06E1 39A- indicate that the 

intercept, coefficient of determ ination and slope of regression l ines F, and F2 were the 
same. The d istribution of cultivars on regression l ines was sl ightly d i fferent. B riscard in 

the F2 showed more recessive al leles than in the F" whereas Domino showed more 

dominant al le les than in the F" Other points in the F2 were intermediate compared with 

F l '  For pathotype 1 1 1  E 1 43A-, the order of parents the same as for the fi rst pathotype, 

but Ruapuna, Domino and Tiritea contained less recessive al leles . For pathotype 
232E1 37 A- , Ruapuna contained the h ighest proportion of recessive alleles whereas 

Ti ritea had the highest proportion of dominant alleles. The rest of parents were 

intermediate them. The coefficient of determination was 98.2, 79.2 and 94.0 for 
pathotypes 1 06E 1 39A-, 1 1 1  E 1 43A-and 232 E 1 37A- respectively. The i ntercept of the 

regression l ine for pathotypes 1 06E 1 39A- and 1 1 1  E 1 43A- was above the o rig in and for 

pathotype 232E 1 37 A- was below the orig in ,  indicating partial dominance and 

overdominance, respectively. These resu lts were in agreement with the p revious results. 

4.4.2.2. Griffing combining ability analysis 

I n  the analysis of latent period for each pathotype, the mean squares for GCA are 

larger than those for SCA (Tables 64-66). Both GCA and SCA are h igh ly sign ificant. The 

ratio, 2MSGCA/(2MSGCA + MSSCA) ' was 0 .97, 0 .83 and 0.89 for pathotypes 1 06E1 39A-, 

1 1 1 E 1 43A- and 232E1 37A- respectively, indicating  the relative importance of additive 
to nonadditive effects . Narrowsense and broadsense heritabil ities ran ged from 0.82 to 
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0.99 for al l  pathotypes, respectively. 

For the th ree pathotypes, the GCA for Briscard , Ruapuna and Domino were 
positive, suggesting they are su itable parents for obtain ing a longer latent period; 

whereas for Otane and Ti ritea they were negative (Tables 70-72). The ranking of 

cu ltivars according to their GCA and performance (Tables 48-50) was the same. 

The SCA effects for latent period for pathotypes 1 06E1 39A-, 1 1 1 E 1 43A- and 

232E1 37 A- showed that 3, 3 and 4 combinations had positive value and the rest were 
negative (Tables 70-72). The highest SCA was shown by the combin ations Otane x 

Tiritea for pathotype 1 06E 1 39A-, Ruapuna x Tiritea for pathotype 1 1 1 E 1 43A- and 

Briscard x Otane for pathotype 232E1 37A-, suggesting the presence of dominance for 

longer latent period in those hybrids. 

4.4.3. Pustule Size 

The analysis of variance for pustu le size showed h ighly signifi cant d ifferences 

amongst the genotypes (parents, hybrids and pooled) ,  i ndicating that a dial lel analysis 
might validly be performed (Tables 5 1 -53) . The pustule size on different parents 

exhibited a large variation from 33.69 (mm2 x 1 000), for Tiritea, to 40. 1 7 , for Ruapuna, 

in response to pathotype 1 06E 1 39A- (Table 5 1 ) . The range of pustule size in  response 

to pathotype 1 1 1  E 1 43A- was from 36.85 to 44 .40 (mm2 x 1 000) for Domino and Ti ritea, 

respectively (Table 52). For pathotype 232 E 1 37 A- , Ti ritea with a mean pustu le size of 

37.81 and Domino with mean pustule size of 32.03 were the most susceptible and 

resistant parents ,  respectively (Table 53). For pathotype 1 06E 1 39A-, Otane x Tiritea, 

B riscard x Ruapuna and Briscard x Domino; for pathotype 1 1 1  E 1 43A-, B riscard x Tiritea 

and Otane x Tiritea and for pathotype 232 E 1 37A-, Briscard x Domino,  B riscard x 

Ruapuna, Ruapuna x Domino and Ruapuna x Tiritea had smal ler pustu les than thei r  

parents. 

4.4.3. 1.  Graphical (Hayman) analysis 

Basic array statistics and the W/Vr regression equation for the th ree pathotypes 
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are shown i n  Table 60. All three regression equations are h ighly s ignificant. 

Estimates of variance and covariances of arrays and their sums and differences 
for each pathotype are presented in Tables 61 -63. The W,+V, was highly s ign i ficant for 

pathotypes 1 06E1 39A- and 232 E 1 37 A- and was sign ificant at the 1 0% probabil ity level 

for pathotype 1 1 1  E 1 43A-, indicating the presence of dominance. The W,-Vr was not 
s ignif icant for pathotype 1 06E1 39A-, but was h igh ly significant for the other pathotypes, 

indicating the presence of non al lel ic i nteraction. 

There was not a significant deviation of � from un ity, ind icating again the 

presence of dominance (Tables 6 1 -63) . Hence , both analyses indicated that an additive

dominance model was adequate to account for the this dial lel .  

Genetic components and other appropriate statistics (Mather and J inks,  1 982) are 

g iven in Tables 6 1 -63. 

The 0 component was positive and relatively large for two pathotypes 
( 1 06 E 1 39A- and 1 1 1  E 1 43A-) ,  indicating additivity was important; 0 for pathotype 

232 E 1 37 A- was less than the H ,  and H2 components. Negative estimates of H ,  and H2 
for pathotype 1 1 1  E1 43A- suggest that dominance was trivial . Th is is  supported by the 

resu lts of Wr+Vr. For other pathotypes the values of H, and H2 were positive and notable. 

Positive estimates of F for all th ree pathotypes indicated an excess of dominant over 

recessive al leles .  

The degree of  dominance could not be estimated for  pathotype 1 1 1  E 1 43A-, 

whereas .f(H ,10) was estimated 0.62 and 1 .30 for pathotypes 1 06E 1 39A- and 232E 1 37 A

respectively, ind icating partial and over dominance for them. 

The estimate of uv was 0 .25, 0 . 1 0 and 0. 1 9  for pathotypes 1 06E1 39A-, 

1 1 1 E 1 43A- and 232E 1 37A-, respectively. G ene symmetry occurred for pathotype 

1 06E1 39A- only, gene asymmetry (uv < 0.25) occurred for the other pathotypes . 

Estimates of 0.5F / .[[O(H , -H2)] were not calculated for pathotype 1 1 1  E 1 43A- and 
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it was larger than one for pathotype 1 06E 1 39A-, but it was 0.70 for pathotype 

232E1 37 A- . 

1 46 

The proportion of dominant to recessive al leles over all parents was estimated 

at 2.46 and 2.07 for pathotype 1 06E 1 39A- and 232 E 1 37 A- . It cou ld not be estimated for 

pathotype 1 1 1  E 1 43A-. 

The estimates of broad sense and narrow sense heritabi l ity are presented i n  
Tables 6 1 -63. Usual ly narrow sense heritabi l ity was smal ler than broad sense heritabi l i ty, 
but in  response to pathotype 1 1 1  E 1 43A- the narrow sense heritabil ity was greater than 

b road sense heri tabil ity. I t  should be noted that heritabi l ities were estimated using 
genetical components including H 1  and H2• Although these latter component esti mates 

were negative, they were not deleted from the appropriate equations or assu med as 
zero, s ince either approach would cause l i kely bias in the resu lts. 

The correl ations between the common parent mean and Wr+Vr for each a rray, 
were 0.98, 0.65 and 0.96 for pathotypes 1 06E 1 39A-, 1 1 1 E 1 43A- and 232E 1 37A-. All 

th ree correlations were significant, th is indicated that the distribution of dominant to 
recessive al leles was correlated with the common parent phenotype . 

The number of effective factors (K) was less than one for pathotype 232E1 37 A- , 

because dominance was indicated as trivial . For pathotypes 1 06E 1 39A- and 1 1 1  E 1 43A

the effective factors were 2 .84 and 2.41 , respectively. 

The ratio of additive to dominance genetic vari ance was negative for pathotype 

1 1 1  E1 43A- , because dominance was negative. However, it was 5 .26 and 1 .57  for 

pathotypes 1 06E1 39A- and 232E1 37 A- , respectively, i ndicating the i mportance of the 
additive part, especial ly in the response to pathotype 1 06E 1 39A-. 

The W/Vr graphic analysis (Hayman, 1 954b) was performed to rank a rrays with 

respect to the proportion of dominant al leles in the parents for pustule s ize (Fig .  1 7) , and 

the coefficient of determ ination for th ree pathotypes are presented. None of the 

regression l ines was tangential to the l im iting parabola,  Wr2 = Vr*V p (where Wr is the 
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covariance of al l  the offspring in each parental array with the nonrecurring parent, Vr is 

the variance of all the offspring of each parent, and Vp is the variance of parents) . The 

intercepts of regression l ines for pathotypes 1 06E 1 39A- and 1 1 1  E 1 43A- were above the 
orig in ,  indicating partial dominance; for pathotype 232 E 1 37 A- it was below the o rig in ,  
suggesting overdominance, which is supported by previous resu lts . I n  Fig.  1 7  for 

pathotype 1 06E1 39A-, Ti ritea was located apart from the other parents and it was 
indicated that Ti ritea had the h ighest proportion of recessive alleles. Briscard, Ruapuna 

and Domi no, on the oth er hand, were located close to orig in ,  suggesting they had the 

g reatest number dominant al leles, and for Otane which was into mediate, suggesting  the 
p resence of additive com ponent. Using another pathotypes, 1 1 1  E 1 43A-, Tiritea, Dtane 

and B riscard (in recessive, middle and dominant areas , respectively) maintained their 

positions on the regression l ine. But Ruapuna and Domino moved toward the 
recessiveness. With respect to pathotype, 232E1 37A-, Ti ritea displayed the h ighest 

proportion of dominant al leles, as for other pathotypes. Dtane and Domino were close 

to o rig in and Briscard and Ruapuna were a l i ttle further from the orig in ,  suggesti ng  the 
presence of dominant al leles i n  these cu ltivars. 

4.4.3.2. Griffing combining Ability analysis 

Sign ificant GCA and SCA effects for th ree pathotypes i ndicated that additive and 

nonadditive gene effects were important for pustu le size in  these cultivars (Tables 64-

66) . Variation for pustu le size was attributed mainly to GCA effects rather than SCA 
effects. The relative importance of GCA and SCA, calcu lated according to Baker ( 1 978) , 

was 0 .94, 0.95 and 0.80, for pathotypes 1 06E1 39A- , 1 1 1 E 1 43A- and 232E1 37A

respectively. These ratios were close to unity, suggesting that additive effects were more 

important than nonadditive effects for pustule size. Narrowsense and broadsense 

heri tabi l ities ranged from 0 .80 to 0.99 for al l path otypes, respectively. 

Estimates of GCA and SCA effects for all th ree pathotypes are p resented in  

Tables 73-75. For  the th ree pathotypes , Ti ritea and Dtane had positive values ,  whe reas 

the rest of parents had negative values. Negative GCA effects indicate a contribution to 

g reater resistance, whi le positive GCA effects i ndicate a contribution to g reater 

susceptibi l ity. The ranking of cu ltivars according to their GCA and performance had 
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s imi lar pattems (Tables 51 -53). 

The positive values for SeA were 1 ,  4 and 4 for pathotype 1 06E 1 39A-, 
1 1 1  E 1 43A- and 232E1 37A- respectively. The crosses R uapuna x Domino in response 

to pathotype 1 06E1 39A-; Briscard x Ruapuna, Briscard x Domino and Ruapuna x Tiritea 

in response to pathotype 1 1 1 E 1 43A- and Ruapuna x Dtane in response to pathotype 

232E1 37 A- had a high SeA values, suggesting that nonadditive gene action , such as 
dominance and epistasis effects, were i nvolved in the inheritance of stripe rust resistance 

in these crosses. 

4.4.4. Pustule Density 

The analysis of variance for pustu le density from al l genotypes (parents, F, 's and 

pooled) for three pathotypes are presented in Tables 54-56. In all cases differences 

between genotypes were h igh ly sign ificant. Genotype means and Duncan's comparison 

are showed i n  Tables 57-59. Tiritea was the most susceptible to all three pathotype, 

wh ereas Domino x Briscard in response to pathotype 1 06E 1 39A-, and Briscard in  

response to pathotypes 1 1 1  E 1 43A- and 232E1 37A- were the most resistant genotypes . 
Briscard x Domino showed more resistance than its parents to pathotype 1 06E 1 39A-. 

4.4.4. 1. Graphical (Hayman) analysis 

Basic array statistics and W/Vr regression equations for the three pathotypes are 

shown in  Table 60. The regression slope for pathotype 1 06E 1 39A- and 232E 1 37 A- were 

markedly different from zero, whereas it was not different for pathotype 1 1 1  E 1 43A- . 

The array values for Wr+ Vr were heterogeneous across parental a rrays for 
pathotype 1 06E1 39A- and 232E1 37 A- (P = 0.01 and 0. 1 0, respectively), whereas i t  was 

h omogeneous for pathotype 1 1 1 E 1 43A- (Tables 6 1 -63) . Heterogeneity i ndicates the 

p resence of dominance. The array values for W,-Vr were h omogeneous, indicating that 

epistasis was not detected and an additive-dominance model was applicable (Tables 6 1 -

63) .  
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Regression slopes (W IVr) deviated from unity at P = 0 . 1 0 and 0.05 for pathotypes 

1 06E 1 39A- and 1 1 1  E 1 43A- respectively, indicating variation due to environment and/or 
n on-additi vity other than dominance, whereas it was n ot s ignificant for pathotype 

232E1 37 A- , however indicati ng the presence of dominance (Tables 61 -63) . 

Genetic components of variation plus other relevant statistics for the th ree 

pathotypes (Mather and J inks, 1 982) are given in Tables 6 1 -63. The estimates of 0 for 

all three pathotypes were greater than H1 and H2• The H components were not negative. 

Hence, additivity was of major importance specially i n  the case of pathotype 232E1 37A-. 
The F value  was negative for pathotype 1 06E1 39A- , indicating a greater proportion of 

recessive to dominant al leles in the parents,  whereas it was positive for pathotype 

1 1 1  E 1 43A- and 232E 1 37 A-, indicating a preponderance of dominant to recessive alleles 

in the parents. 

The .f(H /D) measures mean degree of dominance over  al l  loci. The value was 

less than one, 0.81 , 0 .74 and 0.33, for pathotypes 1 06E1 39A-, 1 1 1 E 1 43A- and 

232E1 37A-, respectively, indicating partial dominance. 

The quantity (Hj4H1 )  estimates the relative average frequency of increasing and 

decreasing alleles in the parental l ines .  In response to pathotype 1 1 1  E 1 43A- , the value 

was 0 . 1 7 indicate apparent dominance asymmetry of increasing and decreasing alle les, 

but for other pathotypes that value  was more than 0.25. 

The ratio 0.5F/.f[D(H 1 -H2) ]  was 0.60 for pathotype 1 1 1  E 1 43A-, indicating that the 

observed dominance was variable at d ifferent loci . For the other  pathotypes it could not 

be calcu lated , because the value of H2 was greater than H 1 .  

The proportion of dominant to recessive al leles over all parents was 0 .72, 2.04 

and 4 .90, for pathotypes 1 06E1 39A- , 1 1 1 E 1 43A- and 232E 1 37A- , respectively. 

With regard to heri tabi l i ty estimates, broad sense was greater than narrow sense 
heritabi l i ty. For th ree pathotypes, a moderate heritability was estimated. 
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Correlation between common parent mean and Wr+Vr were -0.53, -0 . 39 and 0 . 1 1 
for pathotypes 1 06E 1 39A-, 1 1 1  E 1 43A- and 232E 1 37 A-, respectively. These indicated 

that the distribution of dominant to recessive alleles was correlated with the common 

parent phenotype. 

The relative importance of additive to dominance variances for th ree pathotypes 

is presented in Tables 6 1 -63. 

The effective factors for pathotype 1 1 1  E 1 43A- was 2 .96, whereas this value was 

less than un i ty for other pathotypes. 

The positive Wr inte rcept of both the regression l ines for pathotypes 1 06E1 39A
and 1 1 1  E 1 43A- (Fig. 1 8) indicated partial dominance, whereas the negative Wr i ntercept 

for pathotype 232E 1 37 A- ( Fig. 1 8) indicates overdominance .  It should be noted that the 
slope of the l ine was not different from unity ,  which means dominance can be the 

acceptable interpretation rather than overdominace. The distribution of the (WpVr) points 
ind icates the direction of dominance.  For the pathotype 1 06E1 39A-, Domino and Briscard 

had a recessive position whereas Ruapuna showed dominance. The coefficient of 

determination was 92.8. B riscard maintained its position to pathotype 1 1 1  E 1 43A-, 

whereas Domino had more dominant alleles than the others. Otane showed an 

anomalous position . The coefficient of determ ination was 1 4.2 .  For pathotype 

232E1 37 A-, Briscard, Otane and Ti ritea had most recessive alleles whereas Ruapuna 

had most dominant alleles. The coefficient o f  determination was 78.4. 

4.4.4.2. Griffing combining ability analysis 

I n  the Griffing analysis of pustu le density, the GCA and SCA were high ly 

s ignif icant for two pathotypes 1 06E1 39A- and 1 1 1 E 1 43A-. However for pathotype 

232 E 1 37 A- , only GCA was sign ificant (Tables 64-66) . The GCA mean squares were 

larger than SCA mean squares. The ratio of relative importance of additive to nonadditive 

effects for the three pathotypes was greater than 0.90, suggesting  a major contribution  

o f  additive component. 

N arrowsense and broadsense heritabil ities ranged from 0.89 to 0.99. 
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I n  response to pathotype 1 06E1 39A-, the G CA for Tiritea and Otane, for 

pathotype 1 1 1  E 1 43A-, the GCA of Tiritea and Ruapuna and for pathotype 232E 1 37 A-, 

the G CA of Tiritea, Otane and Ruapuna were positive (Tables 76-78) , indicating 

susceptibi l ity for greater pustule density. The ranking of cultivars for the ir  GCA and 

performance were almost simi lar to each other. 

The most resistant hybrid was observed from SCA of Briscard x Domino which 

was - 1 9.59 in response to pathotype 1 06E1 39A-. It can be seen for Ruapuna x Otane 

and Domino x Tiritea in response to pathotype 1 1 1  E 1 43A- and 232E1 37A-, respectively. 

Out of 1 0  cross combinations for pathotypes 1 06E1 39A-, 1 1 1  E 1 43A- and 232E1 37 A- 5 ,  

4 and 3 o f  them had negative value, suggesting that nonadditive gene action for lower 

pustule  density was involved for the inheritance of this character. 
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Table 45. Analysis of variance for infection type of a 5 x 5 diallel 
inoculated with stripe rust pathotype 1 06E 1 39A-

S .O.V Parents F 1 ,s Pooled 

df MS df MS df MS 

Block 3 0.9 ** 3 0.2 ns 3 0 . 1  ns 

Treatment 4 20.5 ** 9 7.6 * *  1 4  1 0.8 ** 

Error 1 2  0. 1 1 27 0.31 42 0.26 

Table 46. Analysis of variance for infection type of a 5 x 5 diallel 
inoculated with stripe rust pathotype 1 1 1  E 1 43A-

S .O.V Parents F 1 ,s Pooled 

df MS df MS df MS 

Block 0 .03 ns 1 1 . 1 0  * 1 0 .57 ns 

Treatment 4 2 .51  ** 9 1 .75 ** 1 4  1 .9 1  ** 

Error 4 0 .06 9 0 . 1 8  1 4  0 . 1 7  

Table 47. Analysis of variance for i nfection type of a 5 x 5 diallel 
inoculated with stripe rust pathotype 232E 1 37 A-

S.O.V Parents F 1 ,s Pooled 

df MS df MS df MS 

Block 0 .003 ns 0.059 ns 0 .029 ns 

Treatment 4 1 . 1 8 1 ** 9 0.438 ** 1 4  0 .642 ** 

Error 4 0 .027 9 0 .060 1 4  0 .048 

Table 48. Analysis o f  variance for latent period o f  a 5 x 5 diallel 
inoculated with stripe rust pathotype 1 06E 1 39A-

S.O.V Parents F 1 ,s Pooled 

df MS df MS df MS 

B lock 3 0.4 ns 3 1 .0 * 3 1 .3 ** 

Treatment 4 8 .6 ** 9 1 .6 ** 1 4  3.6 ** 

E rror 1 2  0 . 1 7  27 0.24 42 0.22 

ns, * & ** : not signif icant, s ignificant at P= 0.05 & 0.01  level , respectively 
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Table 49. Analysis of variance for latent period of a 5 x 5 dial lel inoculated 
with stripe rust pathotype 1 1 1  E 1 43A-

S.O.V Parents F1 ,s Pooled 

df MS df MS df MS 

Block 0.51 ns 1 0 .02 ns 0. 1 0  ns 

Treatment 4 1 . 1 9  ** 9 0 .09 ns 1 4  0.53 ** 

E rror 4 0. 1 7  9 0 .04 1 4  0 . 1 1 

Table 50. Analysis of variance for latent period of a 5 x 5 dial le! i noculated 
with stripe rust pathotype 232E 1 37 A-

S .O.V Parents F 1 ,s Pooled 

df MS df MS df MS 

Block 0 .01 6 ns 1 0 .002 ns 0.002 ns 

Treatment 4 0.537 ** 9 0 .296 ** 1 4  0 .357 ** 

Error 4 0.024 9 0 .065 1 4  0.050 

Table 51 . Analysis of variance for pustu le size of a 5 x 5 diallel inoculated 
with stripe rust pathotype 1 06E 1 39A-

S .O.V Parents F 1 ,s Pooled 

df MS df MS df MS 

Block 3 1 . 1  ns 3 0. 1 ns 3 0.6 ns 

Treatment 4 32.0 ** 9 4 .5 ** 1 4  1 3.8 ** 

E rror 1 2  0040 27 0.20 42 0.29 

Table 52. Analysis of variance for pustule size of a 5 x 5 dial lel inoculated 
with stripe rust pathotype 1 1 1  E 1 43A-

S.O.V Parents F 1 ,s  Pooled 

df MS df MS df MS 

Block 0.28 ns 1 1 .32 ns 1 0.40 ns 

Treatment 4 1 9.55 ** 9 3 .40 ** 1 4  7 .90 ** 

Error 4 3 .37 9 1 .04 1 4  1 .72 

ns, * & ** : not signifi cant, s ign ificant at P= 0 .05 & 0.01 level ,  respectively 
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Table 53. Analysis of variance for pustu le size of a 5 x 5 diallel inoculated 
with stripe rust pathotype 232E1 37 A-

S.O.V Parents F 1 ,s  Pooled 

df MS df MS df MS 

Block 1 0.258 ns 1 0 .0003 ns 0 .078 ns 

Treatment 4 1 0.568 *,o 9 3 .350 ,o,o 1 4  6 .774 ** 

Error 4 0.069 9 0 .233 1 4  0 . 1 82 

Table 54. Analysis of variance for pustule density of a 5 x 5 d iallel inoculated with stripe 
rust pathotype 1 06E1 39A-

S.O.V Parents F 1 ,s Pooled 

df MS df MS df MS 

Block 3 28.6 ns 3 1 45.7 ns 3 67.6 ns 

Treatment 4 3070.7 ,o* 9 2 1 60.5 ** 1 4  2294.5 ** 

Error 1 2  66.31 27 8 1 .66 42 79 .06 

Table 55. Analysis of variance for pustu le  density of a 5 x 5 diallel inoculated with stripe 
rust pathotype 1 1 1  E 1 43A-

S .O.V Parents F 1 ,s  Pooled 

df MS df MS df MS 

Block 20.2 ns 1 3.53 ns 1 1 . 1 9  ns  

Treatment 4 1 093.7 *,o 9 347.24 *,o 1 4  587.48 ** 

E rror 4 53.3 9 75.76 1 4  65. 54 

Table 56. Analysis of variance for pustu le density of a 5 x 5 diallel i noculated 
with stripe rust pathotype 232E 1 37 A-

S.O.V Parents F 1 ,s Pooled 

df MS df MS df MS 

Block 1 66.59 ns 1 1 5 .68 ns 1 1 1 4 . 1 7  ns 

Treatment 4 927. 1 3  *,o 9 262 .69 ,o* 1 4  442.28 *,o 

E rror 4 33.57 9 85 .54 1 4  69.45 

ns,  ,. & ** : not signifi cant, significant at P= 0 .05 & 0.01 level, respectively 



Table 57. Duncan's multiple ranges of five cultivars and their progenies for fou r components of resistance inoculated with stripe 
rust pathotype 1 06E 1 39A-

Cultivar I nfection Type Latent Period Pustule S ize Pustule Density 
(scale 0-9) (days) (mm2 x 1 000) ( x 1 00)/mm2 

Tiritea 8.75 a 1 1 .70 a 40. 1 7  a 231 .0 a 
DominolTi ritea 7.65 b 1 2 . 1 0  ab 34 .95 cd 22 1 .3 a 
OtanelTiritea 7.63 b 1 2 .47 bc 36 .82 b 230.2 a 

Otane 7.42 b 1 2 .45 bc 37.41 b 207.5 b 
BriscardITiritea 7.00 be 1 3.21  cd 34.24 cde 200.2 be 

RuapunaITiritea 6.40 cd 1 2 .95 cd 35 . 1 1  c 1 93.3 c 

Domino/Otane 6. 1 0  de 1 2 .80 bed 34.87 cd 1 97.4 bc 

RuapunalOtane 5 .58 ef 1 3. 32 de 33.95 ef 1 9 1 .2 c 
Briscard/Otane 5.26 f 1 3 .05 cd 34.57 cde 22 1 .2 a 
RuapunaiDomino 4.85 fg 1 3 .07 cd 34.40 cde 1 7 1 .6 d 
Domino 4.25 gh 1 3.45 de 33.85 efg 1 68.6 d 

Ruapuna 4. 1 7  gh  1 4.83 gh  33.69 efg 1 77.3 d 
BriscardiRuapuna 4. 1 0  h 1 4.30 fg 33. 1 6  fg 1 90.9 c 

Briscard 3.65 h 1 5. 1 0  h 34.20 de 1 67.5 d 

BriscardiDomino 3.65 h 1 3 .95 ef 33 .06 g 1 52 .8 e 

Means with the same letter with in the column are not significantly different ( P=0.05) 

01 01 



Table 58. Duncan's multiple ranges of five cultivars and their progenies for four components of resistance inoculated 
with stripe rust pathotypes 1 1 1  E 1 43A-

Cultivar I nfection Type Latent Period Pustu le Size Pustule Density 
(scale 0-9) (days) (mm2 x 1 000) ( x 1 00)/mm2 

Ti ritea 9.00 a 1 1 .67 a 44.40 a 231 . 1 0  a 
BriscardITi ritea 8 . 1 7 ab 1 1 .75 a 38 .44 de 21 5.89 ab 
OtanelTiritea 8 . 1 1 ab 1 1 .89 a 42 . 1 8  abc 2 1 2. 1 6 abc 
Otane 7.67 be 1 2 . 1 7 a 42 .27 ab 1 86.03 defg 

BriscardiOtane 7.50 bcd 1 2.40 ab 39.65 bcde 22 1 .94 a 

RuapunaITiritea 7.42 bcde 1 2.42 ab 41 .02 abcd 2 1 2.71  abc 
RuapunalOtane 7. 1 7  bedef 1 2.27 ab 39.37 bede 1 87.28 defg 
DominolTiritea 7.08 edef 1 2 .00 a 38.40 de 201 .39 bcd 
Briscard 7.00 cdef 1 3 .27 e 38.92 cde 1 72.79 9 
Domino/Otane 6.50 defg 1 2 .25 ab 39.32 bcde 1 90.64 defg 
Ruapuna 6.42 efg 1 3.50 e 37.33 e 1 82.35 defg 
Domino 6. 1 8  fg 1 3 .00 bc 36.85 e 1 77.62 fg 

BriscardiDomino 5 .75 9 1 2. 1 7  a 38.95 cde 1 95. 1 5  cdef 

RuapunaiDomino 5 .75 g 1 2.33 ab 37.30 e 1 80.36 efg 
BriscardiRuapuna 5 .67 9 1 2 .25 ab 39.29 bcde 1 99.29 bede 

Means with the same letter within the column are not sign ificantly different (P:::0.05) 

(}J (j) 



Table 59. Duncan's mu ltiple ranges of five cu ltivars and their progen ies for fou r components of resistance inoculated 
with stripe rust pathotype 232E 1 37 A-

Cultivar Infection Type Latent Period Pustule S ize Pustule Density 
(scale 0-9) (days) (mm2 x 1 000) ( x1 00)/mm2 

Tiritea 8.92 a 1 1 .00 a 37.81  a 228. 1 0  a 
BriscardITiritea 8.25 b 1 1 .25 abe 33 .64 be 2 1 3.82 abc 
OtanelTi ritea 8.09 be 1 1 . 1 8  ab 33.72 be 22 1 .62 ab 

Briscard 7.73 cd 1 2.09 defg 33.02 bede 1 75.38 9 
BriscardiOtane 7.67 cde 1 2. 1 7  efg 33.25 bcd 1 85.37 efg 

Otane 7.64 ede 1 1 .55 abed 33.71 b 204.49 bede 
BriscardiRuapuna 7.58 cde 1 1 .75 cdef 31 .67 fgh 1 96.78 edef 

Domino 7.56 ede 1 1 .56 abed 32.03 efg 1 78.90 fg 
RuapunaiDomino 7.46 de 1 1 .27 abe 30.57 ij 21 0.49 abed 

RuapunalTiritea 7.46 de 1 1 .09 ab 29.97 j 208.45 bed 

Domino/Otane 7.36 de 1 1 .64 bcde 32 .36 def 1 94 .72 cdefg 

RuapunalOtane 7.25 de 1 1 .25 abc 32.96 bcde 206.08 bed 

DominolTiritea 7. 1 1  ef 1 1 .60 bcd 3 1 .27 gh i  1 9 1 .71  efg 

Ruapuna 6.73 fg 1 2.37 9 32 .67 ede 203.46 bede 
BriseardiDomino 6 .44 9 1 2 .22 fg 3 1 .3 h i  1 93.92 cdefg 

Means with the same letter with in the column are not significantly different ( P=0.05) 



Table 60. W/Vr regression equations and basic array statistics for stripe rust resistance in five cultivars of wheat 

character1 isolate regression equation F-test Vp 
- - V-Vr Wr r 

IT 1 06E1 39A- W =  r 1 . 1 0 + 0.98 Vr 75.73 **2 5 . 1 3 1 .49 2.55 1 .28 
1 1 1  E 1 43A- W =  r 0.37 + 0.67 Vr 73.05 ** 1 .20 0.54 0 .78 0.48 
232E1 37A- W =  r 0 . 1 0  + 0.34 Vr 0.45 ns 0.59 0.29 0.20 0.09 

LP 1 06E 1 39A- W =  r 0.37 + 1 .06 Vr 1 64.58 ** 2. 1 4  0.43 0.87 0.35 
1 1 1  EA43A- W =  r 0.09 + 0.48 Vr 1 1 .40 ** 0.59 0. 1 3  0. 1 7  0.04 
232E1 37A- Wr = -0. 1 0  + 1 .27 Vr 46.99 ** 0.27 0 . 12  0 .08 0.05 

PS 1 06E1 39A- Wr = 1 .03 + 1 .00 Vr 246.88 ** 8.1 0 1 .84 2 .93 1 . 1 0  
1 1 1  E 1 43A- Wr = 0.87 + 1 . 1 0  Vr 1 2.58 ** 9.23 1 .48 3.27 1 .06 
232E 1 37A- Wr = -0.39 + 0.73 Vr 1 0.02 ** 5 . 1 9 2.44 1 .43 0.69 

PO 1 06E1 39A- Wr = 9 1 . 70 + 0.77 Vr 38.58 ** 762.59 402.50 41 4.76 233.80 
1 1 1 E 1 43A- Wr = 1 48.00 + 0 .24 Vr 0.50 ns 5 1 9 .75 1 68.68 1 90 .25 9 1 .67 
232E1 37A- W( =-1 4.50 + 1 .28 V( 1 0.88 ** 428.81 1 1 2.72 1 67.85 60. 1 1 

1 I nfection Type, Latent Period, Pustule Size and Pustule Density, respectively 
2 ns : not sign ificant ** : significant at P == 0.01  



Table 61 . Genetic statistics for striQe rust resistance in five cultivars of wheat 
1 06E1 39A-

statistics Infection T:iQe Latent Period Pustu le Size Pustule Densi� 
Wr + Vr ** ns ** ** 

Wr - Vr ns ns ns ns 
t-test(f3 - 1 )  4 . 1 3  * *  3.71 ** 0.32 ns 2.24 .. 
D 5 .08 2.02 7.77 71 6.05 
H I -0.25 -0.31 3.02 468.95 
H2 0.70 0.38 2.95 695.59 
F 0. 1 6  0.67 4.09 - 1 89.69 
.[(H /D) 0.62 0.81 
uv -0.72 -0.30 0.25 0.37 
0.5F II'[D(H 1  - H2)] 2 .92 
dom.lrec. genes 2.46 0.72 
h2BS 90% 67% 90% 87% 
h2NS 83% 52% 65% 57% 
r (Pr , Wr + Vr) -0.71  0.82 0.98 -0.53 
if A I if!) 1 4.52 1 0.76 5.26 2 .06 
K (effective factors) 0. 1 8  1 .56 2.84 0.25 
Epoo, 0.26 0 .21  0.29 79.06 
Eparants 0. 1 1  0. 1 7  OAO 66.31 
Eb�bddS 0. 1 1  0.23 0.20 8 1 .66 

ns : not Significant ** : significant at P = 0.01 
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Table 62. Genetic statistics for stripe rust resistance in five cultivars of wheat 
1 1 1  E 1 43A-

statistics Infection Type Latent Period Pustule Size 
Wr + Vr ns ns (*) 
Wr - Vr ns ns ** 
t-test(p - 1 )  0. 1 8  ns 0.75 ns 0.00 ns 
0 1 .23 0.47 6 .71  
H I -0 .02 0.38 - 1 .04 
H2 0 .0 1  0 .31  -0.04 
F -0.67 0.38 2.35 
,"(H /D) 0.89 
uv -0. 1 0  0.21 0 . 1 0 
0.5F I.[[D(H 1 - H2)] 1 . 1 1 
dam .tree. genes 2.63 
h2

BS 84% 60% 5 1 %  
h2

NS 84% 30% 53% 
r (Pr , Wr + Vr) 0.06 0.77 0.65 
ifA / ifo 400.03 3.00 -33.51 
K (effective factors) 46.79 3.90 2.41 
EpooJ 0. 1 7  0. 1 1  1 .72 
Eparents 0.06 0 . 1 7 3.37 
Eh¥bddS 0 . 1 8 0.04 1 .04 

ns : not significant (*) and ** : significant at P = 0. 1 0  and P = 0.01 , respectively 

Pustu le Density 
ns 
ns 
1 .92 (*) 

499.22 
275.36 
1 84.83 
253.85 

0.74 
0. 1 7  
0.60 
2.04 
77% 
60% 

-0.39 
5 .40 
2 .96 

65.54 
53 .30 
75 .76 

m o 



Table 63. Genetic statistics for striQe rust resistance in five cultivars of wheat 
232E1 37A-

statistics Infection T�Qe Latent Period Pustu le Size Pustu le Density 

Wr + Vr ns ns ** (*
) 

Wr - Vr ns ns ** ns 
t-test(p - 1 )  1 .29 ns 1 .42 ns 1 . 1 7  ns 0.72 ns 
0 0.59 0.27 5.22 429.97 
H ,  0.84 0.31 8.82 46.85 
H2 0.69 0. 1 9  6.64 81 . 1 0  
F 0.39 0.2 1 4.71 1 87.62 
I(H ,ID) 1 .20 1 .08 1 .30 0 .33 
uv 0.20 0. 1 5  0. 1 9  0.43 
0.5F I.[[D(H , - H2)] 0.65 0.59 0.70 
dom./rec. genes 1 .78 2. 1 7  2.07 4.90 
h2

BS 88% 73% 94% 64% 
h2NS 44% 48% 42% 54% 
r (Pr ' Wr + Vr) 0.75 0.88 0.96 0 . 1 1 
ifA l ifD 1 .71  2.83 1 .57 1 0.60 
K (effective factors) 0.35 0.60 0.02 0.88 
Epoo, 0.05 0.05 0. 1 8  69.45 
Epal'9nts 0.03 0.02 0.07 33.57 
Eb�bddS 0.60 0.06 0.23 85 .54 

ns : not significant (*) , * and ** : significant at P = 0 . 1 0, 0.05 and 0.0 1 , respectively 

-L 
en 



4.0 
/\ 

3.5 .8= 0.98 ±0. 1 1  

3.0 

2.5 

?;'" 2.0 

1 .5 

1 .0 

0.5 

R2 = 0.96 

Pathotype 1 06 E 1 39A-

0.0 L--_�_�_�_�_�_�_��� 
0.5 1 .0 1 .S 2.0 2.5 3.0 3.5 4.0 

1 .4 
II 

1 .2 f3= 0.67 ±0.08 

R
2 

= 0.96 

1 .0 

0.8 

0.6 

0.4 

0.2 
Pathotype 1 1 1  E 1 43A-

0.0 '------------'---""""'-----
0.2 

0.8 

II 0.7 f3= 0 .34 ±0.S 1 

0.6 R
2

= 0. 1 3  

0.5 

0.4 

� 0.3 

0.2 

0.1 

0.0 

-0.1 

0.4 

2 
• 

0.6 0.8 1 .0 1 .2 1 .4 

Pathotype 232E 1 37 A-
-o.2
�-�-
------------�------�---0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Fig .  1 5 . The WIVr graphs of infection type 
from crosses of f ive cultivars of wheat (1 = 
Briscard,  2= Domino ,  3= Dtane, 4= Ruapuna 
and 5= Ti ritea) in  response to th ree 
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Fig .  1 9 . W!Vr g raph for i nfection type between 
parents comparing the F1 (e) and F2 (*) d ia l le ls of 5 x 
5 dial le l  crosses (1  = Briscard,  2= Domino, 3= Otane , 
4= Ruapuna,  5= Ti ritea) , i nfected with stripe rust 
pathotype 1 06E1 39A-
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c rosses (1 = Briscard ,  2= Domino, 3= Otane , 4= 
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Table 64. M ean squares of general and specific combining abi l ity for four components of resistance to stripe 
rust pathotype 1 06 E 1 39A-

S.O. V. df 

Error 233 

IT 

9. 1  •• 

0.2 ·· 

0 .03 

0 . 99 

0.99 

0.98 

MS1 

lP 

2.9 ·· 

0.2 ·· 

0.03 

0.97 

0.99 

0.96 

PS PD 

9.3  ow 
1 555.8 •• 

1 .2 ·· 
1 99.5 •• 

0.1  1 2.6  

0.94 0.94 

0.99 0.99 

0.94 0.94 

Table 65. Mean squares of general and specific combining ability for four components of resistance to stripe 
rust pathotype 1 1 1  E 1 43A-

S .O.V. 

SCAa 

Error 

df 

4 

1 0  

1 50 

MS1 

IT lP 

3 .0 ·· 0.5 ·· 

0.2 ·· 0.2 .. 

0.03 0.02 

0.97 0.83 

0.99 0.98 

0.96 0.82 

PS PD 

1 1 . 1  .. 707.3 ·· 

1 .3 ** 1 5 1 .6 •• 

0.4 1 6.4  

0 .95 0.90 

0.98 0.99 

0 . 93 0.89 

Table 66. M ean sq uares of general and specific combining abi l ity for four components of resistance to stripe 
rust pathotype 232 E 1 37A-

S.O.V. df 

E rror 1 50 

MS1 

IT 

0 .7 ·· 

0.2 ·· 

0. 03 

0.88 

0.98 

0 .86 

LP PS 

0.4 •• 5.3 •• 
0 . 1  .. 2.6 .. 

0.03 0. 1 

0 .89 0.80 

0 .97 0.99 

0 .86 0 .80 

1 Mean Squares of Infection Type ,  latent Period, Pustule Size and Pustule Density 
2 General Combining Abil ity 
3 Specific Combining Ability 
4 2M SGci(2MSGCA + MSscA) 
5.6 broad- and narrow sense heritabil ity, respectively 

PD 

555.4 --

87.4 ns 

48.7 

0 . 93 

0.96 

0 .89 
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Table 67. Estimates of general combin ing abi l ity (diagonal) and specific combining abil ity 
(above diagonal) for infection type to stripe rust pathotype 1 06E1 39A-

Briscard Domino Otane Ruapun a  Tiritea 
Briscard - 1 .04** -0.53** -0. 1 6ns 0. 1 4ns 0.62** 
Domino -0.55** 0.20ns 0.39** 0.78** 
Otane 0.69** -O. 1 1 ns -0.48** 
R uapuna -0.76** -0.26* 
Tiritea 1 .66** 

S .E·GCA=0.0390 S.E·scA=0. 1 01 1 

Table 68. Estimates of general combining abil ity (diagonal) and specific combin ing ability 
(above diagonal) for infection type to stripe rust pathotype 1 1 1  E 1 43A-

Briscard Domino Otane R uapuna Tiritea 
B riscard -0. 1 5** -0.45** 0.27* -0.73** 0.35** 
Domino -0.67** -0.20ns -0. 1 3ns -0.22n5 
Otane 0.35** 0.26* -0.21 n5 
Ruapuna -0.47** -0.08ns 
Tiritea 0 .95** 

S . E·GCA=0.0400 S.E ·sCA=0. 1 055 

Table 69. Estimates of general combin ing abi l i ty (diagonal) and specific com bin ing abil ity 
(above diagonal) for infection type to stripe rust pathotype 232E 1 37 A-

Briscard Domino Otane R uapuna T i ritea 
Briscard 0.02n5 -0.87** 0.06ns 0.32** 0 . 1 9** 
Domino -0.26** 0.02ns 0 .46** -0 .67** 
Otane 0.05* -0.05ns -O.OOns 
Ruapuna -0.30** -0.28** 
Tiritea 0.49** 

S .E·GCA=0.021 0 S .E·scA=0.0561 

Table 70. Estimates of general combining abil ity (diagonal) and specific combining abi l ity 
(above diagonal) for latent period to stripe rust pathotype 1 06E1 39A-

Briscard Domino Otane Ruapuna Tiritea 
Briscard 0.74** 0.05ns -0.52** -0.24* -0.02ns 
Domino -0. 1 0** 0.07n5 -0.63** -0.29** 

Otane -0.42** -0.05ns 0.41 ** 
R uapuna 0.54** -0.08ns 
T i ritea -o.n** 

S .E·GCA=0.0350 S .E·SCA=0.0930 
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Table 71 . Estimates of general combining abil ity (diagonal) and specific com bin ing abi l ity 
(above diagonal) for latent period to stripe rust pathotype 1 1 1  E 1 43A-

Briscard Domino Otane R uapuna Tiritea 
B riscard 0. 1 4** -0.42** 0 .05ns -0.55** -0.35** 
Domino 0.09* -0.05ns -0.42** -0.05ns 
Otane -0. 1 4** -0.25* 0.07ns 
Ruapuna 0.31 ** 0 . 1 5ns 

T i ritea -0.39** 

S . E·GCA=0.0320 S.E·scA=0.0849 

Tab le 72. Estimates of general combining abi l ity (diagonal) and specific combining abi l ity 
(above diagonal) for latent period to stripe rust pathotype 232E1 37 A-

Briscard 
Domino 
Otane 
Ruapuna 

Tiritea 

S.E·GCA=0.0220 

Briscard Domino 
0.28** 0.30** 

0.04ns 

S. E'sCA =0.0572 

Otane Ruapuna Tiritea 

0.33** -0.20** -0.28** 
O.04ns -0.44** 0.32** 

-O.04ns -0.38** -0.03ns 
0.07** -0.23** 

-0.35** 

Table 73. Estimates of general combining abil ity (diagonal )  and specific combining abil ity 
(above diagonal) for pustule size to stripe rust pathotype 1 06E 1 39A-

B riscard 
Domino 
Otane 
Ruapuna 

T i ritea 

B riscard Domino 
-0.91 ** -0.31 ** 

-0.68** 

S.E ·sCA=0. 1 067 

Otane 
-0.24* 
-0. 1 6ns 
0 .75** 

Ruapuna Tiritea 
-0.07ns - 1 .49** 
0.95** -0.97** 

-0.94** -0.57** 
-0.83** -0.70** 

1 .67** 

Table 74. Estimates of general combining abil ity (diagonal) and specific com bin ing ability 
(above diagonal) for pustule s ize to stripe rust pathotype 1 1 1  E 1 43A-

Briscard 
Domino 
Otane 
Ruapuna 
Tiri tea 

Briscard 
-0.45** 

Domino 
1 .23** 

- 1 .38** 

Otane 
-0.56ns 
0 .04ns 
1 . 1 0** 

Ruapuna Tiritea 
1 .00** -2.2 1 ** 

-0.06ns - 1 .32** 
-0.48ns -0 .02ns 
-0.81 ** 0.74ns 

1 .54** 
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Table 75. Estimates of general combin ing abi l ity (diagonal) and specific combin ing abil ity 
(above diagonal) for pustule s ize to stripe rust pathotype 232E 1 37 A-

B riscard Domino  Otane Ruapuna Ti ritea 
B riscard -0 .02ns -0.66** 0. 1 2ns -0. 1 9ns 0 . 1 4ns 
Domino -0.92** 0. 1 4ns -0.3B** - 1 .60** 
Otane 0.52** 0.56** -0.90** 
R uapuna -0.75** -3 .07** 

Tiritea 1 . 1 7** 

S ·E .GCA=0.0420 S.E·SCA=0.1 092 

Table 76. Estimates of general com bining abi l ity (diagonal) and specific combining ability 
(above diagonal) for pustule density to stripe rust pathotype 1 06E 1 39A-

Briscard Domino Otane Ruapuna Tiritea 
Briscard -9.75** - 1 9.59** 23.BO** 1 5.45** -4.57* 
Domino - 1 2.66** 2 .94ns -0.95ns 1 9. 3B** 
Otane 1 2.3 1 ** -6.2B** 3.37ns 
Ruapuna -9.64** - 1 1 . 63** 
Tiritea 1 9. 73** 

S .E·GCA=0.6720 S. E·SCA=1 .7624 

Table 77. Est imates of general combining abil ity (diagonal) and specif ic com bin ing abil ity 
(above diagonal) for pustule density to stripe rust pathotype 1 1 1  E 1 43A-

Briscard Domino Otane R uapuna Tiritea 

B riscard - 1 .26ns 7.76*" 25.BO** B.B2** 2 .56ns 
Domino -9. 1 3** 2.36ns -2.25ns -4.07ns 
Otane -0.37ns -4.0Bns -2.06ns 
Ruapuna 6.05** 4 . 1 7ns 
Tiritea 1 6.B1 ** 

S .E·GCA=0.7900 S.E·SCA=2.071 6 

Table 78. Estimates of general combin ing  abi l i ty (diagonal) and specific combining abi l i ty 
(above d iagonal) for pustule density to stripe rust pathotype 232E 1 37 A-

Briscard Domino Otane Ruapuna Tiritea 
B riscard -9.24** 1 0.37** -7.91 ** 1 .79ns 9.B2** 
Domino -B. 1 0** 0.29ns 1 4.36** - 1 3.44** 

Otane 1 .64ns 0.21 ns 6.74** 

Ruapuna 3.35** -B. 1 3** 

Tiritea 1 6.35** 

S . E·GCA=0.B 1 30 S· E.sCA=2 . 1 325 
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4.5. Nonspecific glasshouse generation means 

To study inheri tance of i nfection type and latent period, the s ix generations, 

involving P" P2, F, .  F2, BC, and BC2 of ten crosses were tested with common pathotype 

( 1  06E 1 39A-) in glasshouse. Pustule size and pustule density were d ifficult to measure 

because the number of plants were great, so only infection type and l atent period are 

presented. 

