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CHAPTER - 1 

 

Introduction 
 

 

Wheat (Triticum aestivum L. em Thell) is the main staple food of the 

people of Pakistan and occupies a prominent position in the farming 

system of the country. As one of the world’s most important cereals, wheat 

is consumed in different ways. Its most important use is in the 

manufacturing of flour, the basis of all bread, biscuit and pastry products. 

In addition, wheat is used extensively in breakfast cereals, macaroni and 

other pasta products. Wheat is also a commercial source of starch and thus 

finds use in a wide range of industries from food processing to paper 

manufacturing. Wheat is an annual grass that is widely cultivated as a 

small grain cereal from sea level to altitudes over 3000m. Botanically, 

wheat belongs to the genus Triticum in the tribe Hordeae of the grass family 

Poaceae. Wheat production is influenced by many biotic and abiotic factors 

causing reductions in its yield. Among biotic problems, rust, smuts, bunts 

and aphids are important. The salient abiotic factors are excessive heat, 
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drought, salinity, winds, hailstorms, fogs and excessive cloudy weather 

during growth and ripening seasons. 

Wheat is attacked by many pathogens, of which rust fungi are of 

prime importance. Three types of rusts are found on wheat: 

1. Leaf rust or brown rust caused by Puccinia recondita Rob. ex 

desm. f. sp. tritici. 

2. Stripe rust or yellow rust caused by Puccinia striiformis West. f. 

sp. tritici. 

3. Stem rust or black rust caused by Puccinia graminis Pers. f. sp. 

tritici. 

World food security depends on increased production of two major 

cereal crops, wheat and rice. One significant constraint to increase wheat 

production is the races of rust fungi attacking this crop. At times stem rust 

was the most important disease and is controlled through genetic 

resistance, but the Ug-99 stem rust race threatened the world’s bread 

baskets (Stokstad, 2007).  The occurrence of rust disease in cultivated 

cereals has significantly influenced the development of human civilization 

(Large, 1940). Severe epidemics have been reported since the early 1800’s 

in India (Joshi, 1976). An overview of global crop losses caused by the 

three rusts indicated varying regional significances (Saari and Prescott, 
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1985). Stripe rust assumed more importance in West Asia, Southern Africa, 

the Far East (China), South America and Northern Europe. Leaf rust 

caused more serious losses in South Asia, North Africa, South East Asia 

and South America. Stem rust has traditionally been important in North 

America, Australia, North Africa, South Africa and to some extent, Europe. 

An overview of losses due to cereal rusts was given by Roelf et al. (1987). 

A widespread leaf rust epidemic in Western Australia in 1992 

caused yield losses up to 37% in susceptible cultivars with an average 

losses of 15%.  The economic and social upheavals resulting from crop 

losses following epidemics have been the dominant influences on research 

and advisory activities directed at the wheat rust (McIntosh, 1995). 

Although cereal rusts were clearly of major significance, estimates of the 

yield   losses incurred received greater attention in the 20th century due to 

better understanding of pathogen biology and an increasing need to justify 

economically the financial investment in control programmes. 

The economy of Pakistan primarily hinges upon agriculture; 

sizeable foreign exchange earnings come from the export of the 

agricultural commodities and their by products. Wheat is widely grown on 

a large scale in Pakistan; approximately 8 to 8.5 million hectares of land 
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come under wheat cultivation every year (Appendix-I). The production 

ranges between 20-22 million tons of wheat grain (Anon, 2007).   

     Sustainability of production is closely linked with social and political 

stability and peace in the country. Flour shortage, even for one day causes 

great panic and unrest in the normal life of the country. Therefore 

continuous flow of flour at required level of demand remained the 

foremost priority of each government of the Islamic Republic of Pakistan.  

Leaf and yellow rusts of wheat are common in the country, 

prevailing every year. But due to good genetic resistance losses are 

negligible. However, during 1978 the leaf rust epidemic was wide spread 

and very severe causing 10% reduction in grain yield (Hussain et al., 1980).  

The average yield and total production was increased in Pakistan, due to a 

number of high yielding and good quality wheat varieties possessing some 

other desirable characters. These varieties were developed and released 

from time to time until 1957 due to wheat research efforts made in the 

country. So the wheat research can be categorized into three distinct eras 

(Appendix-2). During Era-I (1883-1932) work was mainly concentrated on 

the collection of land races, with yield the major criterion of selection. 

Yield and quality were the primary aims during Era-II (1933-1964). The 
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glorious green revolution Era-III (1965-to date) started with the 

introduction of the semi-dwarf wheat variety Maxi-Pak-65 (Hussain, 2005). 

In this regard, collaborations were established with the international 

organizations, International maize and wheat improvement center, Centro 

Internacional De Majoramiento De Maize Y Trigo (CIMMYT) Mexico and 

the Food and Agriculture Organization (FAO). As a result of a coordinated 

and concentrated effort, remarkable progress was made in the 

development of high potential, good quality, and disease resistant 

/tolerant wheat varieties possessing additional desirable characters suited 

to varying agro-climatic conditions prevailing in the country. Wheat 

varieties, Yacora-70, Wl-711 and Pak-81 were released but gradually 

became susceptible to leaf rust due to reliance on major resistant genes 

compared to LYP-73, Faisalabad-85, Chakwal-86 and Inqilab-91 possessing 

durable rust resistance and showing longer field life (Husain et al., 1999).  

Epidemiological factors also play important role in the expression of 

genes manifesting certain traits. The effect of temperature on yellow rust 

had been widely reported by McGregor (1985). The maximum temperature 

for growth and sporulation was between 20oC and 26oC, with a minimum 

of 2oC. Leaf rust development began on wheat at a relatively mild 

temperature (20.6oC) and high humidity (Fogliani, 1986). 
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After the green revolution, many new varieties were released but 

new rust races rapidly rendered their resistance ineffective (Khan, 1987). 

The major rust resistance genes in these varieties were unable to provide 

durable resistance. The objectives of present studies, therefore, are to 

quantify minor and major genes for leaf and stripe rust resistance in wheat 

genotypes having additive effects and combining 3 to 4 genes resulting in 

a high level of resistance comparable to immunity (Singh et al., 2004) in 

relation to the epidemiological factors, helpful directly or indirectly for the 

development of new wheat varieties.  No similar studies have far been 

carried out in Pakistan. The objectives of these studies were: 

1. To determine the epidemiological factors favorable for leaf and 

stripe rust development in  test lines/cultivars 

2. To determine the number of resistance genes (major and minor) 

present in test lines/varieties 

3. To introduce new sources of resistance against leaf and stripe 

rust in the test lines/varieties 
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CHAPTER - 2 

 

Review of Literature  
 

 

2.1 WHEAT RUST AND ITS LOSSES  

Wheat rust had been known since ancient times (715-672 B.C.), 

however de, Candole (1815) suggested that leaf rust was caused by a distinct 

fungal species Uredo rubigo-vera, rather than other rusts. The occurrence of 

rust disease in cultivated cereals had a significant influence on the 

development of human civilization (Large, 1940).  

The leaf rust pathogen underwent a number of name changes until 

1956, when Cummins and Caldwell (1956) suggested Puccinia recondita as the 

valid name. Samborski (1985) reported that leaf rust was probably the most 

important disease of wheat worldwide. P. recondita f. sp. tritici is a 

heterocious macrocylic rust fungus having Thalictrum spp and rarely 

Isopyrum spp., Anchusa spp., or Clematis spp. as alternate hosts for the 

fungus. A new generation of urediniospores may be produced every 7 to 

14 days under conditions of heavy dew, light rains or high humidity, when 

temperatures between 15 and 22oC occur. Repeated infection occurs due to 
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urediniospores infections until the wheat crop matures.  