4.5. 1. Infection type 

4.5. 1. 1. Briscard x Tiritea 

There were differences among generations (Table 79) , with the mean of infection 

type for Briscard ,  Tiritea and the F, being 3.7, 8.8 and 7.0 respectively. (Table 79) . The 

degree of dominance was 0.29 toward the susceptible parent, Tiritea. The frequency 

d istribution of infection type for F 2 plants was contin uous and skewed toward the 

susceptible parent. Transgressive segregation was observed in F2 plants in both 

d i rections , also in the backcrosses, towards the recurrent parent ( Fig. 21 ) .  Broad sense 

and narrow sense heritabil ities were 0.80±0.08 and 0.52±O.03 respectively (Table 80) .  

Genetic advance, assuming the top 1 % of  segregating F2 plants were selected for 

resistance, from this cross was 2.20 (Table 80) . The estimate of min imum number of 

genes control l ing resistance was calculated with d ifferent formu la (Table 81 ) ;  the ran ge 

of them was 1 .�+O.30 - 1 .9±0.28. 

The resu lts of generation m ean analysis showed that the x
2 

of the th ree

parameter model is significant, suggesting the presence of epistasis i n  this cross (Table 

82). To f ind the type of epistasis, the six-parameter model showed that the [i] and [j] are 

sign ificant at 1 0% probabil ity level .  By USing al l  possibles model, the five-parameter 

model i nvolving m , [dJ, [h], [j] and [I] fitted the best. The X2 of this model was not 

significant even at 5% probabil ity level, indicating the adequacy of the model (Table 82) . 
Two fou r-parameter models cou ld be f itted but their X2 were highly significant (Table 82) . 

The components of variation were estimated from six generations (Table 83) . The 

heritable variance comprises two parts, the D component depending on the d's which 

measure the departure of homozygote from the mid-parent and the H component which 

depends on the h's measuring the departure of heterozygote from the mid-parent 
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(Mather and J inks, 1 977) . For this cross the values of 0 and H were 2 .70 and 2.60, 

respectively. The dependant contri bution of d and h over all loci (F)  was +2 . 1 1 .  I f  the F 

value  is positive, the genes from the h igher scoring (susceptible) parent, are 

preponderantly dominant. I n  th is cross the genes from the T i ritea were preponderantly 
dominant , as the comparison of F 1 mean with mid-parent had already suggested .  The 
estimate of average dominance of the genes, (O/H) 1I'2, was 0 .98 which agrees with the 

relatively high l evel of dominance suggested by the analysis of the means. The ratio 

F/(O*H) 1 1'2 was 0.80. If hid, the measure of dominance, is constant in both magnitude and 

sign for all the gene-pairs involved, the F value wil l be equal to (D* H) 11'2, and the ratio wil l 

be close to one. Variation in hid results in F fal l ing compared with (D*H) 11'2 and the 

g reater the variation the greater the short fall (Mather and J inks,  1 982) .  

4.5. 1.2. Ruapuna x Tiritea 

The F-test showed that diHerences among generations are highly s ignificant 

(Tabl e 79). All generations, except F1 and F2 were in different g roups (Table 79) . The 

m ean infection types for Ruapuna and Tiritea were 4.2 and 8.8, respectively and the 

m ean infection type of the F1 was 6.4 (Table 79) . The degree of dominance was 0 .04 for 

the resistant parent, indicating that the F1 was i n  the midparent position . The F2 
d istribution of infection type was continuous and skewed toward the susceptib le parent 
( Fig. 2 1 ) .  The frequency distributions of both backcrosses were also continuous . 
Transgressive segregation was observed in the F 2 plants i n  both directions and toward 

the resistant parent for the backcross to the resistant parent. I t  can be concluded that 
the susceptible parent, Ti ritea, may have gene(s) to contribute sl ightly to low infection 

type. Broad sense and narrow sense heritabil ity for this cross were 0.84±O. 1 0  and 

0.43±0.08 ,  respectively (Table 80) .  The genetic advance was 1 .52 (Table 80) . The 

number of gene was estimated from 1 .3±O. 1 8  to 1 2 . 1 ±3.6 (Table 81 ) .  

The resu lt o f  the generation means revealed that only the additive part i s  

s ignificant and there was noth ing else beyond the additive model (Table 82) . Al l  possible 

m odels were fitted and they agreed i n  this matter. The X2 was not sign ificant for any of 
them, indicating  the adequacy of the additive model .  Al l  components of variation are 

presented i n  Table 83. The 0 and H values were 1 .54 and 2 .97, respectively. The F 

value was negative, indicating those gene from the resistant cultivar, Ruapuna, were 

d ominant which was supported by the deviation of the F 1 mean from the mid-parent. The 
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i mportance of dominance can be seen in the ratio  (H/D)1t2 which was 1 .39. The ratio of 
F/{D*H )  112 was 0.39, indicating some genes i n  Ruapuna were recessive to their alleles 

f ro m  Tiritea. 

4.5. 1.3. Domino x Tiritea 

The F-test showed that all generations had sign ificant differences (Table 79). The 
degree of dominance was 0.5 1 toward the susceptible parent by using the means of 

infection type for Domino (4 .3), Tiritea (8.8) and the F1 (7 .7) .  The distribution of F2 plants 
for infection type was continuous and skewed toward Tiritea (Fig. 2 1 ) . Transgressive 
segregation was observed in the F 2 distribution in both d i rections, and in each 

backcrosses towards the recu rrent parent (Fig 2 1 ) .  The broad sense and narrow sense 

heritabi l it ies were 0.86±O.2 1 and 0.66±O. 1 8, respectively (Table 80) . The genetic 

advance was relatively h igh (Table 80). The range of the number of genes was f ro m  
1 .6±O. 1 7  to 3±O.68 (Table 8 1 ) .  

The  results of generation mean analysis for this cross showed that the X2 o f  the 

th ree-parameter model was signif icant, suggesting the presence of non-al lel ic  i nteraction 

(Table 82). The s ix-parameter model was fitted, but neither [i] , OJ and [I] components nor 

[h]  was sign ificant. Then other  models were fitted and the best model for  this cross was 
m, [d] , [h] and [j). The X2 of th is model was not signif icant, showing the adequacy of the 

model. Also another five-parameter model - m, [d], [h] , [i] and [j] - could be fitted but in 

contrast with the four parameter model had an increase in standard error (Table ) .  

Estimates o f  components o f  variation are presented i n  Table 83. The D value was more 

than the H value,  then the average dominance 0.79, ind icating  importance of dominance. 

The F value was positive, i ndicating that genes in the Tiritea, susceptible parent, were 

dominant which had agreement with the deviation of F 1 from mid-parent. The ratio 

F/{D*H) 112 was 0.43, suggest ing some genes in Domino must be recessive to their al leles 

f ro m  Domino. 

4.5. 1.4. Otane x Tiritea 

The differences among generations are shown in  Table 79. The mean of each 

parent was in a different g roups. The mean i nfection types of Otane,  Tiritea and the F, 

were 7 .4 ,  8.8 and 7.6, respectively (Table 79). There was no statistical s ignificant 
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d ifference between Otane and the Fp suggesting ful l  dominance for lower infect ion type, 
(Table 79) . The frequency of the F2 was skewed toward susceptibi l i ty (F ig .  2 1 ) . 

Transgressive segregation was obseNed in  F 2 plants and in  the backcross with Otane 
towards resistance, ind icating both parent have gene(s) for resistance; whereas for the 
backcross with Ti ritea, i t  was towards susceptibi l i ty (Fig. 2 1 ). The broad and narrow 

sense heritabi l iti es were 0 .74±0.06 and 0.6 1 ±O.02 ,  respectively (Table 80) . The genetic 

advance was 1 .55 (Table SO) and the number of genes was less one (Table 8 1 ) .  

The results of  the generation means showed that the X2 of th ree-parameter model 

was signif icant, indicat ing the presence of digenic interactions. By using the s ix

parameter model ,  all i nteractions were sign ificant, so the six-parameter as the best 

model to be fitted in this cross (Table 82). Components of variation are presented in  

Table 83 .  The additive part (0)  was greater than dominance part (H) .  This can be seen 

in average dominance which was 0.65 .  The negative value of F indicated that genes in  

Otane were dominant and dominance was constant i n  s ign and magnitude i n  d ifferent 

loci which was supported by the h igh value of the ratio F/(O*H ) 'I2 .  

4.5. 1.5. Briscard x Otane 

The F-test was sign if icant (Table 79). Briscard and its backcross were i n  the 

same group whereas other generations were in d i fferent groups (Table 79). The mean 

infection types of Briscard , Dtane and the F, were 3.7 , 7.4 and 5 .3, respectively . The 

degree of dominance, according to the deviation of the F, from the m idparent, was 0. 1 4  

towards the resistant parent. The F2 distribution was skewed toward Otane and both 

backcrosses were skewed toward the their recurrent parents (Fig .  2 1 ) .  I n  the F2 

population , transgressive segregation was obseNed i n  both d i rections. indicat ing both 

parents contribute towards both resistance and susceptibi l ity. The backcrosses showed 

transgressive segregation toward recu rrent parents (Fig. 2 1 ) . The heritabi l i ty was 

0.87±0. 1 2  and 0.S6±0. 1 4  for broad and narrow sense, respectively (Table 80). The 

h ighest genetic advance was obseNed in this cross (Table 80) . The number of genes 

were estimated from 0.4±0.97 to 2.S±2 . 1  (Table 8 1 ) .  

I n  generation mean analysis the X2 of the three-parameter model was significant, 

ind icating the presence of d igenic interaction (Table 82). The dominance, [h] ,  and 

dominance x dominance i nteraction, [I] components were not significant in the six-
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parameter model.  Because [h] was signifi cant in the three-parameter m odel ,  on ly [I] was 

omitted . The five-parameter model involving  m ,  [d], [h] ,  [i] and OJ was the best model and 

its X2 was not s ignificant, indicati ng of the adequacy of this model , whi le  the X2 of all four

parameter m odels and one five-parameter model - m ,  [d] ,  [h] , OJ and [I] - was significant 
(Table 82) . The components of variation are presented in Table 83. The additive part 

was much g reater than the dominance part and average dominance was 0 . 1 9 wh ich is 

low. The F value was -0. 1 9 , indicating that genes from the resistant parent, Briscard, 

showed dominance but some genes in B riscard must be recessive to the i r  alleles from 
Otane, due to low value of the ratio F/(O*H ) '12 . 

4.5. 1.6. Ruapuna x Otane 

There were differences among generations (Table 79). The mean i nfection types 

of R uapuna, Otane and the F , were 4.2, 7.4 and 5 .6 ,  respectively (Table 79).  The degree 

of dominance was 0.03 toward Ruapuna, indicating no dominance. The f requency 

distri bution of infection type for F2 plants was continuous and normal (F ig .  2 1 ) .  

Transgressive segregation was obseNed i n  both directions, indicating both parents have 

gene(s) for resistance and susceptibi l i ty. Transgressive segregation was also observed 

in both backcrosses toward their recurrent parents ( Fig. 2 1 ) . The b road sense and 

narrow sense heritabi l ities were 0.79±0. 1 6  and 0.65±O. 1 1  respectively (Table 80) . The 
genetic advance was 2.64 which is relatively h igh (Table 80) and the number of genes 

was less than one (Table 81 ) .  

I n  generation mean analysis, the X2 of the three-parameter model was sign ificant 

(Table 82) ,  ind icating the presence of d igenic i nteraction . The six-parameter model 

showed that only the [i] is significant. By f i tting all possible models, it was observed that 

the four-parameter model involving m ,  [d] , [h] and [i] is the model that fitted best. The l 
of this model was not significant even at the 5% probabil i ty level ,  indicating the adequacy 

of the mode l ,  whereas the l of another four-parameter model - m ,  [d] , [h] and [I] - was 

s ign if icant (Table 82) .  Al l  components of variation are presented in  Table 83. The D and 

H values were 3 .06 and 1 .28, respectively. The average dominance was 0.65, which 

show the i mportance of dominance. The F value was negative, indicating Ruapuna 

showed dominance which was supported by  the  deviation o f  the F ,  from the  m id-parent. 

The ratio F/(O*H) '12 was 0.22, i ndicatin g  dominance was not constant in sign and 

magn itude. 
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4.5. 1. 7. Domino x Dtane 

The F-test showed significant differences among generations (Table 79) . The 

mean infection type for Domino, Otane and the F, were 4.3, 7 .4 and 6 . 1 , respectively 

(Table 79) . The degree of dominance was 0. 1 6  towards the suscept ib i l ity of Dtane. The 
d istri bution of the F2 and both backcrosses was continuous (F ig.  2 1 ) .  Transgressive 

segregation was observed in both d i rections in the distribution of F2 and both 

backcrosses (Fig. 21 ) .  The broad and narrow sense heritabil it ies were 0.80±0.24 and 
0.63±0.21 , respectively (Table 80) and the genetic advance was 2 .66 which is relatively 

h igh (Table 80) .  The range of number of genes was from 0 .2±O.99 to 1 .2±1 . 1  (Table 81 ) .  

I n  generation mean analysis ,  the X2 of  the th ree-parameter model was not 

signif icant and only the additive component was sign ificant (Table 82) ,  which was also 

observed in six-parameter model .  By fitting all possible models, two four-parameter 
models showed that they were the best. The fi rst one involved m ,  [d] , [h] and [i] , and the 

second one involved m, [d] , [h] and [I] .  I n  both cases the X2 was not s ignif icant, i ndicating 

the adequacy of  the models. The components of  variation are presented in Table 83. 

The 0, H values and (H/D) '12 were 1 .32 0.40 and 0.55, respectively. This indicating that 

the additive component was more important than dominance component. The F value 

was negative which was not in agreement with the deviation of the F ,  from the m id

parent. This indicated that Domino had dominant al leles; and dominance was constant 

over m ajority of loci in sign and magn itude which was supported by the high value of the 

ratio F/( D*H) 'I2. 

4.5. 1.8. Briscard x Domino 

Differences were observed among al l  generations (Table 79) . The means 

infection types for Briscard ,  Domino and the F, were 3.7, 4.3 and 3.7, respectively (Table 

79) . There was fu l l  dominance for Briscard. The F2 distribution was continuous and 

transgressive segregation was observed on both d irections in the d istribution of the F2 
and i n  both backcrosses (Fig. 2 1 ). The broad sense and narrow sense heritabil it ies were 

0.72±0. 1 5  and 0 .85±O.22, respectively and genetiC advance was 2 .27 (Table 80) . The 

n umber of genes was less than one (Table 81 ) .  

The results of the generation means showed that the X2 of the th ree-parameter 
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model was not significant, ind icati ng adequacy of additive-dominance model (Table 82) .  

By  using the s ix-parameter model , on ly the additive part was sign ificant, suggesting that 
the additive model is appropri ate. This was confi rmed by using the two parameter model . 

Al l  components of variation are presented in Table 83. The additive value was greater 
than the H value and average dominance was 0.42. The negative value of F indicated 

B riscard showed dominance which is correspond with analysis of means, but it was not 
constant in  sign and magnitude and some genes in Briscard must be recessive to the i r  

a l le les i n  Domino. This was supported by the low value o f  F/(D*H) 112. 

4.5. 1.9. Ruapuna x Domino 

The F-test showed no differences among generations (Table 79) . The 

d istributions of the F2 and both backcrosses was continuous and normal (Fig. 2 1 ) .  

Transg ressive segregation was observed i n  both d i rections i n  the F2 and backcrosses 

as wel l .  Broad sense and narrow sense heritabi l ity were 0.41 ±O.1 1 and 0.37±O.09 

respectively and the genetic advance was 1 . 1 0  (Table 80) . The n umber of gene was less 

than one (Table 8 1 ) .  

I n  the generation mean analysis, the X2 o f  the th ree-parameter model and the 
additive component were not sign ificant, indicating dominance model was adequate 

(Table 82) . This was also seen in the six-parameter model .  The components of variation 

are presented in Table 83 . The additive part was greater than dominance part and 

( HID) 112 was 0.49. The F was +0.09, indicating Domino showed dominance, but it was 

not constant i n  sign and magnitude. This was supported by low value of F/(D*H) 112. 

4.5. 1. 10. Briscard x Ruapuna 

The analysis of variance was signif icant at 5% level of probabi l ity, ind icating at 

least differences between two generations (Table 79) . B riscard and the backcross with 

Ruapuna were significantly different, but the other generations ovenapped (Table 79) .  

The mean infection types for B riscard, Ruapuna and t h e  F1 were 3.7, 4.2 and 4. 1 ,  

respectively. The degree of dominance could not be est imated because there was no  

statistical differences between t he  parents and the F 1 .  The distributions o f  the F2 and the 

both backcrosses was continuous (Fig. 2 1 ) and transgressive segregation was observed 

in the F2 plants and the backcross with Briscard in both d i rections, whereas in the 
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backcross with Ruapuna it was toward susceptib i l ity ( Fig .  21 ) .  Broad sense and n arrow 

sense heritabi l ities were 0.79±O. 1 8  and 0.75±0. 1 3 , respectively and the genetic advance 

was h igh (Table 80) and the number of genes was almost zero (Table 81 ) .  

The result of the  generation mean analysis for th i s  cross showed that the  X2 value 

for the th ree-parameter model was sign if icant at the 5% probabil ity level (Table 82), 

indicating the presence of digenic interaction. The result of the s ix-parameter model 
showed that [j] was not s ignif icant. By omitting  of the nonsignificant component a five
parameter model i nvolving m, [d] ,  [h], [i] and [I] resulted. Al l  components were s ign ifi cant. 

The X2 value was not sign if icant for this cross, indicating no trigen ic interaction . The five
parameter model had a reduction in standard error in comparison with Six-parameter 

model. The components of variation are presented in  Table 83. The D value was greater 
than H and the average dominance was 0.31 and the F value was +0.70, ind icating 

Ruapuna showed dominance. The ratio F/(D*H) lt2 was 0 .68, ind icating the measu re of 

dominance is not constant in sign and magn itude and some alleles must be recessive 
to thei r alleles from Briscard.  



Table 79. Differences among the mean values of s ix generations for the infection type of stripe rust pathotype 
1 06E 1 39A- in ten crosses of wheat 

Gener- Cross3 

ation ' 
1 2 3 4 5 6 7 8 9 1 0  

P 1  8 .8  a2 8.8 a 8.8 a 8.8 a 7.4 a 7.4 a 7.4 a 4.3 a 4.3 a 4.2 ab 

BC1 7.6 b 7.8 b 7.8 b 7.8 b 7.3 a 6.5 b 6.5 b 3.9 ab 4.7 a 4.6 a 

F1  7.0 b 6.4 c 7.7 b 7.6 b 5.3 cc 5.6 c 6. 1 bc 3.7 b 4.9 a 4. 1 ab 

F2 6.7 b 6.7 c 6.9 c 7.6 b 6 . 1  bd 5.0 cd 5.6 cd 4.0 ab 4.6 a 4.0 ab 

BC2 4.5 c 5.5 d 5.9 d 6.7 c 4.3 d 4 .5 de 4.8 de 3.6 b 4.9 a 4.0 ab 

P2 3 .7 c 4.2 e 4.3 e 7.4 b 3.7 e 4.2 e 4.3 e 3.7 b 4.2 a 3.7 b 

1 )F-test ** ** ** ** ** ** ** * ns * 

2) LSDo.os: 1 .01  0.88 0.62 0.53 0.59 0.82 0.82 0.47 0.81 0.74 

*, ** and ns : S ign ificant at 5 % , 1 % probability level and not sign ificant, respectively 
Least square means which have a same letter are not significantly different 

3) 1 :Briscard(P2) X Ti ritea(P , )  2 :Ruapuna(P2) X Ti ritea(P,)  3:Domino(P2) X Ti ritea(P,) 
4:0tane(P 2) X Tiritea(P,)  5 :Briscard(P 2)X Otane(P,) 6:Ruapuna(P2) X Otane(P , )  
7 :Domino(P2) X Otane(P , )  8 :Briscard(P2) X Domino(P , )  9: Ruapuna(P2) X Domino(P , )  

1 0:Briscard(P2) X Ruapuna(P , )  

......, 
<0 



Fig. 21 . Frequency distributions of the infection type of stripe rust pathotype 1 06E 1 39A- in ten crosses of wheat 
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Table 80. Heritability estimates by different methods and genetic advance (GA) for the infection type in ten crosses of wheat inoculated with stripe 
rust pathotype 1 06E 1 39A-

Cross h2
Bs h

2
Ns GA 

2 3 4 5 6 

BriscardlTi ritea 0.88 0.85 0.87 0.74 0.81 0.80 0.52 2.20 

Ruapunafriritea 0.86 0.84 0.85 0 .84 0.84 0.84 0.43 1 .52 

Dom i nolTi ritea 0.92 0.88 0.88 0.85 0.86 0.86 0.66 2.22 

OtanelTi ritea 0.76 0.75 0.76 0.73 0.75 0.74 0.61 1 .55 

Briscard/Otane 0.94 0.87 0.87 0.87 0.87 0.87 0.86 3.75 

RuapunalOtane 0.83 0.87 0.87 0.71 0.81 0.79 0.65 2 .64 

Domino/Otane 0.78 0.81 0.83 0.80 0.80 0.80 0.63 2.66 

Briscard/Domino 0.28 0.65 0.66 0.81 0.70 0.72 0.66 2.27 

RuapunalDomino 0.03 0.50 0.53 0.31 0.44 0.41 0.37 1 . 1 0  

Briscard/Ruapuna 0.23 0.81 0.81 0 .76 0.79 0.79 0.75 2.93 

h2 
BS : {(TMS-EMS)/r}/{[(TMS-EMS)/r]+EMS} (ANOVA method) used for 1 .  In this ratio (V F2 - Ew) / V F2' environmental effect 

(Ew) is (Vp1+VP2)/2 , (VP1+VP2) 1/2 , VFP (Vpl+VP2+VF1)/3 and (Vpl+VP2+2VF1)/4 for 2, 3, 4 , 5 and 6, respectively. 

h2 
NS : [2V F2-(V BC 1+ V BC2)]N F2 



Table 81 . Estimates of the number of segregating genes (effective factors) for 
infection type inoculated with stripe rust pathotype 1 06E1 39A-

Cross Formula' 

2 3 4 

Briscard x Ti ritea 1 .7 1 .6 2.5 1 .2 

Ruapuna x Tiritea 8.9 3.6 1 .3 4 .2 

Domino x Ti ritea 1 .8 2.0 1 .6 2.7 

Otane x Ti ritea 0.6 0.6 3.0 0.3 

B riscard x Otane 1 .4 0.9 0.4 2.5 

Ruapuna x Otane 0.8 0.7 0.9 0.6 

Domino x Otane 0.6 0.6 0.8 0.5 

Briscard x Domino 0.0 0.0 0.0 0.0 

Ruapuna x Domino 0.0 0.0 0.0 0.0 

Briscard x Ruapuna 0.0 0.0 0.0 0.0 

' 1 :  n = (IlP2 - llp, )2/[8(ifF2 - ifF' )] 

2 : n = (IlP2 - IIp , )21{8[ifF2 - (0.5ifF, +0.25ifp ,+0.25ifp2)]) 

3: n = (IlP2 - IIp ,?1{8[ifF2 - (ifBC,+ifBCJ]) 

4 :  n = (IlP2 - IIp ,?I{8[(ifBC' + ifBC2) - (ifF,+0.5ifp,+0.5ifp2) ]} 

5 :  n = {(IlP2 - llp , )2[ 1 .5-2h ( 1 -h)]}/{8[ifF2 - 0.25(2ifF,+ifp ,+ifp2)]} 
where h = (IlF , - IlP , )/(IlP2 - IlP , ) 

6: n = (IlF, - IIp , )21{4[ifBC' - 0.5(ifF,+ifp , ) ]} 

7: n = (IlP2 - IlF,?1{4[ifBC2 - 0.5(ifF ,+ifp2) ]} 
where IlP,<IlP2 

5 6 

1 .7 1 .2 

3 .6 1 2. 1  

2 .3 3 .0 

0 .8 0.0 

0.9 1 .6 

0 .7 0.6 

0.6 1 .2 

0 .0 0 .0 

0 .2 0.4 

0.0 0.0 
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7 

1 .9 

1 .9 

2 . 1  

3 .7 

1 .9 

0.6 

0.2 

0.3 

0 .5 

0.0 



Table 82. Estimate of the genetic components of means , based on 2, 3 ,  4, 5 ,  and 6 parameter models, for infection type in ten crosses of wheat 

Briscard x Tiritea 

m 6 . 1 3±O.06 ** 5 .98±O.09 ** 4.43±0.30 ** 5.99±0.09 ** 6. 1 3±O. 1 0  ** 4.40±0.30 ** 4.38±0.68 ** 6. 1 8±O. 1 0 ** 4.93±0.74 ** 

[d] 2.64±0.09 ** 2 .70±0.09 ** 2.63±0.09 ** 2.67±0. 1 0  ** 2.67±O.09 ** 2 .58±O.1 0 ** 2.63±0.09 ** 2 .58±1 . 1 0  ** 2.58±O.1 0 ** 

[h] 0.41 ±O. 1 8  * 2.58±0.44 ** 0.36±0. 1 9  (*) - 1 .66±0.47 ** 2.56±O.44 ** 2.70±1 .73 ns -2. 1 5±O.50 ** 1 .07±1 .97 ns 

[i ]  1 .72±0.31  ** 1 .77±O.32 ** 1 .76±O.68 ** 1 .25±0.74 (*) 
m 0.54±O.52 ns 0.81 ±O.52 ns 1 .44±O.55 ** 1 .04±0.60 (*) 
[I] 2.53±O .53 ** -0.08±1 . 1 3  ns 2.98±O.55 ** 1 .0 1  ± 1 .29 ns 

X
2 38.05 ** 33.08 ** 23.81 ** 32.01 ** 9.87 ** 0.61 ns 3.04 (* ) 2 .86 (*) 

Ruapuna x Tiritea 

m 6.57±O.05 ** 6 .48±O.08 ** 6 .82-+0.35 ** 6.48±O.08 ** 6.46±0.08 ** 6 .82±O.35 ** 6.58±O.50 ** 6.46±O.09 ** 6.55±O.54 ** 
[d] 2.28±O.08 ** 2.29±O.08 ** 2.30±0.08 ** 2.28±O.09 ** 2.28±0.08 ** 2.29±O.09 ** 2.29±O.08 ** 2.29±O.09 ** 2.29±O.09 ** 

[h] 0.24±O.1 8 ns -0.28±O.56 ns 0.24±O. 1 9  ns 0.72±0.45 ns -0.30±0.57 ns 0.45±1 .23 ns 0.75±O.48 ns 0.53±1 .38 ns 

[i] -0.35±O.35 ns -0.36±O.35 ns -0. 1 2±D.49 ns -0.09±O.53 ns 

m 0.02±O.36 ns 0.06±O.38 ns -0.08±O.36 ns -0.05±O.39 ns 

[I] -0.78±O.67 ns -0.63±O.94 ns -0.8 1±O.68 ns -0.68±1 .03 ns 

X
2 3 . 1 8 ns 1 .45 ns 0 .72 ns 1 .45 ns 0 .07 ns 0.44 ns 0.02 ns 0 .03 ns 

...... 
0:> 
(j) 



Table 82 . Continued 

Domino x Tiritea 

m 6.39±0.05 ** 6.39±O.09 ** 5 .88±O.2 1 ** 6AO±O.09 ** 6.54±O. 1 0 ** 6.03±0.22 ** 7.00±0A8 ** 6.50±0 . 1 1 ** 6A5±O.76 ** 

[d) 1 .49±0.09 ** 2 . 1 7±0.09 ** 2. 1 2±0. 1 0 ** 2.3 1±0. 1 0  ** 2. 1 8±O.09 ** 2.26±0. 1 1  ** 2.22±O. 1 0  ** 2.2S±O. 1 1  ** 2.25±O. 1 1  ** 
[h] 1 .01 ±O. 1 5  ** 1 .69±0.29 ** 1 . 1 5±0. 1 5  "* -0. 1 7±0.36 ns 1 .6 1 ±0.29 ** -1 .26±1 . 1 7  ns 0.26±O.47 ns 0.38±2 . 1 2  ns 

[i] 0.64±0.23 ** 0.46±0.24 (*) -OA8±OA9 ns 0.05±0.75 ns 

OJ -1 . 1 6±0.35 ** -0.98±0.36 ** -0.60±0A5 ns -0.64±O.68 ns 

[I] 1 .28±O.35 ** 1 .9 1±O.73 ** 0.90±0A5 * 0.8 1 ±1 .39 ns 

X
2 62 .03 ** 1 5 . 1 4  ** 46.26 ** 3 .98 ns 1 .83 ns 0.35 ns 0.87 ns 0.00 ns 

Otane x Tiritea 

m 7.63±O.04 ** 7.92±O.07 ** 7.46±O.1 6 ** 7.92±O.07 ** 8.08±O.08 ** 7A6±O.1 6 ** 8.77±O.37 ** 8.09±O.08 ** 9 . 1 5±OAO ** 

[d] 0.73±0.07 ** 0.71 ±0.07 ** .0.70±0.07 ** 0.69±0.08 ** 0.72±O.07 ** 0.67±O.08 ** 0.74±O.07 ** 0.67±O.08 ** 0.67±O.08 ** 

[h] -0.64±O. 1 3  ** 0.02±0.25 ns -0.65±O.1 3 ** -1 .93±0.31 ** 0.02±O.25 ns -3.75±1 .00 ** -2 .04±O.31 ** -4.87±1 .09 ** 

[i] 0.55±O.1 8 ** 0.55±O. 1 8  ** -0.70±0.37 (*) - 1 .06±O.39 ** 
OJ 0.2L+O.32 ns 0.21 ±O.32 ns 0.52±0.33 ns 0.88±O.35 * 

[I] 1 A9±O.32 ** 2.6 1 ±O.67 ** 1 .59±O.33 ** 3.35±O.73 ** 

l 36.94 ** 3 1 .43 ** 5 1 .52 ** 30.96 ** 9.85 ** 2 1 .05 ** 6. 1 7  (*) 7.31 ** 
...... 
ex> '" 



Table 82. Continued 

Briscard X Otane 

m 5.86±O.06 ** 5 .58±O.09 ** 6.87±0.38 ** 5.62±0.09 ** 5.48±O.09 ** 6.95±O.38 ** 5.61 ±O.61 ** 5 .54±O.09 ** 6.77±O.65 ** 

[d] 2.09±0.08 ** 2 . 1 1  ±O.08 ** 2 . 1 3±O.08 ** 1 .86±0.09 ** 2.09±O.08 ** 1 .88±O.09 ** 2. 1 0±0.08 ** 1 .89±0.09 ** 1 .86±O.09 ** 

[h] 0.78±O.20 ** - 1 . 1 7±0.60 * 0.39±0.2 1 (*) 2.66±O.48 ** - 1 .64±0.60 ** 2 .38±1 .45 (*) 1 .80±0.51  ** - 1 . 1 2±1 .60 ns 

[i ] - 1 .36±O.39 ** - 1 .4 1 ±O.39 ** -0. 1 3±O.60 ns - 1 .24±O.64 (*) 

m 2.26±O.39 ** 2 .29±0.39 ** 1 .95±O.41  ** 2.23±O.43 ** 

[I] -2 .88±O.66 ** -2.72± 1 .01 ** -2.07±O. 68 ** -0. 39±1 . 1 1 ns 

X
2 6 1 . 1 0 ** 45.87 ** 30.89 ** 1 3.05 ** 26.72 ** 0. 1 2  ns 26.67 ** 3 .72 (*) 

Ruapuna X Otane 

m 5.51 ±O.06 ** 5 .69±O.08 ** 4.53±0.30 ** 5.70±0.08 ** 5 .79±O.09 ** 4.53±0.30 ** 4.00±0.70 ** 5.79±O.09 ** 3.91 ±O.70 ** 

[d] 1 .72±O.08 ** 1 .69±O.08 ** 1 .67±0.08 ** 1 .65±O.09 ** 1 .67±O.08 ** 1 .63±O.09 ** 1 .67±O.08 ** 1 .62±O.09 ** 1 .63±O. 09 ** 

[h] -0.54±O. 1 8  ** 1 . 1 0±0.44 * -0.54±O . 1 8  ** - 1 . 98±O.48 ** 1 . 1 1 ±O .44 * 2.58±1 .83 ns - 1 .97±O.48 ** 2.86±1 .83 ns 

[i] 1 .27±0.31 ** 1 .28±O.31 ** 1 .78±O.69 ** 1 .89±0.69 ** 

m 0.75±O.55 ns 0.78±O.55 ns 0.70±0.55 ns 0.84±O.55 ns 

[I] 1 .78±O.54 ** - 1 .00±1 .20 ns 1 .75±O.54 ** - 1 . 1 9±1 .21  ns 

l 26.68 ** 1 9.88 ** 5 . 1 9  (*) 1 7.97 ** 9.03 * 0.96 ns 2.34 ns 7.41  * 

-'" 
()) 
()) 



Table 82. Continued 

Dom ino x Otane 

m 5.77±O.06 ** 5.71 ±O. 1 0  ** 5 . 1 2±O .28 ** 5.72±O . 1 0 ** 5.83±0 . 1 1 ** 5. 1 2±0.29 ** 5 .77±0.72 ** 5.84±O . 1 1 ** 5.73±O.73 ** 

(d] 1 .63±O.09 ** 1 .66±O. 1 0  ,.,. 1 .62±O. 1 0  ** 1 .64±O . 1 1 ** 1 .60±0. 1 0  ** 1 .59±O. 1 1  ** 1 .60±0. 1 0  ** 1 .59±0 . 1 1 ** 1 .59±0. 1 1  ** 

(h] 0. 1 5±O. 1 9  ns 0.94±0.40 * 0. 1 4±0 . 1 9 ns - 1 .03±0.51  * 0.94±O.40 * -0.87±1 .89 ns - 1 .03±O.51  * -0.76±1 .91  ns 

[iJ 0.69±O.3 1 * 0.70±0.31  * 0.06±O.71 ns 0. 1 0±0.72 ns 

U1 0.2 1 ±O.57 ns 0.28±0.58 ns 0 . 1 8±O.57 ns 0. 1 9±O.58 ns 

[I] 1 .30±0.53 * 1 .20±1 .22 ns 1 .29±O.53 * 1 . 1 3±1 .24 ns 

X2 6.75 ns 6. 1 4  ns 2.00 ns 6.00 * 0. 1 2  ns 0.83 ns 0. 1 1  ns 0.02 ns 

Briscard x Domino 

m 3.82±O.06 **  3.96±O. 1 0  ** 4 . 1 6±O.23 ** 3. 79±0. 1 0 ** 3.95±O. 1 2  ** 4. 1 6±O.23 * *  4.83±O.57 ** 3.95±O. 1 2  * *  4.83±O.57 ** 

Cd] 0.27±O . 1 0 * 0.29±O. 1 0  ** 0.28±O. 1 0  ** 0.30±0. 1 2  * 0.29±O. 1 0  ** 

[h] -0.30±0 . 1 8 (*) -0.56±0.33 (*) -0.30±0 . 1 8  (*) -0. 1 9±O.48 ns 

[i] -0.25±O.26 ns 

U1 -0.08±O.47 ns 

[I] -0. 1 1 ±O.45 ns 

X2 5 .31  ns 2 .56 ns 6.43 * 2 .53 ns 2.49 ns 

0.29±O. 1 2  * 0.30±0. 1 0  ** 0.30±0. 1 2  * 0.30±0. 1 2  * 

-0.56±0.33 (*) -2.40±1 .48 ns -0. 1 9±O.48 ns -2.39±1 .48 ns 

-0.25±0.26 ns -0.88±O.56 ns -0.88±O.56 ns 

-0.05±O.47 ns 

1 .61 ns 

-0.07±O.47 ns -0.04±O.47 ns 

1 .22±0.96 ns -0. 1 1 ±O.45 ns 1 .22±O.96 ns 

0.01 ns 2.47 ns 

(X) lO 



Table 82. Continued 

Ruapuna X Dom ino 

m 4.55±O.05 ** 4.25±0.09 ** 4.32±0.26 ** 4.25±O.09 ** 4.2 1±O. 1 0  ** 4.32±O.26 ** 3.52±0.52 ** 4.2 1 ±0. 1 0  ** 3.53±0.52 ** 
[d] -0.04±O.09 ns -0 .02±O.09 ns -0.02±O.09 ns 0.04±O . 1 0 ns -0.02±0.09 ns 0.04±O. 1 0  ns -0.OL+O.09 ns O.04±O. 1 0  ns 0.04±0 . 1 0 ns 

[h] 0.77±O. 1 8  ** 0.68±0.42 ns 0.78±O. 1 8  ** 1 .22±O.43 ** 0.67±0.42 ns 3.01 ±1 .39 * 1 .23±0.43 ** 2.98±1 .39 * 

[i] -0.07±O.27 ns -0.08±O.27 ns O.70±0.52 ns O.68±O.52 ns 

OJ -0.59±O.43 ns -O.60±0.43 ns -O.60±0.43 ns -O.58±O.43 ns 

[I] -O.58±O.51 ns - 1 .67±O.95 (*) -O.59±O.51 ns - 1 .65±O.95 (*) 

x2 6.75 ** 5.03 ns 41 .76 ** 3. 1 1  ns 3.68 ns 3.03 (*) 1 .85 ns 1 .76 ns 

Briscard X Ruapuna 

m 4.06±O.06 ** 3.96±O.09 ** 4.04±O.27 ** 3.96±O.09 ** 3.90±O. 1 1  ** 4.02±O.27 ** 2.57±O.65 ** 3.91±O. 1 1  ** 2.74±O.66 ** 

[d) 0.33±O.09 ** 0.34±O.09 ** 0.34±O.09 ** 0.25±O. 1 1  * 0.34±O.09 ** 0.26±O . 1 1 * 0.32±O.09 ** 0.26±O. 1 1  * O.26±O. 1 1  * 

[h) 0.29±O. 1 8  ns 0. 1 8±O.39 ns 0.26±O. 1 8  ns 0.89±O.47 (*) 0. 1 8±O.39 ** 4.27±1 .68 * 0.78±O .47 (*) 3.74±1 .71  * 

[i] -0.09±O.29 ns -O.07±O.29 ** 1 .34±O.64 * 1 . 1 7±O .65 (*) 
OJ 1 .03±O.5 1 * 1 .03±O.51 * O.96±O.5 1  (*) O.80±0.52 ns 

[I] -O.70±0.50 ns -2.74±1 .09 * -0.59±O.50 ns -2.38±1 . 1 2  * 

x
2 1 1 .28 " 8 .75 * 1 0.96 ** 4.61 (*) 6.78 * 4.55 * 2.40 ns 3.23 (*) 

� 
<0 0 
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Table 83. The components of variation in s ix generations of wheat for i nfection type 
in oculated with stripe rust pathotype 1 06E 1 39A-

Cross D H F Ew (H/D) 112 F/(D*H) 112 

Briscard x Tiritea 2 .70 2.60 +2. 1 1  0 .53 0.98 0.80 

Ruapuna x Tiritea 1 .54 2.97 -0.83 0 .29  1 .39 0.39 

Domino x Ti ritea 2 . 1 4 1 .32 +0.73 0 .22 0.79 0.43 

Otane x Tiritea 1 . 1 4  0.48 -0.67 0.24 0.65 0.91 

Briscard x Otane 4 .66 0 . 1 6 -0. 1 9  0.35 0. 1 9  0.22 

Ruapuna x Otane 3.06 1 .28 -0.43 0.52 0.65 0.22 

Domino x Otane 1 .32 0.40 -0.58 0 .77 0 .55 0.80 

Briscard x Domino 2.44 0.40 -0.28 0 .47 0.42 0 .30 

Ruapuna x Domino 0.82 0.20 +0.09 0.66 0.49 0.22 

Briscard x Ruapuna 3.28 0.32 +0.70 0.47 0.31 0 .68 



Results 

4.5.2. Latent period 

4.5.2. 1.  BriscardITiritea 

1 92 

The F-test showed all generations are signif icantly different (Table 84). The m ean 

latent periods for Briscard and Ti ritea were 1 5 . 1  and 1 1 .7 respectively and the m ean 

latent period of the Fl was 1 3.2 (Table 84) which was less than midparent valu e  i n  the 

d i rection of a shorter latent period (susceptible) . The mean backcross values were 
significantly different from each other (Table 84) . The degree of dominance was 0 . 1 0 for 

the short latent period. The frequency dist ributions of the latent period of the F 2 plants 

and both backcrosses were continuous, unimodal and skewed toward the shorter latent 
peri od (Fig.  22) . Transgressive segregation was observed in F2 plants toward long latent 
period. It can be concluded that the short latent period parent, T i ritea, may possess a 

gene or genes which contribute toward a longer l atent period in  this cross. The l atent 
period of the backcross to Briscard was sign ificantly longer than the latent period of the 

F l or the backcross to Ti ritea. Heritabil ity estimates for latent period are presented in  

Table 85 .  Heritabi l ity for  th is  cross was different with different formulae, but broad and 

narrow sense heritabi l ities were 0.57±O. 1 8  and 0.43±O . 1 1 , respectively (Table 85) and 

genetic advance was 1 .4 1  , assuming the top 1 % of segregating plants were selected for 
resistance. The range of min imum number of genes was from 0.4±O.3 to 2 .2±O.79 (Table 
86). 

The results of gene ration mean analysis for th is cross showed that the X2 of  the 

th ree-parameter model, - m, [dJ and [h) was signifi cant at the 1 0% p robabil ity l evel , 

suggesting the presence of digenic interactions (Table 87). The six-parameter model was 

fitted which showed [j] and [IJ are not signif icant. Then other  possible models were f itted, 

and the best model for th is cross was m ,  [d], [h ] ,  [ iJ and [IJ; and X2 also showed the 
adequacy of this model, with no presence of trigenic  interactions. The m value in this 

model was almost the same as the m value in the s ix-parameter model and all standard 

errors were smaller than those in the six-parameter model , which demonstrates the 

p reCision of the model. This does not support the method of Mather and J inks ( 1 982) , 

i n  which the removal of nonsignificant component(s )  of the six-parameter model resulted 
the best model to be fitted with means, which were m, [d] , [h] , and [i] in th is cross. But 

two components were not sign ificant. The m value was 1 3.31 in this model whereas in 

the six-parameter model the m value was 1 1 .92. The estimates of components of 

variation 0 and H were 1 .63 and 0.46, respectively (Table 88) , indicating  the additive 
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component is about three t imes that of the dominance component. The F value was -
0 .04 which agreed with comparison of the F ,  mean with the m id-parent. Thi s  i ndicated 

that the genes from Ti ritea are dominant. The estimate of average dominance of the 

gene was 0 .53,  i ndicating partial dominance. The ratio F/(O*H} '/2 was 0.05, i ndicating the 

denominator was greater than the numerator and no evidence that the dominance 

deviations at different loci are not particularly consistent in sign or magn itude. There is 
good reason to bel ieve that even though the genes from Tiritea for shorter latent period 

showed dominance, some of them must be recessive to their a lleles from Briscard 

(Mather and J i nks ,  1 982) .  

4.5.2.2. RuapunaITiritea 

The F-test showed statistical differences between the generations (Table 84). The 
means of the latent period for Ruapuna, Tiritea and the F, were 1 4.8, 1 1 .7 and 1 3.0 days 

respectively (Table 84) . The frequency distribution of latent peri od for the F2 p lants was 

continuous and almost normal (Fig. 22) and there was transgressive segregation toward 
a longer latent period. The degree of dominance was 0.20 for a shorter latent period. 

The mean latent period of the F, backcross to Ruapuna was longer than that of the F, 

backcross to Tiritea which was 1 2 .2 days (Table 84). Broad and narrow sense 

heritabi l ities were 0.73±O.09 and 0.64±O.08, respectively and the estim ate of genetic 

advance was 1 .9 1  (Table 85) .  The minimum number of genes control l ing resistance was 

estimated from 0 .9±0.31  to 1 1 .7±3.2 (Table 86) . 

I n  generation analysis ,  the joint scal ing test to verify the adequacy of the three
parameter model involving m ,  [d] and [hI revealed a lack of good fit (X2 

= 9.48) at the 5% 

p robabil ity level (Table 87) , suggesting the presence of epistasis .  Based on the findings 

of the test for epistasis ,  the six-parameter model was fitted to the o bserved family 

means. This i ndicated that the five components m ,  [d], [hJ ,  [i} and [I} were s ign ificant at 

the 1 % probabil i ty level and [i} was significant at the 1 0% probabi l ity level respectively. 