Leaf and stripe rust can be distinguished by the colour and shape of 

pustules and the location of the infection. Leaf rust pustules are orange-

brown in colour, circular to oval in shape and chiefly found scattered on 

the upper surface of leaves. Stripe rust pustules are yellow-orange. Initially, 

the pustules are small and circular, but develop into yellowish stripes on 

the upper leaf surfaces, leaf sheaths, awns and inside glumes (Beard et al., 

2005)    

It is apparent that wheat is prone to damage due to the attacks of rusts 

fungi, especially leaf rust. Plant protection cover cannot be properly 

provided to wheat because it is extensively planted and secondly, such 

measures are not always economical. Therefore, genetic means to protect 

from diseases is to date the best option and most effective way to stabilize 

wheat yield. Yield losses were predicted using leaf rust severities on flag 

leaves at boot, early berry and early dough stages (Burleigh et al., 1972). 

Studies by Srivastava et al. (1974) found significant reduction in 1000-grain 

weight and reduced numbers of grains per ear-head in rusted plots of the 

wheat variety Lal Bahadur. At different levels of leaf rust intensities, the 

average height of plants and length of the ear-head were also reduced. 

Under Delhi conditions, the variety Lal Bahadur suffered a loss in yield of 
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22-25% and 38-46% at 50% and 90% rust intensities, respectively, compared 

to 10% severity in the sprayed plots. 

 Brown rust infection reduced the 1000-grain weight by 3.4, 6.5 and 

16.4% when rust incidence was 30-40, 60-70, and 90-100%, respectively 

(Lehedev and Ishina, 1974). Infection of wheat by P. tritici was favored by 

high humidity and optimum temperature at 20 oC. A total loss of 20% in 

yield was recorded in Austria (Zwatz, 1977). Hassan (1979) reported 10% 

grain yield loss due to rust epidemic during 1977-78 in Pakistan. Yield losses 

were reported by Cortazar et al. (1982) in wheat caused by P. graminis tritici 

based on sowing dates, yield reduction rose from 10% for sowing in late 

July to 50% for those of the September sowing. Annual losses due to rust in 

Pakistan were estimated at Rs. 30.40 million worth US $ .36 million. Whilst 

in epidemic years losses can be very large (Hafiz, 1986); for example, the 

1977-78 epidemics of stripe and leaf rusts reduced total wheat production by 

2.2 million tonnes worth US $ 330 million. 

According to Singh and Rajaram (1991) rusted plots yielded 4% less 

crops, compared to fungicide-protected plots for cultivar with 

hypersensitive resistance. Rusted plots yield and kernel weight averaged 

8% less for cultivars with partial resistance but varied from 2 to 20% less, 

depending on cultivar. 



 10

Yield losses in wheat caused by leaf rust in cultivar trials were 

estimated at five locations in Mississippi from 1986 to 1989 (Khan et al., 

1997). Different levels of disease developed in the various trials over the 4-

year period. There was no significant interaction between location and 

cultivar when yield data were collected from sites in the north and central 

areas of the state. A model derived from data for eight cultivars at two 

locations showed a negative linear relationship between yield and leaf rust. 

Total grain yield was reduced by 1% for each 1% increase in rust when the 

percentage flag leaf area covered by pustules was assessed visually at 

Feekes stage 11.1. Using this model and rust ratings from three additional 

locations, the predicted yield was similar to the recorded yield. Yield losses 

in wheat caused by yellow rust may exceed 50% depending upon the nature 

of varietal resistance and time of first infection by yellow rust landing 

(Hussain et al., 1999). Studies by Voronina et al. (1999) revealed that under 

leaf-rust epidemics the yield of AS-29 wheat variety was significantly lower 

than the yield from the other lines but significantly higher than that of its 

non-resistant analogue S29 in the Volga Region of Russia.  

 Beard et al. (2005) collaborated these results, reporting that Yield 

losses depended on disease resistance of the variety and on how early the 

disease started. Losses due to leaf and stripe rust on very susceptible 



 11

varieties were estimated as up to 40 to 80%, respectively.  

2.2 RESISTANCE  

In a wheat breeding programme for disease resistance, Borner et al. 

(1999) selected few lines for stable nonspecific adult plant resistance 

against stripe rust and leaf rust.  Progenies of 150-160 F2 plants of four 

crosses were analyzed within two years. For three crosses, it was shown 

that major genes determined the durable adult plant resistance against rusts 

in wheat. Genes detection was examined for resistance to leaf rust in 40 

wheat cultivars, obtained from the Chinese National Adaptability Test of 

wheat varieties, using 11 isolates of P. recondita previously characterized for 

avirulence or virulence gene combinations. Ten of the 39 test genes (or gene 

combinations) were postulated to be present in 24 cultivars, and an 

unknown resistance gene (or genes) in 11 cultivars. No genes for leaf rust 

resistance in the seedling stage were found in five cultivars. The stability of 

leaf rust resistance was tested in 40 wheat cultivars. Leaf tip necrosis 

symptoms were shown in four cultivars, which probably possessed the 

adult plant resistant gene Lr34 (Chen et al., 2001).   

2.3 TYPES OF RESISTANCE  

According to Hayes et al. (1925), slow rusting resistance in wheat 

had already been known for many years. Stakman and Harrer (1957) 
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found that very little interest in this form of resistance was expressed until 

the great epidemics of wheat stem rust in the USA during 1953-1954. 

During the last 30 years, in the late 1960s and 1970s, there had been an 

increased interest in slow rusting resistance with the realization that it 

might be a more stable form of resistance in comparison to complete 

resistance. In this regard, two different types of resistance to rust disease 

were identified, the first controlled by one or a few major genes and giving 

high levels of resistance, the second based on minor genes. This kind of 

resistance was expected to be permanent and was named as horizontal 

resistance or slow rusting resistance (Vanderplank, 1963). The general 

resistance of wheat to rusts was also described by Caldwell (1968), who 

emphasized its durability. Slow rusting resistance was considered to be 

durable, but pertinent information on the nature of this resistance was 

scanty. Moreover, two types of resistance; race specific and non race 

specific resistance were identified by Caldwell et al. (1970). Race specific 

resistance was associated with a host cell hypersensitivity reaction, which 

resulted in death of the cell or chlorosis and impaired plant disease 

development. This was designated as major gene, monogenic, 

hypersensitive or vertical resistance. The second type of resistance was 

characterized by a reduced rate of epidemic development despite the 
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expression of a susceptible host. This response was designated as general, 

partial, minor, non-race specific and horizontal resistance which was 

classified as slow rusting resistance. 

            Partial resistance could be considered durable (Young, 1970), 

suggested in studies where old and new cultivars were compared. In areas 

of the Untied States where breeders did not exploit specific resistance in 

wheat to leaf rust, modern cultivars had less rust than the older cultivars, 

indicating that an accumulation of partial resistance had occurred.  

Similarly durable rust resistance may also be defined as a source that 

remained effective after wide spread deployment over a considerable 

period (Johnson and Law, 1975). The slow rusting reaction in the wheat 

cultivar ‘Knox’ to leaf rust had been effective for 20 years (Ohm and 

Shaner, 1976). Further studies revealed that components of slow leaf 

rusting resistance for wheat cultivars ‘Borah’ ‘Wampum’ and ‘Wondell’ 

were consistently isolate specific (Milus and Line, 1980). On Borah and 

Wampum, isolate 2 had a shorter latent period, more infections with 

sporulations, more spores per uredium, and higher infection rates than did 

isolate 1. The opposite response was observed with the cultivar Wandell.  

Durability of slow rusting resistance to rust in wheat has also been 

described by Johnson (1981). Specificity to isolates of wheat leaf rust were 
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also found in the slow rusting cultivar Suwon 85, especially at 

temperatures of 5-12oC (Browder and Eversmeyer, 1987). 

The Mexican wheat cultivars ‘Torian 73’ and ‘Pavon 76’ had 

maintained their slow rusting reaction for the previous 15 and 20 years, 

respectively (Rajaram et al., 1988). It was also reported that the widespread 

adoption of CIMMYT-derived semi-dwarf wheat cultivars on more than 50 

million hectares world wide was due in part to durable resistance against 

rust disease. It was emphasized that these wheat genotypes contained 

genes for partial resistance in conjunction with major genes. The same 

author also suggested that the high yield potential of semi- dwarf wheats 

would have been short-lived if stable resistance to the rust disease had not 

been incorporated simultaneously. Marasas et al. (2002) reported that the 

wide scale application of such a concept in breeding for durable leaf rust 

resistance, dominated the CIMMYT’s bread wheat improvement 

programme for almost 30 years with major impacts.  