Then all possible models were fitted to the observed means and all models , except the 

m, [d} , [h] , [i] and [I] model , had at least one nonsignificant component. This supported 

the method of Mather and J inks ( 1 982) , i n  which the removal of a nonsignificant 

component such as UJ from the s ix-parameter model , and the fitt ing of the rest of the 

components as a model resulted in  a better fit. The five-parameter model without UJ 

revealed that the standard e rror of all components was reduced and X2 gave a good fit 
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to the observed family means,  (Table 87),  suggesting the absence trigenic interactions 

in contribut ing to the differences among the generation means. The components of 

variation were 1 .54 and 2 .97 for D and H ,  respectively (Table 88) . This agrees with 

relatively h igh level of dominance which has been already obtain ed from analysis of the 

means. The F value was negative (-0.83) , indicating the genes from the susceptible 
parent, Ti ritea, were dominant. The average of dominance was 1 .39 and the ratio 

F/(D*H) 112 was 0.39, indicating l ittle evidence that hid at different loci a re consistent in 

sign or magnitude. 

4.5.2.3. Dominoffiritea 

The mean latent period of Domino,  Ti ritea and the F1 were 1 3.5 ,  1 1 .7 and 1 2. 1  

respectively (Table 84). The results of the F-test and least sign ificant d ifferences are 

presented in Table 84, which shows d ifferences amongst means, but there is no 

signif icant difference between the F 1 and the shorter latent period parent. Based on the 

mean of the F 1 and both parents, the degree of dominance was 0 .54 which showed the 
short latent period parent was partial ly dominant. The mean to the backcrosses were not 

significantly d i fferent (Table 84). The distribution of latent period of the F2 plants was 

continuous,  skewed toward shorter latent period (Fig.  22) and transgressive segregation 

was observed toward longer latent period. Estimated broadsense and narrowsense 
heritabi l ities for this cross were O.70±0 . 1 8 and 0.49±O. 1 4  and the genetiC advance was 

1 .29 (Table 85) and the number of genes was less than one (Table 86) . 

I n  generation means, analysis of genetic components of the means in this cross 

suggests that there was non-allelic inte ractions, because X2 in the th ree-parameter model 

was s ignif icant (Table 87) . The six-parameter model showed that [h] and [I] was not 

s ignificant. But [h] was sign ifi cant i n  the th ree-parameter model . Then from the fitting of 

possible m odels, only the five-parameter model involving m, [d] , [h], [i] and U] ,  is 

significant and X2 which was not sign ificant showed the adequacy of that model (Table 

87) . The reduction of the standard error in this model in comparison to the six-parameter 

model revealed the precision of th is model as well (Table 87) . Al l components of 

variation are presented in Table 88. The D and H values were close to each other. The 

negative F value agreed with the deviation of F 1 from the mid-parent, ind icating the gene 

from the shorter latent period, Tiritea, was dominant. The average dominance of this 

cross was close to one, as was clear from D and H values. The ratio F/(D*H)ll2 was 0.45, 
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ind icating l ittle evidence for consistency of dominance deviation in sign and magnitude. 

4.5.2.4. Otane/Tiritea 

All generations except the parent Ti ritea were in a g roup with no d ifferences i n  

latent period between them (Table 84). The mean latent period of the F ,  plants was 
s im i lar to Otane, indicating ful l  dominance for longer latent period. The means and 
d istributions of both backcrosses were the same (Fig. 22). The F2 popu lation was 

skewed toward a longer latent period (Fig .  22) and transgressive segregation was 
observed toward longer latent period. The broad and narrow sense heritabi l it ies were 

0 .62±0.07 and 0 .60±0.07 , respectively and the genetic advance was 1 .43 (Table 85) . 

The numbe r  of genes was less than one (Table 86) . 

I n  generation mean analysis, the l value was significant at the 5% probabil ity 
level for the th ree-parameter m odel, suggesting the effect of epistasis in this c ross (Table 

87) . I n  the six-parameter model [i] and Dl were signifi cant at the 1 0% level of p robabil ity, 
suggesting additive x additive (i) or additive x dominance U) both of them are present i n  

this cross. By  fitting a l l  possible m odels, the four-parameter m odel involving m ,  [d] ,  [hJ 

and Dl was the best. The [j] and X2 values were significant at the 1 0% probabi l i ty level ,  
which showed the adequacy o f  the  model . The components of variation are presented 

in Table 88. The additive component was more important than the dominance 
component. The positive value of F was in agreement with the deviation of the F ,  mean 

f rom the m id-parent, indicat ing Dtane the longer latent period parent, had dominant 

genes.  The average dominance was low (0.20), indicating the importance of the additive 

component. The ratio F/(O*H) '1'2 was 0.90, indicating the m easure of dominance is  

constant in  both magn itude and s ign for a l l  the gene-pairs involved. 

4.5.2.5. BriscardiOtane 

Differences were observed amongst al l  generations (Table 84). Mean latent 

period of Briscard, Otane and the F, were 1 5. 1 , 1 2.5 and 1 3. 1  days respectively (Table 

84). The mean latent period of the backcross F, with Briscard ( 1 3.9) was sign ificantly 

longer than the mean latent period of the backcross F, with Otane ( 1 2.5) .  The deviations 

of the F, from the midparent indicated a partial dominance (0.55) toward the short latent 

peri od parent. The f requency d istribution of the latent period for the F 2 plants was 
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continuous and skewed toward a shorter latent period (Fig. 22) and there was 

transgressive segregation toward a longer latent peri od .  The frequency d istributions of 
both backcrosses were continuous and skewed toward a shorter latent period. The b road 

and narrow sense heritabi l ities were 0.45±O . 1 3 and 0.26±O.07, respectively and genetic 
advance was 0.82 (Table 85), wh ich is very low due to narrow sense heritabi l i ty. The 

range of the min imum number of genes was from 0.2±O.09 to 1 .4±O.08 (Table 86) . 

For generation mean analysis, the l value based on the th ree-parameter model 

was sign ificant (Table 87) .  This indicated that there was epistasis in th is cross, but when 

the six-parameter model was used not only were no interactions sign if icant, but the [h] 

value also was not sign i ficant. By referring to other models which showed at least m ,  [d] 
and [h] were s ign ificant, it has been found that the four-parameter model i nvolving m, [d] , 

[h] and [I], is the best model to be fitted to these means. The X2 value for this model was 

not sign ificant, indicating the adequacy of the model and also there was no trigenic 

interaction present. All components of variation are presented in Table 88. The 

dominance component (H) was greater than additive component (0) .  For that reason the 
average dominance was 1 . 19.  The gene in Otane for shorter latent period, were 

dominant because the F value was negative. This can also be supported by deviation 
the F, from the mid-parent. The ratio F/(O*H) '/2 was 0.88, indicati ng that hid was 

constant i n  magnitude and sign. 

4.5.2. 6. RuapunalOtane 

The F-test showed sign ificant differences amongst generations (Table 84). The 

mean latent period of Ruapuna ( 1 4.8 days) was signif icantly longer than that of Otane 

( 1 2 .5 days) . The mean latent period of the F, plants was 1 3.3 days and the degree of 

dominance was 0.27 toward shorter latent period (Table 84) . The distribution of latent 

period of the F 2 population was continuous and almost normal (Fig. 22). The re was 

transgressive segregation toward longer latent period; this also happened i n  the 

backcross with Ruapuna in which almost period of up  to 1 9  days was observed. 

Transgressive segregation toward shorter latent period was not observed in either  in the 

F 2 or in  the backcross with Otane. The broad and narrow sense heritabil ities were 

0.67±0. 1 6  and 0.65±O . 1 6 respectively (Table 85) and the genetic advance was 2 .27 

which was relatively h igh (Table 85) . The number of genes was less than one (Table 86) . 
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Generation mean analysis under the th ree-parameter m odel suggested that there 

is non-allel ic interaction in this cross. The X2 value was significant (Table 87) . The six

parameter model showed that th ree- components involving m ,  [d] and [i] are s ign ificant 

(Table 87). Removing the nonsignificant components from the s ix-parameter model 

i ndicated that the standard error of all three components was reduced, 1 4.06±0.08 , 

1 .26±0. 1 0  and -0.39±O. 1 5  for m,  [d] and [i] respectively .  The X2 value (29.59) was 

Sign ificant, suggesting trigenic interaction for this cross. The components of variation are 

presented in  Table 88. The D value was greater than the H value (2.26 and 0.20, 

respectively) ,  therefore the average of dominance was not h igh .  The negative F value 
indicated that genes from Otane, the susceptible cu ltivar, were dominant. Dominance 
was diffe rent in sign and magnitude due to the value of the rat io F/(D*H )  112.  

4.5.2. 7. Domino/Otane 

There was no sign ificant d ifferences amongst generations (Table 84), although 

the difference between the two parents was one day. The frequency distributions of 
latent period for all generation are summarised in  Fig. 22. I n  the F2 distribution, 

transgressive segregation was observed for long latent period. B road sense and narrow 

sense heritabi l ities were 0.50±0. 1 1 and 0.23±0.0.07 respectively (Table 85).  Because of 

the low narrow sense heritabi l ity, the genetic advance was low as well (Table 85). The 
number of genes was less than one (Table 86). 

The results of generation mean analysis in this cross showed that three 

components were sign if icant and the X2 indicated the presence of epistasis (Table 87) . 

The Six-parameter model showed [I] was sign ificant at 1 0% probabil ity level .  By using 

al l  poss ible models, the two best models were recognised for th is cross. One of them 

was the five-parameter model involv ing m, [d] , [h] , Dl and [I] and the second one was the 
four-parameter model m, [d] , [h], and [I] . In the five-parameter m odel [j] was Significant 

at 1 0% probabi l i ty level. The l for both models, showed the adequacy of them. Both 

models had a reduction in their standard errors when contrasted with the Six-parameter 

model . The value of components in the fou r-parameter model was almost the same as 

those in the s ix-parameter model, whi le there were d i fferences between those values i n  
the five-and six-parameter models. So the four-parameter model fitted better than the 

five-parameter model . The D and H values were 1 .21  and 5 .77 ,  respectively (Table 88) . 

This i ndicated dominance component was h igh and for that reason the average 
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dominance was 2. 1 8. The F value was positive, indicat ing the excess of F 1  over the m id
parent. The ratio  F/(D*H) 112 was close to zero,  suggesting that some genes are dominant 
and some recessive in  each parent and also they may be different in the i r  s ign. 

4.5.2.8. BriscardlOomino 

The differences amongst generations are shown i n  Table 84. The mean latent 
periods of Briscard, Domino and the Fl were 1 5 . 1 , 1 3.5 and 1 4.0 days (Table 84) . The 

degree of dominance was 0.38 and the f requency of the F2 plants were almost normally 
d istributed (Fig.  22). Transgressive segregation was observed toward both longer and 
shorter latent period. Broad and narrow sense heritabi l i ties were 0 .66±O.21  and 

0 .30±0. 1 1  respectively and the genetic advance was 1 .36 which is relatively h igh (Table 

85) . The number  of genes was less than one (Table 86) . 

The results of the generation mean for th is cross showed that the two 

components i nvolving m and [d) played major roles in  wheat for the expression of 
variabil ity of the latent period to stripe rust (Table 87) . Al l  models had agreement on 

these two components. The X2 value showed the adequacy of the model (Table 87) . All 

components of variation are presented in  Table 88. The H value was h igh  in  comparison 

with D value,  so the (H/D) 112 was more than un ity, indicating overdominace. The F value 

was negative, indicating genes from Domino for shorter latent period, were dominant and 

it was supported by the deviation of the F ,  f rom the mid-parent. The F/(D*H) '12 was 0 .98 ,  

ind icating hid was constant in  sign and magn itude i n  different loci. 

4.5.2.9. Ruapuna/Oomino 

I n  this cross, Ruapuna was significantly different f rom other generations (Table 

84) . The mean latent period of Ruapuna was 1 4.8 days whereas for Domino it was 1 3.5 

days (Table 84) and the mean latent period for the F, was 1 3 . 1  days. There were no 

statistical d i fference between Domino and the F l ,  i t  is suggested that there is complete 
dominance for shorter latent period , that the degree of dominance is 1 .  Transgressive 

segregation was observed for longer latent period (Fig. 22) . The latent periods of the F2 
population were almost normally distributed. Broad and narrow sense heritabil ities were 

0 .38 and 0 . 1 0, respectively and the genetic advance was low because of the narrow 

sense heritabil i ty (Table 85) . The range of number of genes was f rom 0.5±O.09 to 
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2 .0±0.8 (Table 86). 

The result of generation mean analysis for th is cross showed that the X2 value 
for the th ree-parameter model was s ignificant, indicating the presence of digenic 

i nteraction (Table 87) .  The six-parameter model revealed that only [i] is sign ificant. The 
removal of nonsignificant components resulted a four-parameter model i nvolving m, [d], 

[h] and [i] . The l value of this model was not significant (Table 87) , indicating the 

adequacy of this model. The components of variation are presented in Table 88. The 

dominance component was greater the than additive component, thus the average 

dominance was 2 .30 which indicated the importance of dominance part. The F value was 
negative which agreed with F, deviation f rom the mid-parent ,  i ndicat ing the genes f rom 

Domino for shorter latent period, were dominant. The ratio F/(D*H) '12 was 0.65, 

suggesting that although the genes from Domino showed dominance, some of the must 
be recessive to thei r alleles from Ruapuna. 

4.5.2. 10. BriscardlRuapuna 

The two parents were not signifi cantly different and other generations overlapped 

(Table 84) . The means for Briscard, Ruapuna and the F ,  were 1 5 . 1 , 1 4 .8  and 1 4.3 

respectively. The F2 distribution was normal and transgressive segregation was observed 
for both shorter and longer period (Fig. 22). Transgressive segregation for longer latent 

period up to 1 9  days was also observed in the backcross to Briscard. Broad and narrow 

sense heritabi l it ies were 0.72±0. 1 4  and 0 .66±O. 1 1 ,  respectively and the h ighest genetic 

advance comparable with other crosses was obtained in  th is cross (Table 85). The 

n umber of genes was less than one (Table 86). 

In generation mean analysis, the X2 value was sign ificant for the th ree-parameter 

model (Table 87). The [d] was not s ignificant with this model wh ich was in agreement 

with other models (Table 87) . The six-parameter model showed that only [i] and [I] are 
s ignificant. The best model which fitted with this cross was m ,  [h] ,  [i] and [IJ. This model 

was in fit to the five-parameter model m, [d], [h] , [i] and [I] in which [d] was not 

s ign ificant. The X2 value showed the adequacy of this model. The s imi larity of the mean 

effect 'm' in  this model with six-parameter model and also the reduction of standard 

errors of this model in comparison with the six-parameter model showed the precision 

of this model as well. The components of variation are presented i n  Table 88. The 
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additive component was much greater than the dominance component. The F value was 

negative in wh ich it agreed with the deviation of the F, from the m id-parent, indicating 
that those genes in Ruapuna were dominant. The average dominance was 0.42 and the 

ratio F/(O*H) '12 showed that some genes in Ruapuna were recessive to their al leles from 

Briscard.  



Table 84. Differences among the mean values of six generations for the latent period of stripe rust pathotype 1 06E 1 39A
in ten crosses of wheat 

Gener- Cross3 

ation 1 
1 2 3 4 5 6 7 8 9 

P 1  1 5 . 1  a2 1 4.8 a 1 3.5 a 1 1 .7 a 1 5 . 1  a 1 4.8 a 1 3.5 a 1 5 . 1  a 1 4.8 a 

BC1 1 4.2 ab 1 3.5 b 1 2 .7 b 1 2 .3 b 1 3.9 b 1 4.7 a 1 3.4 a 1 5 .0 a 1 3.5 b 

F1  1 3.2 bc 1 3.0  b 1 2 . 1  cd 1 2.5 b 1 3. 1  bc 1 3.3 b 1 2.8 a 1 4.0 b 1 3 . 1  b 

F2 1 3. 1  c 1 3.2  b 1 2 .7 b 1 2 .5 b 1 3 .0 c 1 4.4 a 1 3.4 a 1 4 . 1  ab 1 3.7 b 

BC2 1 2.7 c 1 2.2 c 1 2 .3 bc 1 2 .4 b 1 2 .5 c 1 3 .3 b 1 3.3 a 1 3.9 b 1 3.4 b 

P2 1 1 .7 d 1 1 .7 c 1 1 .7 d 1 2 .5 b 1 2.5 c 1 2.5  c 1 2 .5  a 1 3.5  b 1 3.5 b 

1 )F-test ** ** ** ** ** ** ** * ns 

2)LSDo.os: 1 .0 1  0.88 0.62 0.53 0.59 0.82 0.82 0.47 0 .81  

*, **  and ns : S ignificant at 5 % , 1 % probability level and not sign ificant, respectively 
Least square means which have a same letter are not significantly different 

3) 1 :Briscard(P1 )  X Tiritea(P2) 2 :Ruapuna(P1 ) X Tiritea(P2) 3: Domino(P1 )  X Ti ritea(P2) 
4:0tane(P1 ) X Tiritea(P2) 5 :Briscard(P1)X Otane(P2) 6 :Ruapuna(P12) X Otane(P21 ) 
7:Domino(P12) X Otane(P21 ) 8 :Briscard(P12) X Domino(P21 ) 9 :Ruapuna(P12) X Domino(P2) 

1 0 :Briscard(P1 ) X Ruapuna(P2) 

1 0  

1 5. 1  a 

1 4 .4 ab 

14 .3  ab 

1 4. 9  ab 

1 4.2 b 

1 4.8 ab 

* 

0.74 

I\) 0 



Fig. 22. Frequency distributions of the latent period of stripe rust pathotype 1 06E 1 39A- in ten crosses of wheat 
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Fig. 22. Continued 
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Fig. 22. Continued 
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Table 85. Heritabi l ity estimates by di fferent methods and genetic advance (GA) for the latent period in  ten crosses of wheat inoculated 
with stripe rust pathotype 1 06E 1 39A-

Cross h2
SS h2

NS GA 

2 3 4 5 6 

Briscardrriritea 0 .71  0.47 0.64 0.67 0.54 0.57 0.43 1 .41 

RuapunafTiritea 0.86 0.83 0.83 0.63 0.76 0.73 0.64 1 .91 

Dominorriritea 0.70 0.50 0.58 0.91 0.63 0.70 0.49 1 .29 

OtanefTi ritea 0.39 0.71 0.70 0.54 0.65 0.62 0.60 1 .43 

Briscard/Otane 0.70 0.32 0.54 0.57 0.40 0.45 0.26 0.82 

RuapunalOtane 0.87 0.68 0.73 0.68 0.68 0.67 0.65 2.27 

Domino/Otane 0.07 0.66 0.70 0 .34 0.55 0.50 0.23 0.75 

Briscard/Domino 0.41 0.58 0.61 0.73 0.63 0.66 0.30 1 .36 

RuapunaiDomino 0.20 0.39 0.39 0.37 0.39 0.38 0. 1 0  0.31 

Briscard/Ruapuna 0.30 0.74 0.74 0.70 0.73 0.72 0.66 3.30 

h2ss : {(TMS-EMS)/r}/{ [(TMS-EMS)/r]+EMS} (AN OVA method) used for 1 .  In  this ratio (VF2 - Ew) / VF2' environmental effect 
(Ew) is (Vp1+VP2)/2, (VP1+VP2) 1/2 , VF1 '  (VP 1+VP2+VF 1 )/3 and (Vpl+VP2+2VF1 )/4 for 2 , 3, 4, 5  and 6, respectively. 

h2NS : [2VF2-(VSC1+VSC2)]NF2 

I\) 0 0'> 



Table 86. Estimates of the number of segregating genes (effective factors) for 
period inoculated with stripe rust pathotype 1 06E1 39A-

Cross Formula1 

2 3 4 

Briscard x Tiritea 1 .4 1 .6 2.2 0.6 

Ruapuna x Ti ritea 1 .5 1 .6 0 .9 1 1 .7 

Domino x Ti ritea 0.4 0.6 0.6 0 .6 

Otane x Ti ritea 0.2 0 . 1  0 . 1  0 .2 

Briscard x Otane 1 . 1  1 .4 1 .4 0.5 

Ruapuna x Otane 0 .4 0.4 0.3 0.6 

Domino x Otane 0 .2 0 .2 0 .2 0 .2 

Briscard x Domino 0.2 0 .2 0.4 0 . 1  

Ruapuna x Domino 0.9 0.6 0.7 0.5 

Briscard x Ruapuna 0.0 0.0 0.0 0.0 

1 1 : n = (jlp2 - jlp 1?1[8(<fF2 - <fF1 )] 

2 : n = (jlp2 - jlp , )
2
/{8[<fF2 - (0.5<fF1+0.25<fP 1 +0.25<fP2)]) 

3 : n = (jlp2 - jlp, )
2
/{8[<fF2 - (<fSC1+<fsC2)]) 

4: n = (jlp2 - jlP 1 )2/{8[(<fSC1 + <fs(2) - (<fF1+0 .5<fP1+0.5<fP2)J) 

5: n = {(jlp2 - jlp 1 ?[1 .5-2h ( 1 -h)]}/{8[<fF2 - 0 .25(2<fF1 +<fP1+<fP2)]} 
where h = (JlF 1 - jlP l)/(JlP 2 - JlP 1 ) 

6: n = (JlF1 - jlp/I{4[<fSC1 - 0.5 (<fF1+<fP1 )]} 

7: n = (jlp2 - jlF1 )
2
/{4[<fBC2 - 0.5(<fF1+<fP2)]} 

where jlP1 <JlP2 

5 6 

1 .6 1 .5 

1 .6 3 .2 

0 .6 0 .2 

0 .2 0.8 

1 .6 0 .2 

0.4 0.3 

0.2 0 . 1  

0 .2 0 . 1  

1 .3 0. 1 

0 . 1  0.8 
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0 . 1  
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Table 87. Estimate of the genetic components of means , based on 2, 3, 4, 5 ,  and 6 parameter models, for latent peri od in ten crosses of wheat 

Briscard X Tiritea 

m 1 3.24±0.06 ** 1 3.28±0. 1 2  ** 1 2 .98±0.24 ** 1 3 .3 1±0. 1 2  ** 1 3 .28±0. 1 3  ** 1 2 .97±0.24 ** 1 1 .7 1±0.59 ** 1 3 .38±0. 1 4  ** 1 1 .92±0.69 ** 
[d] 1 .52±O. 1 0 ** 1 .54±0. 1 2 ** 1 .60±0. 1 3 ** 1 .63±O. 1 3 ** 1 .55±O. 1 2 ** 1 .7 1±O. 1 4 ** 1 .64±O. 1 3 ** 1 .68±O. 1 4 ** 1 .68±0 . 1 4 ** 
[h] -0.07±0.20 ns 0.34±O.37 ns -0. 1 8±O.21 ns -0. 1 2±O.49 ns 0.3 1±O.37 ns 3.96±1 .57 * -0.58±O.55 ns 3.33±1 .98 (*) 
[i] 0.38±O.28 ns 0.46±0.28 ns 1 .63±O.60 ** 1 .45±O.67 * 

m -0.8 1±O.52 ns -0.95±O.52 (*) -0.99±0.56 (*) -0.38±O.63 ns 
[I] 

7 .96 (*) 7.83 (*)  5.67 (*) 5.33 (*) 

Ruapuna x Tiritea 

0.05±O.49 ns 

7.82 (* ) 2 .66 ns 

-2.46±1 .04 * 0.42±O.53 ns -2.04±1 .25 ns 

0.37 ns 4.70 * 

m 1 3.03±0.05 ** 1 3 . 1 9±0. 1 0  ** 1 3.35±0.23 ** 1 3.20±0. 1 0  ** 1 3.23±0. 1 1  ** 1 3.35±0.23 ** 1 4.25±0.43 ** 
[d] 1 .44±O.08 ** 1 .50±0.09 ** 1 .49±O.09 ** 1 .53±O. 1 1  ** 1 .5 1 ±O.09 ** 1 .5 1 ±O. 1 1 ** 1 .45±O.09 ** 
[h] -0.34±O. 1 5  (*) -0.57±O.35 (*) -0.36±O. 1 9  (*) -0.6 1 ±O.39 ns -0.58±O.25 (*) -3.03±1 .06 ** 

1 3.27±0. 1 2  ** 1 4.56±0.47 ** 
1 .57±O. 1 2  ** 1 .57±O. 1 2  ** 

-0.79±O.44 (*)  -3.97±1 .20 ** 
[i] -0.20±0.25 ns 

UJ -0. 1 4±O.33 ns 
[I] 

X2 1 3. 1 7  ** 9 .48 * 23.28 ** 9 .29 ** 

0.33±O.41 ns 

8.82 * 

-0. 1 9±O.26 ns - 1 .05±O.43 ** - 1 .30±0.45 ** 
-0. 1 9±O.34 ns -0.29±O.36 ns -0.64±O.38 (*) 

1 .72-+0.70 ** 0.47±0.45 ns 2 .35±O.80 ** 

8.76 ** 2 .82 (*) 8 . 1 8 ** 

I\) o co 
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Domino x Tiritea 

m 1 2.42±0.04 ** 1 2 .75±0.09 ** 1 3.33±0. 1 7  ** 1 2 .78±0.09 ** 1 2.50±0. 1 1  ** 1 3.26±0. 1 7  ** 1 3 .0 H0.45 ** 1 2 .58±0. 1 1  ** 1 3AO±OA8 ** 
[d1 0 .66±0.08 ** 0.8 1 ±0.09 ** 0.72±O.09 ** 0.99±O . 1 1 ** 0.75±O.09 ** 0.87±O . 1 1 ** 0.72±O.09 ** 0.88±0 . 1 1 ** 0.88±O. 1 1 1O1O 
[h] -0.53±0. 1 2  ** - 1 .22±O.21 ** -0.60±0 . 1 2  ** 0.87±0.38 * -1 . 1 6±O.21 ** -0.37±1 . 1 3  ns 0.52±0.42 ns - 1 .55±1 .24 ns 
[i1 -0.82±O.20 ** -0.70±0.21 ** -0.52±O.45 ns -0.82±O.47 (*) 

OJ - 1 . 1 9±0.35 ** -0.90±0.36 ** -0.76±O.38 " -0.95±OAO " 
[11 

4 1 .6 1  ** 22.7 1  ** 1 4 . 1 0  ** 1 1 . 1 6 ** 

Otane x Tiritea 

m 1 2.35±0.04 ** 1 2 . 1 3±0.07 ** 1 2.58±0. 1 9  ** 1 2. 1 4±0.07 ** 
[d] -0.33±O.07 ** -0.32±O.07 ** -0.3 1 ±O.07 ** -0.38±O.08 ** 
[h] 0.54±O . 1 4  ** -0. 1 3±O.30 ns 0.53±O . 14  ** 
[i1 -0.S2±O.21 * 

[jJ 0.S6±O.33 (*) 

[I] 

23.78 "* 9.40 * 1 0.36 ** 6.55 (*) 

- 1 .27±O.32 *1O 

7.07 * 0 . 1 0  ns 

-0.54±O.71 ns -0.99±O.35 ** 0.2S±O.78 ns 

S.73 * 3 . 1 7  (1O) 

1 2 .07±0.08 ** 1 2 .S8±0. 1 9  ** 1 2.73±0.41 ** 1 2 .08±0.08 ** 1 2 .77±0.41 ** 
-0.32±O.07 *1O -0.37±O.08 ** -0.3 1±O.07 ** -0.38±O.08 ** -0.38±O.08 ** 
1 . 1 3±O.34 1O* -0.1 4±O.30 ns -0.S6±1 .07 ns 1 . 1 0±0.34 ** -0.68±1 .07 ns 

-0.52±O.21 * -0.66±O.40 (*) -0.70±0AO (*) 
0.56±O.33 (") 0.54±O.33 ns 0.57±O.33 (*) 

-0.72±O.37 (*) 0.30±0.72 ns -0.70±0.37 (*) 0.38±O.72 ns 

5 .62 (*) 0.28 ns 2 .88 (*) 3.05 * 

N C> (,0 
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Briscard X Otane 

m 1 3 . 1 6±0.06 .... 1 3 .57±0 . 1 3  .... 1 2 .90±0.29 .... 1 3 .55±0. i 3  * .. i 3 .76±0 . i 4  ** i 2 .90±0.25 ** i 2 .86±0.59 ** i 3 .78±0.i 6 ** i 2 .80±0.66 ** 
[d] 0.96±O . 1 1 ** 1 .20±0 . 1 3  ** 1 .35±O. 1 3  ** i . i 6±O. i 4  ** i .30±0. i 3  ** i .33±O. 1 5  ** 1 .35±O. i 4  ** 1 .33±O. 1 6  ** i .33±0. i 6  ** 
[h] -0.83±O.22 ** 0. 1 5±0.39 ns -0.78±O.23 ** 
[i] 0.89±O.29 ** 

OJ 0.37±O.54 ns 
[I] 

l 23.86 ** 9.64 * 42.04 ** 9. 1 8  " 

Ruapuna X Otane 

-2.08±0.52 ** 0. i 6±O.39 ns 

0.88±O.29 ** 
0. 1 i ±O.55 ns 

1 .38±0.52 .... 

2 .49 ns 0 .04 ns 

O.28±i .60 ns -2 . i 6±O.58 ** 0.52±i . 83 ns 

0. 93±O. 60 ns 1 .00±0.64 ns 

-0. i 8±O.58 ns 0. i 7±O.62 ns 

-0.08±i .07 ns 1 .44±O.55 ** -0.25±i .22 ns 

0.08 ns 2 .40 ns 

m i 3 .93±0.06 "* i 3 .95±0. 1 0  ** 1 5 .46±0.28 ** i 3.94±0. i i  ** i 3 .68±0. 1 i  ** i 5 .47±0.28 ** i 5 .2 9±0.63 ** 1 3 .64±0. i 2  ** 1 5 .20±0.64 ** 
[d] i .37±O. i 0  ** i .37±O. 1 0  ** i .26±O. i 0  ** 1 .35±O. i 1  ** i .27±O . i 0  ** 1 .20±0. i 2 .... i .26±O. 1 0  ** i . i 9±O. i 2  ** i . i 9±O. i 2  ** 
[h] -0.04±O . 1 9 ns -2 . 1 3±0 .40 ** -0.02±0.20 ns 2 .36±O .49 ** -2 . 1 3±O.40 .... - 1 .67±1 .63 ns 2 .5�+O.50 .... - 1 .39±i .65 ns 

[i] 

U1 
[I] 

-l 36.74 ** 36.69 ** 

- i .78±O.30 ** - 1 .82±O.30 ** - 1 .62±0.63 ** -1 .56±O.63 * 

1 2. 1 4  "* 

0.22±O.49 ns 0.54±O.50 ns 0. 68±O.50 ns 0.57±O.50 ns 

36.49 ** 

-2.72±O.S1 .... -0.31 ±1 .06 ns -2.84±0.52 ** -0.50±1 . 07 ns 

8.02 * 0.22 ns 1 .30 ns 6. 1 9  * 

I\) 
o 



Table 87. Continued 

Domino x Otane 

m 1 3.22±0.06 ** 1 3 .08±0. 1 0  ** 1 3 .83±0.29 ** 1 3 . 1 0±0. 1 1 ** 1 2 .9 1 ±0. 1 1  ** 1 3 .84±0.29 ** 1 2 .64±0.58 ** 1 2 .95±0. 1 1  ** 1 2 .84±0.59 ** 

[d] 0.53±O. 1 0  ** 0.46±0. 1 0  ** 0.24±O. 1 0  ** 0.58±O . 1 1 ** 0.4 1±O. 1 0  ** 0.52±0 . 1 1 ** 0.4 1±O. 1 0  ** 0.50±0 . 1 1 ** 0.50±0 . 1 1 ** 

[h) 0.39±0.21  (*) -0.80±0.47 (*) 0.29±0.22 ns 2.00±0.49 ** -0.86±O.47 (*) 2.67±1 .54 (*) 1 .80±0.50 ** 2.08±1 .58 ns 

[i] -0.88±O.31 ** 

UJ - 1 . 1 0±0.49 * 

[I] 

X2 1 9.88 ** 1 6.43 ** 9.72 ** 1 1 .33 ** 

Briscard x Dom ino 

m 1 4.23±0.08 ** 1 4.37±0. 1 5  ** 1 4 .45±0.32 ** 1 4.37±0. 1 5  ** 

[d) 0.83±O. 1 5  ** 0.86±0. 1 5  ** 0.86±O. 1 5  ** 0.86±0 . 1 7  ** 

[h] -0.30±0 .26 ns -0.41 ±O.47 ns -0.30±0 .26 ns 

[i] -0. 1 0±0.37 ns 

UJ 0.03±O.66 ns 

[I] 

X2 4.71 ns 3.39 ns 5.03 (*) 3.39 ns 

-0.84±0 .31 ** 

- 1 .04±O.49 * 

-2. 1 0±0.57 ** 

2.91 ns 3.79 (*) 

1 4 .29±0. 1 7  ** 1 4 .45±0.32 ** 

0.86±O. 1 5  ** 0.85±O. 1 8  ** 

0.3 1 ±O.66 ns -0.4 1 ±O.47 ns 

-0. 1 0±0.37 ns 

0.05±O.67 ns 

-0.65±O.64 ns 

2.37 ns 3.31 (*) 

0.27±O .58 ns 0 . 1 1 ±O.58 ns 

-0.84±0.49 (*) -0.82±O.50 ns 

-2.52±1 .06 * - 1 .95±O.58 ** -2. 1 2±1 .09 (*) 

2.69 ns 0.04 ns 

1 3 .30±0.78 ** 1 4 .28±0. 1 8  ** 1 3 .04±0.84 ** 
0.89±O. 1 5  ** 0.83±O. 1 8  ** 0.83±O. 1 8  ** 

2.84±2 .06 ns 0.38±O .69 ns 3.6 1 ±2 .25 ns 

1 .00±0.77 ns 1 .24±O.82 ns 

0.23±O.70 ns 0.6 1 ±O.73 ns 

-2. 1 9±1 .35 ns 0.7 1 ±O.66 ns -2.70±1 .49 (*) 

0.68 ns 2.26 ns 
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Ruapuna X Dom ino 

m 1 3 .62±0.06 ** 1 4 . 1 1 ±0. 1 3  ** 1 4 .32±0.29 ** 1 4 . 1 3±0. 1 3  ** 1 4 . 1 3±0. 1 4  ** 1 4 .30±0.29 ** 
[d] 0 .47±0 . 1 2  ** 0.50±0 . 1 2  ** 0.50±0 . 1 2  ** 0.69±O. 1 4  ** 0.50±0 . 1 2  ** 0 .69±O. 1 4 ** 
[h] - 1 . 1 0±0.25 ** - 1 .44±0.47 ** - 1 . 1 0±0.25 ** - 1 .28±0.56 * - 1 .37±O.47 ** 
[i] -O.26±0.31  ns -0.2 1 ±O.31 ns 

OJ - 1 .28±O.52 * - 1 .26±O.52 * 
[I] O.2 1 ±O.61 ns 

x2 28. 2 1  ** 8.59 * 36. 1 7  ** 2.49 ns 8.47 * 2.02 ns 

Briscard X Ruapuna 

1 5 .22±O.57 ** 1 4. 1 4±O. 1 4  ** 1 5 .02±O.58 ** 
0.53±O. 1 2  ** 0.69±O . 1 4  ** 0.69±O. 1 4  ** 

-4. 1 2±1 .54 ** - 1 .2 1 ±O.56 * -3.50±1 .57 * 
- 1 .09±0.55 * -0.88±O.56 ns 

- 1 .27±O.52 * - 1 . 1 2±0.53 * 
1 .97±1 .08 (*) O. 1 3±O.61 ns 1 .55±1 .09 ns 

4.56 * 2.45 ns 

m 1 4 .62±O.08 ** 1 4 .96±0. 1 5  ** 1 5 .43±0.36 ** 1 4.95±0. 1 5  ** 1 5 .00±0. 1 8  ** 1 5 .36±0.36 ** 1 7.36±0.79 ** 1 4 .97±0. 1 8  ** 1 7.29±0.84 ** 
[d] 0 . 1 7±O. 1 5  (*) O.25±O. 1 5  ns 0.22±0. 1 5  ns 0. 1 3±O. 1 8  ns 0.25±O. 1 5  (*) 0. 1 0±0. 1 8  ns 0. 1 6±O. 1 5  ns 0. 1 3±O. 1 8  ns 0. 1 3±O. 1 8  ns 
[h] -0.74±O.28 ** - 1 .27±O.54 * -0.68±O.29 * - 1 .06±O.68 ns - 1 .25±O.54 * -6.87±2.01  ** -0.8 1±O.71 ns -6.66±2 . 1 8  ** 
[i] -0.47±0.41 ns -0. 5 1 ±O.41 ns -2.38±O.78 ** -2.32±O.82 ** 

U1 0.80±0.63 ns 0.86±O.63 ns 0.77±O.66 ns 0. 1 7±O.69 ns 
[I] 0.36±O.69 ns 3.8 1 ±1 .32 ** 0. 1 4±O.71  ns 3.67±1 .43 * 

1 6.72 ** 9 .75 * 30.59 ** 8 . 1 5 * 9.48 ** 6.59 * 0.06 ns 8 . 1 1 ** 
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Table 88. The components of variation i n  six generations of wheat for latent period 
i noculated with stripe rust pathotype 1 06E 1 39A-

Cross D H F Ew (H/D)1t2 F/(D*H)1t2 

Briscard x Tiritea 1 .63 0.46 -0.04 0.35 0.53 0.05 

Ruapuna x Ti ritea 1 .54 2 .97 -0.83 0 .29 1 .39 0.39 

Domino x Tiritea 0 .98 0 .84 -0.41 0 .30 0 .93 0.45 

Dtane x Tiritea 1 .00 0.04 +0. 1 8  0 .31  0.20 0 .90 

Briscard x Dtane 0 .74 1 .04 -0.77 0.79 1 . 1 9  0 .88 

Ruapuna x Otane 2 .26 0.20 -0.33 0 .57 0 .30 0 .49 

Domino x Dtane 1 .2 1  5.77 +0.85 0.5 1 2. 1 8  0.32 

Briscard x Domino 1 .92 4.04 -2.48 1 .0 1  1 .45 0 .89 

Ruapuna x Domino 0 .28 1 .48 -0.42 0.84 2.30 0 .65 

Briscard x Ruapuna 4.75 0.83 - 1 .46 1 .0 1  0.42 0.74 
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4.6. Nonspecific field diallel 

To study i nheritance of stripe rust severity at adult stages i n  the field with 

common pathotype in N .Z. ,  fou r  adu lt plant resistant cu ltivars and one susceptible 

cultivar were chosen for d iallel mating design and generation mean analysis. The stripe 

rust severity for these cu ltivars,  based on the modified Cobb's scale for cereal rust (F ig .  
6) ,  i n  th is trial is  p resented i n  F ig .  23. The susceptible parent, Tiritea, h ad a h igher a rea 

u nder the disease progress cu rve, AU DPC,  (for detail see Materials and Methods) than 
the resistant parents. For the resistant parents, stripe rust severity did not notably 
increase until the last data recording, but for the susceptible cu ltivar, the fi rst data 

recording was about 30% severity and almost 1 00% at the last one . Among the resistant 

cultivars, the AUDPC for Otane was h igher than for other  cu ltivars. It was followed by 
Ruapuna, Domino and B riscard,  in this o rder. A dial lel mating design was used to 

determine the gene action of stripe rust resistance i n  Briscard, Domino, Otane and 

Ruapuna i n  terms of AUDPC. 

4.6. 1. Graphical (Hayman) analysis 

The results from the analysis of vari ance carried out on plot means are presented 

in Table 89. Sign ificant genotype differences at the 0 .0 1  % level were obtained in all 

cases; parents , F, 's and pooled. The means for each genotype, five parents and ten 

hybrids are presented in Table 90. Duncan's mult iple ranges was used to compare 

parents and their hybrids. Tiritea and its crosses were the most susceptible genotypes, 

whereas Briscard and its crosses with Ruapuna and Domino were the most resistant. As 

the genotypic variances were significant for the area under  the disease p rogress curve 

the Hayman-J inks analysis was conducted . 

The est imates of basic array statistics,W/V, regression equation and their F-test 

and other relevant statistics are presented in Table 9 1 . The regression slope was 

significantly d ifferent f rom zero for the area under the disease progress curve. 

Analysis of variance was carried out to test the consistency of W,· Vr over arrays; 

the test for the presence of non-additive genetiC variation another analysis variance of 

W,+V, was carried out (Table 91 ) .  The array values for Wr+Vr were homogeneous, 

ind icating that dominance was trivial ,  but array values for WrY, were heterogenous, 
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ind icating the presence of non-al lel ic interactions. 

A two-tai led t-test was used to test the si gn ificance of the slope of the regression 

l ine from unity. I t  was not s ign ificant, indicating that epistasis, correlated gene d istribution 

and the environment had less effect on graphical distortion (Mather and J inks ,  1 982) .  

Additive genetic variance (D) was greater than the dominance genetic variance 

(H 1  and H2) ' The F value was positive , ind icating  the inequal ity of gene frequencies with 

an excess of dominance over recessive alleles (Table 9 1 ) . The degree of dominance, 
( H ,ID) 112 was less than un i ty, suggesting partial dominance. 

The gene f requency were 0. 1 5 , indicat ing i nequality of increasing (frequency of 

dominance or resistance) and decreasing (frequency of recessive or susceptibi l ity) 

genes. The proportion of positive to negative alleles was 1 . 1 7, being almost equal to 

one. This suggested that dom inance was consistent for al l loci .  The proportion of 
dominant to recessive alleles over all parents was 7.32 .  

H igh heri tabi l ity, both broad and narrow sense, was obtained (92 and 88  percent) 

respectively (Table 91 ) .  

The correlations between common parent mean and Wr+Vr for  each array was 

not different from zero. This indicated that distri bution of dominant to recessive al leles 

was not correlated with the common parent phenotype. 

The relative importance of additive to dominance genetic variances was shown 

by .the if A/if 0 ratio. It indicated that additive variance is much g reater than dominance 

variance. The number of effective factors was estimated as 2.25, suggestin g  that the 

resistance is not control led monogenically (Table 9 1 ) .  

The W/Vr graph and parabola, Wr2 = Vr .. Vp'  for area under the disease p rogress 

curve is found i n  Fig.  24. Ranking of parental arrays with respect to the p roportion of 
dominant al leles for the F 1 and F 2 can also be seen i n  Fig. 24. Those points which are 

close to the orig in  carry the greatest proportion of dominant alleles ,  whereas those points 

which are far from the origin correspond to parental arrays with the greatest proportion 

of recessive al leles. I n  the case of the F l I  Briscard and Otane had the h ighest p roportion 
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of dominant al leles, whereas Ti ritea, the susceptible cultivar, had the fewest dominant 

o r  most recessive al leles. Ruapuna and Domino were close to the orig in but not as close 

as Briscard and Dtane .  In the case of the F 2' Ruapuna and Domino kept their positions, 

whereas Ti ritea, B riscard and Dtane moved toward the middle of the range.  This is i n  

agreement with the reducing of heterozygosity in  F2, and they tended to be  p laced in an 

additive position.  The R-square for F1 and F2 were high (97.6 and 99.9 respectively) . The 
slope of F1 and F2 regression l ines were not signif icantly different from un ity, i ndicating 

the presence of dominance. The i ntercepts of  the F1  and F2 regression l i nes were close 

to each other  and intersected the Y axis  above the orig in ,  indicati ng  that partial 
dominance was present. 

4.6.2. Griffing combining ability analysis 

The analysis of variance for combin ing abil ity is presented i n  Table 92. Both 

general and specific combin ing abil ities were h ighly signif icant. The ratio 2MSGCA/(2MSGCA 
+ 2MSsCA) which shows the importance of GCA (Baker, 1 978) was 0.98. The relatively 

h igher magnitude of that ratio indicates the predominance of additive (fixable) gene 

effects in the genetic control of stripe rust resistance among the parents used in  th is 

dial le l  cross .  

The comparison of GCA and SCA performance of  cultivars for  stripe rust 

resistance is p resented in Table 93. On the diagonal , Ti ritea had positive GCA effects , 

whereas the other cu ltivars had negative GCA effects. The positive values indicate 

susceptibi lity whi le the negative values ind icate resistance. Briscard had the h ighest 

negative value , followed by Ruapuna, Domino and Otane .  This ranking  of cultivars 

according to GCA was s imi lar to that based on their mean performance i n  the trial (Table 

90),  i nd icat ing again the preponderance of additive gene action. The SCA of each hybrid 

is in  the above the diagonal .  Out of the total of 1 0  cross combinations, on ly 4 values 

were sign if icant, of which only one was positive. The h ighest negative SCA was shown 

by the combinations of Briscard x Tiritea, Otane x Ti ritea and R uapuna x Tiritea 

respectively. This indicates that dominance plays an i mportant role for those hybrid to 

obtain a h igh level of stripe rust resistance to pathotype 1 06E 1 39A-. It is noteworthy that 
Tiritea, which is susceptible, can be used to produce F 1  hybrid cultivars with higher of 

resistance than expected (but it was mostly at the more susceptible one) . 
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Fig.  23.  Development of the disease progress curves for stripe rust on 
five wheat cultivars infected with pathotype l 06E 1 3 9A-
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Table 89. Analysis of variance for the area under the disease progress curve of a 5 x 
5 dial lel i nocu lated with stripe rust pathotype 1 06E 1 39A-

S.O.V. Parents F 1 ,s Pooled 

df EMS df EMS df EMS 

Block 4 1 1 43.4 ** 4 995.0  ** 4 9799.4 ** 

Treatment 4 1 981 7.2 ** 9 2852.8 ** 1 4  761 37.5 ** 

E rror 1 6  71 .9  36 1 1 8 .0 56 985.4 

** : signif icant at P ::: 0.01 

Table 90. Means of five cultivars and their p rogenies for the area under the disease 
prog ress curve (AU DPC) inoculated with stripe rust pathotype 1 06E1 39A-

Genotype AUDPC 

Tiritea 243.42 a' 

TiritealDomino 1 60.60 b 

TiirtealRuapuna 1 5 1 .68 b 

TiritealOtane 1 48.28 b 

TiritealBrisca rd 1 27.33 c 

Otane 1 21 . 32 cd 

Otane/Ruapuna 1 1 7.33 cde 

Otane/Domino 1 1 0.98 def 

Otane/Briscard 1 08.87 def 

RuapunalDomino 1 06.45 efg 

Ruapuna 1 04.87 efg 

Domino 1 03. 1 9 efgh 

Domino/Sriscard 96.99 fgh 

RuapunalSriscard 92.63 gh  

Briscard 90.05 h 

'Means with the same letter are not significantly different ( P:::0 .05) , using Duncan's 
multiple ranges 
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Table 91 . Dial lel genetic statistics, W/Vr regression equations and basic array statistics 
for stripe rust resistance in five cultivars of wheat inoculated with pathotype 1 06E 1 39A-

statistics 

t-test(J3 - 1 ) 

D 

H ,  

H2 
F 

I"(H ,ID) 

uv (H2 I 4H , )  

0 .5F  II"[D(H ,  - H2)] 

dom./rec. genes 

h2Bs 
h2

Ns 

r (Pr ' Wr + Vr) 

ifA / ifD 
K (effective factors) 

Eparents 

EhYbnds 

Area Under the D isease Progress Curve 

ns 

** 

0 . 1 1 ns 

389 1 .6 1  

334.77 

1 94. 1 6  

1 734.30 

0.29 

1 . 1 7  

0 . 1 5  

7 .32 

92% 

88% 

0. 1 8  

40.09 

2.25 

985.40 

7 1 .86 

1 1 8.03 

Wr = 800 + 0.99 Vr F-test 1 20.7 ** 

Vp = 3942. 1 7  

V = 71 0.52 
r 

w = 1 522.34 
r 

v- = 592 .00 
r 

ns and ** : not significant and significant at P = 0.01 , respectively 
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Table 92. Mean squares of general and specific combin ing abi lity for area under the 
disease progress curve inoculated with stripe rust pathotype 1 06E 1 39A-

S .O.v. 