2.4 ADULT PLANT RESISTANCE 

According to Rajaram (1972) adult plant resistance can be defined as 

resistance absent in seedlings but expressed in the adult stage of the plant.        

A method for detection and evaluation of adult plant resistance to stem 

rust in wheat was developed, comprising of testing wheat genotypes both 



 15

in the greenhouse (seedling stage) and field (adult stage) with a large 

number of isolates of the pathogen. Sixteen varieties of wheat were 

inoculated with 200 isolates from the Yaqui Valley of Mexico. The Yaqui 

valley and Toluca are separated by 1800 kilometers, and have quite 

different climatic conditions. The varieties ‘Pitic 62’, ‘Ciano 67’, ‘Lerma 

Rojo’ and ‘Hopps’ were susceptible to leaf rust as seedlings, to large 

number of isolates, but were highly resistant in the adult stage in both 

Yaqui Valley and Toluca. This resistance was due to genes for adult plant 

resistance. Some adult plant resistance also had characteristics of slow 

rusting.  

The genetics and inheritance of leaf rust was examined and 

identified in wheat cultivar ‘Suwon 85’ by crossing with susceptible 

cultivars ‘Monon’ and ‘Suwon 92’ (Kuhn et al., 1980). Plants were 

inoculated with P. recondita f. sp tritici. Two components of slow leaf 

rusting resistance latent period and pustules size, were measured. The 

distribution of Suwon 85/Suwon 92 F3 family mean latent period 

indicated partial dominance for short latent period but gave little evidence 

of distinct classes. A model that assumed two genes with equal effect and 

an equal degree of dominance (0.6) for shorter latent period was 

constructed from earlier data. F3 families were classified into F2 genotypes 
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based on the family mean, range and apparent segregation. The resulting 

classification gave an acceptable to the two gene model. F1 and BC F1 

latent period data from the cross Suwon85/Monon appeared to fit the two 

gene model, but population size was too small to adequately confirm this 

model. Wheat varieties were classified according to higher or lower rust 

incidence, indicating susceptibility or resistance respectively. This method 

was considered more desirable for determining the mechanism of adult 

plant resistance to yellow and leaf rusts in spring wheat varieties (Khan et 

al., 1989). Durable resistance to leaf rust in bread wheat cultivars was 

known to result from the interaction of Lr 34 with other minor additive 

genes, combined to enhance the resistance, were effective in the adult plant 

growth stage (Singh and Rajaram, 1991). Adult plant resistance (APR) was 

also identified as durable resistance based on additive effects of minor 

genes (McIntosh, 1992) and accounted for adult plant leaf rust resistance. 

He also explained that the durable resistance of some winter wheat might 

involve interactions between Yr 18 and other adult plant effective genes, 

because genes Yr 18 and Lr 34 are also linked with leaf tip necrosis of adult 

plants According to Dyck (1991) and Singh (1992) this morphological 

marker can aid the identification and selection of Yr 18 and Lr 34.  
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Wheat cultivars Ciano 79 and Papago 86 had maintained high levels 

of resistance to leaf rust, caused by P. recondita, since release in 1979 and 

1986, respectively, in leaf rust prone North Western Mexico (Singh and 

Espino, 1995). Because inheritance of leaf rust resistance for these cultivars 

was unknown, Ciano 79 and Pupago 86 were intercrossed, crossed with 

the susceptible cultivar Sonora 64, and crossed with the adult plant 

resistance cultivar Frontana to evaluate the resistance relationship. 

Inheritance studies were conducted in seedling and adult plant growth 

stages using the parents, F1 plants, F2 populations, and F3 and F5 lines. 

The resistance to P. recondita f. sp. tritici pathotype TCB/TD in seedling of 

Ciano 79 Papago 86 was conferred by a single gene, Lr 16. When present 

alone, Lr 16 conferred only moderate resistance in adult plant to the same 

pathotype. The adult plant resistance of both cultivars was based on the 

additive interaction between gene Lr 16 and a minimum of two other slow 

rusting genes. Besides Lr 16, one of two slow rusting genes was also 

common in Ciano 79 and Papago 86. The adult plant resistance genes in 

these cultivars differed from the resistance genes in Frontana. 
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2.5 EPIDEMIOLOGICAL FACTORS: RELATIONSHIP WITH LEAF 
AND STRIPE RUST DEVELOPMENT 

 
 The influence of temperature, rainfall and the number of rainy days 

at selected locations in North West India were examined in wheat brown 

rust epidemic and non-epidemic years (Nagarajan et al., 1978). There were 

no appreciable differences in daily maximum and minimum temperatures 

between Mid March to Mid April. There were clear differences, however in 

the amount of precipitation and number of rainy days between the two 

categories. Numbers of rainy days were important in determining the 

buildup of brown rust of wheat over North West India. The seedlings 

infection of the wheat cultivars Maris Fundin by P. recondita f. sp. tritici 

was observed at three temperatures, compared with that on Armada, 

which always gave a compatible reaction. Maris Fundin gave an 

incompatible reaction at 20oC, a compatible reaction at 9oC and an 

intermediate reaction at 15oC. At 15oC Maris Fundin developed fewer 

uredosori and had a longer latent period than found in Armada (Hyde, 

1982).  

Effect of temperature and host growth on development of P. 

recondita f. sp. tritici isolate UN02-64A on the wheat cultivar Thatcher (TC)  

and near isogenic lines LR16(TC) and LR18(TC) were determined 

(Tomerlin et al., 1982). Latent and infectious periods were lower on 
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seedlings and flag leaves at higher than at lower temperatures. Generally, 

latent and infectious periods were shorter on seedlings than on adult 

plants. Cumulative urediniospore production per uredinium 14 days post 

inoculation (PI) on seedling of TC and LR18(TC) was lower at lower 

temperature, of 21.1 oC. No marked effect of temperature occurred over 

this range on LR16(TC) seedlings. Total sporulation on TC inoculated at 

either heading or anthesis stage was lower at higher temperatures in the 

21.1-29.4 oC temperature range. Whereas cumulative sporulation 14 days 

PI was greater than on adult plants, but total sporulation on adult plant 

was generally greater than on seedling. Higher temperatures resulted in 

shorter latent and infectious period, indicating that at higher temperatures, 

of 29.4 oC, a leaf rust epidemic could proceed quickly, but that each 

generation would be shorter lived than at lower temperatures.                                

Studies carried out at University of Southampton, United Kingdom 

by McGregor (1985) revealed that increasing temperature between 7 and 

20 oC shortened latent period and reduced the longevity of sporulating 

leaves. Combination rate and the frequencies of postule per unit area of 

infected leaf increased between 7 and 15 oC. Maximum temperature for 

growth and sporulation was between 20oC and 26oC and minimum 2oC. 

The optimum temperature for most attributes of growth and sporulation 
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appears to be fairly broad, between 9oC and 16oC, this decline being less 

marked in the highly susceptible cultivar Maris Beacon than to the more 

resistant Maris Nimrod and Maris Huntsman.  

Wheat rust epidemiology was also studied at Padana Valley by 

Fogliani (1986) in relation to temperature and rain. By comparing the three 

rusts infection with temperature and rain, a wheat cultivar San Pastore 

was more affected by P. striiformis with maximum infection points of 

26.4 % on the leaves.  The development of this infection correspondent 

with an average values of maximum temperature rising from 23.7o to 26.4 

oC; in P. striiformis and P. recondita  appeared when the average of the 

maximum temperature was 20.6, and in lack of rain. P. recondita showed 

lower demands of humidity and relatively greater demand of temperature, 

assumed a more gradual development than P. striiformis.                                   

Effects of temperature and different isolates of P. recondita sp. f. 

tritici was examined by Drijepondt (1991) on the expression of leaf rust 

resistance genes Lr33, Lr13 and Lr34 and gene combinations, Lr33 + Lr34 

and Lr13 + Lr34, all in the Thatcher wheat background, on seedling and 

adult plants. Leaf rust infection types (appendix: 13) in adult plants were 

not as influenced by elevated temperatures as in seedlings. In adult plants 

the low infection types were best observed at 15oC. The effectiveness of 
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gene combination involving Lr34 depends on the second gene, the rust 

isolates used, and the environment and growth stage to the host plant.           

Slow leaf rusting response of 15 wheat varieties with highly susceptible 

variety Morocco was regressed with environmental variables of weekly 

maximum and minimum air temperature, relative humidity and rainfall 

against leaf rust severity. Environmental conditions conducive for leaf rust 

development on varieties were 22-28 oC maximum and 8-16 oC minimum 

air temperature and 77-89% relative humidity. A negative relationship 

between weekly rainfall and leaf rust development on all varieties was 

recorded (Khan et al., 1998). The influence of weekly minimum/maximum 

temperature and wind velocity was observed significant with leaf rust 

development on PAK-81 and FSD-85. The influence of maximum 

temperature and relative humidity on leaf rust development on LU-26 was 

negatively correlated and explained by linear regression model (Khan, 

1999). According to Khan et al. (2006) stepwise regression analysis 

indicated that minimum temperature and evening relative humidity was 

significant based on 10 year data. The disease severity data was correlated 

with maximum temperature, minimum temperature, average temperature, 

total precipitation, average relative humidity, relative humidity at 0300 

GMT and relative humidity at 1200 GMT. Variables with best coefficient 
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determination (R2) values were optimized to form Model equation. 

Relative humidity average and total precipitation were consistently 

significant with sporadic inclusion of maximum and minimum 

temperature (Jamshed et al., 2008). 

2.6 METHOD OF INOCULATION 

Slow rusting of wheat, to leaf rust, was investigated by Ohm and 

Shaner (1976) in field and greenhouse by applying aqueous spore 

suspension (surfactant) of leaf rust into the leaf whorls with hypodermic 

syringes. Latent period, pustules size, and number of pustules per sq. cm 

of leaf area on two slow rusting [Suwon 85 and Purdue 6028 A 2-9-6-1, 

(P6028)] and two fast rusting (Monon and Suwon 92) cultivars were 

assessed against P. recondita f. sp. tritici.. Pustules size on the two slow 

rusting cultivars was four to six tenths of that on the two fast rusting 

cultivars. Latent period was longest and pustules size was most restricted 

on plants of Suwon 85 and P 6028 as compared to Suwon 92 and Monon. 

Suwon 85 consistently developed fewer pustules per sq. cm of leaf area 

than Suwon 92, Monon, or P 6028 in greenhouse experiments. Leaf rust 

severity was less and pustules size was smaller in the field for two slow 

rusting cultivars than for Suwon 92 and Monon. Inoculation of spring and 

winter wheat with brown rust caused more damage to yield and quantity 
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of seed than natural infection (Chumakov et al., 1979). Tolerance in var. 

Kalyansona was observed by inoculating with all the available races of 

black rust and brown rust; losses up to 33% were recorded as compared to 

susceptible cultivars, whereas var. Chorizema showed minimum losses 

irrespective of the time of rust inoculation (Bahadur et al., 1979). The 

presence of wheat rust virulence was studied during the growing seasons 

of 1991-92, 1992-93, and 1993-94 in the Punjab and Kaghan (Chaudhry et al., 

1995). The leaf rust genes Lr-9, Lr-19, Lr-24, Lr-25 and Lr-28 gave zero 

reaction against all prevailing leaf rust virulences, whereas, Lr-34a, Lr-18 

Lr-21, Lr-22a, Lr-29 and Lr-32 exhibited resistant and moderately resistant 

reactions. Hence, leaf rust genes were avirulent against these Lr genes 

(Flor, 1956). The high population of Lr virulence for Lr-1, Lr-2a, Lr2-b, Lr-

2c, Lr-3, Lr-36g, Lr-10, Lr-11, Lr-12, Lr-13, Lr-14a, Lr-15, Lr-16, Lr-17, Lr-20, 

Lr-22b, Lr-23, Lr-26, Lr-27, Lr-37, Lr-30, Lr-32 and Lr-33 were present 

throughout wheat growing season in the Punjab and Kaghan. However, 

virulence on Lr-13 and Lr-34 usually appeared at the end of March or 

beginning of April. Virulence for Lr-26 was detected very early in 

November and was in high frequency. The nursery was inoculated twice 

during the wheat growing season with two very virulent Lr pathotypes 

104 and 77. Pathotype 104 was mainly virulent for the resistance based on 
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Lr-26 and pathotype 77 was virulent for resistance based on Lr-13 and Lr-

23 (Hussain et al., 1999). 

Twenty six leaf rust virulences were encountered at Faisalabad over 

a five year period and fourteen at Kaghan (Khan, 2003). During these years 

at both sites, common virulences predominated for Lr-26, Lr-3, Lr-36g, Lr-

3k, Lr-10, , Lr-11, Lr-13, Lr-149, Lr-15, Lr-16, Lr-18, Lr-20, Lr-22b, Lr-23, Lr-

26, Lr-32, Lr-33 and Lr-B. Virulence for Lr-9 was present at Kaghan and for 

Lr-24 at plains only. Lr-19, Lr-24, Lr-25, Lr-27, Lr-36 and Lr-37 genes were 

resistant. Virulence appeared for Lr 24 during the fifth year at several 

locations. It was also reported that Faisalabad was a more appropriate site 

for rust studies, as it is the heart of the wheat production belt. It had a 

stable disease occurrence under artificial conditions with a prevalence of 

greater numbers of virulent isolates/races.  

2.7 AREA UNDER DISEASE PROGRESS CURVE  

The effects of epidemics of leaf rust (P. recondita) were examined in 45 

wheat cultivars over two seasons. The cultivars were separated into groups 

ranging from highly resistant to highly susceptible with intermediate 

groups possessing various levels of slow-rusting ability (Rees et al., 1979). 

The reaction of spring wheat lines for slow leaf rusting was observed 

on the basis of AUDPC. All knott lines (K lines, K12460, K12469, K12481, 
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K12485, K12503, K12508, K12516, K12518, K12523, K12533, K12569, and 

K12573) showed significantly lower AUDPC values than MqPd and 

Thather. Four K lines, viz., K-12469, K-12481, K-12485 & K-12569 were 

identified as slow rusters compared to MqPd and Thatcher (Yadav, 1985). 

 The effect of growth stage and initial inoculum level on leaf rust 

development in wheat was studied by Rao et al. (1989).  Maximum losses 

due to leaf rust were 30-40%, and yield loss was directly correlated with 

AUDPC when it varied from 500 to 1700 in varieties McNair-1003 and from 

250 to 1700 in Coker-762. Yield reduction was mainly due to reduction in grain 

weight. In work on field resistance to stripe rust, (Hong and Singh, 1996) 

classified wheat varieties as highly resistant HD2258 and PBW65 with 

relative AUDPC less than or equal to 5% of Morocco, acceptably resistant 

varieties Pavon76 and Mexico82 with AUDPC less than or equal to 20% 

and moderate resistant varieties Jupateco, Apache81, Anahuac75 andCiano79 

with a values of AUDPC 30 to 50%. 

 

2.8 GENE ACTION 

Inheritance of adult plant resistance to race 5 of leaf rust was 

investigated in the varieties Exchange and Frontana (Dyck et al., 1966). 