Ratid 

df 

4 

1 0  

675 

MS 

4868.93 ** 

1 84 .28 ** 

5 .06 

0.98 

0.99 

0.98 

1 General Combin ing Abil ity 
2 Specific Combin ing Abil ity 3 2MSGci(2MSGCA + MSsCA) 
4,

5 
Broad- and narrow sense heritabi l ity 

** sign ificant at P = 0 .01  

Table 93. Estimates of general combin ing abil ity (diagonal) and specific combining abil ity 
(above diagonal) for the area under the disease progress cu rve to stripe rust pathotype 
1 06E1 39A-

Bri scard Domino Otane R uapuna Ti ritea 

Briscard -21 . 1 2** 2 .68ns 8.03 * - 1 .03ns -23.01 ** 

Domino - 1 0.20** -0.79ns 1 .87ns -0.67ns 

Otane -3.67 * 6.22ns - 1 9.52** 

Ruapuna - 1 0.85** -8.94 * 

T i ritea 45 .84** 

S .E·GCA=1 .501 0 S .E ·scA=3.935 1  



Results 222 

4. 7. Nonspecific field generation means 

The dial lel mating design can not verify types of epistasis ,  although it gives us 

good genetic information.  Therefore,  quantitative genetic studies on stripe rust 

inheritance were continued with n ine generations involving P l '  P 2' F 1 1  F 2' backcrosses 
(BC1 and BC2) ,  F3 l ines, and backcross selfed l i nes (BCS1 and BCS2) .  Generation mean 

analysis was used to estimate the mode of gene action in detai l .  In generation m ean 

analysis, the joint scal ing test is more powerful  than any of the other tests in detecting 
epistasis since it uses information from al l populations. Generation mean analysis was 

used by th ree ways using different populations as fol lowed: 
1 . P1 ,  P2, F 1 ,  F2, BC1 and BC2 
2. P 1 ,  P2, F2, F3, BCS1 and BCS2 
3 .  P1 ,  P2, F 1 , F2, F3, BC1 , BC2, BCS1 and BCS2 

4. 7. 1.  Briscard x Tiritea 

Weighted analysis of variance indicated that h ighly sign ificant differences existed 

among generations for the area under the disease progress cu rve (Table 94) . Ti ritea was 

the most susceptible genotype, with the highest AU DPC and was followed by both 
backcross and backcross selfed to Tiritea, and then by the F 2 and F 3 and final ly by the 
Fp backcross selfed and backcross to Briscard and Briscard (F ig .  25). I n  the last data 

recording,  stripe rust severity i ncreased less than 1 3% fo r Briscard ,  its backcross,  

backcross selfed and the F 1 ,  whereas for the F2 and F3 l ines up to 30%; for the 

backcross to Ti ritea up to 60% and for Ti ritea up to 1 00% was recorded. I t  is quite clear 

that rust development on the F 1 , F2, F3, backcrosses and backcross selfed was 

intermediate to the development on the parents and it fol lowed a theoretical trend. The 

mean AU DPC values of the backcross and backcross selfed with Ti ritea were s imi lar, 

but lower than Ti ritea. The mean values for the F2 and F3 were also simi lar but were 

interm ediate to both parents . The F 1 ,  backcross to Briscard and backcross selfed to 

Briscard were i n  same group, whereas the backcross to Briscard , Briscard i tself were 

s im ilar, being the most resistant g roup (Table 94) .  

The mean AUDPC for Briscard , Tiritea and their F 1  was 95.4,  243.0 and 1 27.3, 

respectively. The degree of dom inance according to the deviation of the F1 the from m id

parent (Falconer, 1 981 ) was estimated as 0.75, suggesting the occurrence of partial 
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dominance for resistance. 

Broad sense and narrow sense heritabi l ity are presented in Table 95. There were 

0 .49±O. 1 4  and O. 1 8±O.08, respectively. The genetic advance was 1 2 .98, assuming that 

the top 1 % of segregating plants were selected for resistance. Estimates of the minimu m  

n umber of genes were calculated by different formulae for both AU DPC (Table 96) . The 

range of the number for th is  cross was from 1 .6±O.51  to  9.D±2 .8 .  

The frequency distributions o f  transformed AUDPC of a l l  generations is p resented 

in Fig. 35. The distributions of the F2 and F3 were normal and the distribution of 

backcrosses and backcrosses selfed was skewed toward the their recu rrent parents. The 

amount of  skewness for backcrosses selfed was less than the for backcrosses. 

Transgressive segregation was observed in F3 l i nes in both d i rections and also in the 

backcross with Briscard toward resistance and in  the backcross with Tiritea toward 

susceptibi l ity . The results suggest that the susceptible cu ltivar, Tiritea, can contribute 
resistance i n  terms of lower AU DPC. 

The estimates of gene effects together with the scal ing test and chi-square of two 

batch of six popu lations and n ine populations for th is cross were presented in Table 97.  

I n  the f i rst case using P l ' P2, F "  F2 , BC, and BC2, the ch i-square of the th ree parameter 
model was not significant indicating the additive-dominance m odel , involving m, [d] and 

[h] ,  for stripe rust resistance was the perfect f i t  and there was no epistasis .  Th is was 

supported by using the six-parameter model in addition . In the second case using P" P2, 

F2, F3 l ines, BCS , and BCs2 l ines, the Six-parameter model revealed a perfect fit. Th is 

analysis showed the presence of non-allel ic interactions. I n  the th ird case us ing a l l  n ine 

generations; P"  P2, F" F2, BC" BC2, F3 l ines, BCS, and BCs2 l ines, the best model 

involv ing m, [d] , [h] and [i] was fitted. The ch i-square of this model was sign ificant, 

suggesting that th is model was not adequate and trigenic i nteraction or l inkage or both 

were present. In all three cases, the [h] and [I] components possessed negative and 

positive signs, respectively, suggesting the predominance of a duplicate type of epistasis .  

I t  is obvious the [ I ]  in the th i rd case is very close to zero and not signifi cant which was 

supposed to have and opposite sign of [h]. The negative s ign of [h] indicated that partial 

dom inance for low AUDPC or resistance was presented. Al l  th ree cases gave a 

consistent value of additive gene effects [d], indicating the possibi l ity of deriving h igh ly 

resistant l ines in  later generations. 
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The components of variation , based on the basic s ix generations VP1 '  VP2. ' VF1 , 

VF2, VSC1 '  and VSC2 are p resented in Table 1 07.  The additive (0) and dominan ce (H )  

components were 274.46 and  926.4, respectively. The estimate o f  average dominance 

of the genes was 1 .84, ind icating overdominance for resistance. The F value was -

481 .23 which agreed with the deviation of the F, mean from the mid-parent toward the 

smaller parent ,  Briscard. This indicated that the genes from Briscard were m ostly 

dominant. The ratio F/(O*H) 112 was 0.96, indicating the m easure of dominance, hid , is 

constant in  both magnitude and sign fo r al l gene-pai rs involved. There is good reason 

to bel ieve that almost all the genes from Briscard were dominant (Mather and J inks ,  

1 982) . 

4. 7.2. Ruapuna x Tiritea 

The analysis of variance together with the mean comparisons are presented in 

Table 94. The F-test was highly significant. There were five groups amongst means;  

Ti ritea was the most susceptible genotype, then backcross and backcross selfed to 

Ti ritea were in another g roup, followed by the F" F2 and F3 i n  a group, then both 

backcross and backcross selfed to Ruapuna in another group, and final ly Ruapuna was 

the most resistant genotype (Table 94) . 

I n  the last data recording (Fig.  26) , the stripe rust severity increased u p  to 20% 

for Ruapuna and the i r  backcrosses, up to 40% for F 1 ,  F2 and F3 and up to 70% for 

backcrosses to Tiritea, and about 1 00% for Ti ritea. Rust development on all n ine 

generations fol lowed a theoretical trend.  The mean values were 1 1 0.6 , 234.2 and 1 5 1 .7 

for Ruapuna, Tiritea and the F 1 ,  respectively. The estimate of degree of dominance was 

0 .58, ind icat ing partial  resistance for resistant parent, Ruapuna.  

Heritabi l i ty and genetic advance were estimated i n  different ways (Table 95) . 

Broad sense and narrow sense heritabi l i ties were 0.47±O . 1 2 and 0 . 1 1 ±O. 04,  respectively. 

Genetic advance was 7 .9 1 , assuming 1 % of the resistant plants in segregating 

generation were selected . The range of min imum number of  genes was estimated from 

4.2±O.5 to 1 2 .2±2.3 (Table 96) . 

The frequency distributions of AUOPC of n ine generation are presented i n  Fig. 

36. The distribution of F2 and F3 l ines was normal but i t  was close to the resistant parent, 
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Ruapuna,  rather than Tiritea. Transgressive segregation was observed i n  F2 and F3 
toward the resistant parent. Transgressive segregation was also observed in  

backcrosses and backcrosses selfed toward thei r recurrent parents .  Th is indicated that 

Ti ritea has a gene or genes for resistance and Ruapuna has a gene or genes for 

susceptibi l ity . 

The mode of gene action was determined by generations m ean analysis (Table 

98) . In basic generations ,  using P 1 , P2, F1 , F2, BC1 and BC2, ch i-square of the th ree

parameter model was significant, indicating that the model was not adequate and there 

was the presence of non-al lel ic interactions. Then al l  possible models were fitted to the 

observed means, and all models had at least one nonsignificant component, except the 

m ,  [dJ, [hJ and [IJ model .  I t  should be mentioned that in the s ix-parameter m odel only m 
and [dJ were s ignificant and standard error of all components i n  four-parameter model 
were less than six-parameter model ,  so it d id not support the method of M ather and 

J inks ( 1 982) . I n  the second case using P 1 ,  P2 , F2 , F3 l ines, BCS1 and BCs2 l ines, the ch i

square of the th ree-parameter model was significant, indicatin g  the presence of epistasis. 

I n  the Six-parameter model , the [I] component was not significant and al l possible models 

were fitted to the observed means. The best model was m, [d] , [h] ,  [j] and [I] which had 

increasing in the means and decrease in the standard errors in comparison with the six

parameter model. This one also did not fol low the method of Mather and J inks ( 1 982) . 

I n  the th i rd case using al l  generations, P1 , P2 , F 1 , F2, BC1 ,  BC2, F3 l ines, BCS1 and BCs2 
l i nes, the model m ,  [d] and [i] was fitted and the chi-square of that was sign ificant at 1 0% 

level , meaning that at the 5% probabil ity level this model is adequate. I n  the fi rst and 
second cases the [h] was negative whereas [I] was positive, i ndicating the dupl icate type 

of epistasis. The negative [h] value indicated that partial dominance of low AUDPC was 

present which was confirmed by deviation of the F1 from the mid-parent. I n  al l  cases the 

additive value was conSistent, indicating the possibi l ity of deriving h ighly resistant l ines 

in  generations. 

Based on Pp P2, F1 , F2, BC1 and BC2, the components of variation were 

estimated (Table 1 07) . The D and H were 1 68.34 and 1 067.76, respectively. The ratio 

( HID) 112 was 2 .52 , i ndicating overdominace for resistance. This did not agree with 

analysis of the m ean which show partial resistance. The F value was -538.93, indicating 

that the genes f rom the resistant parent, Ruapuna were dominant. This agrees with the 

deviation of the F1 from the mid-parent. The ratio F/(D*H) 112 was close to un ity , indicating 
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the hid is constant in magnitude and sign for al l  gene-pairs involved . 

4. 7.3. Domino x Tiritea 

The F-test showed statistical differences amongst the generations (Table 94) . 

Tiritea was most suscepti ble genotype, and its backcross and backcross selfed were i n  
a separate group (Table 94) .  The F"  F2 and F3 were s im i lar whi le backcross and 

backcross selfed to Domino were in  a same group and f inal ly Domino was in  a separate 

group as the most resistant genotype. The degree of dominance was 0.25 towards 

resistant parent, Domino. 

Rust development for n ine generations is presented in  Fig. 27. I n  the last data 

recording ,  stripe rust severity i ncreased f rom less than 1 0% for Domino,  less than 25% 

for backcross and backcross selfed to Domino, less than 40% for the F" F2 and F3, less 

than 60% for the backcross selfed to Ti ritea, less than 70% for the backcross to Ti ritea 

and about 1 00% for Tiritea. These gene rations also followed theoretical trend. 

Broad sense and narrow sense heritabil ity together  with genetic advance are 
presented in Table 95. The heritabil ity was 0.39±O.1  0 and 0 . 1 5±O.06 for broad sense and 

narrow sense respectively. Genetic advance was 1 1 .09, assuming the top 1 % of 

segregat ing plants were selected for resistance. The numbe r  of genes was estimated i n  

different ways (Table 96). The range o f  min imum number of genes for this cross was 

2 .9±OA - B.0±1 . 1 .  

The frequency distributions of n i ne generations for th is cross are presented i n  Fig. 

37. The frequency distributions of the AUDPC of F2 plants and F3 l i nes were normal .  

Transgressive segregation was found in  the F2 and F3 toward the resistant parent, 

Domino, and transgressive segregation was observed in al l backcrosses and 

backcrosses selfed toward the their recu rrent parents. This is good evidence the even 

Ti ritea which is susceptible can contribute to increased resistance. 

The results of generations mean analysis are presented in Table 99. In the f i rst 

case us ing P "  P2, F" F2 , BC, and BC2, the additive-dominance model was n ot adequate 

s ince the ch i -square was significant. Then other possible m odels were fitted and the best 

model for this cross was m, [d] , [h] and [I]. It should be mentioned that in the six-
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parameter model only m and [d] were signif icant whereas in the four-parameter model 
involving m [d] , [h] and [I], al l components were signif icant at the 1 % level and they had 

an increase i n  their means and a decrease in the ir  standard errors i n  comparison with 

the s ix-parameter model. Again this did not fol low the method of Mather and J inks 

( 1 982) . I n  the second case using P "  P2, F2, F3 l ines, BCS, and BCs2 l ines, the th ree

parameter model was not adequate s ince chi-square was significant. Then by using the 
six-parameter model in which only [i) was not sign ificant and with the removal of [ i ] ,  the 

five parameter model involving m [d] , [h] , [j] and [I] was the best model. The ch i-square 
was not s ignif icant indicating there was not any tri-gen ic interaction. This fol lowed the 

method of Mather and J inks ( 1 982) . Other model were not adequate since aI /  ch i
squares were sign ificant. In  the th i rd case using all n ine generations, involving P "  P2, 

F "  F2, BC" BC2, F3 l ines, BCS, and BCs2 l ines, the model involving  m , [d], [i] and [I] 
was f itted but it was not adequate since the chi-square was sign if icant, indicating 

presence of tri -genic i nteractions. In al l  cases, the [h] and [I] h ad opposite signs, 

suggesting the predominance of a dupl icate type of epistasis. The [h] value was 

negative, ind icating that partial dominance of resistance was p resent. This agrees with 

the deviation of the F, f rom the m id-parent and [d] in all cases was consistent. 

In the estimates of the components of variation (Table 1 07 ) ,  D and H were 241 .8 

and 751 .04 ,  respectively. The est imate of average dominance of the genes were 1 .76, 

ind icating over-dominance. This d id  not agree with partial dominance which al ready was 

obtained from the result of the means. The F value was negative, supporting that partial 

dominance existed for F, toward the resistant parent, Domino. The ratio F/(D*H) '12 was 

0 .58.  This indicated that the dominance deviation at d ifferent loci are not constant i n  

either magnitude o r  sign .  There i s  good reason to bel ieve that even though the genes 

from Domino showed a preponderance of dominance, some of them must be recessive 

to thei r al leles from Tiritea (Mather  and J inks, 1 982) .  

4. 7.4. Otane x Tiritea 

Analysis of variance indicated that there were highly sign ificant differences 

between genotypes (Table 94) . Both parents were in  different g roups whi le the rest 

overlapped (Table 94) .  Rust development for al l  genotype is p resented in Fig. 28. Dtane 

and T i ritea were most resistant and susceptible genotypes respectively. Between the two 

parents the susceptibi l ity i n  ascending  order was F"  F3, F2 , backcross selfed and 
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backcross to Ti ritea. In  the last data record ing, stripe rust severity increased up to 1 2% 

for Otane, up  to 1 5% for the backcross selfed to Otane, up  to 20% for the backcross to 

Otane, up to 22% for the F" up to 35% for the F3, up to 39% for the F2, up to 54% for 
the backcross selfed to Tiritea, up to 57% for the backcross to Tiritea and about 1 00% 

for Tiritea. The position of rust development of each genotype between the two parents 

fol lowed theoretical trend. 

The means AU DPC of Otane, Tiritea and the F, were 1 2 1 .05, 248. 1 8  and 1 48.28 

respectively. The degree of dominance was estimated as 0.76, indicati ng partial 
dominance for the resistant parent. 

Heritabil ity was 0.62±O.9 and 0.46±O.6 for broad sense and narrow sense 

respectively (Table 95) . The genetic advance according to narrow sense heritabi l ity, was 

estimated as 42 .20, assu ming the top 1 % of segregating plants were selected for 

resistance. The range of m in imum number of genes or effective factor (Table 96) was 

from 1 .2±0.07 to 4.6±O.6. 

The frequency dist ributions are presented in F ig .  38. The F2 distribution was 

normal and showed transgressive segregation for both resistance and susceptib i l ity. The 
F 3 distribution was simi lar to the F 2' but there was not any transgressive segregation for 

susceptibi l ity. The backcross distributions to both parents demonstrate transgressive 

segregation towards the recu rrent parent. There was sl ight transgressive segregation for 

the backcross selfing distributions. 

The gene effects are presented in  Table 1 00. In the f i rst case using PI ' P2, F"  

F2, BC,  and BC2, the additive and dominance were h ighly s ign ificant and chi-square was 

not significant. This indicated that additive-dominance m odel was adequate and the re 

were no digenic interactions. By using all possible models, only interactions in  the s ix

parameter model were sign ificant at the 1 0% probabi l ity level. In the second case using  

P "  P2, F2, F 3  l i nes, BCS, and BCS2 l ines, the chi-square o f  the th ree-parameter model 

was sign ificant, indicating that the additive-dominance model was not adequate. Then 

the s ix-parameter model was used and the additive x additive component was n ot 

S ignif icant, indicating model involving m,  [dl .  [hl. [j] and [I] was adequate. This matter was 

confi rmed by fitting all possible models. In the third case using all nine generations 

involving PI ' P2, F" F2, BC" BC2, F3 l ines, BCSt and BCs2 l ines, the model involving m ,  
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[d] , [i] and [I] was fitted but it was not adequate s ince the chi-square was h igh ly 
s ignificant, indicating p resence of tri -genic i nteractions. I n  all cases the additive part was 
nearly constant and i n  the f irst and second cases the [h] was negative and of opposite 

sign to [I), indicating partial dominance of the resistant parent and the presence of 

dupl icate type of epistasis. 

By using the basic generations i nvolving P" P2, F" F2, BC,  and BC2, the 
components of variation are presented in Table 1 07. The 0 and H values were 1 78.76 

and 261 5 .64 respectively .  The estimate of (O/H) '12 was 3.83, suggesting over dominance, 

which did not agree with the deviation of the F, mean from the mid-parent. The 

covariance of additive-dominance (F) was -704.67, ind icating partial dominance for the 

resistant cu ltivar, Gtane. The ratio F/(O*H) '12 was close to un ity, indicating dominan ce in 
al l  loci was constant in sign and magnitude. 

4. 7.5. Briscard x Otane 

The F-test showed that the differences among the mean of n ine generations were 

sign ificant at the 5% probability level (Table 94) . The two parents were significantly 

different from each other and other genotypes overlapped (Table 94). The d eg ree of 

dominance was 0.59 for the susceptible parent, Gtane. This was estimated from the 

means of Briscard, Gtane and the F, wh ich were 87.68, 1 1 9.09 and 1 08 .87 respectively. 

The rust development (Fig. 29) increased up to 5% and 1 5% for Briscard and 

Gtane, respectively. Other  generations were intermediate to the development on the 

parents. 

Broad sense and narrow sense heritabil it ies were estimated as 0.5 1±O. 1 4  and 

0.50±0. 1 4  respectively and the genetic advance was 33.67,  assuming that the top 1 % 
of segregating plants were selected for resistance (Table 95). The min imum number of 

genes for the area under the disease progress curve was less than unity (Table 96) .  

The f requency distributions of all generations are presented in Fig . 39. 

Transgressive segregation was observed for low and h igh AUOPC in the F2 and F3 

d istributions. For the backcross to Briscard, transgressive segregation in both d i rections 

was observed whereas for the backcross to Gtane it was observed towards 
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susceptibi l ity. Th is  situation was simi lar for the backcrosses selfed. 

The estimates of gene effects and ch i-square values are presented in Table 1 0 1 . 

I n  the fi rst case using P 1 '  P2, F1 , F2, BC1 and BC2, the additive-dominance model was not 

adequate since chi-square was h ighly significant. By using the six-parameter model, only 
m, [d] and [j] were significant (the fi rst two at 1 % and third one at the 1 0% p robabil ity 

level ) .  This model m ,  [d] and [j] cannot be adequate since the [h] was already s ignif icant 

in the th ree parameter model whereas it was not in the six-parameter model. Then all 

possible models were fitted, two models showed that there were adequate. The chi 

square o f  f i rst model involving m ,  [d] , [h] , [j] and [I] was not sign ificant, i ndicating 

adequacy of this model and the chi-square of the second one involving m, [d] , [h] and 

[I] was also not sign ificant. In the fi rst model the m was significant at the 1 0% p robabil ity 

level which was the only difference between two models. I n  the second case using P1 , 

P2, F2, F3 l i nes, BCS1 and BCs2 l ines, the ch i-square of the th ree-parameter model was 

Signif icant, indicating the presence of non-al lel ic interactions. By fitt ing the Six-parameter 
model ,  it was determined that [h] was not sign if icant whereas i n  the th ree-parameter 

model it was. After fitt ing all possible models, it was found that the model involving m, 

[d] , [h]  and [i] was adequate and there was no interaction beyond additive x additive 
component. In the third case using all n ine generation, involving P 1 ,  P2, F "  F2, B C1 , BC2, 

F3 l ines, BCS1 and BCs2 l ines , the model involving m , [d] , and [i] was fitted and it was 

adequate since the chi-square was not significant, indicati ng noth ing beyond digenic 

interactions. 

The components of variation D and H were 654.52 and 1 8.44 ,  respectively (Table 

1 07) . The average dominance was 0 . 1 7 ,  indicating partial dominance that supported the 

degree of dominance which al ready estimated by means of the parents and the F1 • The 

covariance of additive-dominance (F) was + 1 34.94. The positive sign of F suggested that 

there was partial dominance for susceptibil ity, which also supported the previous results. 

The ratio F/(D*H) 1 /2  was close to unity, indicating the measure of dominance ( hId) was 

constant in  sign and magnitude for all loci for Otane. 

4. 7. 6. Ruapuna x Dtane 

The results from the analysis of variance are presented in Table 94. The F-test 

was signif icant at 5% probabi l ity level . Overlapping was observed in the comparison of 
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the means,  the range of  which was 1 02 .3 - 1 24.7 for backcross selfed to R uapuna and 

Otane respectively. 

Rust development according to stripe rust severity did not i ncrease more than 

1 5% in  a l l  the n ine generations (Fig. 30) . That did not fol lowed a theoretical trend. 

The mean AU DPC for Ruapuna, Otane and the F, was 1 06.27 ,  1 24.65 and 

1 1 5 .46, respectively. Although the F, overlapped with both parents, the degree of 

dominance was 0 .45, indicating  partial dominance for the susceptible cu ltivar, Otane. 

Heritabi l ity was estimated in d i fferent ways (Table 95). Broad sense and narrow 

sense h eritabi l i ti es were 0.46±0 .09 and 0 .76±O . 1 4  respectively. Narrow sense heritabi l ity 
was greater than broad sense heritabi l i ty si nce the sampling variation the dominance 

variance was negative and reduced the numerator of broad sense heri tabi l ity making 
smaller than narrow sense heritability. 

Genetic advance was 53.95, assuming the top 1 % of segregating plants were selected 
for resistance . The min imum number of genes was less than un ity for the AUDPC (Table 

96) . 

The frequency distributions for al l  generations are presented in F ig .  40. 

Transg ressive segregation fo r both lower and higher AUDPC was observed in F2, F3 
l i nes, backcrosses and backcrosses selfed to both parents. 

The results of generation mean analYSis are presented in Table 1 02. In  the f i rst 
case us ing P "  P2 , F" F2, BC, and BC2, the chi -square of the three-parameter model was 

sign ificant, i ndicating the presence of non-al lel ic interactions. By fitting  the s ix-parameter 

model , it was determined that the model involving m,  [d], [hJ, and [I] was the best; also 

it was confi rmed by fitting all possible model. I n  the second case using P" P2, F2, F3 
l ines, BCS, and BCs2 l i nes, the th ree-parameter model was not adequate since it had 

a s ignif icant ch i-square. The six-parameter model showed that the m odel i nvolvin g  m,  

[d] , [h], [i] and [I] was the best, and i t  was confirmed by us ing  all possible models. This 

fol lowed the method of Mather and J i nks ( 1 982) . In the third case using all n ine 

generations, i nvolving P" P2, F"  F2 ,  BC" BC2, F3 l i nes, BCS, and BCs2 l ines, the OJ 
component was not sign ificant and the m odel m, [d] , [h], [ i] and [I] was fitted, but s ince 

the chi-square was significant the m odel was not adequate and there was tri genic 
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i nteractions beyond th at model . 

The components of variation according to basic generations, P" P2, F" F2, BC, 

and BC2 are presented in Table 1 07. The covariance of additive-dominance (F) value 

was +35 .54, ind icating presence of partial dominance for Dtane,  which agreed with 
deviat ion of the F, mean from the m id-parent. The additive component (D) was 1 1 02.28 
but the dominance component (H )  was negative. This sometimes happens because of 

sampl ing deviation. Since H value was negative, (H/D) '12 and F/(D*H)'12 were not able to 

be estimated . 

4. 7. 7. Domino x Otane 

The F-test was sign ificant at the 5% probabi l ity level, ind icati ng there was at least 

one difference between them (Table 94) . The range of the n ine  means was 1 00.9 for 

Domino to 1 29.3 for backcross selfed to Domino or Dtane. Although the Fl was not 
d i ffe rent from Domino, the degree of dominance according to the deviation of the F 1 f rom 

the m id-parent was 0 . 1 8 for the susceptible parent, Dtane,  ind icating the presence of 

partial dominance. 

The stripe rust severity for the nine generations is presented i n  F ig .  3 1 . In the 

last data recording, severity i ncreased up to a value of 20% for most susceptible one, 

but other genotypes were less than that value. 

Broad sense and narrow sense heri tabi l ities were 0.37±O.09 and 0 . 1 2±O.06 

respectively, and genetic advance was 7.40, assuming the top 1 % of segregati ng plants 

were selected for res istance (Table 95) .  The min imum number of genes for the AUDPC 

was f rom 0.0 to 3 . 1±3.9 (Table 96) . 

The f requency distribut ions are presented in Fig. 41 . Transgressive segregation 

was observed in F2 plants, backcrosses to Domino and Dtane, and F3 l ines toward both 

l ower" and h igher AU DPC, whi le for backcrosses selfed on ly towards higher AUDPC. 

In generation mean analysis, i n  the fi rst case using PI '  P2, F" F2, BC, and BC2, 
the three-parameter model was s ign if icant (Table 1 03) , i ndicatin g  i nadequacy of that 

model and the presence of non-al lel ic interactions. By fitti ng al l possible models, two 
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found to be the best. These were the f i rst model involvin g  m ,  [d] , [h], [i] and Ul and the 

second model involving m, [d] ,  [h] ,  Ul  and [I] ,  which had a not-sign ificant chi-square. I n  
the  second case using P "  P2, F2, F3 li nes, BCS, and BCs2 l i nes, the  chi-square o f  the 

th ree-parameter model was h igh ly s ign ificant, indicating the presence of non-al lel ic 

in teractions. Then six-parameter model showed that the m, [d] , [h] and [ I ]  was adequate, 

which was confi rmed by fitti ng all possible models. This followed the method of Mather 
and J inks ( 1 982) . In  the th i rd case involving P"  P2, F" F2,  BC" BC2, F3 l ines ,  BCS, and 

BCs2 l ines, the ch i-square was Significant, indicating the presence of trigenic interactions.  

The m, [d] and [i] model was h igh ly sign ificant whereas Ul and [I] were sign ificant at 1 0% 

probabil ity level . 

The components of variation D and H ,  accord ing to the basic generations, P "  P2, 
F" F2,  BC, and BC2, were 1 27.04 and 552.88, respectively (Table 1 07). The average 
dominance, (D/H) 1/2 ,  was 2 .09 indicati ng overdominace which did not agree with result 

of the deviation of the F, mean from the mid-parent. The F value was positive, indicating 

partial dominance for the susceptible parent, Otane. The ratio F/(D*H ) '12 was 0.54, 

ind icating that the measu re of dominance was not constant in both magnitude and sign 

for al l gene pai rs involved. This means that some genes from Otane must be recessive 

to the i r  al leles from Dom ino. 

4. 7.8. Briscard x Domino 

The analysis of variance together with the comparisons of means are prese nted 

in Table 94. The F-test was significant at the 0.05% probabi l ity leve l .  The range of 

means was from 90.6 to 1 05 .8 for Briscard and the F3 respectively. The mean AU DPC 

for Briscard, Domino and the F, were 90.58, 1 01 .74 and 96.99 respectively (Table 94). 

Although the F, overlapped with both parents, the degree of dominance based on the 

deviation of the F,  from the mid-parent was 0.39, i ndi cating  partial dominance for the 

susceptible parent, Domino.  

The stripe rust p rogress in the field is presented in Fig. 32 . The increase in 

severity for the last reading was less than 5% and 1 2% for Briscard and the F3; other 

generations were between them. 

B road sense and narrow sense heritabilities were 0.29±O. 1 S  and 0. 1 1  ±O. 1 1  
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respectively (Table 95) .  The genetic advance was 6.35,  assuming the top 1 % of 

segregating plants were selected for resistance. The min imum n umber of genes or 

effective factors was less than un ity for AUDPC (Table 96) . 

The f requency d istributions of AUDPC of al l  generations are presented i n  Table 

4 1 . Transgressive segregation for the F2 plants , F3, backcross and backcross selfed with 

Briscard was observed in both directions and for the backcross, and backcross selfed 

with Domino in the susceptible direction . 

The est imates of gene effects using generation means analysis ,  in the fi rst case 

using P" P2 , F" F2, BC, and BC2, the th ree-parameter model was s ignificant at the 5% 

probabil ity level ,  i ndicat ing the p resence of non-allel ic interactions (Table 1 04) .  By fitting 

a s ix-parameter model, only m. [d) and [i) were s ignif icant. By fitt ing a/ l possible models 
it was determined that the model involving m, [d] , [h) and [i) was the best and the chi

square was not significant. ind icating the adequacy of the model . In the second case 

using p, . P2• F2. F3 l ines, BCS , and BCs2 l ines, the best model was the s ix-parameter 
model. I n  the th i rd case using all n ine generations i nvolving P" P2, F" F2, BC , .  BC2, F3 

l ines, BCS, and BCs2 l ines ,  the model m ,  [d], [hJ and [iJ was the best model and chi

square was highly significant, indicating there was trigenic interactions for th is cross. In 
all cases, the sign of [h] was opposite of [I] , indicating presence of dupli cate type of 

epistasis. 

By using basic generations, P" P2, F" F2, BC, and BC2 , the components of 

variation D and H were 1 05.90 and 344.40 respectively (Table 1 07). The average 

dominance,  ( HID) 1/2, was 1 .80, indicating  ove rdominance for the susceptible parent, 

which did not agreed with the result of the deviation of the F, mean from the mid-parent. 

The F value was +37.53, indicating partial domi nance for Domino,  which agreed with the 

result of the analysis mean . The ratio F/(D*H) '12 was 0.20, indicati ng  hid was not constant 

in both magnitude and sign . That means some genes in Briscard were dominant as wel l .  

4. 7. 9. Ruapuna x Domino 

The analysis of variance was sign ificant at the 1 0% probabi l i ty level (Table 94) . 

The range of means was from 1 03.7 for Domino to 1 1 3.2 for backcross to Domino 

respectively. The mean AUDPC for Domi no, Ruapuna and F, were 1 03.66, 1 05 .93 and 
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1 06.50 respectively. Although there was no statistical differences between the two 

parents and the F ,  (Table 3), the degree of dominance was estimated at 1 .2 1 . 

I n  the last data recording, stripe rust severity i ncreased less than 1 5% and 1 0% 

for backcross selfed to Ruapuna and Domino, respectively ( Fig.  33) ; the other  generation 

values were between them. 

The he ritabil ity was estimated by different formulas (Table 95). B road sense and 
narrow sense heritabi l it ies were 0.26±O.08 and 0 . 1 0±0.06 respectively. The genetic 

advance was estimated at 6.25, assuming the top 1 % of segregatin g  p lants were 
selected for resistance (Table 95) .  The min imum number of gene was less than un ity for 

AU DPC (Table 96). 

The f requency distributions are presented in Fig. 43. Transg ressive segregation 

was observed for all segregating generations. 

The estimates of gene effects using generation mean analysis, in the f irst case 

using P" P2 , F" F2, BC, and BC2, the th ree-parameter model was h igh ly sign ificant 

(Table 1 05) . Then all possible model were fitted and in the six-parameter model only m 

was significant and other components were not. The model i nvolving m ,  [d] , [h], [I] was 

the best fit but the additive component was not s ign ificant as for a l l  models. The ch i

square was not significant, i ndicating the adequacy of the model. I n  the second case 

using P" P2, F2, F3 l ines, BCS, and BCs2 l ines, the th ree-parameter model was 

sign ificant, indicating the presence of digeneic interactions. By fitt ing all possible models ,  

in  the s ix-parameter model only m and [i] were sign ificant. The fou r  parameter model 

involving m, [d], (h] and (I] was the best although the ch i-square was s ign if icant. In the 

th i rd case using all n ine generations, i nvolv ing P"  P2 , F "  F2, BC" BC2, F3 l ines, BCS, 
and BCs2 l ines,  only the m and (iJ were s ign ificant and the chi-square was not significant, 

ind icating the adequacy of the model. 

The components of variation , according to the basic s ix-generation V p "  V P2 ' V F, '  

VF2, Vsc, a n d  VSC2 are p resented i n  Table 1 07. The additive (D) and dominance (H)  
components were 1 03. 1 and 370.72, respectively. The average domi nance was 1 .90 and 

the F value  was -74.37. Th is s ign of  the F was not in agreement with the deviation of the 

F,  from the m id-point. The ratio F/(D*H) '12 was 0.38, i ndicating hid was not constant i n  
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sign and magn itude. 

4. 7. 1 0. Briscard x Ruapuna 

The F-test was sign ificant at the 1 0% probabi l ity level (Table 94) . The range of 

means was from 86.6 for Briscard to 1 0 1 .7 for backcross selfed to Ruapuna, 

respectively. The means of Briscard , Ruapuna and F, were 86.56, 96.66 and 92.63 
respectively. Although there was no difference between Ruapuna and the F" the degree 

of dominance was 0.45. 

In the last data recording, stripe rust severity increased up to 5% and 1 0% for 
Briscard and backcross selfed to Briscard respectively (Fig. 34) . 

The heritabi l ity is presented i n  Table 95. Broad sense and narrow sense 

heritabi l ities were 0.61 ±O. 1 6 and 0 .84±O.22, respectively. Because the dominance 
component of variation was negative the narrow sense was greater than broad sense 

heri tabi l ity. The genetic advance was 55 .42, assuming the top 1 % of segregating plants 

were selected for resistance (Table 95) .  The min imum number of gene or effective factor 

was less than un ity for this cross (Table 96) . 

The f requency distributions for all generations are presented i n  Fig. 44. 

Transgressive segregation was observed for the F2, F3 , and backcrosses in both 

d i rections, whereas for both backcrosses selfed it was towards the susceptibi l ity. 

The estimates of gene effects and chi-square value are presented in Table 1 06. 
I n  the f i rst case using Pl , P2, F "  F2, BC, and BC2, the additive-dominance model was not 

adequate since chi -square was highly s ignificant. By using the s ix-parameter model , only 

m ,  [d] , [h] and [i] were sign i ficant and by using all possible models it was conf irmed that 

the model i nvolving m ,  [d] . [h] and [i] was the best. I n  the second case using P" P2, F2, 

F3 l i nes, BCS, and BCs2 l ines, the th ree-parameter model was not adequate. The six
parameter model showed that the model involving m ,  [d] , [h] .  [i] and [I] was significant 

and th is was conf irmed by using al l  possible models. In the th i rd case using all n ine 
generations, i nvolving P" P2, F" F2, BC" BC2, F3 l ines ,  BCS, and BCs2 l ines, on ly m, [d] 

and [i] were s ign ificant and chi-square value was s ign i ficant as wel l ,  indicat ing the 

p resence of t rigenic i nteractions. 
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By using the basic generations, P1 ' P2, F1, F2, BC1 and BC2, the components of 

variation D and H were 1 049.32 and -586.84 respectively (Table 1 07) .  The average 

dominance, (HID) 11
2
, and F/(D*H) 11

2 
were not estimated because H was negative. The F 

value was +67.68, indicating the presence of partial dom inance for Ruapuna. 



Table 94. Differences amongst means of n ine generations fo r area under the disease curve in ten crosses of wheat 

Gener- Cross
3 

ation
1 

2 3 4 5 6 7 8 9 1 0  

P2 243.0 a2 234.2 a 248.0 a 248.2 a 1 1 9 . 1  ab 1 24.7 a 1 20.5 ab 1 0 1 .7 ab 1 03.7 b 96.7  ab 

BC2 1 79.7 b 1 87.5 b 1 94.7 b 1 89.5 b 1 2 1 .6 a 1 1 0.4 be 1 1 7.2 ab 1 04 . 1  a 1 1 3.2 a 96.8  ab 

BCS2 1 75 .0  b 1 82 . 1  b 1 82 .0 e 1 83.6 be 1 1 9 .4 ab 1 1 3 .2 abc 1 29.3 a 99. 1  abc 1 08.2 ab 1 0 1 .7 a 

F l 1 27.3 d 1 5 1 .7 e 1 60.6 d 1 48.3 de 1 08.9 bed 1 1 7.3 ab 1 1 1 .0 c 97.0  abc 1 06.5 ab 92 .6  a 

F2 1 47.0 e 1 53.0 e 1 57.4 d 1 68 .0 cd 1 1 2.9 abc 1 1 2 .0 abc 1 1 8.8 ab 1 03. 1 ab 1 1 2 .6  a 99.8  ab 

F3 1 50.3 e 1 49.9 e 1 56 .4 d 1 59. 1 d 1 1 7.5 abc 1 1 3.4 abc 1 20.9 ab 1 05.8 a 1 1 2.9  a 97.2 ab 

BCS1 1 1 4. 7  d 1 26.4 d 1 26.2 e 1 34 .0  ef 1 06.3 cd 1 02 .3  c 1 29.3 a 1 00. 1 ab 1 1 2. 9  a 99. 7  ab 

BC1 1 1 0.7  de 1 24.0 d 1 25.4 e 1 35.5 ef 99.7  d 1 06.9 be 1 1 7.2 ab 94.4 be 1 09.9 ab 89.8 ab 

P1 95.4 e 1 1 0.6  e 1 08 .5 f 1 2 1 . 1  f 87.7 e 1 06.3 be 1 00.9 e 90.6 e 1 05.9 ab 86. 6  b 

IF-test ** ** ** ** * * * * (*)  * 

2
(*) ,  * and ** : s ign if icant at P = 1 0% ,5% and 1 %, respectively 
Means with the same letter are not s ignificantly different 

31 :Briseard(P 1 )  x Ti ritea(P 2) 2 :Ruapuna(P 1 )  x Ti ritea(P2) 3 :Domino(P 1 )  x Tiritea(P 2 )  
4:0tane(P 1 )  x Ti ritea(P2) 5 :Briseard (P 1 )  x Otane(P2) 6 :Ruapuna(P 1 )  x Otane(P2) 

7 :Domino(P 1 )  x Otane(P2) 8 :Briseard(P 1 )  x Domino(P2) 9 :Ruapuna(P1)  x Domino(P2) 

1 O :Briscard(P 1)  x Ruapuna(P 2) 

I\) 
w co 
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Fig. 3 1 . Development of the disease p rogress curves for 
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Fig . 33. Development of the d isease progress curves for 
stripe rust on n ine generations of R uapuna x Domino 
i nfected with pathotype 1 06E1 39A-
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Table 95. Heritabil ity estimates by different methods and genetic advance (GA) for the 
area under the disease progress curve (AUDPC) in ten crosses of wheat inoculated with 
stri pe rust pathotype 1 06E 1 39A-

Cross h
2
SS h

2
NS GA 

1 2 3 4 5 

B riscardITiritea 0.94 0 .96 0 .91  0.93 0.93 0 .79 57.0 

RuapunaiTiritea 0.89 0.89 0.89 0.89 0 .89 0.65 46.9 

DominolTiritea 0 .42 0 .73 0 .95 0.60 0 .69 0.36 26.6 

OtaneITi ritea 0.94 0.94 0.83 0.90 0.88 0.44 35.3 

BriscardiOtane 0.76 0.82 0.89 0.8 1 0.83 0 .30 20.2 

RuapunalOtane 0.41 0 .43 0.43 0.42 0 .42 0 .41  29. 1 

DominolOtane 0.60 0.81 0 .71  0.64 0.66 0.36 22.2 

BriscardiDomino 0 .81  0.82 0 .73 0.78 0 .77 0.62 35.8 

RuapunalDomino 0.70 0.75 0.74 0.7 1 0 .72 0.7 1 44.4 

BriscardiRuapuna 0.42 0.45 0 .67 0.50 0.55 0.50 33.0 

h2ss : In this ratio (VF2 - Ew) I VF2, environmental effect (Ew) is (Vp ,+Vp2)/2, (Vp,+Vp2r12, 
VFP (Vp ,+VP2+VF, )/3 and (Vp,+Vp2+2VF, )/4 for 1 , 2 , 3, 4  and 5,  respectively. 

h
2
Ns : [2VF2-(VBC,+VBC2)VVF2 



Table 96. Estimates of the number of segregating genes or effective factors for the area under the 
disease progress cUNe (AUDPC) inoculated with stripe rust pathotype 1 06E1 39A-

Cross 
1 2 3 

Briscard x Tiritea 3.6 4.6 9.0 
Ruapuna x Tiritea 7.9 9.9 8.7 
Domino x Tiritea 5 .7  5 .8  7.0 
Dtane x Tiritea 2.4 2.6 4.6 
Briscard x Otane 0 . 1  0. 1 0.3 
R uapuna x Otane 0. 1 0. 1 0.0 
Domino x Dtane 0. 1 0. 1 0 . 1  
Briscard x Domino 0.0 0.0 0.0 
Ruapuna x Domino 0.0 0.0 0.0 
Briscard x Ruapuna 0.0 0.0 0.0 

1 1 :  n = (JlP2 - Jlp1 )
2/[8(cr

2
F2 - �F1 )] 

2: n = (JlP2 - Jlp1 )
2/{8[� F2 - (0.50'2 F1+0.25� p1 +0.25� P2)]} 

3: n = (JlP2 - Jlp1 )2/{8[cr2
F2 - (�8C1+�8C2)]) 

Formula1 

4 
3. 1 
3.2 
5.0 
1 .9 
0. 1 
0. 1 
0. 1 
0.0 
0.0 
0.0 

4: n = (JlP2 - Jlp1 )2/{8[(cr2BC1 + cr2
8C2) - (cr2F1+0.5cr

2
p,+0.5cr2p2)]} 

5 :  n = { (JlP2 - Jlp,n1 .5-2h( 1 -h)]}/{8[� F2 - 0.25(20'2 F 1+� P1+cr2P2)]} 
where h = (JlF1 - JlP, )/(JlP2 - JlP1 ) 

6 :  n = (JlF1 - Jlp1 )
2/{4[cr2

SC1 - 0.5(cr2F 1+cr2p1 )]} 
7: n = (JlP2 - JlFl/{4[cr2SC2 - 0.5(cr\1+02

p2)]} 
where JlP,<JlP2 

8: n =(JlP2 - Jlp1 )2/{5.33[cr
2 F3 - (0.50

2 
P1+0.502

P2)]} 

5 6 
6.3 1 .6 

1 2 .0 4.4 
6.4 2 .9 
3.4 1 .2 
0 . 1  0 . 1  
0 . 1  0.0 
0. 1 0 .0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

7 8 
5.5 2.4 
4.2 1 2 .2 
4.3 8.0 
3.0 3.2 
0 . 1  0 . 1  
0. 1 0. 1 
3. 1 0. 1 
0.0 0 . 1  
0 .0 0 .0 
0. 1 0.0 