Two independently inherited genes were identified and isolated, one from 
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each of the varieties. The Exchange gene designated as Lr 12, conditioned a 

type 2 reaction to race 5 and was partially dominant. The Frontana gene 

designated as Lr13, conditioned a 2+ reaction and was also partially 

dominant; however in the Maritou, which had adult plant resistance 

transformed from Frontana. This gene was recessive. The Lr 12 and Lr13 

genes both require one or more modifiers to produce the fleck reaction 

characteristics of the parental varieties. Both genes gave resistance to a 

wide range of races of leaf rust          

Inheritance of leaf rust P. recondita resistance in wheat was evaluated 

in two slow leaf-rusting cultivars (Borah and Wampum), a highly resistant 

cultivar (Wared), and a susceptible cultivar (Twin) using area under the 

disease progress curve as a measure of leaf rust resistance.  Parental and F1, 

F2, and backcross populations of all possible single crosses  between the 

four cultivars evaluated in the field on a single plant basis in 1984, and 100 

F3 lines and 40-45 F5 lines per cross were evaluated along with the parents 

in 1986. No discrete phenotypic classes were observed in the segregating 

populations of any cross. Based on quantitative analysis, each resistant 

cultivar contained at least two to three genes for leaf rust resistance, and 

the genes in each cultivar were different from those in the other two 

cultivars. The cross between Borah and wampum resulted in the lowest 



 27

heritability estimates (Bjarko and Line, 1988a). The joint scaling test 

described by Mather and Jinks (1982) was used to determine the gene 

action of leaf rust resistance in each resistant parent. Based on this test, the 

inheritance of leaf rust resistance in Wampum suggested a simple additive 

genetic model with no dominance or epistatic interactions. Resistance in 

Wared suggested an additive-dominance model with no epistatic 

interaction, whereas a genetic model assuring a significant additive X 

additive interaction best explained the resistance in Borah. The resistance 

was additive in crosses between resistant cultivars and the nature of gene 

action was best explained by genetic models assuming significant 

interaction components. No differences were found between reciprocals of 

F1 or F2 generations of any cross.  

Genetics of field resistance to leaf rust was examined in wheat 

involving six generations showing this resistance to be partially dominant, 

controlled by three or more possible genes (Yadav et al., 1992).  

 Partial dominance from adult plant F1 crosses of four resistant 

parents with susceptible one was detected (Singh and Rajaram, 1992). Field 

responses were slightly higher than the resistant parents, indicating that 

resistance was partially dominant. The responses of the F1 resulting from 
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the crosses among resistant parent or with “Siete Cerros 66” further 

indicated the partially dominant nature of resistance. 

 Genetic analysis of a diallel cross in bread wheat revealed that all 

the characters were controlled by both additive and non-additive gene 

effects at all three locations in Egypt, i.e., Ismailia, Nobaria and Gemmeiza 

Research Station, in F1 with unequal allele frequency of the parents. 

Asymmetrical distribution of positive and negative alleles between the 

parents and the F1 generation were detected for all traits. Over dominance 

or partial dominance were exhibited for some traits at different locations 

(Ismailia, Nobaria and Gemmeiza) with an excess of dominant genes. One, 

two or more pairs of genes controlled the inheritance of these traits 

(Hassan et al., 1996). Resistance to stripe and leaf rusts was detected by 

Gurdev et al. (1999)  in the parental, F1, F2 and backcross generations of 5 

wheat crosses involving 2 resistant, 2 moderately resistant and 3 

susceptible varieties. Resistance to rust was dominant over susceptibility. 

Although additive gene effects were important in the inheritance of adult 

plant reactions to rust infection, dominance gene effects were more 

pronounced followed by epistatic interactions involving dominance effects. 

The epistasis detected was of the duplicate type (gene or genotype at 1 
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locus can produce phenotype identical to gene or genotype at another 

locus). 

 Adult plant resistance to leaf rust was found in the Brazilian wheat 

cultivar Toropi (T. aestivum) in crosses with the susceptible cultivar 1Ac 13 

(Barcellos, 2000). Cultivars Toropi and 1AC 13 were susceptible at the 

seedling stage to race LCG-RS of P. tritici and to all other known Brazilian 

leaf rust races. Thus the resistance observed in Toropi in the field was due 

to adult plant resistance genes. In the greenhouse at the adult plant stage, 

resistance segregated in ratio of 7:9 for two complementary recessive genes. 

Additionally, two recessive genes for leaf tip necrosis were identified in 

the greenhouse environment. Necrosis was expressed when the two 

homozygous recessive genes occurred together in the F2, previously 

reported in wheat. Segregation for leaf rust resistance in the field at Paso 

Fundo, Brazil, was in ratio of 1:3 for a single recessive gene. With a 

different pathogen race, and in crosses of cvs. Toropi and Thatcher Lr34, 

two recessive genes and dominant genes for resistance were detected in 

the field in Mexico. The dominant gene was probably Lr34 and the two 

recessive genes were those detected in the greenhouse adult plants tests at 

Paso Fundo.   
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2.9  ESTIMATION OF NUMBER OF GENES CONTROLLING ADULT 
PLANT LEAF AND YELLOW RUST DEVELOPMENT 

 
According to Johnston and Browder (1966) P. recondita possessed 

many physiological races. Studies carried out by Luke et al. (1975) 

estimated 2.16 genes for crown rust resistance in red rust proof oats.  

Genetic control of slow rusting was predominantly additive and narrow 

sense heritability was approximately 80 percent (Skovmand et al., 1978). 

The number of segregating genes having an effect on slow stem rusting 

was estimated to be 2 to 12 pairs, depending on the cross. Correlation 

between slow rusting and maturity was usually negative but in most 

crosses the relationship was small.  

 Inheritance of stem rust resistance was examined by Knott (1982) in 

crosses between 61 of the selected lines and a susceptible parent. In most 

crosses resistance was recessive and involved several genes with small, 

probably cumulative effects, and acted only in adult plants. In one line 

there was an indication that one major gene was involved. The resistance 

was clearly different than that controlled by the named Sr genes for 

specific resistance. However, there was no reason to think that it was 

general resistance, although its genetic complexity might have made it 

more durable than resistance based on major genes for specific resistance.  

A number of genes in wheat which singly give intermediate levels of 

resistance to P. recondita were studied in various combinations (Samborski 
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and Dyck, 1982). The cultivar Columbus was shown to have Lr 13, a gene 

for adult plant resistance, and to be heterogeneous for Lr16, a gene for 

seedling resistance. These two genes interacted to give enhanced resistance. 

Infection of seedling of Columbus with isolate/virulent on Lr 16 did not 

result in the expected compatible interaction but produced an 

incompatible infection-type. This residual effect of Lr 16 apparently 

resulted from its interaction with gene Lr 13. Additional gene interactions 

were observed between three different pairs of genes for seedling 

resistance and two for adult plant resistance. Highly resistant selections 

were obtained from an intercross of four single gene lines each giving a 

low level of resistance.    

 Inheritance of resistance in a selection of Walrdon (Wdr-sel) to 

determine the number of genes affecting reaction to 15 isolates of the stem 

rust fungus was examined by Williams and Miller (1982). Segregation 

ratios were tested by Chi squares for goodness of fit to ratios 4n-2n-1(1): 2n 

(seg): 1(S), where n is the number of segregating genes for resistance. Wdr-

sel had one gene for reaction to isolate A-14 N-W (race 29) and two genes 

for reactions to two isolates/races. One F2 family gave trigenic 

segregations with isolates WM 1 or 9c, or 11c, 41-21spl and A-5. Data for 

reactions to isolate A-15 (race 17, HNQ) were a poor fit to a digenic ratio 

and were inconclusive; Wdr-sel had four genes for resistance to isolate 111-
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SS2 (race 111, LCB). Paired comparisons of reactions to the different 

isolates were inconclusive but were consistent with the hypothesis that the 

gene for resistance to isolate A-14NW also conditioned resistance to the 

other isolates, and that the same two genes conditioned resistance to 13 of 

the isolates. Reaction to different P. recondita f. sp. tritici isolates was used 

to determine probable genotypes for seedling resistance in several hard 

spring wheat cultivars grown in North Dakota. Many of the cultivars were 

combined into groups on the basis of sharing the genes for resistance. 