Fig. 35. Frequency d istributions for the area under the disease progress curve (transformed) of s ix generations of Briscard x Tiritea 

infected with stripe rust pathotype 1 06E 1 39A-
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Fig. 36. Frequency distributions for the area under the disease progress curve (transformed) of six generations of R uapuna x Tiritea 
infected with stripe rust pathotype 1 D6E 1 39A-
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Fig. 37. Frequency d istributions for the area under the disease progress curve (transformed) of six generations of Domino x Tiritea 
infected with stripe rust pathotype 1 06E 1 39A-
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Fig. 38. Frequency distributions for the area under the disease progress curve (transformed) of six generations of Otane x Ti ritea 
infected with stripe rust pathotype 1 06E 1 39A-
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Fig. 39. Frequency distributions for the area under the d isease progress curve (transformed) of six generations of Briscard x Otane 
infected with stripe rust pathotype 1 06E 1 39A-
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Fig. 40. Frequency distributions for the area under the disease progress curve (transformed) of six generations of Ruapuna x Otane 
infected with stripe rust pathotype 1 06E 1 39A-
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Fig. 41 . Frequency distributions for the area under the disease progress curve (transformed) of six generations of Domino x Otane 
infected with stripe rust pathotype 1 06E 1 39A-
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Fig. 42. Frequency distributions for the area under the disease progress curve (transformed) of six generations of Briscard x Domino 
infected with stripe rust pathotype 1 06E 1 39A-
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Fig. 43. Frequency distributions for the area under the disease progress curve (transformed) of s ix generations of Ruapuna x Domino infected with stripe rust pathotype 1 06E 1 39A-
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Fig. 44. Frequency distributions for the area under the disease progress curve (transformed) of six generations of Briscard x Ruapuna 
i nfected with stripe rust pathotype 1 06E 1 39A· 
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Table 97. Estimates of gene effects for AUDPC in  cross Briscard x Tiritea 

A )  using p, . p, . F, . F , .  BC, and BC, 

m 1 4 6 . 4 3 :1: 1 . 0 1 * *  1 6 7 . 7 8:1: 1 . 90 * *  1 6 5 . 7 1 ± 4 . 2 6 * *  
[d]  67 . 7 7 :1: 1 . 8 9 * *  7 2 . 5 0 :1: 1 . 92 * ·  7 2 . 61:t1 . 9 3 * *  
[ h ]  - 4 1 . 4 5 :1: 3 . 12 * *  - 3 8 . 82 :t 5 . 7 6 * *  
[ i ]  2 . 6 8 :1: 4 . 92ns 
[ j ]  
[ 1 ]  

X' 17 8 . 5 7 " *  2 .  :21n8 2 3 3 . 7 1 * *  

B )  using P , .  P "  F, . Fl ' BCS, and BCS, 

m 1 5 0 . 1 8 :1: 0 . 7 8 * *  1 6 0 . 1 9:1: 1 .  7 4 * *  1 5 1 . 3 0 :1: 3 . 2 2 * *  
[d]  6 6 . 5 1:1: 1 .  6 8 * "  6 8 . 3 7 :1: 1 . 7 0 * *  6 9 . 16:1:1 . 7 2 * *  
[ h ]  - 3 7 . 97 :1: 5 . 8 8 * *  - 1 4 . 15 :1: 9 . 3 3n8 
[ i ]  1 2 . 97 :1: 3 . 9 5 * *  
[ j ]  
[ 1 ]  

X' 8 9 . 51 " "  4 7 . 7 5 * *  1 3 9 . 9 5 * *  

C )  using p, . P , .  F, . F , .  BC, . BC, .  Fl ' BCS, and BCS, 

m 15 5 . 11:1:3 . 3 4 * ·  
[ d ]  7 1 . 3 0 :1: 2 . 15 * *  
[ h ]  - 2 6 . 5 5:1:12 . 8  " 
[ i ]  9 . 8 2 :1: 3 . 67 " "  
[ j ]  - 1 2 . 2 7 :1: 8 . 19ns 
[ 1 ]  - 0 . 0 8 :1: 1 0 . 5ns 

x' 3 7 . 07 * *  

167 . 8 4:1:1 . 9 0 * *  1 6 8 . 8 2 :1: 2 . 2 5 * *  
7 3 . 4 1:t2 . 2 5 * *  72 . 5 8 :t 1 . 9 2 * *  

- 4 1 . 7 2 :1: 3 . 14 * *  - 4 8 . 3 5 :1: 8 . 6 4 * *  

- 6 . 4 5 :t 8 . 24n8 
6 . 8 6 :1: 8 . 0 1n8 

1 . 60n8 1 . 4 8n8 

1 6 0 . 3 9 :1: 1 . 7 4 * *  1 6 7 . 68 :1: 2 . 2 4 * *  
7 1 . 17 :t 2 . 2 4 * *  6 8 . 8 0 :1: 1 . 7 0 * "  

- 3 9 . 3 8% 5 . 92 * *  - 1 1 4 . 0 1 :1:1 5 . 5 * ·  

- 2 5 . 4 8:1: 1 3 . 3 ( * )  
145 . 3 0:1: 2 7 . 4 * *  

4 4 . 0 8 * *  1 9 . 5 5 * *  

1 6 5 . 4 1±4 . 2 7 * *  173 . 4 6 :1: 10 . 6 * *  
7 3 . 6 3:t2 . 2 8 * *  72 . 4 6:t 1 . 94 * *  

- 3 8 . 6 6 % 5 . 7 6 * *  - 5 9 . 72 %2 6 . 8  * 
3 . 14%4 . 9 5ns - 4 . 6 8 % 1 0 . 4n8 

- 7 . 04:t8 . 2 9n8 
1 3 . 5 9 % 17 . 0n8 

1 . 19n8 1 . 2 8na 

1 5 0 . 96:1:3 . 2 2 * *  1 8 3 . 4 1:t7 . 54 * *  
7 2 . 4 8 :1: 2 . 2 7 * *  6 8  . 1 0:t 1 .  7 3 * *  

- 1 4 . 2 8 :1: 9 . 3 3n 8  - 1 9 1 . 97 :t3 8 . 9 * *  
1 3 . 7 9 :t 3 . 9 6 * *  - 1 5 . 9 4:t7 . 3 0  * 

- 2 9 . 8 3 :t 13 . 4  * 
2 3 8 . 2 8 % 5 0 . 5 * *  

3 1 .  9 7 *  * 14 . 7 8 * *  

1 6 9 . 2 0 :1: 2 . 2 8 * *  
7 3 . 8 2 :t2 . 2 8 * *  

- 5 0 . 6 8 % 8 . 95 * *  

- 8 . 5 8 :t 8 . 5 8n8 
8 . 8 2 % 8 . 2 4n8 

0 . 4 5n8 

1 6 9 . 2 0%2 . 2 8 * *  
7 3 . 8 2 :1: 2 . 2 8 * *  

- 12 8 . 3 1:1:16 . 1 * *  

- 4 5 . 2 3 :1: 1 3 . 7 * *  
167 . 8 3 :t2 8 . 2 * *  

8 . 6 6 * *  

17 6 . 3 8 :1: 10 . 9 * ·  
7 3 . 8 2 :t 2 . 2 8 * *  

- 6 8 . 4 8% 2 7 . 9  * 
- 7 . 1 9 :1: 1 0 . 7n8 
- 9 . 7 9 :1: 8 . 67n8 
1 9 . 42 :1: 1 7 . 8n8 

1 9 1 .  1 5 :1: 7 . 8 0 * "  
7 3 . 8 2:1:2 . 2 8 * *  

- 2 3 8 . 4 0:1:40 . 7 * *  
- 2 1 . 9 6 :1:7 . 4 6 * *  
- 5 3 . 87 :1: 14 . 0 * *  
3 0 0 . 2 2 :1: 5 3 . 1* *  

J\.) 
U1 0) 



Table 98. Estimates of gene effects for AUDPC i n  cross Ruapuna x Tiritea 

A) using P" P , .  F" F , .  Be, and Be, 

m 1 5 7 . 0 9 :t: 0 . 9 8 H  1 6 8 . 3 5 :t: l . 92 * *  154 . 10:t:4 . 1 8 * *  
· [ d] 5 7 . 47 :t: 1 . 83 * *  6 1 . 0 4:t: l . 9 0 * *  6 2 . 4 2 :t: 1 .  93 * *  
[ h I  - 2 3 . 93 :t: 3 . 4 9 * *  - 3 . 3 7 :t: 6 . 40ns 
[ i ]  1 8 . 11:t:4 . 7 2 * *  
[ j l  
[ I I  

X' 6 2 . 7 7 * *  1 5 . 82 * *  8 8 . 0 4 * *  

B )  using P" P,.  F , .  F, . Bes, and BCS, 

m 1 5 3 . 09 :t: 0 . 6 4 * *  1 6 0 . 2 5 :t: 1 . 5 3 * *  146 . 6 0:t:2 . 3 6 * *  
[dl  5 4 . 0 9 :t: 1 . 5 9 * *  5 6 . 0 5 :t: 1 . 64 * *  5 9 . 16:t:l . 6 9 * *  
[ h I  - 2 5 . 6 2 :t: 5 . 1 1 * *  1 2 . 0 3 :t: 7 . 1l ( * )  
[ i ]  2 4 . 0 1 :t: 3 . 16 * *  
[ j ]  
[ I I  

X' 8 6 . 91 * * 6 1 .  7 3 * *  2 5 . 62 * *  

C )  using P" P "  F" F , .  Be" BC, .  F,.  Bes, and Bes, 

m 1 4 8 . 7 5 :t: 2 . 83 * *  
[d]  5 9 . 7 4:t:2 . 11 * *  
[hI  5 . 3 3:t: l 1 . 8ns 
[ i l 2 1 . 8 8 :t: 3 . 15 * *  
[ j ]  1 . 3 3 :t: 8 . 11ns 
[ 1 ] - 1 . 8 3 :t: l0 . 6ns 

X' 7 . 2 1 ( * )  

1 6 8 . 0 8 :1: 1 .  9 3 * *  172 . 4 9:t:2 . 2 0 * *  
5 9 . 8 8 :1: 2 . 2 1 * *  6 1 .  9 4:t: 1 .  9 1 * *  

- 2 3 . 1 8 :1: 3 . 57 * *  - 5 2 . 8 3 :t: 8 . 3 6 * *  

8 . 4 9:t: 8 . 2 1n s  
3 2 . 02 :t: 8 . 4 1 * *  

14 . 7 5 * *  1 .  3 4ns 

1 6 0 . 3 l:i: l .  5 5 * *  17 0 . 89:1:2 . 16 * *  
5 6 . 4 3 :t: 2 . 1 5 * *  5 8 . 3 3 :1: 1 . 67 * *  

- 2 5 . 8 6 :t: 5 . 19 * *  - 1 1 9 . 2 0:t:14 . 4 * *  

- 3 . 5 0 :l: 12 . 9ns 
116 . 7 7 :1: 2 3 . 9 * *  

6 1 . 6 5 * *  1 3 . 08 * *  

1 5 4 . 1 5:t:4 . 18 * *  162 . 4 8 :1: 9 . 5 0 * *  172 . 4 3:t:2 . 2 3 * *  1 6 1 . 2 8 :t: 9 . 9 6 * *  
6 1 . 6 0:1:2 . 2 5 * * 62 . 2 8 :1: 1 . 94 * *  6 1 . 8 0 :1: 2 . 2 7 * *  6 1 . 8 0 :t: 2 . 2 7 * *  
- 3 . 18:t:6 . 40ns - 2 7 . 2 0:l: 2 5 . 1ns - 52 . 54:t:8 . 7 7 * *  - 2 3 . 6 1 :t:2 6 . 7n s  
17 . 82:t:4 . 7 4 * *  10 . 16:t:6 . 3 8ns 1 1 . 15:t:9 . 69ns 

5 . 84:t: 8 . 2 4n s  0 . 9 5 :t: 8 . 4 6ns 3 . 5 1:t: 8 . 7 5ns 
16 . 4 0 :t: 1 6 . 7ns 3 1 .  7 9 :t: 8 . 6 7 * *  14 . 0 0 :t: 17 . 7n s  

0 . 62ns 0 . 16ns 1 . 3 2 ns 

146 . 54:t:2 . 3 6 * *  1 5 1 . 9 3 :1: 6 . 3 9 * *  172 . 4 3:t:2 . 2 7 * *  1 5 4 . 92:t: 6 . 6 1 * *  
6 1 . 2 9:t: 2 . 2 4 * *  59 . 12 :t: l . 6 9 * *  6 1 . 8 0 :t: 2 . 2 7 * *  6 1 . 8 0 :t: 2 . 2 7 * *  
1 1 .  8 l:i: 7  . 12 ( * )  - 1 8 . 7 3 :t: 3 4 . 9n s  - 12 9 . 9 8 :t: 1 5 . 1 * *  - 3 6 . 6 3 :t:3 6 . 4ns 
2 4 . 7 3 :t: 3 . 2 0 * *  19 . 3 0 :t: 6 . 1 3 * *  17 . 5 1:t:6 . 2 1 * *  

- 19 .  0 4 :t: 13 . 1ns - 3 0 . 4 0 :1: 1 3 . 4  * - 2 4 . 17:i:l3 . 6 ( * )  
4 1 . 6 5:t: 4 6 . 4ns 182 . 18 :1: 2 4 . 9 * *  6 5 . 5 l:i: 4 8 . 3 n s  

1 .  8 4ns 0 . 16ns 7 . 9 5 * *  



Table 99. Estimates of gene effects for AUDPC in  cross Domino x Ti ritea 

A)  using p, . P , .  F, . F , .  Be, and Be, 

m 1 6 2 . 00 % 1 . 1 5 * *  17 1 . 3 1% 2 . 3 5 * *  1 5 3 . 17 % 4 . 9 3 * *  
[dJ  - 6 2 . 3 5% 2 . 10 * "  - 6 6 . 6 2 % 2 . 3 0 * *  - 69 . 3 1% 2 . 3 9 " *  
[hJ  - 1 8 . 7 5% 4 . 1 1 * *  6 . 04%7 . 2 1ns 
[ i J  2 3 . 94 :t 5 . 7 2 * *  
[ j  J 
[ lJ 

X' 4 0 . 3 2 * *  1 9 . 5 5 * *  14 . 1 8 * "  

B )  using P" p, . F , .  Fl ' BeS, and Bes, 

m 1 5 6 . 7 4 % 0 . 67 * *  162 . 4 9 % 1 . 8 1 * *  1 5 5 . 5 3 :t 2 . 7 6 * *  
[dJ  - 5 6 . 2 3 % 1 . 6 5 * *  - 5 8 . 0 2 % 1 . 7 3 * *  - 5 9 . 7 3 :t 1 . 8 0 * *  
[ h J  - 2 1 . 7 9 :t 6 . 3 9 * *  - 2 . 0 8 :t 8 . 7 0n s  
[ i ]  12 . 16:t3 . 64 * *  
[ j ] 
[ 1 ]  

X' 5 4 . 5 1 * "  4 2 . 8 6 * *  5 7 . 1 1 * *  

e )  using P "  p , .  F "  F , .  Be" Be, . F "  BeS, and BeS, 

m 1 5 8 . 42 :t 3 . 0 8 * *  
[dJ - 6 1 . 64:t2 . 66 * *  
[hI  - 1 8 . 5 6 :t 13 . 0n8 
[ i J  l 1 . 3 5:t 3 . 4 7 * *  
[ j J  0 . 0 1% 9 . 4 4ns 
[1) 2 2 . 4 9 % 11 . 6 ( * )  

x' 3 4 . 12 * *  

17 0 . 51%2 . 4 6 * *  178 . 0 1%2 . 8 1 * *  
- 6 4 . 8 0 % 2 . 8 4 * *  - 69 . 4 0 %2 . 3 9 * "  
- 17 . 3 5 % 4 . 3 1 * *  - 5 9 . 4 8 % 1 0 . 3 * *  

- 1 0 . 1 6 % 9 . 3 1ns 
42 . 07 % 9 . 7 6 * *  

18 . 3 5 * *  0 . 9 6ns 

163 . 1 5% 1 .  92 * *  172 . 5 4%2 . 6 3 * *  
- 6 0 . 0 8 :t 2 . 6 6 * *  - 6 0 . 8 8:t 1 . 8 1 * *  
- 24 . 03 :t 6 . 7 6 * *  - 1 0 5 . 5 8 % 17 . 1  .. ..  

1 4 . 0 4 :t 1 3 . 8ns 
1 5 0 . 54 %2 8 . 6 * *  

4 1 . 8 3 * *  15 . 12 * *  

1 5 3 . 2 1%4 . 9 3 * *  167 . 4 4 % 1 1 . 2 * *  
- 68 . 8 8 % 3 . 0 1 * *  - 6 9 . 57%2 . 3 9 * *  

6 . 0 6%7 . 2 1n8 - 3 3 . 4 0 %2 8 . 7n8 
2 3 . 65 :t 5 . 8 5 * *  1 0 . 67 % 1 0 . 9n8 
- 2 . 2 2 % 9 . 52n8 

2 6 . 5 5 % 1 8 . 7n8 

1 . 98ns O . O lns 

1 5 5 . 5 6 % :I . 7 6 * "  1 8 0 . 2 6 % 6 . 4 0 " "  
- 6 4 . 5 9:t:l . 9 1 * *  - 6 0 . 6 9 % 1 . 8 2 * *  

- 3 . 0 3 :t 8 . 7 1n. - 1 4 5 . 2 5:t 3 4 . 5 * *  
14 . 6 2 :t 3 . 82 * *  -7 . 84:t5 . 9 2n8 
3 0 . 7 8 :t 14 . 5  * 

1 9 9 . 0 0 :t 4 6 . 5 * *  

2 7 . 2 0 * *  1 3  . 3 7 * *  

17 8 . 2 5% 3 . 0 8 * *  
- 6 9 . 7 7 % 3 . 08 * *  
- 6 0 . 3 1% 1 1 . 2 * *  

1 .  8 8", 9 . 7  5ns 
4 2 . 6 6 % 1 0 . :1 * *  

0 . 93ns 

1 7 8 . 2 5 % 3 . 08 * *  
- 6 9 . 7 7 % 3 . 0 8 * *  

- 14 0 . 8 3 :t 1 9 . 8 * *  

5 4 . 5 0 :t 1 5 . 2 * *  
1 9 8 . 2 1 :t3 1 .  5 * *  

2 . 3 3n8 

167 . 6 8 % 11 . 4 * *  
- 6 9 . 7 7 % 3 . 08 * *  
- 3 4 . 1 0 % 2 9 . 4n8 

1 0 . 5 7 % l 1 . 0n8 
1 . 0 1% 9 . 7 9n8 

2 7 . 0 1 :t 1 9 . 2n8 

1 8 7 . 2 9 % 6 . 6 8 * *  
- 6 9 . 7 7 :t 3 . 0 8 * *  

- 1 8 7 . 4 5 :t 3 6 . 4 * *  
- 9 . 0 4 :t 5 . 9 30s 
5 5 . 7 9:t 1 5 . 3 * *  

2 5 5 . 2 7 :t 4 8 . 9 " *  

I\) (Jl ex> 



Table 1 00. Estimates of gene effects for AUDPC in cross Otane x Tiritea 

A)  u8ing P" P" F" F" BC, and BC, 

m 1 6 4 . 9 1± 1 .  1 7 " *  1 8 3 . 2 9± 2 . 2 3 * *  1 8 6 . 0 9 ± 4 . 8 0 * *  
[dJ  5 3 . 0 1± 2 . 0 9 * *  6 1 .  2 9 ± 2 . 2 6 *  * 6 0 . 9 3 ± 2 . 3 3 * *  
[hI  - 3 5 . 02 ± 3 . 6 1 * *  - 3 8 . 6 1± 6 . 54 * *  
t i l  - 3 . 67 ± 5 . 5 5n8 
[ j ]  
[ 1 ]  

X' 9 9 . 7 1* *  5 . 4 6n8 1 9 1 . 6 9* * 

B )  u8ing P" P" F" F" BCS, and BCS, 

m 1 6 1 .  9 5 :t 0 . 7 5 * *  1 6 6 . 84 :t 1 . 8 8 * *  149 . 9 5 ± 3 . 0 8 * *  
[d]  5 1 .  04± 1 .  7 2 · *  5 2 . 6 5 :1: 1 . 8 1 * *  5 6 . 4 6 ± 1 . 8 9 * *  
[ h I  - 1 8 . 5 7 ± 6 . 54 * ·  2 9 . 67 :1: 9 . 5 5 * *  
t i l  2 7 . 03 ± 3 . 9 0 * *  
[ j ]  
[ 1 ]  

X' 8 8 . 2 2 * *  8 0 . 1 5 * *  3 2 . 6 8 * *  

C )  u8ing PI ' P "  F" F" BC" BC" F" BCS, and BCS, 

m 1 5 5 . 3 1:1:3 . 3 8 * ·  
[ d ]  5 8 . 5 6:1: 2 . 53 * *  
[ h I  17 . 7 9 :1: 1 3 . 9n8 
[ i ]  2 2 . 3 3 ± 3 . 7 1 * *  
[ j ] - 1 2 . 6 5 ± 9 . 5 1n8 
[ 1 ]  -23 . 17:1:11 . 7  * 

x' 44 . 5 6 * *  

1 8 3 . 8 2 ± 2  . 2 6 * *  1 8 3 . 3 0 ± 2 . 62 * *  
6 3 . 10 ± 2 . 6 0 * *  6 1 .  3 0 ± 2 . 3 0 * *  

- 3 6  . 18 d . 7 0 "  - 3 S . 0 8± 9 . 7 6 * *  

- 1 3 . 15 ± 9 . 42n8 
0 . 07 ± 9 . 0 6n8 

3 . 5 1n8 5 . 46 ( * ) 

167 . 0 3 ± 1 . 94 * *  1 8 0 . 19 ± 2 . 4 9 * *  
5 3 . 3 2 :1: 2 . 5 1 * *  5 5 .  9 5± 1 .  8 6 * *  

- 19 . 3 2 ± 6 . 8 2 * *  - 14 1 .  5 5 ± 1 6 . 5 * *  

- 5 . 3 3 :t 1 3 . 8ns 
2 3 4 . 3 0 :t2 8 . 8 * *  

8 0 . 0 1 * *  13 . 8 4 * *  

18 5 . S 2 ± 4 . 8 2 * *  199 . 8 9± 12 . 0 * *  
6 2 . 7 8±2 . 7 3 * *  6 0 . 8 0 ± 2 . 3 3 * *  

- 3 8 . 3 3 ± 6 . 5 4 * *  - 7 6 . 0 3 ± 3 0 . 4  * 
- 2 . 2 5 ± 5 . 6 6n8 - 1 6 . 8 9 ± 11 . 9n8 

- 12 . 4 1±9 . 60ns 
2 4 . 4 1± 1 9 . 4ns 

3 . 3 5 ( * )  3 . 43 ( * ) 

149 . 9 2 :t 3 . 08 * *  17 6 . 6 9 :t 6 . 94 * *  
5 9 . 9 9± 2 . 68 * *  5 6  . 1 6 ± 1 .  8 9 * *  
2 8 . 7 1± 9 . 5 6 * *  - 1 2 3 . 7 2 :1: 3 6 . 9 * *  
2 8 . 5 5 :1: 3 . 9 8 * *  3 . 6 1 :1: 6 . 70ns 

- 2 6 . 2 5± 14 . 1 ( * )  
2 12 . 6 1± 4 9 . 5 * *  

2 8 . 57 * *  1 3 . 5 5 * *  

184 . 62 ± 2 . 7 6 * *  
63 . 5 6± 2 . 7 6 * *  

- 4 1 . 1 3 :1: 10 . 6* *  

- 14 . 8 0 ± 9 . 9 8ns 
4 . 7 9±9 . 6 1n8 

3 . 2 6  ( * )  

184 . 6 2 ± 2 . 7 6 * *  
6 3 . 5 7 :1: 2 . 7 7 * *  

- 17 6 . 1 0 :1: 18 . 4 * *  

- 5 5 . 4 4 :1: 14 . 9 * *  
2 7 7 . 67 :1: 3 1 . 1 * *  

0 . 02n8 

2 0 6 . 6 0 ± 12 . S H  
6 3 . 5 6± 2 . 7 6 * *  

- 9 6 . 1 5 :t 3 2 . 3 * *  
- 2 1 . 9 8 :t 1 2 . 2  ( * )  
- 18 . 9 9 :t l0 . 3 ( * )  

3 7 . 8 3 :t 2 0 . 7 ( * )  

1 8 5 . 62 :t7 . 3 5 * *  
6 3 . 5 6 :1: 2 . 7 6 * *  

- 177 . 2 7 :t 3 9 . 7 * *  
- 1 . 0 0:1: 6 .  8 1n8 

- 5 5 . 8 5:t 1 5 . 2 * *  
2 84 . 0 0 ± 5 3 . 1* *  

I\.) U1 <D 



Table 1 01 .  Estimates of gene effects for AU DPe in cross Briscard x Otane 

A) using P,.  P, . F, . F, . BC, and BC, 

m 1 0 9 . 3 1:1: 0 . 92 * *  106 . 0 1:1:1 . 62 * *  1 17 . 5 5 :1: 4 . 2 5 * *  
[ d] 17 . 5 2 :1: 1 .  5 9 * *  17 . 47 :1: 1 . 5 9 * *  17 . 4 2 :1: 1 .  5 9 * *  
[hI  7 . 3 5:1: 2 . 9 9 * - S . 10:l: 6 . 0 5ns 
t i l  - 13 . S 1:1:4 . 7 0 * *  
[ j ]  
[ 1 1 

X' 1 8 . 2 7 * *  12 . 2 1 * *  6 . 09 * 

B )  ulling P, . P, . F, . F • • BCS, and BCS, 

m 1 1 3 . S 3 :1: 0 . 6 2 * *  1 0 9 . 2 0 :1: 1 . 44 * *  1 2 2 . 09 :1: 2 . 6 0 * *  
[ d] 14 . 7 4 :1: 1 . 4 1 * *  14 . 7 1:1: 1 . 4 1 * *  14 . 6 4 :1: 1 . 4 1 * *  
[ h I  1 S . 3 8:1: 5 . 17 * *  - lS . 4 0 :l: S . 0 6 * 
t i l - 18 . 6 S :l: 3 . 14 * *  
[ j ] 
[ 1 ]  

x' 4 8 . 80 * *  3 6 . 1 6 * *  0 . 90ns 

C )  using P" p, . F" F,.  BC, • BC, . F • • BCS, and BCS, 

m 1 2 0 . 3 4 :1: 2 . 6 S * *  
[ d] 14 . 47 :1: 1 . 7 5 * *  
[ h I  - 1 2 . 6 1:1: 1 0 . Sns 
[ i ] - 1 6 . 7 7 :1: 2 . 92 * *  
[ j )  8 . 5 5:1: 6 . S 8ns 
[ I J  1 . 03 :t 9 . 4 Sns 

x' 4 . 9 9ns 

1 0 5 . 9 0:1: 1 . 6 2 * *  103 . 4 0:l:1 . S 5 * *  
15 . 7 3:1: 1 . S 5 * *  1 7  . 2 S :l: 1 . 5 9 * *  

7 . 3 0:1:2 . 9 9 * 2 S . 01:1:7 . 6 6 * "  

13 . 14:1:7 . 19 ( * )  
- 2 2 . 5 5:1:7 . 7 0 * *  

8 . S7 * 3 . 64ns 

1 0 9 . 2 0 :1: 1 . 44 * *  1 0 3 . 3 8:1: 1 .  8 5 * *  
15 . 7 6 :1: 1 . 8 5 * *  14 . 4 6:1:1 . 4 1 * *  
lS . 3 6:1: 5 . 17 * *  7 8 . 2 1:1: 1 3 . a u  

- 1 0 . 0 5 :1:1 1 . 5ns 
- 1 1 8 . 4 9 :1: :1 3 . 6 * * 

3 5 . 3 9 * *  1 0 . 9 8 * *  

1 17 . 3 S:l:4 . 2 5 * *  1 1 0 . 92 :1: 9 . 67 * *  1 0 3 . 3 9 :1: 1 . S 5 * *  1 1 2 . 3 0 :1: 9 . 7 0 * *  
15 . 7 1:1: 1 . S 5 "  17 . 3 5 :1: 1 . 5 9 * *  15 . 7 0 :l: 1 . S 5 * *  1 5 . 7 0 :1: 1 . S 5 * *  
- S . 0 7 :1: 6 . 0 5ns 9 . S 0 :l:2 4 . 2ns 2 7 . 2 9:1:7 . 6 S * *  5 . 6 S :l:2 4 . 3ns 

- 1 3 . 7 4 :1: 4 . 7 0 * *  - 7 . 52 :1: 9 . 4 9ns - S . 9 1:1: 9 . 52ns 
12 . 97:1:7 . 19 ( * )  1 1 . 9 7 :1: 7 . 2 1 ( * )  12 . 54:1:7 . 2 3 ( * )  

- 1 1 . S 5:1: 1 5 . 5ns - 2 1 . 81:1:7 . 7 1 * *  - 9 . 11:1:1 5 . 6ns 

0 . 3 4ns 3 . 0 1 ( * )  0 . 8 8ns 

1 2 2 . 0 9:1:2 . 6 0 * *  12 1 . 8 0 :1: 6 . 0 6 * *  1 0 3 . 3 9 :1: 1 . 8 5 * *  12 1 .  9 7 :1: 6 . 06 * *  
1 5 . 7 0 :1: 1 . 8 5 * *  14 . 64 :1: 1 . 42 * *  1 5 . 7 0:1: 1 . 8 5 * *  1 5 . 7 0 :1: 1 . 8 5 * *  

- 18 . 4 3 :1:8 . 0 6  ,. - 1 6 . 7 0 :l: 3 2 . 5ns 7 8 . 03 :1: 1 3 . 0 * *  - 1 7 . 7 3 :1: 3 2 . 5ns 
- 18 . 6 9 :1: 3 . 14 * *  - 1 8 . 42 :1: 5 . 7 7 * *  - 1 8 . 5 8 :1: 5 . 7 7 * *  
- 1 0 . 2 5 :1:11 . 5nll - 9 . 0 S :l:11 . 5ns - 1 0 . 2 4 :1:1 1 . 5ns 

- 2 . 3 6:1: 4 3 . 4ns - 11 8 . 17 :1: 2 3 . 6 * *  - 0 . 9 S :l: 4 3 . 4ns 

O . OOns O . S Ons 10 . 3 6 * *  



Table 1 02. Estimates of gene effects for AUDPC in cross Ruapuna x Otane 

A) using P" P "  F" F"  BC, and BC, 

m 1 1 1 . 9 4 ± 0 . 94 * * 1 1 2 . 4 5 ± 1 . 7 9 * *  1 0 4 . 1 9 ± 4 . 6 6 * *  
[d] 7 . 5 6 ± 1 . 67 * *  7 . 5 3 ± 1 . 67 * *  7 . 4 2 ± 1 . 67 * *  
[ h ]  - 1 . 13 ± 3 . 3 8n s  1 0 . 2 1% 6 . 8 1ns 
[ i ]  9 . 8 9 ± 5 . 16ns 
[ j ] 
[ 1 ]  

X' 14 . 5 3 * *  14 . 4 1 * *  10 . 7 7 * *  

B )  using P" P" F" F" BCS, and Bes, 

m 1 1 1 . 8 h O . 6 0 *  * 1 1 3 . 4 5 ± 1 . 54 * .  1 1 5 . 4 9 ± 2 . 5 0 * *  
[ d] 9 . 8 6 % 1 . 52 * *  9 . 7 8 ± 1 . 52 * *  9 .  8 6 ± 1 . 5 2 * *  
[ h ]  - 6 . 3 6± S . S9ns - 1 2 . 4 S ± 8 . 1 1ns 
[ i ] - 3 . 22 ± 3 . 1 1ns 
[ j J 
[ 1 ]  

X' 1 9 . 6 9 * *  1 8 . 4 0 * *  3 4 . 13 * *  

C )  using P" P" F" F" BC" BC" F" BCS, and BCS, 

m 1 2 0 . 54 % 2 . 4 9 * *  
[d]  1 0 . 4 4 % 1 . 92 * *  
[ h ]  - 4 1 . 3 0 ± 10 . 5 * *  
[ i ]  - 7 . 2 8 ± 2 . 7 6 * *  
[ j ] - 1 0 . 1 1± 6 . 92ns 
[1]  3 9 . 4 0% 9 . 7 5 * *  

X· 1 3 . 1 9 * *  

112 . 2 8 ± 1 . 7 9 * *  115 . 64±2 . 0 6 * *  
9 . 5 0 ± 2 . 0 6 * *  7 . 27 ± 1 . 67 * *  

- 0 . 9 3 % 3 . 3 8ns - 2 4 . 66 % 8 . 2 0 * *  

11 . 6 0± 7 . 07ns 
2 6 . 3 5% 8 . 3 6 * *  

1 1 .  7 2  * 4 . 4 9ns 

113 . 47 ± 1 . 54 * *  1 1 5 . 41±2 . 0 6 * *  
9 . 3 8 ± 2 . 06 * *  9 . 7 0± 1 . 5 2 * *  

- 6 . 42 ± S . S 9ns - 2 4 . 7 0 ± 1 3 . 9 ( * )  

3 . 4 5 ±12 . 2ns 
3 5 . 56± 2 4 . Bns 

18 . 3 1 * *  1 6 . 3 4 * *  

104 . 17 ± 4 . 6 6 * *  12 8 . 50±9 . 7 5 * *  
9 . 3 4 % 2 . 06 * *  7 . 2 3 % 1 . 67 * *  

1 0 . 2 0± 6 . 8 1ns - 5 5 . 0 4±24 . 0  * 
9 . 7 1 % 5 . 16 ( * )  - 1 2 . B 6 % 9 . 53ns 

- 1 1 . 3 1±7 . 07ns 
4 3 . 8 7 ± 1 5 . 5 * *  

8 . 17 * *  2 . 67ns 

115 . 5 0 ± 2 . 5 0 * *  1 3 7 . 67 ± 5 . 9 3 * *  
9 . 5 0 % 2 . 0 6 * *  9 . 9 8% 1 . 52 * *  

- 1 2 . 4 9 ± 8 . 11ns - 14 2 . 9 9 ± 3 2 . 7 * *  
- 3 . 2 1± 3 . 11ns - 2 ::2 . 2 9 ± 5 . 57 * *  

3 . 1 9 ± 1 2 . ::2ns 
1 8 3 . 11±44 . 4 * *  

1 7 . 2 S * *  0 . 32ns 

115 . 4 6 ± 2 . 06 * *  
9 . 1 9 ± 2 . 0 6 * *  

- 2 4 . 3 1% 8 . 2 0 * *  

- 1 1 . 3 3 % 7 . 07ns 
2 6 . 18 ± 8 . 3 6 * *  

1 . 9 1ns 

115 . 4 6 ± 2 . 0 6 * *  
9 . 19 ± 2 . 0 6 * *  

- 2 5 . 0 7 % 14 . 0 ( * )  

4 . 4 9 ± 12 . 2ns 
3 6 . 10 ± 2 4 . 8ns 

1 6 . 2 0 * *  

1 2 8 . 6 5 ± 9 . 7 5 * *  
9 . 19 ± 2 . 0 6 * *  

- 5 5 . 4 6 ±2 4 . 0  * 
- 1 3 . 19±9 . 53ns 
- 1 1 . 54%7 . 07ns 

44 . 1 5 % 1 5 . 5 * *  

1 3 7 . 9 1 ± 5 . 9 5 * *  
9 . 19 ± 2 . 06 * *  

- 14 4 . 4 1% 3 2 . 8 * *  
- 2 2 . 4 5 ± 5 . 5 8 * *  

6 . 9 7 ± 1 2 . 2ns 
1 8 4 . 9 9 ± 4 4 . 5 * *  

I\.) (j) 



Table 1 03. Estimates of gene effects for AU DPC in cross Domino x Otane 

A)  using P" P" F" F" BC, and BC, 

m 1 1 5 . 0 0 ± 0 . 9 1 * *  1 1 3 . 6 5 :t: 1 . 6 8  * .  127 . 2 3 ± 4 . 0 6 * *  
[d] - 8 . 2 8 ± 1 . 64 * *  - 8 . 0 1 ± 1 . 6 6 * ·  - 7 . 40:t:1 . 67 * *  
[h] 2 . 9 5 ± 3 . 0 8ns - 15 . 52 :t: 5 . 9 0 * *  
[ i ]  - 1 6 . 7 2 ± 4 . 5 5 * *  
[ j ] 
[ 1 ]  

X' 2 1 . 5 1 * *  2 0 . 6 0 * *  6 . 6 1 * 

B )  using P" P"  F" F" BeS, and BeS, 

m 1 2 0 . 18 ± 0 . 5 8 * *  117 . 0 5 ± 1 . 43 * ·  122 . 9 7 ± 2 . 3 5 * *  
[ d] - 12 . 7 6 ± 1 . 42 * *  - 1 2 . 3 0 ± 1 . 43 * *  - 11 . 7 3 ± 1 . 4 5 * *  
[ h] 12 . 0 7 :t: 5 . 0 5  * - 4 . 82±7 . 3 3n8 
[ i ]  - 9 . 44 ± 2 . 9 7 * *  
[ j ]  
[ 1 ]  

X' 2 8 . 9 5 * *  2 3 . 2 4 * *  1 9 . 7 9 * *  

C )  using P "  P "  F" F "  BC" BC" F "  BCS, and BCS, 

m 12 1 . 1 3 :t: 2 . 57 * *  
Cd] - 1 2 . 2 1±1 . 8 5 * *  
[ h ]  6 . 2 5± 1 0 . 7n8 
[i] - 8 . 19 ± 2 . 8 4 * *  
[ j ]  13 . 8 5 ± 7 . 15 ( * )  
[ 1 ]  - 1 7 . 2 9 ± 9 . 44 ( * )  

X· 4 4 . 5 6 * *  

1 14 . 3 1± 1 . 7 0 * *  1 0 9 . 9 8 :t: l . 9 6 * *  
- 1 0 . 7 3 ± 1 . 9 6 * *  -7 . 12:t:l . 6 8 * *  

2 . 2 1±3 . 10ns 2 9 . 5 8:t:7 . 8 8 * *  

19 . 7 0:t:7 . 5 1 * *  
- 2 8 . 5 9 ±7 . 7 9 * *  

13 . 7 1 * - 7 . 12 * 

116 . 9 5 ± 1 . 4 4 * *  1 1 1 .  1 5:t: 1 . 9 4  * * 
- 11 . 4 2 ± 1 . 9 4 * *  - 1 1 .  5 9 :t: 1 . 4 4 * *  

12 . 47:t: 5 . 0 9 * 6 6 . 6 8 :t: 1 3 . 2 * *  

-7 . 6 9 ± 1 1 . 50s 
- 1 0 2 . 7 8 ± 2 2 . 9 * *  

2 2 . 7 9 * *  3 . 0 6n8 

127 . 3 2 ± 4 . 06 * *  1 1 9 . 03 ± 9 . 4 1 * *  1 1 0 . 6 8 ± 1 . 9 8 *  * 117 . 81 ± 9 . 42 * *  
- 9 . 9 3 ± 1 . 97 * *  -7 . 2 1±1 . 6 8 * *  - 9 . 7 8 :t: 1 . 9 8 * *  - 9 .  7 8:t: 1 .  9 8 * *  

- 15 . 5 0 ± 5 . 9 0 * *  7 . 13 :t: 2 4 . 20s 2 8 . 5 0 :t: 7 . 8 9 * *  1 0 . 7 7 :t: 2 4 . 208 
- 16 . 0 9±4 . 5 6 * *  - 9 . 02 ± 9 . 180s - 7 . 13 ± 9 . 2 1ns 

18 . 16:t:7 . 5 2 * 19 . 17:t:7 . 5 1 * 1 8 . 6 9 ±7 . 5 3 * 
- 1 5 . 1 8 ± 1 5 . 7ns - 2 8 . 2 0 ± 7 . 7 9 * *  - 17 . 6 1 ± 1 5 . 7ns 

1 . 2 50s 6 . 1 5  * 0 . 6 00s 

122 . 97±2 . 3 5 * *  1 0 5 . 6 1± 5 . 7 0 * *  1 1 0 . 6 8 ± 1 . 9 8 * *  1 0 4 . 6 1 ± 5 . 7 5 * *  
- 10 . 4 6 ± 1 . 97 * *  - 1 1 . 6 8 ± 1 . 4 5 * *  - 9 .  7 8 ± 1 . 9 8 * *  - 9 .  7 8 ± 1 . 9 7 * *  

- 4 . 6 9 ± 7 . 3 3n8 9 5 .  6 8 ± 3 1 .  0 * *  6 9 . 8 8 ± 1 3 . 4 * *  10 1 .  6 4± 3 1 .  3 * *  
- 9 . 6 8 ± 2 . 9 8 * *  5 . 5 7 :t: 5 . 3 90s 6 . 07:t: 5 . 40n8 

- 1 0 . 9 0 ± 1 1 . 5n8 - 1 5 . 5 1 ± 1 1 .  6ns - 1 6 . 3 6 :t: l l . 6ns 
- 1 3 8 . 5 9 ±4 1 .  5 * *  - 1 07 . 2 9 ± 2 3 . 1* *  - 1 4 6 . 5 6 :t:4 1 .  9 * *  

12 . 24 * *  1 . 99ns 1 . 2 60s 



Table 1 04. Estimates of gene effects for AUDPC in cross Briscard x Domino 

A )  using P" P" F" F"  Be, and Be, 

m 9 9 . 6 1 :1: 0 . 8 9 * *  97 . 7 3 :1: 1 .  6 6 * *  1 0 9 . 19 :1: 4 . 4 6 * *  
[d] 6 . 4 1:1:1 . 57 * *  6 . 5 6:1: 1 .  5 7 * *  6 . 7 2 :1: 1 . 57 * *  
[ hI 4 . 4 5 :1: 3 . 3 3 ns - 12 . 57 :1: 6 . 9 9 ( * )  
[ i ]  - 1 3 . 2 8 :1: 4 . 8 0 * *  
[ j  1 
[ I ]  

X' 1 0 . 90 * 9 . 12 .. 1 . 2 6ns 

B )  using P" P" F" F" BeS, and BeS, 

m 1 0 2 . 63 :1: 0 . 54 * *  9 9 . 7 3 :1: 1 . 3 5 * *  10 8 . 3 7 :1: 2 . 2 1 * *  
[ d ]  1 .  7 2 :1: 1 . 3 3ns 1 .  9 1 :1: 1 . 3 4ns 2 . 3 3 :1: 1 . 3 4 ( * )  
[ h I  1 1 . 1 9 :1: 4 . 7 5  * - 13 . 3 6 :1: 6 . 87 ( * )  
t i l  - 1 3 . 8 0 :1: 2 . 7 9 * *  
[ j ]  
[ I ]  

X' 4 3 . 8 8 * *  3 8 . 3 3 * *  14 . 12 * *  

e )  using P" P "  F" F "  Be" Be" F" Bes, and BeS, 

m 109 . 2 4 :1: 2 . 4 8 * *  
[d]  3 . 4 6 :1: 1 . 7 3  * 
[ h I  - 18 . 62 :1: 10 . 7 ( * )  
t i l  - 14 . 4 1:1:2 . 7 1 * *  
[ j l  0 . 4 8 :1: 6 . 7 1ns 
[ 1 ]  7 . 8 0 :l: 1 0 . 2ns 

x' 1 8 . 5 6 * *  

97 . 8 3 :1: 1 . 67 * *  9 6 . 0 3 :1: 1 .  8 4 * *  
5 . 3 9 :1: 1 . 8 4 * *  6 . 67 :1: 1 . 5 7 * *  
4 . 2 4 :1: 3 . 3 4ns 19 . 3 9:1:7 . 7 1  * 

8 . 5 3 :1: 7 . 0SDB 
- 1 8 . 4 3 :1: 8 . 5 7 * 

7 . 6 5 * 4 . 4 9ns 

99 . 6 2 :1: 1 . 3 5 * *  9 6 . 5 6 :1: 1 . 8 4 * *  
5 . 19 :1: 1 . 8 4 * *  2 . 0 1 :1: 1 . 34ns 

11 . 7 8:1:4 . 7 6 * 4 0 . 2 9 :1: 1 2 . 5 * *  

- 2 7 . 7 0 :1: 1 0 . 7 * *  
- 5 4 . 4 9 :1: 2 1 . 5 * 

3 1 . 6 0 * *  3 1 . 9 3 * *  

109 . 2 0:1:4 . 4 6 * *  111 . 2 6 :1: 8 . 8 1 * *  9 6 . 1 6:1: 1 . 8 5 * *  1 1 1 . 6 3 :1: 8 . 82 * *  
5 . 6 0 :1: 1 . 8 5 * *  6 . 7 1 :1: 1 . 57 * *  5 . 5 8 :1: 1 . 8 5 * *  5 . 5 8 :1: 1 . 8 5 * *  

- 1 2 . 6 4 :1: 6 . 99ns - 18 . 4 5 :1:2 2 . 8ns 18 . 89:1:7 . 7 2  * - 1 9 . 5 8 :1: 2 2 . 8ns 
- 1 3 . 18:1:4 . 80 * *  - 1 5 . 2 3 :1: 8 . 62 ( * )  - 15 . 4 8 :1: 8 . 6 3 ( * )  

8 . 1 8:1:7 . 0 5DB 7 . 96:1:7 . 0SDB 8 . 27 :1: 7 . 0 6DS 
4 . 1 8 :1: 1 5 . 4ns - 1 8 . 0 6:1: 8 . 5 8 .. 4 . 94 :1: 1 5 . 4ns 

0 . 10ns 1 . 3 8ns 3 . 2 2 ( * )  

1 0 8 . 3 7 :1:2 . 2 1 * *  1 2 1 . 94 :1: 5 . 3 1 * *  9 6 . 16:1: 1 .  8 5 * *  1 2 0 . 7 3 :1: 5 . 3 4 * *  
5 . 7 8 :1: 1 . 84 * *  2 . 47 :1: 1 . 3 4 ( * 1 5 . 5 8 :1: 1 . 8 5 * *  5 . 5 8 :1: 1 . 8 5 * *  