Several resistant cultivars, Butte, Ellar, James, Len, Marshall, Olaf, 

Waldron and Wared had Lr2a and /or Lr10 and a few contained Lr1. Most 

of these cultivars had genes in addition to those determined by this 

method as well as genes for adult plant resistance (Statler, 1984).  The 

inheritance of longer latent period in wheat leaf rust was controlled by 1-3 

genes depending on the cross. Two to three genes or possibly more 

controlled slow rusting in each parent var: Borah and Wampum (Lee and 

Schaner, 1985).  

Wheat rust races vary in virulences and are capable of infecting 

different wheat cultivars (Nayar et al., 1987). In order to minimize the crop 

losses due to sudden breakdown of resistance, variability in P. recondita 

was continuously monitored at Nilgiri Hills in Tamil Nadu India. 
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Virulence 77 (45R31) detected during 1855 had two biotypes 77-A (109R31) 

and 77-A-1 (109R23) that were isolated during 1974 and 1976 respectively. 

Since then no new variability in 77 was detected till 1984. During 1983-85 

crop seasons, virulence of 77-A (109R31) dominated the flora of Nilgiri 

Hills in Tamil Nadu (India) and virtually replaced race 77-A (45R31). It 

appeared that a genetic change in 77-A (109R31) recently occurred 

resulting in additional gain in virulence to Lr 26 and IWP-94. This 

explained the breakdown in resistance of some lines that were hitherto 

resistant to brown rust at Nilgiris. Studies by Bjarko and Line (1988b) 

reported that based on quantitative analysis, each resistant cultivar 

contained at least two to three genes for leaf rust resistance, and the genes 

in each cultivar Borah and Wampum were different from those in the other 

two cultivars, a highly resistant Wared and a susceptible Twin.  

Inheritance of resistance to race 15B-1 of stem rust (P. graminis f. sp. 

tritici) was studied by Knott and Padidam (1988) in six lines of wheat 

(Lines, 7-34/Pld8*Mq, 67/ Pld8*Mq, 91/Pld8*Mq, 322/Pld8*Mq, and 

832/Pld8*Mq and 7-5/ Pld8*Mq having adult plant resistance. The six 

lines were crossed to a susceptible line Pld8*Mq (Prelude) and the 

progenies were advanced to the F5 generation by the single seed descent 

method. Adult plant resistance in six wheat lines revealed that three to 
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four genes having multiplicative effects were possessed by all these wheat 

genotypes. One hundred and sixty-nine wheat varieties for resistance to P. 

recondita were tested under conditions of severe natural infection 

(Merezhko, 1989). The resistance of the Mexican variety to brown rust was 

found to be conditioned by 2 independent dominant genes. Lines derived 

from the backcross were tested. Seedling resistance was combined with 

adult plant resistance in some lines but not others, suggesting that a third, 

weakly expressed gene for seedling resistance may also be involved. 

Resistance was dominant in the cross with Cocoraque F75 and recessive in 

that with E1 Gaucho, 2 resistance genes being involved in the former and 

one gene in the latter. All 4 lines from the cross of Cocoraque F75 with E1 

Gaucho inherited the 2 dominant genes of cocoraque F75 for adult plant 

resistance.  

  One hundred and eighteen random F2 plant-derived F3 and F5 lines 

from the crosses of ten adult plant resistant wheat varieties (Penjamo 62, 

Lerma Rajo 64, Cleoptra 74, Zaragoza 75, Nacozari 76, Pavon 76, Tesia 79, 

Wheaton, Apache 81, Tonichi 81) and susceptible cultivar Jupateco 73S 

were evaluated  in the field (Singh and Rajaram, 1994). The moderate adult 

plant resistance of Penjamo 62, Lerma Rojo 64, Nacozari 76, Tesia 79 and 

Wheaton was under monogenic control and was attributed to the adult 
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plant stripe rust resistance gene Yr18. The moderate resistance of 

Cleopatra 74, Zaragoza 75, and Apache 81 were also monogenic, but the 

Yr18 gene was absent. Pavon 76 carried two partially effective additive 

genes; and the adult plant resistance of Tonichi 81 was based on an 

additive interaction involving Yr18 and two additional partially effective 

genes. Tonichi 81 does not carry any seedling resistance gene; however, the 

adult plant resistance is highly effective worldwide. This resistance, 

designated the Yr18 complex, is of a durable nature. The partial adult plant 

resistance of Pavon 76 has also remained durable in Mexico and other 

countries where it is grown since 1976.  

According to Khaleeque and Alam (1995) resistant wheat cultivars 

(Pak 81, Koh-o-Noor 83, Faisalabad 85, Punjab 85, Sutlej 86), contained at 

least 2 genes for leaf rust resistance and these genes were different from 

those in the other susceptible cultivars, Mexipak 65, Chenab 70, SA 42, 

Local white, and Morocco. Further studies revealed that genetic basis of 

the highly effective resistance in Era wheat to P. recondita could assist 

breeders in reconstructing similar Lr gene combinations in other cultivars 

(Pretorius and Roelfs, 1996). Attempts to relate the presence of Lr10, Lr13, 

and Lr34 with the expression of adult plant resistance showed that a 

combination of these genes did not necessarily confer high levels of 
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resistance to pathotype UVP rt8 of P. recondita f. sp. tritici. The most 

resistant adult F sub (2) plant derived from a cross between Era and line 

RL6058 was homozygous for Lr10, Lr13 and Lr34, but other F sub (2) 

plants exhibiting intermediate levels of adult plant resistance also 

appeared homozygous for all three genes. In the leaf rust susceptible 

backgrounds of Line E, (highly susceptible line used as control) no clear 

relationship between Lr13 and expression of adult plant resistance also 

appeared homozygous for all three genes. In the leaf rust susceptible 

background of Line E, no clear relationship between Lr13 and expression 

of adult plant resistance derived from Era was observed. Limited evidence 

was obtained that Lr10 in association with an unknown gene or Lr13 

interacted with Lr34 to confer an improved level of resistance to leaf rust 

in certain plants. Mostly results indicated a lack of interaction among Lr10, 

Lr13 and Lr34. It seems unlikely that wheat breeders will be able to 

reconstruct a similar Era type of leaf rust resistance by combining Lr10, 

Lr13 and Lr34.  

 Genetic studies to understand the inheritance of adult plant 

resistance (APR) to leaf rust (P. recondita) were carried out in six common 

wheat cultivars (Singh et al., 2001). The Australian cultivars ‘Cranbrook’ 

and ‘Harrier’ each carry two genes for APR to leaf rust. These genes are 
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genetically independent of the seedling resistance genes Lr23 and Lr17b, 

carried by the respective cultivars. Adult plant resistance in ‘Suneca’ was 

conferred by at least two genes, in addition to the seedling genes Lr1 and 

Lr13. Wheat cultivar Westphal 12A had three genes that conditioned 

resistance in seedling plants, and the gene Lr34, which optimally 

expressed in adult plants, was identified by Kolmer and Liu (2001). The 

three seedling resistance genes in Westphal 12A may be new leaf rust 

resistance genes. BH1146 was shown to have the adult plant resistance 

genes Lr13 and Lr34. Many wheat cultivars with partial resistance to leaf 

rust may have Lr13 and Lr34.  

Inheritance of stripe rust was detected by Zhang et al. (2001) crossing 

the three resistant cultivars (Libellula (LB), San Pastore (SP), Xiang Nong 4 

(XN4) and one highly susceptible cv. Miang Xiang 169 (MX169) and 

evaluating the resistance of parental, F1, F2, backcross, and F3 plants in the 

field. Transgressive segregation for resistance was observed in the resistant 

by resistant crosses of LB x XN4 and XN4 x SP, but not in cross LB x SP. 

These results indicated that (i) the resistance genes in XN4 were different 

from those in LB and SP, and (ii) LB and SP shared common resistance 

genes. The number of genes segregating for the resistance was estimated 

by quantitative method from the data of F2, backcross, and F3 populations. 
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LB and XN4 appeared to have two to three resistance genes, and SP 

appeared to have two to four resistance genes when crossed with MX169. 

The resistance gene number in resistant by resistant cross LB x XN4 was 

four to five, approximately equal to sum of the genes  in LB and XN4. 