- 1 3 . 0 9 :1: 6 . 87 ( * )  - 9 1 . 8 2 :1: 2 8 . 8 * *  4 3 . 47 :1: 12 . 5 * *  - 8 4 . 5 6 :1: 2 8 . 9 * *  
- 1 4 . 0 0 :1: 3 . 82 * *  - 2 5 . 4 3 :1: 4 . 5 0 * *  - 2 4 . 5 7:1: 5 . 0 1 * *  
- 2 9 . 10:1:14 . 5 * *  - 3 0 . 0 1 :1: 1 0 . 7 * *  - 2 6 . 3 2 :1: 1 0 . 7  * 

1 0 8 . 2 0 :1: 3 8 . 5 * *  - 5 9 . 2 6 :1: 2 1 .  6 * *  9 8 . 5 3 :1: 3 8 . 7  * 

6 . 47 * 6 . 0 1 * 2 4 . 08 * *  



Table 1 05. Estimates of gene effects for AUDPC in cross Ruapuna x Domino 

A) using P" p • •  F" F , .  BC, and BC, 

m 1 0 9 . 7 4 ± 0 . 9 S * *  107 . 3 2 ± 1 . 7 3 * *  1 1 9 . 03 ± 4 . 4 9 * *  
[ d] 0 . S l± 1 . 67ns 0 . 2 4 ± 1 . 67ns - 0 .  0 1± 1 .  6 Bns 
[ h I  S . 6 1 ± 3 . 3 6 ( * )  - 1 1 . lS ± 6 . S2ns 
[ i ]  - 1 3 . S 4 ± 4 . S 9 * *  
[ j ] 
[ 1 ]  

X· 1 3 . 7 4 * *  1 0 . 9 5 * '  5 . 3 3 ( * )  

B )  using P , .  P" F,.  F" BCS, and BCS, 

m 1 1 1 . S 4± 0 . S l * '  l O S  . 11± 1 .  4 0 "  113 . 2 1± 2 . 1S * *  
[ d] 3 .  6 3± 1 .  3 2 * *  3 .  3 7 ± 1 . 3 3  * 3 . 07 ± 1 . 3 3 * 
[hI  1 3 . 3 9 ± S . OB * *  - 1 . 6 S±7 . 10ns 
[ i J  - S . 3 B ± 2 . 7 6 * *  
[ j J  
[ 1 ]  

X' 1 B . 1 3 * *  1 1 . 16 * 4 . 9 9 ( * )  

C )  using P , .  p • •  F, . F, . BC" BC, . F" BCS, and BCS, 

m 1 1 0 . B7 ± :I . 47 * *  
[ d J  2 . 7 1± 1 . B 1ns 
[ hJ 1 0 . B :I ± 1 0 . Bns 
[ i l  - 6 . 3 :1 ± 2 . 6 B * 
[ j l  - 2 . B 9±7 . 14ns 
[ I I  - 14 . B 4 ± 1 0 . lns 

x' S . 7 4ns 

107 . 4 6 ± 1 . 7 3 * *  104 . 6 1± 1 . 9 S * *  
1 .  S S± 1 . 9 Sns - 0 . O h 1 .  6 Sns 
S . 3 1± 3 . 3 7 ns 2 S . 07 ± S . 0 4 * *  

- 1 0 . 0 3 ±7 . S 9ns 
- 2 6 . 2 3 ± S . S 3 * *  

9 . 2 0  * 1 . S 0ns 

107 . 9 9±1 . 4 0 * *  1 0 5  . 11±1 . 9 4 * *  
1 . 6 4 ± 1 . 9 4ns 3 . 19± 1 . 3 3  , 

1 3 . S 6 ± S . 0 9 * '  3 9 . S 2 ± 1 2 . 9 * *  

13 . 0 4 ± 1 0 . 6ns 
- 4 9 . S 2 ± 2 2 . 3  * 

9 . 6 5 * *  6 . 1S * 

1 1 9 . 0 1±4 . 4 9 "  1 0 B . 3 6±9 . S 4 ' *  104 . 7 9 ± 1 . 9 S ' *  1 0 B . 9 9 ± 9 . S S * *  
1 .  2 2 ± 1 . 9Sns - 0 . 02 ± 1 . 6 Sns 1 . 14 ± 1 . 9 Sns 1 .  1 4 ± 1 . 9 Sns 

- l1 . 2 S±6 . S2 ( * )  lS . 7 6 ± 2 4 . Sns 2 7 . 3 1± S . 07 * '  16 . B7 ± 2 4 . 6ns 
- 1 3 . 66±4 . 9 0 ' *  - 3 . 7 S± 9 . 3 Sns - 4 . 2 0 ± 9 . 3 Sns 

- 9 . 4 1±7 . S 9ns - S . 66±7 . 6 1ns - S . S O ±7 . 6 1ns 
- ;lO .  6 6 ± 1 6 . 3ns - 2 S . 6 S ± S . S S * *  - 1 9 . 4 0 ± 1 6 . 3ns 

1 . 4 1ns 1 .  34ns 0 . 2 0ns 

1 1 3 . 19±2 . 1 S ' *  114 . 7 0±4 . 9 9 ' *  104 . 7 9±1 . 9 S * *  1 14 . 13 ± S . 0 1 ' *  
1 .  1 1± 1 .  9 Sns 3 .  0 7 ± 1 . 3 3  * 1 . 14±1 . 9 Sns 1 .  14± 1 . 9 Sns 

- 1 . 4 S ±7 . 10ns - 1 0 . 4 S± 2 7 . 3ns 4 1 .  9 7 ± 1 3 . 0 * *  - 7 . 04±2 7 . Sns 
- S . S7 ± :I . 7 6 ' *  - 9 . 6 0 ± 4 . 6 1 * - 9 . 3 4 ± 4 . 6 1 * 
14 . 6 6± 1 0 . 60s lS . 3 S ± 1 0 . 7ns 14 . 4 6 ± 1 0 . 7ns 

12 . 3 S ±3 7 . 3ns - S 2 . S 3 ± 2 2 . 4 * *  7 . B 4 ±3 7 . 4ns 

0 . 040s 1 . B 4ns 4 . 10 * 



Table 1 06. Estimates of gene effects for AUDPC in cross Briscard x Ruapuna 

A)  u8ing P "  P "  F" F" Be, and Be, 

m 9 4 . 1 5 :t 0 . 8 2 * *  9 3 . 0 5:t 1 . 3 8 * *  1 0 5 . 3 8 :t 4 . 0 5 * *  
[ d ]  5 .  6 07 :t 1 .  3 4 * *  5 .  5 4 :t 1 . 3 4 * *  5 . 44 :1: 1 . 3 4 * *  
[ b ]  2 . 5 8 :t 2 . 6 2n8 - 1 3 . 8 6 :t 5 . 7 1  * 
[ i ]  - 1 4 . 2 7 :t 4 . 4 1* * 
[ j ]  
[ 1 ]  

X' 14 . 1 5 * *  1 3 . 1 8 * *  2 . 5 8n9 

B )  u8ing P" P" F" F" Bes, and BeS, 

m 9 7 . 7 5 :t 0 . 53 * *  9 3 . 4 6 1: 1 . 2 5 * *  9 3 . 92 :1: 2 . 3 2 * *  
[d]  4 . 3 2 :1: 1 . 2 1 * *  4 . 17 :1: 1 . 2 1 * *  4 . 17 1: 1 . 2 1 * *  
[ b ]  1 7 . 67:1:4 . 67 * *  1 6 . 291:7 . 51 * 
t i l  - 0 . 64:1:2 . 7 1n9 
[ j ]  
[ 1 ]  

X' 2 7 . 8 1 * *  1 3 . 4 6 * *  9 5 . 6 6 * *  

e )  u8ing P "  P "  F "  F"  Be" Be" F "  BeS, and Bes, 

m 97 . 9 5:t2 . 2 7 * *  
[ d] 4 . 5 3 :t 1 . 47 * *  
[ b ]  4 . 8 6 :t 9 . 4 4n8 
[ i ]  - 5 . 2 3 :t 2 . 4 5 * 
[ j ]  0 . 3 4 :t 5 . 8 9n8 
[ 1 ]  - 1 0 . 9 8 :t 8 . 42n8 

x' 2 4 . 64 * *  

9 3 . 02 :t 1 . 3 8 * *  9 1 .  6 3 :t 1 . 5 5 * *  1 0 5 . 3 5 :t 4 . 0 5 * *  
5 . 1 2 :t 1 . 5 5 * *  5 . 4 3 :t 1 . 4 3 * *  5 . 0 2 :t l . 5 5 * *  
2 . 5 9:1:2 . 62n8 1 5 . 2 5 :t 6 . 7 0 * - 1 3 . 8 5:t 5 . 7 1 * 

- 1 4 . 2 7 :1: 4 . 4 1 * *  
3 . 3 8 :1: 6 . 19n9 3 . 3 8:1: 6 . 12n8 

- 1 4 . 2 5:1: 6 . 94 * *  

12 . 8 8 * *  8 . 9 6 * *  2 . 4 1n9 

9 3 . 5 2 :1: 1 . 2 5 * *  9 1 .  5 6 1: 1 . 5 5 * *  9 3 . 91:t2 . 3 2 * *  
5 . 1 5:t 1 . 5 5 * *  4 . 0 6:t 1 . 2 1 * *  5 . 14 :1: 1 . 5 5 * *  

17 . 5 7 1: 4 . 66 * *  3 8 . 5 81: 1 1 . 0 * *  1 6 . 3 8:t 7 . 5 1 * 
- 0 . 5 51:2 . 7 1n9 

- 1 0 . 1 21: 9 . 9 4n9 - 10 . 0 51: 9 . 9 5n8 
- 4 4 . 1 5 :1:2 1 . 1  * 

12 . 42 * *  9 . 07 * *  1 2 . 3 8 * *  

1 1 7 . 6 0:t 9 . 0 1 * *  
5 . 54 :t 1 . 3 4 * *  

- 4 6 . 18 :t 2 2 . 0  * 
- 2 5 . 67 :1: 8 . 87 * *  

2 1 .  2 1:1:14 . On9 

0 . 40n9 

7 7 . 97 :1: 5 . 17 * *  
3 . 8 8 :1: 1 . 2 1 * *  

1 0 9 . 6 7 :1: 2 8 . 1* *  
1 3 . 5 8 :1: 4 . 9 3 * *  

- 13 2 . 3 9 :t 3 8 . 3 * *  

1 . 4 8n8 

9 1 . 6 1 1: 1 . 55 * *  
5 . 0 5 :1: 1 . 5 5 * *  

1 5 . 17 :t 6 . 70 * 

3 . 03 :1: 6 . 2 0n8 
- 14 . 16 :1: 6 . 94 * 

8 . 7 2 * *  

9 1 .  6 1:1: 1 .  5 5 * *  
5 . 0 5 :1: 1 . 5 5 * *  

3 8 . 5 3 1: 1 1 . 0 * *  

- 1 0 . 2 1:1: 9 . 94n9 
- 4 4 . 2 6 1: 2 1 . 1  * 

8 . 02 * *  

117 . 8 5 :t 9 . 0 2 * *  
5 .  0 5:t 1 . 5 5 * *  

- 4 6 . 9 3 :1:2 2 . 1  * 
- 2 6 . 2 4 :1: 8 . 8 8 * *  

3 . 92 :1: 6 . 2 1n8 
2 1 . 7 1:1:14 . 0n9 

7 7 . 6 3 :1: 5 . 1 8 * *  
5 . 0 5 :1: 1 . 5 5 * *  

111 . 9 5 :1:2 8 . 2 * *  
13 . 9 8 :1: 4 . 94 * *  

- 1 2 . 13 :1: 9 . 9 6n8 
- 13 5 . 1 6 :t 3 8 . 4 * *  

I\) 
(J) U1 



Table 1 07. The components of variation in six generations of wheat for the area under the disease 
progress curve (AU DPC) inoculated with stripe rust pathotype 1 06E1 39A-

Cross D H F Ew 
Briscard x Ti ritea 1 021 47 33838 -63994 4831 

Ruapuna x Tiritea 61 5 1 3 43646 -40904 5365 

Domino x Tiritea 61 683 1 1 4560 -69336 27225 

Otane x Tiritea 87609 1 79563 - 1 2231 2  1 1 800 

Briscard x Dtane 6554 22781 - 1 1 1 01 1 885 

Ruapuna x Dtane 91 73 9 1 73 +69 6473 

Domino x Dtane 8045 1 3 1 09 +71 29 3830 

Briscard x Domino 7 1 45 3267 - 1 058 1 337 

Ruapuna x Domino 1 571 6 573 - 1 609 3 1 1 0  

Briscard x Ruapuna 2 1 2 1  369 + 1 09 963 

(HID) 1/2 

0.58 

0.84 

1 .36 

1 .43 

1 .86 

0.26 

1 .28 

0.68 

0. 1 9  

0.42 

F/( D*H) 1/2 

1 .09 

0.79 

0.83 

0.98 

0.9 1  

0.03 

0.69 

0.22 

0.54 

0. 1 2  

I\) 0) 
(j) 
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CHAPTER S 

DISCUSSION 

A d iverse germplasm was used for these experiments to i mprove the i nference 

base of the results. Also unrelated parents may lead to transgressive segregation for 

resistance, e .g .  for latent period i n  wheat leaf rust Lee and Shaner ( 1 985b) and Northern 
com leaf bl ight (Hughes and Hooker, 1 971 ) .  Evidence from these resu lts i ndicates 

success in obta in ing h igher level of resistance i n  a breeding programme by us ing diverse 

germ plasm as t ransgressive segregation was observed . Therefore the p resent results 
have a considerable degree of generality. 

5. 1.  Cu/tivar experiment 

I n  an analysis of variance to compare the resistance of several h ost cu ltivars 

against several races, a sign ificant mean square for cultivars impl ies that the cultivars 

d iffer i n  general resistance and a sign ificant mean square for the interact ion between 
cultivars and races implies that the cultivars differ i n  specif ic resistance (van der Plank, 

1 968a). This interaction can be caused by variation in the magnitude of the d ifferences 

between cultivars or by reversals in the ranking of the cultivars with different races. The 
analysis of 1 5  cultivars over th ree pathotypes (Table 2) showed the presence of genetic 

variation for all components of resistance wh ich agreed with previous resu lts (Cromey, 

pers. comm .) . S ignificant inte ractions between cultivars and pathotypes occurred for al l  

characters. These interactions were caused largely by Oroua, Pegasus ,  Sapphire and 

Batten. Pathotypes were highly significant for all traits, ind icating components of 

resistance were affected by pathotypes, and that pathotypes were d i fferent i n  

aggressiveness on these cultivars. So this is  obvious that due t o  different cultivars and 

pathotype, the i nteraction between them should be significant. The s ignif icance of the 

interaction of a set of host and pathotypes indicates the operation of specif ic  resistance 

(van der Plank, 1 968a) . It should be mentioned that this is not a lways true.  Knott ( 1 988) 

presented a hypothetical model with four genes, all having equal and add itive effects and 

fou r genes for aggressiveness. There was an i nteraction mean square ,  but if the effect 

of each gene was reduced to 1 0% so that the range was only f rom 1 0  to 90% severity, 

then the i nteraction mean square was zero. 
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van der Plank ( 1 978) stated that resistance was horizontal i f  a set of h ost 

genotypes gave constant rankings when tested with d i fferent pathogen genotypes. In the 

case ·of in fection type (Table 3), there was great variation in the ranking of Batten ,  
Pegasus,  Sapphire ,  Oroua and Karamu whereas there was constant ranking for Tiritea, 

Takahe and Otane. Other cu ltivars showed nearly a constant ranking . Apart f rom Batten 

and Pegasus  on which pustules did not form due to action of specific genes, the cultivar 

rankings for latent period, pustu le s ize and pustu le density (Tables 4-6) was s imi lar to 
that of i nfection type. 

The aggressiveness of the three pathotypes were different on these cu ltivars. I n  
the case of infection type (Table 7) the most and least aggressiveness pathotype were 

232E 1 37 A- and 1 06E1 39A-, respectively. Thi s  was also true for latent period (Table 7) 

regard less the artificial values for Batten ( in response to 1 1 1  E 1 43A- and 1 06E 1 39A-) and 
Pegasus ( in  response to 1 06E1 39A-) . For pustu le s ize (Table 7) ,  pathotype 1 1 1  E 1 43A

produced big pustule whereas pathotype 232E 1 37 A- produced small pustules regardless 
of the artificial values for Batten and Pegasus.  For pustule density (Table 7), pathotype 

1 1 1  E 1 43A- produced h igh pustule numbers on the leaves and pathotype 1 06E 1 39A- was 

less agg ressive. These results suggest that the components of resistance have some 

independence in expression .  I t  can also be in terp reted that these d i fferences are due to 
sampl ing error. However, because these experiments were carried out at t h ree d i fferent 

times (over 2 months period) , the environment could probably affect all com ponents and 

for that reason there were sign ificant differences among means of pathotypes for each 

t rait . 

The defin ition of ful l  and restricted heritabil ities is presented in Materials and 

Methods. For each trait and the difference between ful l  and restricted heritabi l ities were 
smal l .  Ful l  heritabi l i ty can be more important than restricted heritabi l ity, because the 

pathotype was sign ificant and should be regarded in  heritabi l ity (Table 8 ) .  

Genotypic correlation is u sed by breeders to understand how correlated traits 

occur, and can be used to indicate the effects of indi rect selection and in selection 

indices.  Selection for the character with the h igher heritabi l ity would be more successfu l 
than selection for that with a lower heritabil ity, assuming these two characters are 

corre lated .  I n  breeding work, it would be best to base selection on al l  components of 
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resistance. 

In the present study, there were h ighly s ignificant positive genetic corre lations 

amongst i nfection type, pustule size and pustule density and h igh ly s ign if icant negative 

genetic correlation between latent period with the other components (Table 9) .  The 

correlations between traits of each pathotype with each other were almost not s ignificant 

(Table 1 0) .  It is expected that i f  there are d i fferent pathotypes, the correlation between 

two traits from two pathotypes wou ld  be low. If the correlation is h igh ,  it m ight be due to 
sampl ing error. 

The present study shows that phenotypic correlations were sim i lar to the genetic 

correlations in d i rection, but different in magnitude. It was obvious that genetic 

corre lations in  general were h igher than the corresponding phenotypic correlat ions. If the 

two types of correlation are simi lar to each other, the selection on phenotype wil l  also 

be a fai rly accurate selection of genotype. 

I t  should be noted that there are some l imitations in the determination of a 

genetic correlation. F irstly, estimates of genetic correlations from variance and 
covariance components are usual ly subject to rather large sampl ing error and are 
therefore seldom very precise. Secondly, genetic correlations are strongly inf luenced by 

gene frequencies, so they may differ markedly in  d i fferent populations (Falconer, 1 98 1 ) . 

Therefore these results must be regarded as estimates for this population . Thirdly, the 

genetic correlation wil l  be larger in absolute magnitude than the phenotypic corre lation. 

This results from the very low value of genetic variance component (Baker, 1 986) . A 

large value of genetic correlation resulted from th is experiment and was i n  agreement 

with this discuss ion .  

I n  support of these experiments ,  many workers have reported the correlations 

among components of resistance. There was a negative correlation between infection 
type and latent period (see Jacobs and Broers 1 989; Broers, 1 989; Parlevliet and Kuiper, 

1 977) , latent period and pustu le size (Kuhn et al. , 1 980; Lee and Shaner, 1 985a; 

Johnson and Wilcoxson ( 1 978) ,  and latent period and pustu le density (Johnson and 

Wi lcoxson ,  1 978) . 
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I n  this experiment, h igh  correlations among all components of resistance were 

observed which is in agreement with other workers mentioned above (also Johnson and 

Wilcoxson, 1 978) , and only Denissen ( 1 99 1 ) reported that i n  wheaVleaf rust the 

correlation between infection frequency and latency period was low. The moderately h igh 

genotypic correlation demonstrated that the genes for  resistance that were studied m ay 

affect one or more of component of res istance such as pustule density, pustule s ize and 
length of latent  period (see Roelfs, 1 988). The selection for one of them would  have 
tended to select the various components of resistance. This was also suggested by 

Parlevl iet and van Ommeren ( 1 975) ,  Ohm and Shaner ( 1 976) and Johnson and 

Wilcoxson ( 1 978) .  Selection for long latent period should not be d ifficult and wou ld tend 

to select for other components of  resistance as well. 

In this study, pustule size and pustu le density were measured rather than spore 
p roduction ,  as the latter is difficult to measure. Spore production is often estim ated by 

the size of the u redium ,  assuming a close association between spore product ion and 
u redium size (Parlevliet, 1 985) .  The variat ion in latent period, pustu le size, and pustule 

density was clearly but not completely associated. For race-specific cu ltivars, the 

variation in  pustu le size and pustule density was almost completely associated with 

infection type i .e .  the lower the pustu le size and pustu le density the lower the infection 
type. It is in agreement with Dehne ( 1 977, quoted by Parlevliet, 1 979) who studied these 

components against wheat stripe rust. But for non-specific cultivars the infection type 

was not important and cu ltivars with the same infection type were d ifferent in latent 

period, pustule size and pustule density. These resu lts show that longer latent period, 

a reduced pustule density and a smal ler pustule s ize tended to go together which is in 

agreement with Ohm and Shaner ( 1 976) and Parlevli et ( 1 975) .  Genotypic correlations 

showed that same gene(s) might partially control these components of resistance. 

According to correlations between these components of resistance, many workers have 

reported ( in  other  host and rust) that genes control l ing these components of resistance 

were partial ly, but not completely, associated (Kuhn et al. ,  1 980; Parlevliet, 1 975; Ohm 

and Shaner, 1 976) , or l inkage between or  possible pleiotropic effects of genetic factors 

control l ing these components was suggested (Ohm and Shaner, 1 975; Parlevliet, 1 986) ,  

o r  they might be controlled by some genes in common (Lee and Shaner, 1 985a) , but 

these components might possible be inherit independently (Broers, 1 989) . Final ly, i t  can 

be suggested that it is possible to select for these components of resistance i n  
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segregat ing populations. 

In this study d ifferences between latent period i n  response to different pathotypes 
can be i nterpreted genetically rather than being affected by environment. This conclusion 

agrees with Fuches ( 1 965) who stated that the generation t ime, Le.  t ime between date 

of inocu lation and date of sporu lation , can be race-dependent (quoted by Stubbs, 1 988) 

who grouped races into s low, normal , and fast, the difference between the f irst and last 

g roup being 4 days. 

Resistance has so far been discussed on the basis of attributes taken one at a 

t ime. ANOVA only gives a separated analysis of variables, it does not examine the jOint 

relationshi p  between variables. Since al l  those components act in  an epidemic 

s imultaneously and are correlated, i t  is worthwhi le to look at cultivars across al l  
attributes. Also the ranking of cultivars, using al l  attribute together, cannot be determined 

by simply measu ring the m agnitude of the attribute of resistance in  a experiment. Such 

experiments are necessary to measure the attribute themselves, but the effect of 

attribute overal are difficu l t  to rank cultivars, because these components in teract with 

each other. Multivariate analysis uses variance and covariance matrices to han dle 

mu lt iple characters. In  this experiment the resu lts showed s ign ificant differences between 
cultivars (Table 1 1 ) . 

Discriminant analysis (one for each pathotype) was then used to find l inear  

combination of  the variables that maximise differences among the genotype as a 

population (Table 1 1  & 1 2) .  With the use of discriminant analysis fol lowing MANOVA, the 

complex i nterrelationship among components of resistance can not only be revealed, but 

also can be taken into account in  statistical inference, whi le ANOVA ignores and fai ls to 

exploit these interrelationsh ips. The main purpose of discriminant analysis is to fin d  a 

l inear combination of variables that maximises d ifferences among the hypothesiS 

clarif ication (genotypes) ,  and to sort the objects into their appropriate g roups with 

min imal e rror (Bryant and Atchley, 1 975) .  Regarding discriminant analysis for all 

attributes, most of the variation across characters was explained by the f i rst function of 

discrim inant analysis, and it also could be used i n  g rouping the cultivars . The resu lts 

obtained in th is study demonstrated that the techn ique of discrim inant analysis was 

useful for grouping and sorting cultivars .  
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Another method of multivariate analysis such as cluster analysis was used for 
analysing multiple characters .  Pattern analysis comprises mathematical methods of 

classification and ordination wh ich have been widely applied in agricultu ra l  science 

(Wi"iams, 1 976) and which could be used to more advantage in plant pathology 

(Thompson and Rees, 1 979) and plant epidemiology (Kranz ,  1 97 4a,b) .  Numerical 
taxonomic methods have been useful in d i fferentiating g roups of cultivars with very 

d ifferent rust reactions. Analysis of several thousand cultivars, as assessed for d isease 

reactions in some plant breeding programmes,  is now feasible by th is cluster analysis 

approach. Cluster analysis have been useful in d ifferentiat ing groups of cultivars with 
very d ifferent rust reactions. G roup 1 was susceptible to all races but g roup 2 was 
susceptible only i n  the seedl ing test (Fig. 1 0) .  Both groups can be used for resistance, 

because in experiment five and seven the cross of Tiritea x Otane showed t ransgressive 
segregation for infection type, latent period and area under the d isease progress curve, 

indicating that such cultivars may possess a non-specific types of resistance. 

I ntercrossing such cultivars and selecting for transgressive resistant segregates would 

be a good breeding strategy. G roup 3 and 5 could be used d i rectly or as parent. 
According to other experiments and the l iteratu re (see Materials and Methods), they 

showed adul t  plant resistance and some of them also have known Yr-genes (see 

Materials and Methods) .  Other  groups have showed the presence of specific resistance 
gene. They showed specif ic reaction ,  so that Oroua (Yr7) , Pegasus (Yr1 ,6) ,  Sapphi re 

(Yr6 ,7) and Batten (Yr,9) were placed in  different g roups regarding all attribute whereas 

with respect to separate components maybe some groups were mixed. It should be 

mentioned that although Karamu (YrA) was placed in the adult plant resistance group 

but with some assessment i n  adult stage and other pathotypes it should probably be 

placed in other groups. Pattem analysis has been used by few workers in plant 
pathology a rea and it was p roved to be usefu l ,  for instance Syme and Thompson ( 1 986) ,  

Rees et  al. ( 1 979a,b) . Thompson and Rees ( 1 979) indicated that the pattern analysis is  

su ited to  the analysis of large-scale screening experiments for s low rusting  i n  wheat 

genotypes and should prove of value with s imilar epidemiological data for other plant 

diseases . Pattem analysis provides a valuable complement to other epidemiological 

m ethods, by extract ing and displaying the main patterns and trends i n  mu ltivariate data 

often enables one to obtain  new perspectives of the problems u nder consideration. 

To obtain information on the rel ationsh ips among the several varieties studied, 
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canonical variate analysis has been employed to separate pathotypes with respect to al l 

components (Table 1 1  & 1 2) .  Canon ical variate is a multivariate statistical research tool 

capable of identifying d i fferences among groups of individuals (or treatments) and 

improves the understanding of  the relationsh ips among several varieties measured withi n  

those g roups.  Canonical variate analysis can be  defined as  a multivariate statistical 

technique which determ ines l inear functions of quantitative varieties that maximal ly 

separate two or more groups of individuals whi le keeping each group as compact as 
possible (Manly, 1 986) . The canonical discrim inant analysis generated a l inear model 

that provided an i ndication of the differences between the pathotypes on fifteen cultivars 

of wheat. Canon ical discr iminant analysis summarized the complex relationships of the 
data and provided a useful method of reducing the dimensional ity of the prob lem.  

Canonical d iscrim inant analysis has been successfu l ly employed to f ind differences 

between g roups, in this experiment pathotypes, on the basis of l inear com bi nations that 
can depend the understanding of the system under study.  

In the present study, fol lowing PROC CAN DI SC the multivariate statistic and F 
approximation showed that a clear difference between the pathotype mean vectors (al l  

fou r  variables put together come from fifteen cultivars) at P=0.0001 level (Table 1 1  & 

1 2) .  The f i rst eigenvalue, 0.63, was much larger than the second one i ndicating  
separation between the pathotypes can be  accounted fo r  along the fi rst canonical 

variate. The correlations between the canonical varieties and the orig inal variables 

indicated that both latent period and pustule size measu rements are positively correlated 

with the f i rst canonical variate, CAN . 1 , whi le i nfection type and pustu le density showed 

a negative association w ith CAN . 1 . Since CAN . 1  accounts for almost all the separation 

between the species, it can be concluded that, individual ly, each of the two variables, 

latent peri od and pustu le size, contributes to the separation of pathotypes whereas 

infection type and pustu le density tend to bring the pathotype together. The plot of the 

canonical scores shows the power of the f irst canonical variate i n  separating  the 

pathotypes. I t  is  obvious that all pathotypes are quite different from each other. The f i rst 

canonical d iscrim inant function gave the maximum possib le variation between groups 

with respect to within g roup variation , and therefore reflects g roup differences to the 

g reatest degree possible; the second canonical discrim inant function captured as m u ch 

as possible of the group differences not displayed by the f i rst canonical discri minant 

function , subject to the condition that there is no corre lation between two canon ical 



Discussion 2 74 

d iscrim inant functions. The first two canonical varieties were sufficient to account for 

m ost of the important pathotype differences with respect to all components. To have a 

v isual display of the groups and to i l lustrate the d iscriminating power of each canonical 

variate in separating the groups and also to identify outl ier in the data, it is worthwhile 
to plot these scores for the f i rst two canonical varieties (Fig. 8). 

Several attributes (an extended latent period, small s ize of pustule and low 

n umber of pustule  on the leaves) contributed to components of resistance. However, not 
al l  cu ltivars that rusted slowly in th is study differed from cultivars that rusted rapidly, as 

far as individual components of resistance were concerned. Variation with in each of the 

components studied was observed and i t  should be possible to select components of 

resistance and develop l ines of wheat that possess them in  desired combinati ons. 

Possibly latent period may be the easiest component to study and to use in a p ractical 
way. Although Parlevl iet ( 1 988) suggested that i nfection frequency and spore production 

may be the most i mportant components of partial resistance to stripe rust. Park and 

Rees ( 1 989) reported that in response to stripe rust, lower infection type was observed 

with longer latent periods and/or a lower percentage of leaf area affected on primary 

leaves of adult plant resistant cu ltivars. As it wi l l  be seen later the components of 

resistance are quantitative traits (also see Shaner et al. , 1 978) and with in a large group 

of wheats, these components exhibit continuous variation (Ohm and Shaner, 1 975) .  

Because the various quantitative components of resistance act together to affect the 

course of  an epidemic, i t  is  necessary to understand the contribution of each component 

to the overall effect. As stated earl ier, longer latent period ,  smal ler pustu le size, and 
fewer pustules per uni t  area all play strong roles in  retarding disease development. 

5.2. Dial/e/ mating design 

Knowledge of the mode of inheritance o r  genetic architecture permits an overall 

assessment of the probable effects of selection on any generation or population and the 

probable frequency of specific phenotypes in a population. When s pecific c rosses are 
being considered, the actual parameter values can be used to predict the response to 

selection and to est imate the frequencies of recombinant inbred phenotypes. Amongst 

all mating designs d ial lel mating designs provide a s imple and convenient method for 

estimating genetic parameters. The major purpose of a diallel cross is the detection and 
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estimation of additive and dominance variances. I t  also provides a g reat deal of genetic 

in formation from relatively few parents. As J inks ( 1 954) stated diallel analysis is a 

powerful method for obtain ing a rapid, overall pictu re of the genetical structure of a large 

n umber of parental l ines i .e .  overall degree of dominance, of the relative dominance 

propert ies of the parents. Different forms of dial lel may be found in  the l iteratu re but 

among the variou s  forms, the half-diallel techn ique has certain advantages over the 

others ,  giving maximum information about genetic architecture of a trait , parents and 

allel ic frequency (Kearsey, 1 965) .  

The assu mptions underlying many genetical systems are: ( 1 ) d iploid segregation, 

(2)no d i fference between reciprocal crosses, and (3) independent action of non-allelic 

genes (Hayman, 1 954b) . In the diallel cross, other assumptions are i ncluded such as no 

heterozygosity, no mult ip le allel ism, and no correlation between the gene distribution at 
each locus.  This last condition is not violated if several gene differences exist between 

the same parents . The analysis treats the corresponding group of genes as if it were a 
s ingle gene (Hayman, 1 957). Almost assumptions were met in  these experiments. I t  has 

been known that wheat has diploid segregation , and from the l iterature there were no 

differences between reciprocal crosses, and al l  parents were homozygous. Only i n  some 

cases there was epistasis which could not meet the assumptions.  But it shou ld be noted 

that although the genetic assumptions may lack validity and despite the deficiencies of 
the Hayman-J i nks techn ique, the use of dial lels in plant breeding cannot be overlooked. 

They provide a systematic approach to experimental analysis  and also g ive an overal l 

genetic evaluation which makes identification of crosses with the best selection potential 
possible in an early generation, especially with the combining abil i ty types. 

The m odels for numerical analysis of a ful l d ial lel with or without recip rocal effects 

a re given by J inks ( 1 954) and Hayman ( 1 954b) . It should be noted that the half-diallel 

in  these experiments were analyzed by adopting the least square est imates for a fu l l  

d ial lel without reCiprocal effects as given by J inks ( 1 954) and Hayman ( 1 954b) .  In  this 

case an adjustment for the error components should be made. I f  a half-diallel is 

p roduced and analyzed using the least square estimates as original ly derived by Jinks 

( 1 954) for a ful l diallel without recip rocal effects, the dominance components (H1 and H2) 

wil l  be foun d  to be affected severely when the analysis of the data is performed 

according to a fu l l  dial lel without reciprocal effects. Consequently, u pward and biased 
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estimates of the dominance components are obtained. This ,  in turn,  wi l l  affect the degree 

of dominance and the proportion of dominant and recessive genes among the parents. 

I n  these d iallel experiments, no standard errors of parameters were presented, 

but it should be n oted that diallel analysis does not allow an estimate of the standard 

errors of the individual statistics (J i nks ,  1 954) . 

Biometrical analyses of the dial lel for the infection type, latent period, pustule size 

and pustule density in response to three pathotypes 1 06E 1 39A-, 1 1 1  E 1 43A- and 

232E1 37 A- and for the area under the disease progress curve in response to pathotype 
1 06E 1 39A- showed that additivity was of m ajor importance i n  condition ing those traits, 

because the D components was relatively large for most of the traits . 

I n  the specific dialle l ,  for pathotype 1 1 1  E1 43A-, a l l  traits showed additivity 

whereas for pathotype 232E 1 37 A-, additivity occured only for in fection type with 

dominance of major importance for other  components (Table 26 & 27) . Maybe it is 
expected because the f i rst pathotype was vi rulent on al l  cu ltivars except B atten and the 

additive components was the major part, whereas the second pathotype was not virulent 
on Pegasus ,  Oroua and Sapph i re and dominance should be of major i m portance. 

In the nonspecific dial lel , for pathotypes 1 06E 1 39A- and 1 1 1 E 1 43A-, additivity 

was of major importance whi le for pathotype 232E 1 37 A- on ly pustu le density showed 

additivity and for the other components of resistance dominance was important (Tables 

6 1 -63) . Because so far there was not any known Yr gene(s) in these cultivars, it is 

impo rtant that in  certain cult ivars the m ode of gene action changed by using different 

pathotype. This means there was interaction between genes in the cultivars with those 

in the pathotype. If a single gene controlled the resistance, there would be much 

i nteraction between the genotype and the pathotype, but i f  resistance was controlled by 

polygenes, the i nteraction would not be g reat. Differential i nteraction of partial resistance 

was reported with Parlevliet ( 1 977a), but he mentioned that th is type of resistance is 

u nder polygenic control and has been quite stable. 

I n  the nonspecific field d ial lel ,  additivity was ten times greater than dominance 

for area u nder the disease progress curve (Table 9 1 ) .  Although the assessment was 
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d ifferent from those in  the seedling stage, additivity was so i mportant and selection 
procedu res can be used to select genotypes with h igher resistance. 

It should be noted that the preponderance of additivity found in  these experiments 
did not necessarily indicate that dominance was lacking. Additivity is the variance of 

average allele effects and therefore does not mean additive action of genes. That is, 

additive genetic variance in no way impl ies that dominance and/or epistasis are absent 

(Falconer, 1 98 1 ) .  It is commented that dominant genes, with the exception of those that 
exh ibit overdominace, have at least half of the ir  effect est imated as additive (Mather and 

J inks, 1 982) . Even for known Yr gene(s), which showed partially dominance, most of 
their effect was calcu lated as additive action.  

The narrowsense heritabi l it ies were high or moderately h igh for al l  traits, 

ind icating the selection for the resistant genotypes wil l  be effective. This agreed with the 

i mportance of additivity. I n  some cases the narrowsense heritab i l i ty was greater than 

their respective broadsense heritabi l i ty .  This is due to negative estimates of H ,  

particu larly H2. Both formulae are identical except for a d ifference in  the numerator 

coefficient of the H2 (see Materials and Methods) . Hence ,  when H2 is n egative it  causes 

a greater increase in  the numerator of formula estimating H2 
NS than for H2 

BS' resulting  in  

narrowsense heritabi l i ty being greater than broadsense h eritab i l ity. 

I n  the specific dial lel ,  for two pathotypes all narrowsense heritabilities were less 

than broadsense heritabi l i ties (Table 26 & 27) . In the non-specific d ial lel , the results were 

the same as for experiment two, except for pustule size in response to pathotype 

1 1 1  E 1 43A- (Tables 61 -63) . I n  the nonspecific field dial lel ,  there was a h igh heritabil ity 

and broad sense heritabil i ty was g reater than narrow sense heritabi l i ty (Table 91 ) .  

Negative estimates of H were calculated for some analyses, indicating that 

dominance was t rivial . I n  the specific dial lel and nonspecific f ield d ial lel ,  all H values 

were positive (Table 26 & 27) .  I n  the nonspecific dial lel , al l H val ues were positive except 

for i nfection type and latent period in response to 1 06E 1 39A- and for infection type and 

pustu le size in relation to 1 1 1  E 1 43A- (Tables 6 1 -63) . Variance components are 

conceptually posi tive, but negative estimate variance components are common in  

research because of sampl ing distribution . Possible causes of negative estimates have 
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been discussed (Searle, 1 971 ; Reeder et al. , 1 987). These include: inadequate sample 

size in the experimental design ,  recording or computation e rrors, or the invalid 
assu mption of uncorrelated identically distributed random variables. There is also an 

inherently small probability that the difference between mean squares wil l be negative, 

even though the difference of the expected values is positive, because of the sampling 

distribution of mean squares. 

Where positive values of H ,  occurred estimates of the degree of dominance 

( H/D) '/2 were calculated . In the specific dial lel , for all components in response to 
pathotype 1 1 1  E 1 43A-, partial dominance was present in conditioning resistance (Table 

26 & 27) . This degree of dominance can be reliable because there was no epistasis. 

However it is important to realise that in the presence of epistasis, the degree of 

dominance will be biased u pwards (Hayman, 1 954b; J inks ,  1 954) . Correlated gene 
d istribution can also bias the dominance upwards and could also be responsible for 
inflating  the apparent degree of dominance.  For pathotype 232E1 37 A- only for infection 

type, partial dominance was present; for the pustu le density dominance and for the latent 

period and pustule size overdominance were present. Because of epistasis for all 

attributes, the degree of dominance might be quite precise. I n  the nonspecific dialle l ,  for 

a lmost all components in response to the th ree pathotypes, partial dominance 

conditioning of stripe rust resistance and almost all degrees of dominance were reliable 

(Tables 61 -63). In the nonspecific field dial lel , partial dominance controlled the area 

under the disease progress curve (Table 91 ) and because of the presence of epistasis , 

maybe the degree of dominance was not valid . 

I n  the specific diallel, in  response to pathotype 1 1 1  E 1 43A-, infection type, latent 

period, pustule size and pustule density, across all cultivars, were controlled by i .  1 -2 ,  

2-3. and  3-4 genes, respectively (Table 26 & 27); and in  the case of  pathotype 

232 E 1 37 A-, it was controlled by 1 ,  2-3, 1 -2 and 1 genes for i nfection type. latent period 

and pustule size and pustu le density, respectively. In the nonspecific dial lel ,  in reaction 

to pathotype 1 06E 1 39A- 1 ,  1 -2 ,  2-3 and 1 genes, in  response to pathotype 1 1 1  E 1 43A-

46, 3-4, 2-3 and 2-3 genes, and in case of pathotype 232E 1 37 A- only single genes 

control led infection type, latent period, pustule size and pustule density (Tables 61 -63) .  

P robably, these differences might be due to differences in  viru lence genes between 

pathotypes. In the nonspecific field dialle l .  stripe rust resistance was control l ed by 2-3 
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genes (Table 91 ) .  It can be i nterpreted that different genes conditioned resistance i n  

response t o  each pathotype. Even i n  response t o  a certain  pathotype, different gene(s) 

controlled components of resistance. It should be noted that in a dial le l  cross, the 

n umber of  effective factors is not  as clear. F i rstly, our est imate must of  necessity come 
f rom the H statistics which are undoubtedly i nferior to those obtained from D statist ics. 

Secondly, any deviation from a random association of gene differences throughout the 

parental l i nes leads to a fu rther min imizing  of the estimate (J i nks,  1 954) . The number of 
effective factors i nvolved in resistance to stripe rust was estimated for these t raits whi ch 

had positive values of H2 • U nfortunately the number of effective factors rarely equals 

gene n umber (Mather and J inks,  1 982) and i t  m ust be used with caut ion. However, the 

estimate of n umber of genes can give us certain pattem of effective factors. 

I n  the presence of unequal gene frequencies the sign and magnitude of the F 

value can be used to determine the relative frequencies of dominant to recessive al leles 

i n  the parental population and the variation i n  the dominan ce level over  l oc i .  The value  
o f  F wil l  be  positive whenever the  dominant al leles are more f requent than the recessive 

al leles, i rrespective of whether or not the dominant al leles are increasers or decreases. 
The dominant al leles were more frequent than the recessive alleles in the specific d ial le l ,  

n onspecific dial lel and nonspecific field dial lel for  almost a l l  attributes. 

I n  some cases there was a lack of agreement between the analysis of variance 

(Wr+Vr) and the results of s ignificance tests of departure of the regression slope from 

u nity. For example in the specific dial le l ,  there was lack of agreement for pustule  s ize 

and pustule density in response to pathotypes 1 1 1  E 1 43A- and 232E 1 37A-, respectively 

(Table 26 & 27). In the nonspecific dial lel ,  there was lack of agreement for i nfection type 
and pustu le density in response to pathotype 1 06E1 39A- and for infection type and latent 
period in reaction to pathotypes 1 1 1 E1 43A- and 232E1 37A- (Tables 61 -63). Also in the 

nonspecific field dial le l ,  there was agreement between the analysis of variance (Wr+Vr) 

and the result of the sign ificance test of departure of the regreSSion slope from u nity 

(Table 9 1 ) .  It can be concluded that epistasis and/or correlated gene d istribution were 

present, although they were relatively un important. Mather and J inks ( 1 982) noted that 

the lack of agreement between these results indicates that suitabil i ty of the model is 

equivocal .  Fu rthermore, the evidence for disturbance is  generally weak. Therefore, i t  is 

appropriate to proceed with the analysis and estimate genetiC components and other 
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statistic with p resumably some bias . 

Analyses differed in thei r sensitivity for detecting epistasis and/or correlated gene 

distribution.  Results of analysis of variance of (Wr-Vr) indicated that there was non

additivity in some cases, whether in the g lasshouse dial lel or in the f ield diallel . However, 

in some cases there was a lack of agreement between these resu lts and those of 

s ignif icance tests of the departure of the regress ion s lope from un ity. It was concluded 

that epistasis and/or correlated gene distributions were present, although they were 

relatively un important. 

The Wr+Vr,P correlation coefficients were general ly h igh and s ign ificant for most 

characters. It can be concluded that there was d i rectional domi nance i n  the most of the 

characters conditioning stripe rust resistance. 

The essential points to be gained from the graphical analysis are : 1 )  the average 

dominance from the distance between the Orig in and W,- intercept of the regression l i ne, 
2) the relative proportion of dominant and recess ive genes i n  the parents from the 

d istribution of their respective array points along the regression l ine of un it s lope, and 

3) a measure of genetical diversity among the parents from the distance between array 

points. To test for adequacy of the additive-dominance model, an analysis of variance 

of Wr-Vr and the regression of Wr on Vr can be carried out. Provided the these analyses 

show that epistasis or correlated gene distributions are absent, then graph ical analysiS 

of W IVr can indicate the distribution of dominant and recessive genes amongst the 

parents . The above interpretations of the WIVr g raph are possible only when a s imple 

additive-dominance model of gene action provides an adequate description of the data. 

I n  the presence of non-allel ic inte ractions, the most useful i nformation to be gained is 

about the existence of such i nteractions, s ince the graph itself, being sensitive to 

interactions, often permits the i r  detection. I n  almost al l  cases there was no non-allelic 

interaction ansiveness are not absolute attributes of a h ost plant, but are only the 

expression of its specif ic interaction with a certain pathotype. The reversal mode of gene 

action has been reported by other workers (see Lupton and Macer, 1 962) . In  the specific 

d ial lel the main aim was to obtain an estimate of the dominance effect of the Y r-genes. 

I n response to pathotype 1 1 1  E 1 43A- for infection type most cultivars contained Y r-genes 

h ave been considered recessive i n  relation to the Batten contained Yr9. Reversal gene 
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action was obta ined by testing the same genotypes with pathotype 232E1 37A-, i .e .  most 
cu ltivars contain ing Yr-genes have been considered dominant i n  relation to the Batten. 

Details are discussed as fol lows: 

In the specific dial le l ,  for all characters, al l cultivars showed reversal of 
dominance in response to two pathotypes (F ig .  1 1 - 1 4) .  Reversal domiance is expectable 

because specific gene(s) for resistance was present in all cu ltivars, except for T i ritea. 
Although Tiritea is susceptible to two pathotypes, ·  it showed dominance to pathotype 
232 E 1 37 A- and recessiveness to pathotype 1 1 1  E 1 39A-. 

I n  the nonspecific dial lel ,  in the case of i nfection type almost all cult ivars ,  except 

B riscard and Dtane, showed reversal of dominance (Fig. 1 5) .  Briscard and Dtane 

showed constant recessiveness and dominance to al l pathotypes, respectively. I n  the 

case of latent period, Dtane showed dominance against all pathotypes and the rest of 
cultivars had reversal of dominance (Fig. 1 6) .  I n  the case of pustu le  size , only Tiritea and 

B riscard showed no reversal dominance (F ig .  1 7) and for pustule density Briscard 

showed constant recessiveness against al l  pathotypes (Fig. 1 8) .  

I n  the nonspecific field dial lel , there was no reversal dom inance because only one 
pathotype was used. Even by using the F 1 and F2 the positions of the cu ltivars did not 
change on the g raph (Fig. 24) . Al l  adult plant resistant cu ltivars showed recessive in the 

seedling stage d the interpretations of the W/Vr graph can be rel iable. Also i t  has been 

demonstrated that gene dispersion and association cause the W/Vr graph to deviate 

from a straight l ine of unit slope in characteristic ways, which have a superfic ial similarity 
to the effects of complementary and dupl icate i nteractions, respectively (Mather, 1 967) . 

Thus, i t  becomes difficult to discriminant between these two possible phenomena 

affecti ng recti l inearity of the W/Vr relations. Furthermore ,  the effects of duplicate 

interaction and gene association can be q uite small causing no detectable departure 

f rom the expected l inear regression of un it s lope. Hence no deviation  from the slope of 

one leads to an inaccurate conclusion regarding the mode of i nheritance of a metrical 

character under investigation . 

Genetic diversity among parents was demonstrated by the scatter of the parental 

a rray pOints along the regression l ine of the W/Vr analysis .  The analysis of the graph ical 
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statistic in both F 1 and F 2 provided detailed i n formation on the inte rrelations between the 

parents in each of the two dial lels . The F1 WIVr regression analysis used i n  th is study 

has differential sensitivity in the detection of the various types of non-al lel ic i nteraction 

(Ji nks, 1 954) .  The F 2 diallel overcomes this difficu lty and is therefore des i rable for 
obtain ing more rel iable i nformation on underly ing genetiC mechanisms. I n  all experiments 

which the F 1 and F 2 were used the resu lts of both d iallels were s imi lar. It can be 

interpreted that the Fl  diallel gave rel iable information upon diallel analysis .  

Based on analyses of the W/Vr g raphs for all characters, reversal of mode of 
gene action was observed by using different pathotypes. Dominance and 

reces(glasshouse) whereas in the adult stage (field) they showed dominance.  Changes 

in  dominance where a gene behaved as recessive in the seedl ing stage and as a 

dom inant i n  the older plant was also reported by Favret and Vall ega ( 1 953) and Hooker 

( 1 967) . 

There were indications that the W IVr graphs tend to concave upwards for some 
characters. This was based on the Vr values which were always greater than Wr values. 

Mather ( 1 967) stated that in dial lel crosses, the W/Vr g raph characteristically concave 

upwards with complementary, and concave downwards with dupl icate interactions. 

Further, the points tend to cluster at the right or upper end of the l i ne with the 
complementary, and at the left or lower end of the l ine with the dupl icate relationship. 

One possible conclusion is that the reversal of dominance could be due to a 

h igher level of i noculation p ressure between experiments or environm ental differences. 

While these experiments were carried out at different t imes, an attempt was made to 

have same conditions. 

Two kinds of combining abi l i ty estimates can be made. The general combin ing 

abil ity descri bes the average performance of a l ine i n  hybrid combinations, whi ch 

contains main ly additive effects was found to be the major com ponent of variation ,  

although sign ificant specific combin ing abil ity, which is a measure of the deviation of 

crosses f rom the value expected on the basis of the performance of the parents, is 

composed of dominance plus inte ral lel ic interaction or epistasis variance was present i n  

al l  cases (Tables 28-29, 64-66 & 92) .  I n  al l  cases the ratio proposed by Baker ( 1 978) 
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was close to u nity, suggesting that additive effects were more important than nonadditive 
effects for resistance to stripe rust. J udging by the ratios expressing the relative 

importance of general combining abil ity and specific combin ing abil ity, additive variance 

was of m ajor importance. This sign if ies that progeny performance can be effectively 
estimated on the basis of general combin ing abil ity effects, as reaction to the disease 

appears to be rather un iformly transmitted to all offspring.  Line selection in a crop 

improvement programme should be successful  in developing more resistant l ines. 

The general combining abil ity, a measure of additive gene action, was h igh ly 

sign ificant and accounted for a h igh p roportion of the gene action. The specific 

combin ing  abi l ity, a measure of nonadditive (dominance and epistasis) gene action,  was 

significant. The predominance of general combining abi l ity is reflected in the h igh  

estimates of  heritabil ity for a l l  traits. However, the  mean square for the genera l  

combin ing abil ity was much g reater than that of  the specific combin ing ability. These 

resistance genes could be manipu lated i n  a breeding programme because of a h igh level 
of additive gene effects and high heritabil ity. This experiment was in  agreement with 

other  reports. Krupinsky and Sharp ( 1 978) reported the presence of a high value of 
general combining abil ity in their d ial lel for wheat. Kim and Brewbaker ( 1 977) studied the 

inheritance of slow rusting in com by means of dial lel and generation mean analYSis of 

crosses among 1 1  inbred com l i nes i n  severe epidemics of Puccinia sorghi. They 
reported that there was significant general combining abil ity for slow rusting ,  no 

heterosis, specific combining abi l ity effects were smal l ,  though s ignificant, and broad 

sense and narrow sense heritabi l ities were 83% and 47%, respectively. Dial lel analysiS 

can estimate general and specific combining abil ities that p redict which are the best 

parents and best crosses to use. 

The high percentage of additive genetiC variance, the low percentage of 

n onadditive genetic variance , and the h igh heritabil ity from the second pathotype agree 

with the same parameters from the fi rst dial lel .  I n  this regard Kru pinsky and Sharp ( 1 978) 

reported the presence of additive gene action and h igh heritabil ity (99% and 90·92% for 

b road sense and narrow sense, respectively) in m inor gene l ines. It shou ld  be noted that 

the preponderance of additivity found in this study does not necessarily indicate that 

dominance was lacking. Additivity is the variance of large al le le effects and therefore 

does not mean , l iteral ly, additive action of genes. That is, additive genetiC variance in no  
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way i mplies that dominance and/or epistasis are absent (Falconer, 1 981 ) .  

The  more useful  d ial lel analysis i s  probably that i nvolv ing general and specific 
com bin ing  abil ities (Griffing ,  1 956). Combining abi l it ies may be i nterpreted genetically as 

additive, dominance and various types of epistatic genetic variance and therefore the 

predominant type of genetic variance may be ascerta ined .  Total genotypic variance is 

equal to 2if gca + if sea' Furthermore, assuming no epistasis  and a random mating 
population , the general and specific combining abi l it ies wil l  be functions of additive and 

dom inance variances, respectively. Combining abi l i ties may be related to the genetic 

components estimated in  the p resent study as follows (Mather and J inks, 1 982) : 

if G = 2ifgca + if sea = 0.5D - 0.5F + 0.5H ,  - 0 .25H2 

if sea = 0.250 - 0.25F + 0 .25H, - 0.25H2 - 0.250R 

where DR and HR are the ran dom mating (u= v = 0.5) forms of 0 and H and epistasis is  

assu med to be absent. 

It is pertinent to note several advantages wh ich the combining abil it ies analysis 

(G ri ff ing ,  1 956) has over g raphical analysis (Mather and J i nks, 1 982). Combining abi l i ty 

variances provide a simple and concise account of the genetic s ituation and the genetic 

m odel on which the analysis is based provides for the existence of epistasis. This  is  i n  

contrast with the analysis o f  Mather and J inks ( 1 982) i n  which absence o f  epistasis  is  

an i mportant assumption . However, epistasis occurs widely (Hayman , 1 958b) and its 

absence is probably rarely, if ever, real ised. G riff ing's analysis may be generalised to 

any number of alleles per locus and any number of loci . A further assumption of the 

analysis used presently is no mu ltiple al lel ism (Mather  and J inks, 1 982) . I nstead, the 
genetic model is develo ped for one diallel ic gene whi ch may be extended to many loci 

on ly when the data conform to several strict assumptions (Mather and J i nks ,  1 982) .  

The Mather and J inks d iallel analysis i s  dependent upon six assum ptions 

(Hayman, 1 954b) . Gi lbert ( 1 958) claimed there were very few cases where these 
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assumptions imposed by the diallel cross were actually m et in a p ractical breeding 
situation . Some of these assumptions are critical whi le others may be overlooked. 

I ndependent d istribution of genes in the parents was considered the most important 

assumption for p roper interpretation of results (Baker, 1 978) .  The bel ief that no epistasis 

exists may often be false .  Independent distribution of genes implies that the p resence 
or  absence of an a"ele at a particular locus is statistically i ndependent of the presence 

or absence of an allele at any other locus. Failu re of this assumption wi" result i n  an 

overestimation of the ave rage level of dominance as derived from the genetical analysis 
(Hayman, 1 9S4b) .  This may be caused by l inkage of genes or from the effect of an 

insufficient number of parents (Baker, 1 978) . 

I t  has been concluded that assuming a lack of epistasis cannot be justified if 

biochemical pathways are considered (Gi lbert, 1 958) . The Hayman-Jinks test for 

epistasis, based on the W /Vr graphical analysis, is only rel iable if there is an 

independent distribution of genes in the parents (Hayman, 1 954b). Distortion to the W/Vr 

g raph may also be caused by correlation between genes. The Hayman-J inks method to 

remove arrays from the diallel table with the occurrence of epistasis unti l  the test of the 
validity of  the additive-dominance hypothesis is satisfied has been crit icised. G ilbert 

( 1 958) considered that if a set of data contradicts the hypothesis, then it would be better 

to reject the hypothesis than attempt to correct the data to fit it. The idea of reanalys ing 

the data is only an attempt to f ind the degree of additivity and dominance u nderly ing the 

epistasis in the original set. 

Results d i rectly relevant to p ractical breeding can be determined from estimating 

general and specific combining abil ities and thei r effects. This information is  u seful for 

evaluating the performance of hybrids or the potential of a hybrid breeding programme. 

There the combining abil ity diallel has the advantage that it is not subject to the 

restriction of  the assumptions of  the Hayman-J inks dial lel .  The use of  the Hayman-J inks 
dia"el analysis means that additional information can be obtained from the progeny as 

wel l  as the parents. This includes : 1 )  dominance-recessive relations, 2 )  genic 

interactions, 3) p robable l inkage associations, and 4) n umber of effective factors .  Other 

important information ,  including heritabilities can be obtained from both the Hayman

J inks and combining abi l ities dial lels. Even though Hayman-Jinks' analyses do provide 

extra information about the genetical systems of the plant materials studied, the G riffing 
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analysis provides sufficient information for the practical breeder. This is specially so i n  

cases where epistasis and/or correlated gene distribution are present. I t  has been shown 
that the p resence of correlated gene dist ri bution has no effect on the general and 

specific combin ing abil ity estimates (Nassar, 1 965) . The presence of epistasis was 

included in the model as wel l  (Matzinger and Kempthome, 1 956; G riffing ,  1 956) . 

A good diallel comparison was presented by Arunachalam ( 1 976) who compared 
and contrasted the combining abi l it ies analysis and that of Mathe r  and J inks and 
concluded that the former provided al l  the information that a breeder will need from a 

dial lel c ross. 

Both forms of dial lel in  th is study agreed that additive gene action was 

predominant and that dominance, and epistasis involving dominance was m inor. 

However, the F1 dial lel analysis h as the important advantages of relatively short 

commitments of t ime and materials. An F 1 dial lel analysis as used in th is study is not as 
genetically i nformative as a generation means analysis (Mather and J inks, 1 982). 

However, i t  does highl ight the relative importance of additive and dominance genetiC 

variance and provide the estimates of narrowsense and b roadsense heritabi l ity. The 

latter are of fundamental importance in  estimating genetic advances in  plant breeding 

programmes. The resu lts were also supported by combining abil ity analysiS where the 

predominant role  of gene effects was established through the h igher values of the 

predictabi l i ty ratio. Thus, resistance i n  wheat may be i mproved through concentrat ing 

des i rable genes through selection such as by pedigree or m odified mass pedig ree 

select ion .  

The parents in  the dial lel appeared to meet the necessary assumptions of d ial lel 

analysiS such as a broad range of variabil ity represented by the parental cultivars. Other 

assumptions of the d iallel such as normal diploid segregation  or bivalent behaviour 

duri ng  meiosiS , and the absence of reciprocal o r  maternal effects a re not suspected i n  

wheat or  from these resu lts. Bias associated with l i nkage disequ i l ib ri um was expected 

to be m in i mal in this study, because data were generated from the homozygous parents 

and the F1 generation . For these reasons parents and F;s have been preferred to 

segregat ing generations to study certain  aspects of quantitative genetics. 
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However it is important to note here that even though additivity predominates i n  

most o f  the characters studied, th is wil l often be  tru e  even when m uch dominance of the 

classical type exists. This is because the heritable portion of the continuous variation in 

quantitative genetic studies depends on genes which a re transmitted in Mendelian 

fash ion (classical type). These classical genetic genes are acting in polygenic systems 
where their effects complement one another. These effects sometimes act in simple 

additive fashion (additivity), but sometimes interact in such a way that the net effect i s  

not the sum of the effects of individual genes. 

The problem of epistasis has not been overcome. The type of epistasis can be 

more accu rately determined by a generation means analysis (Hayman, 1 958a, 1 960b) 

but an accurate measurement of additive and dominance variance cannot be determined 

in the presence of epistasis . This has not been solved with the removal of arrays f rom 

the dial le l  table in the Hayman-J inks analysis, so the resu lts of generation means are 

presented thereafter. 

5.3 Factorial mating designs 

One pu rpose of this study was to determ ine whether cu ltivars with the seedl ing 

resistance can affect or modify the expression of resistance of cultivars with the adu lt 
plant resistance and vice versa. There are some reports about it ; for example Lewellen 

et al. ( 1 967) reported that m inor genes may modify the expression of major genes so 

that a lower infection type results. Other types of modify ing expression of resistance 

gene(s) have been reported for instance Lupton and Macer ( 1 962) showed that the 

genetic background could g ive an increased level of resistance to race 2B in the 

heterozygous state. Oyck and Samborski ( 1 968) reported that leaf rust resistance in the 

wheat cul tivar behaved as a dominant o r  partial ly dominant  t rait in one cross and 

behaved as a recessive trait in another. It was suggested that a modifying factor (gene) 

with in a susceptible cu ltivars cou ld reverse the dominance to recessiveness for 

resistance. Also Johnson and Wilcoxson ( 1 979) reported that very slow-rusting l ines 

were obtained from F 5 fami lies of certain fast-rusting x fast-rusting crosses of barley 

i nfected with Puccinia hordei. Their report suggested that even barley cu ltivars very 

susceptible to Puccinia hordei may posses modifying genes that gave rise to h igher 

levels of resistance in crosses with other susceptible barley cultivars. Lee and Shaner, 
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1 985b reported that the longer latent periods i n  the Fl  and transgressive segregation in 
four F2 populations of crosses between slow-rusting  cultivars may be due to modifie rs ,  

epistasis, or complementation in the heterozygous state. Leisle and Martens ( 1 988) 

reported that the expression of Sr1 3 resistance varies with the genetic background.  To 

summarize some facts aris ing from the literature as fol lows: 1 )  Major genes are m od if ied 
by m inor genes and vice versa; 2) Major genes together exhibit additive effects and so 

do minor genes; 3)  Major genes and minor genes together express modifying and 

additive effects; 4) Major genes mask minor genes and vice versa; 5)  Major gene 

resistance is enhanced by minor genes and vice versa; 6) One dose of a major gene 
may confer susceptibil ity, whereas two, three or  fou r  doses may confer increasing levels 

of resistance; 7) Several genes col lectively condition ing horizontal res istance individually 
condition vertical resistance and single genes control l ing vertical resistance col lectively 

condition horizontal resistance; and 8) Genes may be major in one background and 

minor in another (Nelso ( 1 978) .  

I t  was common in these experiments that minor genes were masked by seedl ing 

gene(s) . The crosses containing Batten (Yr9) had an almost constant reaction to 

pathotype 1 1 1  E 1 43A- whereas the crosses of O roua (Yr7) ,  Pegasus (Yr1 ,6) ,  Sapphire 

(Yr6 ,7) and Karamu (YrA) had different reactions to pathotype 232E 1 37 A-, depending 
on the cross (Table 40 & 41 ) .  Estimates of variance components showed that the m ajor 

part of variation in seedl ing resistant cultivars was additive (Table 42) . I t  can be 

concluded that transgressive segregation wi l l be observed even in crosses of seedl ing 

resistant cu ltivars. This is in agreement with the comment of Johnson ( 1 988) who stated 

that transgressive segregation for resistance cou ld a rise from the interactions or additive 

effects of race-specific genes. 

Uti l ization of combinations of both major and minor host genes for d isease 

protection is logical (Allan and Purdy, 1 967; Lewellen et al. , 1 967) . In actual plant 

breeding practice, incorporating both forms of resistance may be difficult, particularly if 

the major host genes are epistatic to the minor genes. Oyck and Kerber (1 985) stated 

that there is an i ncreasing consensus that all types of resistance m ust be uti l ized in the 
development of a breeding strategy to p roduce cu ltivars with stable rust resistance. They 

also reported that major specific genes control l ing resistance to stripe rust in wheat have 

been easi ly overcome by the pathogen. 
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5.4. Generation means analysis 

By in i tiating a breeding programme to produce cultivars resistant to stripe rust, 
i t  is essential to obtain some i nformation on the mode of i nheritance of the resistant 
genes. The p resent information available for additive, dominance and digenic epistatic 

gene effects and their relative importance in the i nheritance of stripe rust resistance is 

inadequate. To analyze gene action , a genetic model was developed by H ayman ( 1 958a, 

1 960b), which estimated the additive and dominance gene effects, and partitioned the 

digenic epistatic effects into different components from the means of six generations of 
a cross. 

I n the present study, the crosses were made withou t  reciprocals for experiments 
two, fou r, five, six and seven. Because there was no evidence for cytoplasmic effect in  

the inheritance of stripe rust resstance, a resistant parent could cont ribute resistance 

genes equal ly as either the male or the female parent without the possib i l ity of los ing 

some of the resistance (Mi lus and L ine,  1 986a; Gerechter-Amitai and Grama, 1 974) . A 
review of the l iteratu re on the inheritance of stripe rust resistance showed that there is 

no report of cytoplasmic inheritance (R6bbelen and Sharp 1 978) .  No cytoplasmic effects 

were also reported in leaf rust studies (Bjarko and Line, 1 988b) . Only Krupinsky and 

Sharp ( 1 978) reported the presence of cytoplasmic effects in  the their cu l ti vars that they 

studied for stripe resistance. 

Generation mean analysis aims to do two th ings ; f i rst to detect the effects of 

specific types of gene action , second to estimate the contribution of a particular 

com ponents to the overal variation. Analysis of generation variances as wel l  as of 

generation means can be carried out, and this produces complementary information for 

interpreting the genetic arch itecture. Analysis of the generation means and variances 
was carried out separately to provide complementary information. Analysis of generation 

means was used to detect additive and dominance effects and the presence of epistasis ,  

us ing scal ing tests (Mather  and J inks, 1 982) .  A jo int scali ng  test is more powerful than 

any of the other tests in detecting epistasis and also estimates the relative contributions 

of additive and dominance effects to the variation. I f  epistasis is p resent this can be 

partitioned into effects due to digenic interactions - homozygous x h omozygous [iJ, 



Discussion 290 

homozygous x heterozygous U1 and heterozygous x heterozygous [1]- by fitt ing a m odel 

contain ing these parameters to the observed m eans. Fai l u re to obtain a fit with a m odel 

of additive, dominance and digenic epistasis parameters impl ies the presence of h igher 

o rder interactions or interactions between l inked loci . To distingu ish between these 

requ i res a specific range of backcross generations (H i l l ,  1 966) which were not avai lable 

in th is experiments . The more generations available, the more parameters that can be 
fitted to the data. If experiments are repl icated over envi ronments, fu rther parameters 

specifying the interaction of genetic effects with the environment can be defined. 

A problem in interpreting the analysis of generation means i s  that the parameters 

specifying the effects are the balance effects of al l  segregating loci. This means that 

additive and additive-related i nteraction parameters are a function of the deg ree of 

dispersion of increasing genes between the parents, and dominance effects are the net 

p roduct of the di rection of dominance at each locus. Consequently, estimates of additive 
effects could be small because there is a h igh degree of dispersion rather than because 

there is l ittle variation. Simi larly dominance could be smal l  because of ambid i rectional 

contributions. If the additive effect is small and nonsign ificant wh i le the dominance 

estimate is large and h igh ly sign ificant, this indicates a high degree of d ispersion of 

increasing genes between the parents combined with strong d i rectional dominance ; a 

classical explanation of F, heterosis (Snape, 1 987). Genetic variances, on the other 

hand, are not inf luenced by balance, because they are the sum of squared effects of 
each locus and hence express the total variation of additive and dominance effects. If 

epistasis is demonstrated by the analysis of generation means, caution has to be used 

in in terpreting what are biased estimates of additive and dominance variances (Snape, 

1 987) . 

The use of d ifferent generation means to estimate magn itudes of gene action and 

the conformity of the genetic system goveming the expression of a character to an 

additive-dominance model was proposed by Caval l i  ( 1 952) and has been i l lustrated by 

Hayman ( 1 958a, 1 960b) and Mather and J inks ( 1 982) .  The computational presentation 

by M ather and J inks ( 1 982) does not specifical ly indicate the general statistical nature 

of the methodology nor the potential for general ization to more complex genetic models. 

Rowe and Alexander ( 1 980) tried to clarify computational aspects of the methodology 

and ind icate the generalization to more complex genetic models. They gave the general 
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formulation of  weighted least squares procedu re using matrix notation .  They also stated 

that the standard errors of the parameter est imates g iven by Mather and J inks ( 1 982)  
were underestimated. No reasons were given to explain such a statement. The weig hted 

method of Mather and J inks,  which is more real istic according to genetic theory ,  is based 

on the assumption that the popu lations have nonhomogeneous variance. Rowe and 
Alexander's method is based on the assumption that the populations have homogeneous 

variances. In the latter case, there is actually no need to do a weighted least squares 

analys is. So, it was logical to use weighted least squares analysis in these experiments 

(five and seven) . 

Al l  the genetic models used in  the study of quantitative inheritance have involved 

certain assumptions in o rder to simplify stat istical procedu res. Some of the assumptions 
a re more important than others in causing bias i n  the estimates of gene effects. 

Anderson and Kempthome ( 1 954) used the following assumptions in the development 
of thei r genetic model : ( 1 )  multiple alleles absent; (2) l i nkage absent; (3) l ethal genes 

absent; (4) constant viabi l i ty for all genotypes; (5) environmental effects additive with 

genotypic value. There wou ld be no serious bias expected i n  the estimates of the 

parameters from assumptions 1 ,  2 and 3. Since the only segregating populations used 

in this study are the F2, F3 , f i rst backcross and backcross selfed generations of a c ross 

between two h omozygous l ines , multiple al leles wou ld be present only if the parental 

l ines were not homozygous or if mutation occurred. Lethal genes are not l ikely to be 

present in crosses since the parental inbred l ines used in the study have been 

maintained by selfing for many generations.  Viabil ity was constant. According to M ather 

and J inks ( 1 982) the assumptions of generation mean analysis are: ( 1 )  parents are 

homozygous, (2) no genotype x envi ronment interactions, (3) resistance genes are 
associated in one parent, (4) l inkage equi l ibrium for the epistatic models. These 

assumptions are almost same as the assumptions of Anderson and Kempthome ( 1 954) , 

but in  the cross of two resistant parents, the assumption of association of resistance 
gene in  one parent might cause bias in  the estimated parameters. In the cross of two 

resistant parents ,  there are d ifferent genes for resistance in both parents, so it i s  not 

convenient to use generation mean analysis for that cross, because i t  i s  assumed that 

the resistant genes by which the parents differ are associated in  one parent (Mather  and 

J inks ,  1 982) .  This point applies to the crosses Ruapuna x Domino (for i nfection type), 

Domino x Otane and B riscard x Ruapuna (for latent period) ; Ruapuna x Domino and 
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B riscard x Ruapuna (for area unde r  the disease p rogress curve). But using  generation 

m ean analysis for the cross with two resistant parents gives genetic information about 

certain pattems and there is the possibil ity that they are opposite for the genes by which 

they differ. 

A fai lure of the additive-dominance model to fit the data must imply that one (or 

more) of the assumptions on which the model is based is in fact inval id ( Mather and 

J i nks,  1 977) .  One of the assumptions is that the genes show simple autosomal 
inheritance and sex-lin ked, mate mal elements and other th ings cause the departure of 

inheritance from simple autosomal,  the model wou ld not then be appropriate and would 

be found to fai l in its f i t  with an adequate body of  observational results ( Mather  and 

J inks ,  1 977) . S ince wheat is  an hermaphroditic plant, sex-l in kage cannot be i nvolved. I n  

the additive-dominance model , i t  is assumed that the genes i nvolved are independent 

of each other in  producing the i r  effects. I f  the genes act in  a mu lt ipl icative fashion or the 

genes are additive in their effects on the l inear dimensions of an organ but the character 

is effectively an area which is reflected the square of the sum, by transforming and 

changing the scale of data, the genes make thei r own independent contributions to the 

phenotype (Mather and J inks ,  1 982) . It is possible to transform the data to a more 
appropriate scale and to carry out analysis successfu lly using the s im ple additive

dominance model on the transformed data. The only justification for any transformation 

that may be used is that i t  works (Mather  and J inks, 1 977) . For infection type,latent 

period , and area under the disease progress curve (before generation m eans analysis 

the data were transformed using natu ral logarithms, see Materials and Methods) , neither 

log nor square root t ransformations of the data decrease ch i-square values for the 

models. Even though these models were sign ificant, not al l  components of  the models 

may be significant. 

The analysis of generation means proved to be a s imple and usefu l procedu re 

for investigating the gene action i nvolved in the inheritance of stripe rust resistance i n  

these crosses. The estimates o f  gene effects togethe r  with the  scaling test and ch i
square for al l  crosses have been calculated. Adequacy of the th ree-parameter model led 

to derivation of estimates free from l inkage, if present, for additive and dominance effects 

for the experiments. Assuming that the results were not biased by genotype environm ent 

inte ractions, the lack of f i t  of  the three-parameter m odel provide evidence of g ene  
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interactions in the crosses. Information as to kind and magnitude of epistatic effects for 
those characters was provided by the six-parameter model. As noted before, the test of 

the adequacy of the th ree-parameter model provides information on the absence or 

p resence of gene i nteractions. The test of adequacy of scale (chi-square) is important 

because in most cases additive and dominance components of variances are est imated 
assuming the absence of gene interaction (Mather and J inks, 1 982) .  Adequacy of scale 

must satisfy two conditions: namely, additivity of gene effects and i ndependence of 

heritable components from non-heritable ones . Mather and J inks ( 1 982) p roposed that 
if the three-parameter model is not adequate, the s ix-parameter model must be tested 
and nonsign ificant component(s) should be removed and then the m odel should be 

tested with the rest of components. Despite the method of Mather and J inks ( 1 982) , in 

these experi ments a l l  models, two-, three- , fou r- ,  five- and six-parameter, were used for 

a complete understanding of the genetic systems for the character studied (Tables 82, 

87 & 97- 1 06) . Accord ing to Mather and J inks ( 1 982) ,  if a simple model p rovides a good 

fit to the data, there is no basis for assuming a more complex situation.  For either 

infection type and latent period six crosses fol lowed the method of Mather and J inks 

( 1 982) i .e .  by omitt ing nonsign ificant parameter(s} ,  the precision with which the 

remainder are estimated should be increased ( increase in mean and decrease in its 

standard error) . I n  other crosses, after removing the nonsignificant parameter(s) in the 

six-parameter model , the chi-square was stil l s ignificant, indicat ing that the model was 

not appropriate ( i .e. did not fol low the method of Mather and J inks) and then one 

concluded the presence of trigenic interaction , l i nkage or both . In fact we could not fit an 

appropriate model to it, however, by using a l l  possible models, the best fit (al l 

components were significant with a low standard error and chi-square was not 

significant) was obtained. This suggests that to obtain an appropriate m odel and also not 
to be confused with t rigeneic interaction or  l inkage, using all models is necessary to 

understand the best genetic model. 

For area under the disease progress curve, generation mean analysis was tested 

with th ree sets of generations (Tables 97- 1 06) , the fi rst set i nvolved P" P2• F , .  F2 • BC, 
and BC2, the second one involved Pl ' P2• F2, F3• BCSl and BCS2, and the thi rd one 

involved P l ,  P2 , F" F2 , BC" BC2• F3, BCSl and BCS2• The two-, three- , fou r-, five- . and 

six-parameter models were tested for the fi rst two sets of generations. Usually, the f i rst 

set is used as the basic generations in those experiments which do not need too much 
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seed for the F, and backcrosses to estimate gene effects i n  the field trials .  At least six 

generations are necessary for the estimation of the s ix parameters m, [d] , [h], [i], m and 

[I] . The most convenient experiment involves all generations is the f irst set (Hayman, 

1 958) .  In  some plants such as wheat, p roducing sufficient seed for the F I and 
backcrosses for the field trial is usually more d ifficult, t ime consuming and extra labour 

is requ i red. I n  such a case, using the second set of generations P I ' P2 ,  F2 , F3, SCSI and 
BCS2 is more convenient, but the precision of this method is less than the f irst one. By 

using the nine generations noth ing obtains beyond digenic i nteraction . To obtain trigenic 

interactions at least ten generations are needed (Mather and J inks, 1 982) . The results 

of these th ree methods were not simi lar in any cross. In general , more interactions in 

method two were sign ificant than i n  method one.  In  methods one and two the goodness 

of fit was obtained for all crosses, indicating noth ing beyond the digenic interactions. The 

method three had less significant interaction than the other methods and also the 
goodness of fit for all crosses was not obtained, except for crosses of Briscard x Otane 
and Ruapuna x Domino. This indicated that indicating the model was not appropriate (or 

p robably the presence of trigenic interaction , or l inkage, or interaction with environment, 

or combinations of them).  The lack of fit to digenic models may be due to more complex 

genetic control of res istance such as trigen ic interactions, l inkage of interacting loci, or 

the large envi ronmental variance associated with the phenotypes in the crosses studied 
( Mather  and J inks 1 982) . Bhu l lar et al. ( 1 978) reported that when more statistics of F2-

derived generations were included in addition to the with in  family variances of the basic 

s ix generations to estimate additive-dominance model parameters ,  the fit of the model 

was not good . 

I n  some cases only the additive part, [d] or the dominance part, [h), was 

signif icant and epistasis was not s ignificant. It can be expressed s ince the value for 

epistatic gene action (even if it could be large) is an average for al l  resistance genes and 

epistasis may be obscured by the background genotype. Epistasis may not be detected 

if only one or a few gene pai rs exh ibited epistasis and other gene pairs acted additively, 

or if there were several epistatic i nteractions with opposite effects (positive and negative 

components) that cancelled one another. The nonsign ificance of nonal lel ic i nteraction i n  

th i s  study, particularly the [j ]  effects, may be due to the  cancel l ing of positive and 

negative effects from different loci as previously m entioned. In the nonspecific 

glasshouse generation means (Tables 82 & 87) , genetic models assuming epistatic 



Discussion 295 

interaction adequately described the gene action in  al l  crosses, except the cross 

Ruapuna x Tiritea for infection type and cross Briscard x Domino for latent period , on ly 

the additive, [d] ,  part was significant and neither dominance nor epistasis was signif icant. 

I n  th is experiment the additive x dominance OJ was signif icant in crosses Briscard x 

Ti ritea, Domino x Tiritea, Otane x Tiritea, Briscard x Otane for infection type, whereas 

OJ was sign if icant in crosses Domino x Tiritea and Ruapuna x Domino for latent period. 

The major role of the additive x dominance effect suggests that the development of pure 

l ine resistant wheat l ines may not be feasible since th is type of epistasis is not fixed by 

selection u nder self-ferti l izat ion.  Selection for stripe rust resistance in early segregating 

generations would be h ighly inefficient. Rather, the development of resistant hybrid  

cultivars possessing reduced disease damage would appear to be favoured. But i n  m ost 

of crosses, OJ was not sign ificant either for infection type and or for latent period 
ind icated that selection is useful in selecting resistant lines with lower i n fection type and 

longer latent period. In this experiment, the cross Ruapuna x Domino for infection type 

and cross B riscard x Ruapuna for latent period had not any significant additive, [d] , part 

in  the m odel , indicating selection is not effective at least in  early generations. 

Usually evidence for polygenic resistance existed because the additive

dominance model was not a f itted model for all crosses in experiments five and seven.  

For example neither for infection type nor for latent period, the addit ive-dominance model 

was observed (Tables 82 & 87).  In the nonspecific field generation means, the additive

dominance model was observed in c rosses Briscard x Tiritea and Otane x Tiritea, only 

by using the f i rst method (Tables 97- 1 06) . Also all the models, whether  fitted to the 

means of the basic six or al l  the n ine generations, gave a consistent values of additive 

effects , [d] , ind icating the possibi l ity of deriving h igh ly resistant l ines in fu rther 

generations. 

For each cross, al l  the components of the appropriate model were h ighly 

s ign ificant. Overall epistatic effects were of importance. I f  there is no  epistasis and 
additive dominance is adequate to the polygenic system, the F2 mean is  expected to be 

half-way between the Fl mean and the m id-parent value i .e .  F2= 1/4{P l+P2}+1 /2F, {Mather 
and J inks, 1 977} . When the observed value of the F2 tends to be h i gher than the 

expected one, this m ight indicate interaction effects operating, although very sl ight and 

ins ign if icant when compared with the dominance and additive effects ; 
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In the nonspecific glasshouse generation means, whether for i nfection type or 
latent period (Tables 82 & 87) , on ly in the cross Otane x Tiritea for i nfection type were 

al l  components fitted (m, d, h ,  i ,  j and I ) .  I n  the other crosses, although al l  th ree epistatic 

components were not sign ificant in the fitted model, at least one epistatic effect was 

significant. With regard to the individual epistatic gene effects, [iJ, m and [I] effects 

appeared to contribute to the performance of infection type and latent period i n  the 
crosses studied. The magnitude of the estimates of [i], m and [I] over all ten crosses 

revealed that s ignificant epistatic gene effects were present and important in the 

inheritance of stripe rust resistance. I n  the case of infection type over all ten crosses, 
additive x additive, additive x dominance and dominance x dominance gene effects 

made equal and considerable contributions (Table 82) .  But i n  the case of latent period 
dominance x dominance gene effects made considerable contribution and additive x 

additive effects were also of large magnitude (Table 87). Additive x dom inance gene 

effects were of less importance. Since more epistasis appeared, it i s  logical to assume 

that more gene or factor control of these traits as Cockerham ( 1 959) noted that epistatic 

gene action is not uncommon i n  the inheritance of qualitative t raits, and that there is no 

sound biological reason why th is type of gene action should be l ess common in the 

inheritance of quantitative traits . As the number of genetic factors conditioning a trait 
i ncreases, it seems reasonable to suppose that the number of interactions among factors 

wi l l  also i ncrease. These resu lts agree with the results of Mi lus and Line  ( 1 986b) who 

attempted to quantify epistasis for stripe rust resistance. These results indicated that 

additive x dominance and dominance x dom inance are alm ost as important as additive 

x additive, but based on the performance of inbred l ines of corn , Stuber ( 1 970) 

suggested that genetic models that estimate additive, dominance, and additive x additive 

interactions are real istic for analysis of q uantitative variat ion in most self-poll inated 

species. One consequence of the different gene effects on the choice of a breeding 

strategy is  that l ine selection fol lowing repeated self-ferti l ization would be expected to 

raise levels of  resistance due to the predominant additive gene effects. The additive x 

additive epistatic components i ncreasing resistance are l ikewise fixable in pure inbred 

l ines. Domi nance may be exploited but only if hybrid wheat i s  the objective of the 

breeding programme. If the sign of  OJ and [I] effects are positive, they can contribute to 

increase disease l evels (for example for infection type). Because neither the simple nor  

the epistatic dominance gene effects can be fixed in homozygous l ines and operate in  

opposin g  di rections, i t  may be necessary for selection pressu re to be mi ld i n  early selfed 
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generations and be intensified when homozygousity is approached. 

In the field experiment, whether by method one or method two (Tables 97- 1 06) , 
i n  almost al l crosses at least one of the i nteractions was signif icant. With regard to the 

individual epistatic gene effects, [ i ] ,  m and [I] effects appear to contribute to the 

performance of area under the d isease progress curve in  the crosses studied. The 

magnitude of the estimates of [i] , OJ and [I] over all ten c rosses revealed that significant 

epistatic gene effects were present and important in the inheritance of stripe rust 
resistance. In both methods over all ten crosses, dominance x dominance gene effects 
made a considerable contribution and additive x additive and additive x dominance gene 

effects made an equal contributions but of very small magnitude in comparison with 

dominance x dominance. A s ignif icant dominance x dominance interaction component 

indicates an interaction between the heterozygous states of the loci involved. This wou ld 

help explain the lower than expected mean values of  the F1 populations of the resistant 
x resistant crosses. In th e case of the th i rd method over ten crosses, the additive x 

additive effect was more i mportant than the other i nteractions, additive x dominance was 

of least importance and dominance x dominance was of intermediate importance. 

The opposite signs of [h) and [I] on the basis of the digen ic epistasis model 

ind icate dupl icate or oPPosing types of gene interactions. In o rder to analyze the nature 

of classical epistasis, the sign of the [h) and [I] components were screened in those 

crosses where both components were signif icant, after the omission of certain less 

important parameters. Four crosses out of ten for infection type (Table 82) and six c ross 

out of ten for l atent period (Table 87) possessed opposite signs for the [h] and [I] 

components , thereby s uggesting the predominance of a dup licate type of epistasis. I n  
al l  crosses dupl icate interaction does not create any difficu lty for select ing plants with 

lower infection type and longer latent period, but in experi ment five in c ross Otane x 

Tiritea, dominance in the di rection of low infection type along with a positive [I] effect 

would ind icate duplicate epistasis which is undesirable  in selection. Dominance towards 

longer latent period and s ign ificant [I] effects indicated a dupl icate type of epistasis for 

latent period, s uggestin g  that difficu lty wou ld be encountered in selecting for longer latent 

period . For the field experiment (Tables 97- 1 06) , in general ,  dupl icate i nteractions did 

not play an important role as well .  In fact, Mather ( 1 967) stated that complem entary 
i nteraction increased the variance of segregating fami l ies and populations, but dupl icate 
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i nteractions generally decreased the variance.  Thus  selection towards a single optimu m  

phenotype can favour dupl icate but not complementary interactions. Complementary 

interactions could perhaps sometimes be favoured by disruptive selection towards two 

or  more optima. 

I t  should be noted that the sign of parameters [d] and m depends u pon the 
parents being  considered as P 1 or P2 • The sign of [j] would change correspondingly i n  

most cases but the sign o f  the other parameters wou ld be  unaffected. The n egative signs 

of [h) i ndicates partial dominance in  the direction of reduction of the character. The 

opposite sign of additive, [d] , and additive x additive, [i] genetic components s hows the 
oppositional nature of the i nteractions. Two, fou r  and five crosses out of ten showed 

oppositional nature of inte raction for infection type (Table 82) , latent period (Table 87) 

and area u nder the disease progress curve (Tables 97-1 06) , method two, respectively. 

Gene dispe rsion was also verified by compari ng  the magnitude of [h) and [I] and 

the h igher estimates of the [h] component over [d] . I f  parents used in  a cross are in the 

association phase (gene with increasing effects i n  one parent and gene with decreasing 

effect i n  the other parent) , the [h] component is a lways smaller when compared to [d] . 

However, if they are in  the dispers ion phase (gene with increasing and decreasing  
effects are randomly distributed among parents) , t he  estimates o f  the  [h] component are 

always h igher than [d] due to the accumulation of dominant parental genes in the hybrid. 

Most of the crosses, whether in the glasshouse (Tables 82 & 87) or f ield (Tables 97-

1 06) ,  showed that they were in  association phase. 

The estimates of epistasis as wel l  as dominance and additive gene action may 

have been i nfl uenced by genotype-environment i nteractions in  both the th ree-parameter 

and six-parameter models. The possible importance of genotype-environment 

interactions could be determined by conducting tests in several environments .  H owever, 

al l  of the models that had a goodness of f it ,  i n  both the g lasshouse experiments 

( infection type and latent period) and the f ield experiment (method one and two), 

i ndi cated no  presence of genotype-envi ronment i nteractions o r  trigenic i n te ractions, 

l i nkage, or some combination of these. 

The present of l inkage among genes may cause an important bias in the 
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estimates derived from the data on early generations of the crosses. Early generations 
of a cross were considered in experiments five and seven , and an equi l ibr ium of l inkage 

relations is improbable (Comstock and Robinson, 1 952; Mather and J i nks, 1 982) . 
Therefore, if there is epistasis, bias due to l inkage relations would be p resent in the 

estimates of the gene effects (Kempthome, 1 957). In order to min imize the undesi rable 

l i nkage effects, the use of populations derived by intermating the F2 i ndividuals of a 

c ross, as recommended by Hanson ( 1 959) in  self-poll inated c rops, shou ld be p referred. 

Presumably, recombination would occur at a h igh rate and the resulting populations may 

provide a wider spectrum of variabi l ity. The most serious bias would be expected to 
occur i n  the estimates of the [i] and the (j] effects. However, apparent l i nkage bias might 
be due to t rigenic or higher epistasis. Where i n te rallel ic interactions are not i nvolved, the 

estimates of gene effects are not biased by l inkage relationships. 

In no case, whether in the g lasshouse or f ield experiments, was the F 1  

significantly better than the more desi rable parent. This indicates that nonadaptive gene 

action for i n fection type, latent period and area under the d isease p rogress curve was 
of m inor importance. In the case of area u nder the disease progress curve the degree 

of dominance for Ruapuna x Domino was 1 .2 1 ,  indicating overdominance for resistance, 

the F 1 mean being simi lar to that of the res istant parent. It is therefore possible that the 

gene action may be one of complete dominance, rather than overdominance for 

resistance. 

5.4. 1. Generation variance 

Partitioning the mean variances of the basic six generations into additive, (D) ,  

dominance, (H ) ,  covariance of additive-dominance, (F ) ,  genetic and additive 

envi ronmental ,  (E) ,  can enable us to est imate the magnitude and sign of dominance, and 

heri tabi l ity ( Mather and J inks, 1 982) .  Because the F [F=(dh)] is a l inear function of the 

h 's and so, l i ke h,  can take sign: i t  is in  fact a weighted sum of the h's ,  the weights being 
the corresponding d's. Where the F is  positive the genes from the larger parent (e.g . h igh 

infection type as susceptible, l onger l atent period as resistant, and h igh  rust severity as 

suscept ible) show a preponderance of dominance over their alleles from the other 

parent, and where the F is negative the genes from the smal ler parent show the 

dominance ( Mather and J inks, 1 977) . I t  should be noted that these statistic can be 
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estimated in the dial lel cross, but here these statistics belongs to two parents (one cross) 

not a set of parents (diallel cross). So it is i nformative to estimate these statistics from 

the generation means experiments. In almost al l  experiments, whethe r  in the g lasshouse 

(Tables 83 & 88) o r  the f ield (table 1 07) , the s ign of the F value was in agreement with 
the s ign of the degree of dominance res ult ing from the deviation of the F1 from the mid

parent; and i t  showed that, i n  each cross, the genes from the resistant parent (low 

i nfection type and severity) were preponderantly dominance over their al leles from the 

susceptible parent whereas in the case of latent period it  was reversed. 

I f  the h and d are constant i n  magnitude for al l  the k gene  pairs segregating i n  

a certain cross, (HID) 112 provides an est imate of the degree of dominance. If h and d are 

not constant in magnitude (HID) 1 12  p rovides an estimate of the average dominance of the 
genes (Mather and Jinks ,  1 982) .  
I f  the (D*H) 112 i s  equal to F,  it means the measure of dominance i s  constant in  both 

magnitude and sign for all the gene-pairs involved (Mather and J inks ,  1 982) .  In almost 

all of crosses, whether in  the glasshouse (Tables 83 & 88) or the field (table 1 07) , d and 
h were not constant in magnitude and (HID) 112 is the average degree of dominance rather 

than the degree of dominance. 

5.4.2. Heritability 

Heritabi l ity estimates provide info rmation on the transmission of characters from 

the parents to the offspri ng and thus facil itate evaluation of genetic and environmental 

effects in phenotypic variation and aid in selection . Also the speed of progress under 

selection fol lowing a cross of two l ines wi l l depends on heritabil ity (Mather an J inks ,  

1 982). Heritabi l i ty estimates with genetic advance enable b reeders to predict the real 

genetic gain under selection so that they can anticipate improvement from different types 

and in tensities of selection . Broad-sense heritabi l ity is based on total genetic variance 
wh ich consists of fixable and nonfixable components . Hence, n arrow-sense heritabi l ity 

estimates based on additive genetic variance (fixable com ponent) are important i n  

p redicting the effectiveness of selection in a genetically h eterogeneous population. 

Matzinger et al. ( 1 960) noted that fai l u re to include epistatic i n  heritabi l i ty estimates may 

b ias estimates of additive genetic variation and predicted gain from selection. I t  has been 

observed that heritabi l i ty estimates i ncrease with g reater s imi larity between the parents 
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and a re otherwise dependent on experimental design (Simmonds, 1 979) . In th is study, 

five cultivars were i ntercrossed, whether  in the g lasshouse experiments or in the field 

experiment, in a diallel fash ion and tested in repl icated t ri als. Therefore, it can be 
bel ieved that a reasonable order of magnitude for the heritabi l i ty of reaction to i nfection 

type, latent period, and area u nder the disease p rogress curve by stripe rust for the 

material studied has been establ ished .  Warner ( 1 952) stated that in estimat ing he ritabil ity 

f rom the variance of the backcrosses and the F2, the assumptions appropriate to the use 
of the analys is of Mather and J inks (1 982) should be fulfi l led .  These are:  f irst, 

independence of genotype and environmental variance, and second, additivity of genic 

effects over the various loci . H igh heritabil ity was obtain in the glasshouse and field 

experiments; for example for i nfection type (Table 80) , the average broadsense and 

n arrowsense heritabilit ies over ten crosses were 0.76 and 0.61 respectively; and for 

latent period (Table 85) were 0 .60 and 0.44 for broadsense and narrowsense 

heri tabi l it ies. And narrowsense heritabil ity estimates, whether for infection type or latent 

period , were h igh for the crosses i nvolving  Ruapuna. For the a rea under the disease 

p rogress curve (Table 95) ,  the average of broadsense and narrowsense heritabil ities 
over ten crosses were 0 .73 and 0 .51 , respectively. 