Similarly, the resistance gene number in cross XN4 x SP was 

approximately equal to the sum of the genes in XN4 and SP. Broad-sense 

heritability was high in all crosses except LB x SP. Compared with the 

three MX169-involved crosses, narrow-sense heritability was higher in LB 

x MX169 and SP x MX169 crosses than in the XN4 x MX169 cross. The LB x 

XN4 and XN4 x SP crosses showed moderate narrow-sense heritability.   
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CHAPTER - 3 

 

Materials and Methods 
 

 

The seed of wheat varieties/lines comprising of 15 crosses of F5 and 

F6 generations was sown at Wheat Research Institute, Faisalabad, Pakistan. 

This material, F5 and F6 generation, was developed using a bulk method 

by the joint effort of breeders as well as plant pathologists at Ayub 

Agricultural Research Institute, Faisalabad (Appendix 3 & 4). Research on 

wheat started during 1906 at the Cereal Section Lyallpur (the city now 

called Faisalabad). Since its establishment this institute has continuously 

been developing and releasing high yielding disease resistant wheat 

varieties. More than 45 wheat varieties have been released from this 

Institute (Appendix-2).  

3.1 SOWING 

 An experiment comprising 15 crosses of wheat varieties/lines each 

having two rows 2.5+0.3m of plot size was sown on 15th December 2003-

2004. The late sowing was to provide optimum conditions for rust 

epidemic development in the wheat crop: the availability of green tissue 
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and landing of natural inoculum during March, 2003-2004. General 

characteristics of selected wheat varieties/lines are given in Appendix-5. 

The same procedure was adopted for a sowing of the F6 generation 

of the same 15 crosses of wheat varieties/lines. All agronomic practices 

were the same as those using in sowing of F5 generation varieties/lines. 

One day difference in sowing dates for two rating year had no significant 

effect on rust development. 

Various operations in two years trials for the study of 

epidemiological factors involved in rust development and estimation of 

the numbers of genes involved in rust reaction in fifteen wheat crosses 

were conducted as shown in (Table 3.1). 

Table 3.1: Various operations in two year trials for the study of 
epidemiological factors involved in rust development in 15 wheat 
crosses.  
Operations Trial Year  

2003-04 2004-05 
Planting date  15 December 1 16 December 

First irrigation  3 January 4 January 

Rust inoculation 14 February  15 February 

Rust severity data 1st  20 March at milking 
stage* 

20 March at 
milking stage* 

Rust severity data 2nd  30 March at soft 
dough stage 

30 March at soft 
dough stage 

Rust severity data 3rd  9 April at hard dough 
stage 

9 April at hard 
dough stage 

*Large, (1954) 
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3.2 SELECTION OF MATERIAL 

Fifteen crosses of wheat varieties from the F5 and F6 generations 

selected for examination of epidemiological factors and the relationships 

with rust development, and to estimate the number of genes contributing 

to rust resistance in fifteen wheat genotypes are listed below:  

1. Inqlab-91/Morocco 

2. Inqlab-91/WL-711  

3. Inqlab-91/Lr10 

4. Inqlab-91/Lr26 

5. Uqab-2000/WL-711 

6. Uqab-2000/Morocco 

7. Uqab-2000/Lr10 

8. Uqab-2000/Lr26 

9. Uqab-2000/Pak-81 

10. Kohistan/Morocco 

11. Kohistan/WL-711 

12. Kohistan/Pak-81 

13. MH-97/Pak-81 

14. MH-97/WL-711  

15. MH-97/Morroco  
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3.3 CROP MANAGEMENT 

      For sowing the experimental material comprising of 15 wheat 

crosses, after initial presoaking, land was prepared properly ploughing 

with conventional cultivator followed by planking. A single row hand 

drill was used for sowing in lines with flat planting having two rows 

2.5 + 0.3 m of plot size on 15th, December, 2003-2004. The crop was 

fertilized @ 120-85-65 NPK kg/ha respectively. Four irrigations were 

applied at tillering, booting, anthesis, and grain formation stages. Weed 

control and hoeing were practiced manually.   

3.4 PROCEDURES  

3.4.1 Leaf rust epidemics  

A highly susceptible varieties Morocco, Pak-81, WL-711 were 

planted around the experimental area as centers for the creating leaf rust 

epidemic. Natural and artificial inoculum was relied upon for infection of 

rust fungi. 

3.4.2 Inoculum collection 

Inoculum of leaf rust and stripe rust, P. recondita and P. striiformis, 

was collected from the previous wheat crop season at the Wheat Research 

Institute, Faisalabad area, and in farmers fields of the Punjab, Murree and 
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Kaghan appendices 6 & 7. Inoculum from these sources was used to create 

the rust epidemic. 

3.4.3 Inoculum storage 

Inoculum was stored in vacuum and ultra-low refrigeration at            

-196oC. Organisms that survive cooling, freezing, and subsequent thawing 

can be stored indefinitely in liquid N2 (Dhingra, 1993). Fungi that cannot 

withstand lyophilization or vacuum drying often can be stored in liquid 

N2. The process consisted of aseptically dispensing the organism into 

ampules, sealing, pre-freezing and plunging into liquid N2. Rust spores 

were stored without a suspending medium. This inoculum was inoculated 

onto susceptible plants in order to generate large numbers of spores to use 

on the experimental materials.  

3.5 ARTIFICIAL INOCULATION 

Rust epidemic were generated using the following procedure:  

1) The susceptible spreader rows of var. Morocco were inoculated using a 

hypodermic needle injection method to elongating stem, with an 

aqueous suspension of uredospores @ of 106/ml of water (Rao et al., 

1984) twice a week until a heavy inoculum developed (Roelf et al., 1992). 

This inoculum consisted of mixture of rust races collected from local 

Faisalabad Murree, and Kaghan. The inoculum from the three sources 
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was highly diverse and caused a wide susceptibility to LR and YR 

genes as well as approved wheat varieties. This diversification was 

developed over 10 years (1995-2004) (Hussain, 2005). Data of LR and 

YR avirulence/virulence is shown in Tables 3.2 & 3.3 for leaf and stripe 

rust.  

Table 3.2:  Avirulence /virulence formula for leaf rust.   

Leaf Rust

Avirulence Virulence  

Lr9, Lr25, Lr28, Lr29, 

Lr34, Lr35, Lr36, CVS, 

Inqlab-91, FSD-85 

Lr1, Lr2a, Lr2b, Lr2c, Lr3, Lr3ka, Lr3bg, Lr10, Lr11, Lr12, 

Lr13, Lr14a, Lr14b, Lr15, Lr16, Lr17, Lr18, Lr19, Lr20, Lr21, 

Lr22a, Lr22b, Lr23, Lr24, Lr26, Lr27, Lr30, Lr31, Lr32, Lr33, 

Maxipak, Chenab-70, W-711, Bluesilver, Yecora,  

 

Table 3.3: Avirulence /virulence formula for yellow rust 
 

Yellow Rust 

Avirulence Virulence 

Yr-5, Yr-8, Yr-15, Yr-18, 

CVS, Punjab-96, Crow, 

Shalimar-88 

Yr-1, Yr-2, Yr-3, Yr-4, Yr-6, Yr-7, Yr-6+7, Yr-10, Yr-A, Inqilab-

91, (Yr-27), CVS, Maxipak, Chenab-70, Wl-711, Blue Silver, 

Yacora-70, Pak-81, Kohinoor-83, Rohtas-90, MH-97, Chenab-

2000 

2) Spraying and dusting of rust inoculum to spreader rows was done 

three times during the month of January, 2003/04.  

3) From spreader rows, fresh uredospores were collected and a rust 

suspension prepared containg 250 mg urediniospores per/liter of 
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purified water plus two drops/5 liter of Tween-20. Inoculum was 

applied with a pressure of 1.1kg/cm2, using a hand sprayer to 

experimental plots. The fresh inoculum of the rust pathogen was mixed 

with talc and dusted onto the experimental plots in the late afternoon 

on 14th, February, 2003/2004, ensuring that each plot was dusted. A 

rust spore suspension was also sprayed to the experimental plots in the 

morning time to ensure the successful infection and the high air spore 

density. The inoculated plants were also sprayed with water to increase 

humidity. This methodology led to the development of abundant rust 

up to the anthesis stage all around the material under trial. There was 

no chance of disease escape by susceptible lines, which showed 90-

100% rusting in six weeks after inoculation as shown in fig. 3.1(a) and 

3.1(b). Moreover, healthy and infected grains are also displayed in fig. 