If heritabi l i ty values for latent period were h igh, s ign if icant progress in cultivar 

improvement programmes should be possible. The heritabi l i ty values were g reatest i n  

the crosses of shorter with longer latent period parents , as might be expected. 

Nevertheless, progress in selecting  for longer latent period would have been possible i n  

al l  crosses . The effectiveness of selection agreed with Johnson and Wilcoxson ( 1 979) 

who reported that the heri tabil ity of barley infected by leaf rust was low or moderately low 

and even with low heritabi l ity selection for longer latent period was effective. 

I n  general , for area under the disease p rogress curve, the heritabi l ity of res istant 

by susceptible crosses was h igher than for other crosses, which agreed with Johnson 
and Wi lcoxson ( 1 979), and narrowsense heritabil ity estimates were the h ighest for the 

crosses i nvolving Ruapuna and Briscard. Ruapuna and Briscard are res istant to stri pe 

rust and their res istance appears to be readily i dentifiable i n  the segregatin g  populations. 

Heritabi l ity estimates ind icate that it may be possible to select for genotypes contain i ng  

h igher n umbers of resistance genes and thus  obtain enhanced resistance to  stripe rust 

in thei r crosses. These resu l ts agreed with the results of Bjarko and L ine ( 1 988a) who 
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reported that the heritabi l ity of the area u nder the disease progress curve for leaf rust 
resistance was from 0 .92 to 0.21 , depending on the cross. Gavin lertvatana and 

Wilcoxson ( 1 978) reported that the heritabi l i ty of s low rusting in spring wheat infected 

with Puccinia recondita f .sp. tritici in the field, ranged from 55 to 87%. H igh heritabi l ity 

was reported by other workers (Johnson and Wilcoxson 1 979; Luke et al. 1 975) . 

Estimated heritabil ity for the Ruapuna and Briscard crosses were reasonably h igh ,  
suggesting that genetic advance could be made for s low rusting by selection criteria 
based on the AUDPC in crosses between cultivars. 

Genetic data are also of practical inte rest in plant improvement. For example for 

i nfection type, estimated rates of genetic gain in this study averaged, over ten crosses , 

43% of the F2 mean (Table 80) . Also for latent period, estimated rates of genetic 

advance, over ten crosses were 1 1  % of the F2 m ean (Table 85) .  For area under the 

d isease progress curve,  estimated rates of genetic advance averaged over ten crosses 

were 28% of the F2 mean (Table 95) .  H igh heritabi l i ty of i nfection type coupled with the 

importance of additive type of gene action indicate that rapid progress in stri pe 
resistance improvement can be ach ieved. 

The usefulness of estimates of heritabi l ity as a practical tool of the plant breeder 

depends on several factors. In the f i rst place estimates of heritabi l ity p rovide information 

on the relative practicabi l ity of the selection: h igh heritabil ity in the F2 indicates effective 

selection on an individual plant basis is possible. A plant breeder, faced with a p roblem 

in an unfami l iar crop or on a character about which l ittle is known, might f ind some 

heritabi l i ty studies usefu l  in order to attack the problem more intell igently. The usefu lness 

of heritabil ity studies would also depends on the effort and expense requi red to gain 

such information. 

I t  should be noted that sometimes the heritabi l ity estimate is g reater than the 

theoretical l imit, Le . ,  1 .00, which may be ascribed to several causes; sampl ing errors,  

d ifferential responses of the F2 vs. the backcrosses to the environment, and nonallel ic 

interactions can resu lt in an u pward bias of heritabil ity estimates, as measured by 

Wamer's method ( 1 952) . Heritabi l i ty and genetic advance general ly agreed in showing 
those characters for which selection in the F2 would lead to substantial improvement. I t  

should be noted , h owever, that a moderate heritabil ity est imate for the al l  traits studied, 
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in some crosses, was associated with the h igher genetic advance. This may be due to 

a large environmental variation for th is trait i n  the F2 population . Reporting genetic 

advance and heritabil ity should therefore be more informative in genetic and breeding 
studies than showing either of them alone. The ultimate usefulness of these estimates 

should be evaluated by conducting selection programmes and com paring predicted with 

real ized gains .  

5.4.3. Number of genes 

I n  many experiments it is i mportant to d istinguish whether a character is 

controlled by a few genes of major effect, or by many genes of m inor effect, s ince this 

can have i mportant consequences for selection strategy (see Literature Review) as well 

as being intr insically inte resting.  The most powerfu l way of identifying the n umber of 

genetic factors segregating in wheat is to use aneuploid techn iques .  These al low the 

variation to be partitioned into the effects of individual chromosomes and then i nto the 

effects of individual arms or regions of those chromosomes. This method estimates the 

n umbers and locations of factors and also the relative size of effects. H owever, these 

techn iques requ i re the use of aneuploid stocks and a certain level of expertise i n  

cytogenetic manipu lations, which are not always readi ly available. The a lternative i s  to 

use methods of quantitative genetics which, although they do not establish the identity 
of individual factors, do give an estimate of how many are segregating. I n  us ing these 

techn iques, h owever, it is important to real ize that they estimate the number of units that 
-

are segregating, which is not necessari ly the same as the number of different gene loci ,  

and are thus termed the number  of effective factors rather than genes. To h igh l ight thi s  

dist inction see Mather and J inks ,  1 982. 

I n  the quantitative method, there are two approaches to the estimation of the 

number of gene, or more correctly effective factors, control l ing continuous variation . One 

is the method of moments and the other is the genotype assay. ( 1 ) The method of 

moments is based on a comparison of the square of the genotypic range with the 

estimated genetiC variance. The ratio of these two statistics i s  expected to i ncrease as 

the n umber of genes control l ing a trait increases. By assuming that the trait is control led 

by independent genes with equal additive effects and that the parents of the cross 

represent the l imits of genotypic expression ,  it is possible to estimate the  number of 
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genes. It is generally agreed that estimates from this method are represent the min imum 

gene number. Modifications have been suggested for use when dominance is believed 
to be present (Multize and Baker, 1 985a, b) . (2) J inks and Towey ( 1 976) developed 

experimental designs, based on genotype assay, that could detect segregation with i n  
polygenes. The estimated number  o f  genes control l ing three characters in  tobacco 

i ncreased as the generations advanced from the F2 to the Fa, and this increase was 

attributed to segregation within effective factors. Their studies i mpl ied that populations 
h ad variation that was h idden in balanced polygen ic systems composed of a large 

number of genes. In inbreeding species, variation wi l l  remain h idden once genes become 

h omozygous as a result of selfing. This variation can be exposed by m aking repeated 
crosses among selected l ines to b reak old l i nkage g roups and form new, more 

favourable l i nkage groups. Once favourable combinations of genes a re selected, they 

shou ld remain l inked and segregate together most of the time. Therefore progeny with 

enhanced levels of resistance should be sources of durable resistance for breeding 

programmes. 

The underlying assumptions of the equations which were used to estimate the 

n umber of ge.nes are: ( 1 ) no systematic relation between mean and variance, (2) no 

l inkage of genes, (3) no epistasis, (4) the relevant genes are of equal effect, (5) one 

parent suppl ies only plus a"eles of those genes in which the two parents d i ffer, whereas 

the other parent suppl ies only minus alleles, and (6) an equal degree of dominance for 

al l  plus alleles. I t  is un l ikely that al l  of these assumptions will be met in practice ,  

particularly that a l l  factors are o f  equal effect, and estimates are generally l ikely to  be 

u nderestimates of the true number of effective factors segregating in a c ross (Mather and 

J i nks, 1 982) .  Assumption number f ive could not be ascertained for any of the crosses . 

Mu l itze and Baker (1 985a) discussed the assumptions required i n  estimating gene 

n umber by the method of moments. The most important assumption,  that the parents 

represent extreme genotypes, i .e . ,  that all resistance genes occur in one parent, is 

p robably correct for the four resistant x susceptible crosses (Briscard, Ruapuna, Domino 

and Otane with Tiritea) studied in  the glasshouse and f ie ld experiments. Lack of 

dominance is another assumption met to a close approximation. Other assumptions, that 

epistasis and l i nkage are absent and that effects of all loci are equal, a re p roblematical 
but probably l ess crucial to the val idity of the method. Mu ltize and Baker ( 1 985a) 

suggested that p roblems caused by unequal effects at d ifferent loci may not be overly 
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i m portant in method of moments estimates of numbers of genes. They also stated that 
the most important assumption for applying the method of moments procedu re is that 

the parents represent the extreme genotypes. The F 3 was used to estimate the number 

of genes i n  the field experiment which can be more reliable than those estimated using 
the F2 , because Multize and Baker ( 1 985a) stated that gene n umber estimates from the 

method of moments procedu re are expected to be more rel iable if carried out in 
generations beyond the F 2. This is due partly to the reduction in  bias caused by 
dominance. 

The genotypic assay was designed to be less dependent on assumptions than 
some of the other biometrical procedures. Use of the m ethod does requ i re certain 

assumpti ons conceming l inkage and epistasis but does not requ i re assumptions about 

levels of dominance and equality of effects over loci . H i l l  and Avery ( 1 978) showed how 

the n umber of effective factors changes with generation in genotype assay and how this 

depends on in itial coupl ing/repulsion relationsh ips. 

However, these gene number estimates must be used with extreme caution. 

Falconer ( 1 981 ) stated that since the estimation of the number  of loci is necessarily so 

imprecise it does not seem worthwhi le to discuss in detail its l imi tations or the e rrors that 

may have been i ntroduced by the assumptions that were made. The results of the 
various methods to calcu late the number of genes should be looked at with caution as 

several prerequisites are not met and the estimates of the various methods do not 

match . Despite th ese pitfalls an estimate was made of the number of genes i n  each 

parent. I n  the g lasshouse and field experiments the analyses estimate the min imum 

number of  genes . However, the resistance genes could be l i nked and could segregate 

as a group or effective factor. So the formula wou ld estimate the number of effective 

factors and the number  of individual genes would be greater. Mi lus and Line ( 1 986a) 

explained the differences between gene numbers and effective factors. The effective 

factor hypothesis can also explain why transgressive segregation for enhanced 

resistance was frequently obseNed among progeny f rom crosses between susceptible 

parents ( Pope, 1 968; Sharp et al. ,  1 976; K rupinsk and Sharp, 1 979; Wallwork and 

Johnson , 1 984) . Susceptible cu ltivars may have genes for resistance that are in 

balanced polygenic combinations (Johnson , 1 984) i . e. genes for resistance are cancelled 
by l inked genes for susceptibil ity. When two susceptible cultivars with d ifferent genes are 
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crossed, recombination with in  effective factors can replace some of the genes for 
susceptib i l ity with genes for resistance and produce genotypes with more genes for 

resistance than for susceptib i l ity. Pope ( 1 968) hypothesized that genes control led 

functions in a sequence of events leading to resistance. I n  this m odel, each gene alone 
has no effect, but h igh levels of resistance can be achieved when the necessary 

combination of gene is produced by crossing. 

For i nfection type (Table 81 ) the number of genes for B riscard, Ruapuna and 

Domino i n  cross with Tiritea (susceptible) were estimated as 1 -3 ,  2-4 and 1 -3 genes,  

respectively. For Briscard in a cross with Otane, the num ber  of genes was estimated as 
1 -3 genes, as was estimated with Tiritea. Polygenic  inheritance was reported by other  

researchers,  for example Johnson ( 1 978) hypothesized that some of  the  genes 
control l ing durable stripe rust resistance were l inked and inherited as polygenes 

(effective factors) ,  since a large part of the resistance was readi ly t ransferred in b reeding 

programmes. Law et at. ( 1 978) reported the presence of at l east th ree genes on 

chromosome 5B'-7B' that control led adult-plant resistance to stripe rust in  several wheat 

cultivars. The number of segregating genes i n  other crosses was estimated as less than 

u n ity i mplying that both cultivars carry the same number of genes for resistant, or this 
may be due to ambidirectional distri bution of the genes between the parents, or due to 

u nequal gene effects or both . For latent period (Table 86) the n um ber of genes for 

Briscard,  Ruapuna and Domino ( longer latent period parents) in crosses with Tiri tea 

(susceptible) were estimated as 1 -3, 1 -4 and 1 genes, respectively. For Briscard in a 

cross with Otane, the n umber of genes was estimated 1 -2 genes, less than estimated 

with Ti ritea. These results of latent period are supported by other researchers. Kuhn ef 

at. ( 1 980) est imated that two genes control led the inheritance of longer latent period in  

Suwon 85 wheat to leaf rust, also Lee and Shaner ( 1 985a,b) estimated that one to th ree 

genes control led the inheritance of longer latent period in wheat to leaf rust, depending 

on the cross. I n  the field experiment (Table 96) , based on the different formulae of 

Wright ( 1 968), Mi lus and Line ( 1 986a) and Bjarko and Line ( 1 988a) the number of genes 

for the resistant x susceptible crosses were est imated as 2-9, 3-1 2, 3-8, 1 -5 for Briscard ,  

Ruapuna, Domino and Otane in crosses with Tiritea for area under the  d isease progress 

curve. This polygenic resistance was corroborated by othe r  researchers .  For exam ple 

Mi lus and Line ( 1 986a) reported that the area under the disease progress curve in  some 
cultivars with durable resistance to stri pe rust was contro l led by 2 to 3 genes but the 
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range of number of genes was from less than uni ty for resistant x resistant crosses to 
70 for resistant x susceptible crosses (Mi lus and line, 1 986b). Luke et at. ( 1 975) 

estimated 2 to 1 3  genes for c rown rust resistance in Red R ustproof oats. Skovmand et 

at. ( 1 978b) estimated that 2 to 1 2  genes were segregat ing for slow stem rusting i n  

wheat, depending o n  the cross. Gavinlertvatana and Wilcoxson ( 1 978) estim ated 3 to 

31 g enes for slow leaf-rusting in spring wheat, depending on the cross. Bjarko and line 

( 1 988a) reported that two to th ree genes, or possibly more ,  controlled slow leaf-rusting 

in each parent but the range of numbers of genes was 0-9, depending on the cross. 

I n  genera l ,  the large n umber of resistance genes in the Ruapuna x Tiritea cross 
estimated by some formulae is probably an overestimate of the real number  of genes. 

Other formulae gave a most reasonable estimates of n umber of genes. Briscard, 

R uapuna and Domino have different resistant genes from each other, because low 

estimate of the number of genes in Briscard x Ruapuna, B riscard x Domino and 
Ruapuna x Domino and transgressive segregation for resistance and susceptibi l ity i n  

their crosses means that each parent contributed different resistance genes. Thus, if 

there is no transgressive segregation in resistant x susceptible cultivars, it means the 

n umber of genes from the resistant parent can be estimated truly. Since an effective 

factors consist of l i nked genes, the estimated number of genes must be expected to 

increase as generations advance, because l inkage g roups wil l continue to be broken in 

later generations. However, it is clear that stripe resistance is governed by several m inor 

genes.  

Again it should be noted that the presence of l inkage, dominance, or u nequal 

effects at different loci wi l l  cause an underestimation of the actual number of segregating 

genes present, while the presence of epistasis may cause either  an overestimation or 

an underestimation of the actual number  of segregating genes .  I n heritance of resistance 
to stripe rust frequently proved more complex in the field than in the glasshouse. S ince 

al l  of these crosses were tested in the field for area under the disease progress curve, 

h igh environmental variance might have increased the estimated n umber of genes . 

5.4.4. Continuous distribution and transgressive segregation 

The continuous variation , whether in the glasshouse (Fig. 2 1  & 22) or the field 
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( Fig. 35-44), was observed in the F2 frequency distributions of all crosses. All traits 

showing a continuous curve can be said to show quanti tative inheritance as opposed to 

q ualitative inheritance, in which the traits show dist inct classes, because quantitative 

genetic t raits are characterized by conti nuous distributions which incl ude gene effects 

and effects due to the i nteraction of genotype and envi ronment. The i ndividual gene 

effects can rarely be measu red. The genes m ust be considered together and stat istical 

procedures used to obtain  basic genetic information .  (Al lard, 1 960) stated that the 

continuous distri bution i n  segregating populations of crosses may be due to the 
segregation of several genetic factors, low heritabil it ies, o r  both. On the other hand ,  the 

continuous variation does not necessarily imply polygenic inheritance (see Thompson, 

1 975). Continuous variation may even be conditioned monogenically provided that 

nonheritable (environmental) effects are large. Additive resistance is more affected by 

environmental factors than dominant resistance. A normal d istribution of a phenotypic 

trait can be seen from the segregation of on ly one gene i n  the F2 populations when 

heritabil ity is low (Hoff and McDonald, 1 980) . There is  some evidence to support both 

s ides of this controversy. For example Johnson and Wilcoxson ( 1 979) stated that 
contin uous variation is evidence of quantitative inheritance for barley-barley leaf rust, and 

Kuhn et al. ( 1 980) reported that assuming Quantitative i nheri tance solely on the basis  of 
the presence of continuous variation in segregating populat ion is not val id .  But in these 

experiments in the glasshouse and field, the heritabi l ity was high and it can be 

concluded that continuous variation is as evidence of Quantitative inheritance. I t  shou ld 

also be noted that if the F 2 f requency distribution is  m ulti-modal ,  it suggests the 

i nvolvement of major genes i n  the expression of stripe rust resistance which were n ot 

observed in al l  adu l t  plant resistant cultivars. 

I n  m ost crosses, the F2 d istribution was continuous and skewed towards 

susceptibi l ity (h igher infection type and shorter latent period) and for the field experiment 

i t  was skewed towards res istance ( low severity) .  The lack of normal d istribution may be 

due to the presence of dominance, epistaSis, o r  l inkage between the resistance genes. 
Skewness in frequency distri butions in  a particular direction suggests dominance toward 

that d i rection. Parlevliet ( 1 978) mentioned three possible causes for skewness in case 

of l atent period: ( 1 ) dominance effects; genes for a longer latent period would be 

inherited in a recessive manner, (2) the latent period of the m ost susceptible genotype 

may represent a physio logical barrier and gene action cannot be fu lly expressed at such 
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low latent period values, and (3) geometric cum ulative gene action which means that the 

more genes that are present the larger is the i r  effect. I n  this experiment, the f i rst cause 

was of importance. Jacobs and Broers ( 1 989) concluded that the f i rst reason (mentioned 

above) most l ikely was the most important one and they excluded the second one. 
Geometric cumulative gene action was not excluded. It causes the F2 mean to be closer 

to the F1 than to the m idparent value. 

In the glasshouse (Fig. 21 & 22) and field (Fig. 35-44) experiments, transgressive 
segregation was observed in for resistance and susceptibi l i ty. The t ransgressive 

segregation whether for resistance or susceptibi l ity clearly originated f rom a combination 

of the genetic components from both parents of each cross. Transgressive segregation 

toward resistance between two susceptible parents indicates that some of the resistance 

genes i n  both parents m ust be d ifferent. This can be supported with other workers such 

as Johnson and Wi lcoxson ( 1 979) and Lee and Shaner ( 1 985a, b). This is not 

unexpected because the genes of the two parents differ in  their effect on the disease 
and originated from different ancestors. If transgressive segregation for susceptibi l i ty is 
observed in crosses between resistant cu ltivars , th is indicates that each of the resistant 

cu ltivars has different genes for stripe rust resistance. Johnson ( 1 988) stated that 

t ransgressive segregation for resistance could a rise from interactions or  additive effects 

of race-specific, o r  from the transfer of race-specific genes from a suppressive to an 
expressive background.  I t  could also arise from the accumulation of resistance genes 

of the type associated with durable resistance. It would not be possible in advance to 

predict which of these possibil ities had been achieved, because, so far, there were not 

any known Yr  genes in  these adult plant resistant cultivars and for al l crosses the F2 
frequency d istribution was u ni-modal, transgression resulted from the accum ulation of 
resistance genes of the type associated with durable resistance. Also it should be n oted 

t hat the absence of resistance segregants in the F2 or F3 indicates that these resistance 

genes did not have major effects; and also the larger population sizes and later 

generations and more severe disease pressu re,  might have facil itate to obtain 

i ndividual(s) with m ore resistance than either parents . Transgressive segregation was 

reported by other workers (Pope 1 968) ; Krupinsky and Sharp 1 978 and 1 979; Wal lwork 
and Johnson 1 984; and G rama et al. 1 984) .  I t  should be noted that transgressive 

segregation does n ot necessarily imply additive gene action . 
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To sum up, infection type and latent period i n  wheat i nfected with Puccinia 

striiformis behaved genetically as a quantitatively inherited t rait in  that the progenies 

were continuously distributed (from h igh to low infection type or from shorter to longer 

latent period) and transgressive segregation occurred almost in all crosses. For both 
resistant x resistant or susceptible x susceptible crosses, the F2 distri butions were 

continuous but almost symmetrical and not skewed toward either parent. Distributions 

of ind ividual plant values indicated that these segregat ing populations fol lowed a normal 

d istribution . This together with h igh heritabi l ity suggests that infection type and latent 

period were quantitatively inherited and not controlled by a single gene. I n  the resistant 
x resistant crosses, the h ighest levels of resistance obtained th rough t ransgressive 
segregation came from those cultivars which themselves possessed either the most 

resistance or the most susceptibi l i ty. This agreed with the results obtained by Allan and 

Purdy ( 1 970) . I nfection type and longer latent period in Briscard, Ruapuna and Domino 

were partially recessive. Only Otane was dominant which had a shorter latent period in  
comparison with those cultivars .  Partial recessiveness was reported by other  researcher 

( Lewellen et al. , 1 967; Pope, 1 968; Krupinsky and Sharp, 1 978; Robbelen and Sharp, 

1 978; Krupinsky and Sharp, 1 979; Wallwork and Johnson , 1 984; Milus and Line. 1 986a). 
These resu lts indicate that resistance to stripe rust is recessive to susceptibil ity and 

support the conclusions of Mi lus and Line ( 1 986b) who concluded that du rable stripe rust 

resistance seems to be recessive rather  than dominant. I n  other rusts s imi lar results 

were reported. Lee and Shaner ( 1 985a, b) reported that the inheritance of latent period 

in six slow- leaf- rusting wheat cultivars was controlled by recessive or partial ly recessive 

genes. Knott ( 1 988) reported that for both stem and stripe rust of wheat, there is 

increasing evidence that polygenic resistance is recessive and it may take several genes 

to produce appreciable resistance. Recessive or partially recessive control of slow 

rusting has been reported for several rust-cereal interactions as well (Jacobs and Broers ,  

1 989; Kuhn et al. , 1 980; Luke et  al. , 1 975 ; Parlevl iet ,  1 976 & 1 978; Sharp et  al. , 1 976). 

I f  resistance is recessive, a hybrid  breedi ng  programme with those material would not 

produce good resistant genotypes. Nevertheless, hybridization between them followed 

by selection for h igher resistance may be promising. 

For the f ield experiments, the area under the disease p rogress curve d istributions 

of F 2 and F 3 populations of al l  crosses, e ither  susceptible x resistant or resistant x 

resistant, were conti nuous and only for crosses Briscard , R uapuna and Domino with 
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Ti ritea were thus skewed toward the resistant parent. I n  the crosses between susceptible 
cu ltivar, T i ri tea, and resistant cultivars ,  transgressive segregation toward low area under  

the  d isease progress cu rve was observed, indicating that some gene(s) from Tiritea 

contri bute to resistance. In crosses between two resistant cu ltivars, a h igh proportion of 

susceptible progeny was produced. This is consistent with the resu lts obtained by Al lan 

and P u rdy ( 1 970) . Transgressive segregation toward resistance ind icates that different 
genes for s low rusting resistance from d ifferent sources show additive effects . Thus, we 

should be able to develop greater levels of slow rusting by intercrossing diverse slow 

rusting cult ivars to provide durabi l i ty of res istance. I f  the additive gene action is  due to 

interaction between al leles at d ifferent loci, as impl ied by the jOint scal ing tests, then 

transgressive segregation is expected. Transgressive segregation in this study supported 

the find ing of Pope ( 1 965) and Krupinsky and Sharp ( 1 979). Wallwork and Johnson 

( 1 984) who reported transgressive segregation for adu l t  plant resistance to stripe rust. 
These resu lts are supported by other work (Mi lus and line, 1 986a; Allan et al. , 1 963; 

1 966; Hendriksen and Pope , 1 971 ; Lewellen and Sharp, 1 968; Sharp et a/., 1 976; Bjarko 

and L ine,  1 988a) . These result also agreed with other evidence that slow rusting  is 

i nherited as a quantitative character (Gavinlertvatana and Wilcoxson, 1 978; Johnson and 

Wi lcoxson, 1 979) . However i t  is not yet clear to what extent the genes operating in one 
cultivar are identical with those operat ing in  another, and there is no d irect information 
conceming the corresponding genes wh ich must be present in the rust (Manner, 1 988). 

However, progress could be made in b reeding work by selecting moderately slow rusting 

l ines in  the field using the area under the disease progress curve and making the 

desired c rosses with these l ines. Th is  cycle could then be repeated unti l  the desired l ines 

had been developed. 

5.5. Component of resistance 

There is l i tt le information on i nheri tance of components of resistance in wheat i n  

response to  stripe rust. I n  an  epidemic wherein cycles overlap and susceptibi l ity often 

corresponds with the duration of the crop, two sequences greatly condition the rate of 

epidemic progression, namely the latent period and the sporulation . The latent period is 

the t ime, generally expressed i n  days, which separates germination and penetration from 

the appearance of new sporulating sori . This period depends on the climate, host, and 

the parasite itself. Both (latent period and the sporulation) sequences are general ly 
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considered as factors of aggressiveness and not of v i ru lence ( Rapi l ly,  1 979) . Slow 

rusting wheat cultivars exh ib i t  longer latent periods ,  smal ler  and fewer u redin ia,  and less 

spore product ion than susceptib le  cu ltivars.  In the fie ld ,  the effects of these slow- rusting  

components are cumu lative over several infection cycles, resu lti ng  in  s low rust 

development (Shaner and H ess, 1 978) . The latent pe riod is h igh ly corre lated with 

d isease development in the f ie ld and is the easiest component of slow rusting to 

measure in  the greenhouse (Shaner, 1 980; Shaner and F i n n ey ,  1 980) . Latent peri od is 

also the most important com ponent of part ial resistance (Zadoks, 1 97 1 ; Shaner and 

F inney, 1 980; Lee and Shaner, 1 985a, b) .  Latent period has been reported as the 

component measured with l east error (Kuhn  et aI. , 1 978; Shaner et a/. , 1 978; Shaner 

and Finney, 1 980) . Therefore ,  it can be a good selection criterion in large scale 

g reenh ouse screening.  

There is no pu bl ished information on the i nheritance of latent period in  response 

to stripe rust, but there is some information about differen ces in latent period (Park and 

Rees , 1 989; Cromey , 1 992a) . The present study provides in form ation on the inheritance 

of latent period from crosses between one susceptible and fou r  adult plant resistant 

cu lt ivars .  For the susceptible cu ltivar Tiritea, pustu les began to appear about 1 0  days 

after  inocu lation whereas in adu l t  plant res istant cu ltivars it was longer and in  the F2 
plants of some crosses it reach ed to 1 9  days. Longer laten t  period also was repo rted by 

Park et al ( 1 988). The effects of the S low-rust ing  character on the components of 

resistance may be expressed by l onger latent period ,  restricted pustule size and fewer 

pustu les per un it area. S ince these experiments were carried out  by different  pathotypes 

at d ifferent t ime (over two months period), an attempt to m ainta in steady envi ronmental 

factors was made, especially tem peratu re ( 1 5±1 ) and l igh t- i ntensity . One can conclude 

that d i fferences observed between latent period were affected by envi ron ment rather 

than by host or pathotype, but  it shou ld be noted that the latent period of stripe rust 

depends main ly on temperatu re ( Rapi l ly, 1 979) . The duration of the latent period does 

also depend on the number of in fection sites, but can be affected by the physiological 

state of the host ( Rapil ly, 1 979) . H owever, it is presently d ifficult to take advantage of 

these d ifferences to increase the longer latent period of vari et ies to obtain slow rusting 

ep idemics,  especially because as Fuchs ( 1 972) reported that the behaviour  of a race on 

a h ost is  not always consistent ;  sometimes it is s low, sometimes it is fast i n  laten cy .  

Parlevl iet ( 1 975) measured latent period a t  d i fferent developmental stages and  growing 
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condit ions and stated that the relative latent period of the different cult ivars was n ot 

affected by temperatu re . Other envi ronmental factors ,  l i ke day-length and l ight- intensity 

d id  not seem to have any effect either but the developmental stage of the plant and the 

genotype on the other  h and infl uenced the latent period g reatly and resu lts can be 

rel iable. 

Latent period is an important part of the components of resistance (Johnson and 

Wilcoxson ,  1 978; Parlevl iet, 1 978; Shaner et al. , 1 978) . Latent period, the time between 

infection and productio n  of secondary inocu l u m  from that infection , is one of the m ai n  

elements that controls t h e  rate of development of wheat stripe rust. T h e  variation in  

latent peri od on a leaf may be considerable, and it seems to be an inherent featu re of 

the d isease and not d u e  to experimental error because it does not d im in ish u n der  

rigorously controlled condit ions .  One point shou ld  be n oted that ,  i n  a l l  experi ments ,  the 

f i rst day after inoculation on which any lesion produ ce secondary inoculum was 

characterized as the latent period and this app roach d id  not use a l l  the avai lable d ata 

because i t  is clear that variance as well as mean values for latent period differ among 

host genotypes (see Shaner, 1 980) . To solve th is problem , Shaner ( 1 980) proposed  the 

use of  probit  analysis, but in  these genetic studies, large numbers of  p lants (more than 

4000) h ad to be examined every day, and dai ly examinat ion of a l l  plants was diff icult  and 

t ime-consuming .  I t  shou ld  be noted that in  these experiments latent period was 

measu red on the f irst leaves of adult plant res istant cult ivars .  To have a sound criterion 

for select ion ,  latent period should be measured at the adu l t  stage as wel l  because 

C romey ( 1 992a) reported that the differences among cu l tivars in latent period were smal l  

at the seedl ing stage compared to those on f lag leaves (also Parlevl iet, 1 975 ) .  I n  these 

experiments,  the differences in latent period among the cu ltivars were q uite signif icant 

and also the nu mber of plants was a l im it ing factor to the measurement of latent period 

in the g lasshouse. 

5.6. Adult plant resistance 

Various workers h ave warned of the genetiC vu lnerabi l ity of t he  establ ished 

sources of  seed l ing  resistance to stripe rust ( Mci ntos h ,  1 988).  Adult  p lant  resistance to 

stripe rust in wheat had been widely used ( Stubbs, 1 985) and in some cases i t  was 

e roded ( P riestley , 1 978; Stubbs, 1 985 ; Caldwel l ,  1 968) wh i le in some cases it was 
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durable ( M i lus and Line, 1 986a, b) . I n  the interact ion of wheat with Puccinia striiformis, 

race-speci f icity of res istance can also be found i n  adult plant resistance and is  most 

read i ly detected in the adult  stage (Priestley, 1 978; Cromey, 1 992a; Ezzah i ri and Roelfs, 

1 989) . So these cultivars should be tested with oth er pathotypes to assure their 

durabi l ity. 

In the present study, the infection type and latent period were control led by 1 -4 

recessive gen es i n  Briscard , Ruapuna and Domino ,  whereas the area under the disease 

progress curve was contro l led by 2- 1 3  dominant genes.  It can be interpreted that 

d i ffe rent genes are responsible for resistance in the seedl ing and adu lt stages or if they 

are the same, probably some modify ing genes change the mode of gene action and th is 

increases the number of genes. This f ind ing agrees with Bennett ( 1 98 1 ) who reported 

that adu l t  plant resistance in wheat to powdery m i ldew does not correspond with 

resistance in  seedl ing leaves , suggesti ng that d ifferent factors may sometimes be 

associated, but did not agree with Park and Rees ( 1 989) who suggested that resistance 

in seedl ings of cultivars with adult plant resistance may be governed by the same 

factor(s) that control adult  plant resistance in  them ,  or  by some additional resistance 

factor(s) (also see Qayoum and Line,  1 985) .  However, Cromey ( 1 992a) stated that in  

adu lt plant resistant cu ltivars the differences in  resistance between cultivars cou l d  be 

discerned at both seedl ing and adult g rowth stages. The di fferences were sl ight on the 

seedl ings ,  where al l  susceptible and adult  p lant resistant cu ltivars h ad susceptib le or 

moderately susceptible infection types , but diffe rences in  ured in ium density were g reat 

enough to a l low fo r some separation of cu ltivars .  Dyck et al. ( 1 966) concluded that 

studies on the inheritance of adult  plant resistance are d ifficult for several reasons. F i rst, 

the presence of genes for seedl ing resistance in m ost varieties masks the expression 

of adult plant resistance. Second ,  modifying genes seem to be very important in  adult 

plant res istance and th i rd ,  both the genes and their modifiers are very sensitive to 

envi ron mental change. 

5. 7. Durability 

I n  breeding for disease resistance, one objective may be to p roduce cu ltivars with 

durable resistance. Breeders are interested in  d u rable resistance because it appears to 

be race non-specific or at least to be much m ore stable to changes in pathogen 
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v i ru lence. P lant breeders general ly agree that breeding for resistance shou ld not depend 

solely on race-specific genes.  Resistance that is race non-specific and control led by a 

n umber of genes may be long- last ing because d i rectional selection p ressure on the 

p athogen wi l l  be m in imal . Durable resistance is that resistance which h as been adequate 

against the disease fo r a number of years over a range of envi ronments and pathogen 

cu ltures ( Joh nson , 1 978, 1 98 1  a, 1 984) .  Joh nson's def in it ion does not n ecessari ly  imply 

futu re du rab i l ity. It makes judgement of durabi l ity retrospective,  and possible on ly when 

i t  is too late for  practical b reed ing purposes. Johnson ( 1 988) proposed that the best way 

to en hance the probabi l ity of ach ieving durable resistance in new cu ltivars is to transfe r 

resistance f rom sources al ready identif ied as durable. As yet there is n o  s imple way to 

identify the precise genetic components that are associated with the du rable resistance 

to stripe rust of wheat, so the method i s  des igned to retain as much of the resistance as 

possib le f rom durably res istant sou rces .  It should be noted that b reeders are interested 

in all good ( Le. ag ronomic or physiolog ic) characters. For example t ransferring  resistant 

g ene(s) by backcross ing to Austral ian wheats, establ ished sou rces of d u rable resistance, 

but most sou rces are poorly adapted to Austral ian wheat-g rowing condit ions, and are 

red-seeded and stem rust suscepti b le (Mci ntosh and Well ings, 1 986) .  Also, the 

occu rrence of a pathotype of Puccinia striiformis i n  New Zealand with increased 

pathogenicity on some wheat cult ivars with adult plant resistance such as Brock 

(Cromey ,  1 992b) emphasises the d ifficu l ty of recognis ing du rable resistance to stripe rust 

amongst adult  plant resistant cultivars .  However, the use of resistance that has been 

effective over  a range of envi ronments , cu l tures, and years is certa in ly more l ikely to 

lead to a cu lt ivar with durable than untested resistance or resistances that are known to 

h ave fai led elsewhere. 

In these experiments, i t  was attempted to study inheri tance of res istance in loca l ly 

adapted cu lt ivars by measur ing components of resistance. Durab i l ity of the genes 

involved i n  polygenic systems such as partial resistance (Parlev l iet, 1 988) o r  s low rust ing 

(Wilcoxson ,  1 98 1 ) can be a h i gh ly desi red property. Although partial res istance or s low 

rusting  h as been a stable trait over a relatively long period of time ( Pope ,  1 965; Sharp,  

1 972), race-specif icity was seen in  them (Johnson and Taylor,  1 972 ; Parlev l iet ,  1 977a) .  

However, according to  Parlev l iet ( 1 976 and 1 977a) , the partial resistance is under  

polygenic contro l  and h as been qu ite stable.  I t  i s  obvious that the long- lasti ng of a 

resistance, either monog enic o r  polygenic ,  is dependent upon the genetics of h ost-



Discussion 3 1 6  

pathogen i nteractions and not u pon the genetics of resistance. The reasons for stabi l ity 

of polygenic general resistance is based in part u pon geneti c probabi lities. Knott ( 1 988) 

stated that resistance can be du rable for two reasons, f i rst, the pathogen cannot develop 

a h igh ly v i ru lent or aggress ive race or, if one is produced,  it is not competitive and 

second,  a h igh ly viru lent or agg ressive race, for whatever reason , does not come into 

contact with the res istant host. Th is  is d ifferent from pyram id ing of genes which is not 

durable (Johnson , 1 988; van der Plank, 1 968b). It sh ou ld  be noted that s low 

development of d isease does n ot i m ply durabi l ity. I t  was poin ted out by Johnson ( 1 988) 

that slow development of disease (s low rust ing) can be due to one of at least th ree 

possib le causes:  f irst , race-specif ic, adult plant or incomplete resistance, second, a low 

frequency of pathogenicity for a race-specific gene i n  a mixed population of races , so 

that cult ivars possessing the gene receive a low frequency of match ing in fect ion, and 

th i rd ,  s low rust ing of a durable, apparently race-nonspecific type (also see Nelson , 1 978) . 

I n  these experim ents, it can be concluded that the th i rd reason most l i kely was the most 

im portant one. S low development of d isease, which appears to be race nonspecific and 

durable,  h as been found in wheat and efforts to f ind cult ivars with th is  resistance have 

contin ued fo r the last several years (M i l  us and Line,  1 986a, b ;  Luke et a/. , 1 972 , 1 975; 

H ughes and Hooker, 1 97 1 ; Kontt and Padidam ,  1 988 ; K im and Brewbaker, 1 977; 

G av in lertvatana and Wi lcoxson , 1 978; Parlevl iet, 1 978) . 

N umerous authors have reported that a h igher level res istance than is present 

in  the parents can be obtained f rom transgressive segregation in segregat ing 

generations,  for i nstance i n  stripe rust (Kru pinsky and Sharp ,  1 979; Wallwork and 

Johnson , 1 984) .  Johnson ( 1 988) pointed out that selecti ng  genotype(s) with 

transgressive segregation can be obtained from d i fferent wheat crosses.  I t  cou ld  

therefore be a useful way o f  increas ing resistance by  crosses among local ly  adapted 

wheats, rather than try ing to transfer resistance from unadapted sources thought to 

possess durable resistance. He mentioned that alth ough th is resistance wi l l  be race

nonspecific but it is not warranted .  There is no proof that a race m atch ing al l potential ly 

race-specifi c genes can be fou nd to screen the segregating p rogeny. 

Knowledge of the type of  gene action i nvolved i n  the expression of a character 

is h elpfu l  i n  deciding on the breeding procedures to be used for improvement of the 

character. Whereas dominance and some forms of epistasis would tend to favour the 
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p roduction of hybrids, addi tive gene action s ign ifies that standard selectio n  procedures 

would be effective in bringing about advantageous changes i n  the character. These 

result  demonstrated that the additive component was of major i m po rtant and selection 

for h igher res istance should be effective. also that this was supported by h igh  heritabil ity 

and genetic advance. Sources of durable resistance can be selected from crosses of 

moderately resistant and susceptible commercial cu ltivars .  S ince transgress ive 

segregation for h igher resistance occu rred , some progeny from these crosses should 

h ave h igher l evels of resistance than the parents and wou ld  be a useful source of 

resistance in a breeding programme. This i nterpretation agreed with Krupins ky and 

S harp ,  ( 1 979) who stated that selection for significant resistance from crosses of 

susceptib le commercial cult ivars or cu ltivars with an intermediate level of resistance is 

a val id method for accumu lating  sou rces of resistance. Once the res istance is 

accumu lated, it can be manipulated , as demonstrated with the additive, minor-gene l ines. 

E l ite p rogeny are l ikely to be frequent if a l l  parental genotypes have satisfactory 

agronomic and qual ity performance. Thus,  acceptabl e  segregants could probably be 

selected from space-planted , advanced bu lk  popu lations of genotypes carry ing resistant 

genes. 

The study showed that selection among F2 plants of almost a l l  crosses should be 

h igh ly  effective for low infection type, longer latent period and low area under the d isease 

progress curve. Estimates of heritabil i ty suggest the degree to which modif ication is 

poss ib le th rough selection of res istant genotypes and a h igh  estimate for expected 

genetic advance. Based on the result of gene action analysis in these crosses of wheat, 

it is suggested that simple recurrent selection or ped igree schemes for h igher res istance 

m ay be effectively employed to isolate resistant plants from the population . I t  should be 

n oted that selection fo r partial (po lygenic slow rust ing) resistance tends to select cultivars 

i mproved for several or even a l l  the components (see Parlev l iet and van Ommeren,  

1 975) . There is  n o  doubt that polygen ic res istance is  d ifficult to use i n  a routi ne breeding 

programme because it is impossible to select for if genes for specific resistance to the 

races being used are present. Second,  the frequency of resistant plants in  crosses is low 

and selection must be carried out over several generations and f inal ly on a fami ly basis. 

I f  breeders want to use polygenic resistance, they must be prepared to put considerable 

effort into it (Knott, 1 988) . The l imited presence of dominance, [h) ,  and dupl icated 

epistasis wou ld tend to retard the pace of progress th rough selectio n  in early 
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generations.  Thus, selection for stripe rust resistance wou ld  be more effective i f  the 

dominance and epistatic effects were reduced after a few generations of self ing. 

The d iscussion on the inheritance of infection type , latent period and area under  

the disease progress curve in  response to  stripe rust is i n  agreement with the l iteratu re 

(see S imons,  ( 1 975 ) ;  Luke et al. , ( 1 975 ) ;  Lewel len et al. , 1 967; Hendriksen and Pope, 

1 97 1 ; Sharp and Vol in ,  1 970;  Pope, 1 968; Lupton and Johnson , 1 970) . Final ly a 

breeding programme must be based on rel iable selection criteria. Rel iabi l ity is partly 

determ ined by the repeatabil ity of result ,  so th is needs to be more experiment  on these 

cu ltivars carried out. 
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CONCLUSIONS 

1 .  ANOVA showed that large genetic variation existed i n  cultivars for a l l  

components of res istance, even there were differences among cu ltivars with the adult  

p lant res istance with respect to a l l  components of res istance. 

2 .  Mu ltivariate methods were useful too ls to ord inate cultivars across a l l  attributes 

s imultaneously and to ascertain patterns of response across pathotypes. 

3. Adu lt p lant resistant cu l tivars were ranked constantly for all attributes when 

tested with th ree pathotypes whereas those cu ltivars with known Yr  gene(s) differed in 

rank ing .  

4.  Pathotypes were d ifferent i n  aggressiveness on cu ltivars with respect to a l l  

components of  resistance. I n  general , pathotype 232 E 1 37A- was more aggressive than 

other  pathotypes. 

5. Eight cl usters were formed by cluster analys is .  All seed l ing resistance , adult 

p lant  resistance and susceptible cultivars were in separate cl usters .  

6.  S ign if icant genotypic corre lations were observed between components of 

resistance, suggesting that l inkage between (or poss ib le pleiotropic effects on) genetic 

factors control l ing these components .  

7.  Components o f  resistance h ad h igher correlations i n  response to  pathotype 

with less aggressiveness than pathotype with more aggressiveness.  

8 .  Heritabi l it ies for  in fection type and latent period were h igher than for pustu le 

s ize and pustule density .  

9 .  I n  general , whether fo r  seedl ing  res istant or  adult plant resistant cu ltivars ,  

additive component of variation was t h e  major genetic component o f  resistance a n d  this 

was substantiated by h igh narrowsense heritabi l i ty val u es.  Sometim es partial dominance 

was important and additive x additive epistatic played a m inor role .  
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1 0. The changing of pathotype ,  whether for seedl ing resistant or adult plant 

resistant cu ltivars , led to changes in apparent gene action for some cu ltivars (especia l ly 

those with known Yr genes) , but for some other cu ltivars ,  the type of gene action was 

almost constant. 

1 1 .  In crosses between cultivars with seedl ing resistance and those with adu l t  

p lant resistance, the additive components of  variatio n  resu l ted mostly from seedl i ng  

res istant cu ltivars.  

1 2. In general , seedl ing resistance factors cou l d  mask contributions from adu lt 

plant resistant cu ltivars. 

1 3. I n response to one pathotype, the number of genes for each attribute was 

d ifferent from each other. Also in response to different pathotypes for any one attribute 

the gene number was different .  Th is suggested that d i fferent factors were condition ing 

the components of  resistance fo r each pathotype. 

1 4. In all crosses, susceptible x susceptible, susceptib le x resistant and resistant 

x resistant, transgressive segregation was observed in the F2 and F3 d istribution for 

i nfection type , latent period and rust severity and in  both d i rections,  suggesting that 

genes in resistant cu ltivars were different from one another. Also it suggests the 

possibi l ity of obtain ing h igher resistant genotypes from these crosses . 

1 5. Generation means analysis i ndicated that the modes of gene action fo r 

in fection type and latent period were di fferent, suggestin g  different resistance factors 

control led them and it agreed with the different number of genes for these two attributes. 

1 6. The additive genetic component was major for i nfection type, l atent period 

and rust severity. I t  was suppo rted with h igh heritabil ity for these attributes. In general , 

over ten crosses, heritabi l ity fo r infection type was h igher than that for l atent period and 

rust severity. H igh heritab i l ity for these attributes suggested that genotype-envi ronment 

interaction was not important, under the conditions of th is  experiment. 

1 7. Epistasis,  especial ly additive x additive, was present for infection type, latent 
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period and  rust severity, suggesting that resistance ( l ow i nfection type, long latent period 

and low rust severity) was control led by polygenes rather than monogenes .  

1 8. I n  adult p lant resistant cu ltivars ,  t he  number o f  genes a t  the adult stages for 

rust severity was far more than for the seedl ing stages, whether for in fection type or  

latent period. I t  can be suggested that d ifferent effective factors contro l led resistance i n  

the seed l ing  stage ( low infection type and longer latent period) and t h e  adult stage ( low 

rust severity) .  

1 9. The mode o f  gene action of adult plant resistant cu ltivars in  the seedl ing  

stage, whether for i nfection type or latent period , was recessive but i n  the adu l t  stage, 

rust severity, was dominant. 
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