3.2(a) and 3.2(b).  
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Fig. 3.1(a): Response of Spreader to Leaf 

Rust Artificial inoculation 
Fig. 3.1(b): Response of Spreader to 

Stripe Rust Artificial inoculation 
 

  

  

Fig. 3.2(a): Wheat Grain Rust Free Fig. 3.2(b): Wheat Grain infected with  leaf 
and stripe Rust 
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3.6 DATA RECORDING 

On the appearance of symptoms, rust severity (percentage) and 

response of the plants to disease were assessed for three consecutive 

observations at 10 day intervals, using a modified Cobb’s scale (Peterson et 

al., 1948). The final disease severity data for the leaf & stripe rust was 

converted into a coefficient of infection (CI) by multiplying severity with a 

constant value for field response (Yadav, 1985; Stubbs et al., 1986; and 

Roelf et al., 1992) given in table 3.4. 

Table 3.4:  Leaf rust reaction, code for field response and 
response value 

Reaction code Field response Response 
value 

No disease 0 No visible infection 0.0 
Resistant R Necrotic areas with or without 

minute uredia 
0.2 

Moderately 
resistant 

MR Small uredia present surrounded by 
necrotic area 

0.4 

Moderately 
resistant, 
moderately 
susceptible 

MRMS Small uredia present surrounded by 
necrotic areas as well as medium 
uredia with no necrosis but possible 
some distinct chlorosis. 

0.6 

Moderately 
susceptible 

MS Medium uredia with no necrosis but 
possible some distinct chlorosis 

0.8 

Moderately 
susceptible- 
susceptible  

MSS Medium uredia with no necrosis but 
possible some distinct chlorosis as 
well as large uredia with little or 
chlorosis present 

0.9 

Susceptible S Large uredia and little or no 
chlorosis present 

1.0 

Cobb’s scale (Peterson et al., 1948) was used only to record the rust severity data. 
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The slow rusting of each cross was estimated by computing area 

under disease progress curve (AUDPC) from three consecutive 

observations of data using software developed at CIMMYT (1988). The 

program calculates AUDPC using the formula: 

AUDPC =  
     


n

i ii
ii tt

yy
1

1
2

1
 

Where  

yi = rust intensity on date i 

ti = time in days between i and date i + 1 

n = number of dates on which disease was recorded  

(Shaner and Finney, 1980). 

3.7 EPIDEMIOLOGICAL FACTORS 

Four epidemiological factors, maximum and minimum temperature, 

relative humidity and rainfall, were recorded by a nearby weather station 

(Appendix-8) and was subjected to correlation and regression analysis 

employing environmental parameters as independent variables, with leaf 

and yellow rust severity as dependent variables. 

3.8 DATA ANALYSIS 

The data on rust severity recorded for the F5 and F6 generations 

were subjected to Chi Square (2) analysis to determine the goodness of fit 

test for estimating the number of genes present in the cultivars. (LeClerg et 



 49

al., 1966; Steel et al., 1997).The theoretical distribution of Chi-square was 

compared with the gene frequency observed.  

C
C)-S(O

 χ
2

2  Where  

O = Number of genes observed in any one group of the experimental 

distribution  

C = Theoretical calculated number of genes for the same group 
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CHAPTER - 4 

 

Results  
 

 

 
4.1 OVERALL CORRELATIONS BETWEEN ENVIRONMENTAL 

CONDITIONS AND LEAF RUST SEVERITY 2003-2004 AND 
2004-2005. 

 
 

All the environment parameters including maximum and minimum 

air temperatures, relative humidity morning (06.00-08.00hrs), relative 

humidity evening (06.00-08.00hrs) and rainfall showed significant 

correlations with leaf rust severity over two years (Table 4.1). Relative 

humidity morning (6.00-9.00hrs), relative humidity evening (06.00-

08.00hrs) and rainfall showed negative correlations with leaf rust, whereas 

air temperature, maximum and minimum, showed positive correlations 

with leaf rust severity. Relative humidity morning (06.00-08.00hrs), relative 

humidity evening (06.00-08.00hrs), and rainfall, had no appreciable effect 

on the development of leaf rust.  
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Table4.1: Overall correlations between environmental conditions and 

leaf rust disease severity recorded on 15 wheat crosses.  

Environmental parameters 
Leaf rust disease severity 
2003-04 2004-05 

Maximum temperature (0C) 
0.778 
0.000* 

0.544 
0.000* 

Minimum temperature (0C) 
0.179 
0.000* 

0.400 
0.000* 

Relative humidity morning (%)        
(06.00-08.00hrs) 

-0.795 
0.000* 

-0.685 
0.000* 

Relative humidity evening (%)         
(06.00-08.00hrs) 

-0.786 
0.000* 

-0.588 
0.000* 

Rainfall (mm) 
-0.702 
0.000* 

-0.593 
0.000* 

Upper values in a column indicate Pearson’s Correlation Coefficients 
* Significant   
Lower values indicates significance level at P = 0.05 

4.2 CORRELATION BETWEEN ENVIRONMENTAL CONDITIONS 
AND LEAF RUST SEVERITY 2003-2004. 

 
All the genotypes showed positive correlations between maximum 

temperature and leaf rust severity whereas with minimum temperature 

seven crosses, Inqlab-91/Lr10, Uqab-2000/Wl-711, Uqab-2000/Morocco, 

Uqab-2000/Lr10, Uqab-2000/Lr26, Kohistan-97/Morocco and MH-

97/Pak-81, showed no correlation with leaf rust severity. Other genotypes 

exhibited positive correlation between minimum temperature and leaf rust 

severity. Inverse relationship between relative humidity morning (6.00-

08.00hrs), evening (06.00-08.00hrs), rainfall and leaf rust severity was 

recorded on all fifteen wheat crosses (Table 4.2). 
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Table 4.2: Correlations between environmental conditions and leaf rust 

severity on 15 wheat crosses during 2003-2004 

Sr. 
No. 

Name of Crosses 
Max. 
Temp. 
(oC) 

Min. 
Temp. 
(oC) 

Relative 
Humidity 
(Morning %) 

Relative 
Humidity 
(Evening %) 

Rainfall 
(mm) 

1 
Inqlab-
91/Morocco 

0.367 0.119 -0.379 -0.372 -0.321 
0.000* 0.003* 0.000* 0.000* 0.000* 

2 Inqlab-91/WL-711 
0.444 0.148 -0.457 -0.449 -0.386 
0.000* 0.000* 0.000* 0.000* 0.000* 

3 Inqlab-91/Lr10 
0.357 0.047 -0.360 -0.358 -0.330 
0.000* 0.254ns 0.000* 0.000* 0.000* 

4 Inqlab-91/Lr26 
0.238 -0.036 -0.239 -0.239 -0.225 
0.000* 0.0258* 0.000* 0.000* 0.000* 

5 
Uqab-2000/WL-
711 

0.218 0.039 -0.221 -0.219 -0.199 
0.000* 0.336ns 0.000* 0.000* 0.000* 

6 
Uqab-
2000/Morocco 

0.225 0.058 -0.230 -0.227 -0.201 
0.000* 0.159ns 0.000* 0.000* 0.000* 

7 Uqab-2000/Lr10 
0.176 0.074 -0.183 -0.178 -0.149 
0.000* 0.068ns 0.000* 0.000* 0.000* 

8 Uqab-2000/Lr26 
0.375 -0.035 -0.369 -0.373 -0.370 
0.000* 0.391ns 0.000* 0.000* 0.000* 

9 Uqab-2000/Pak-81 
0.301 0.141 -0.315 -0.306 -0.252 
0.000* 0.001* 0.000* 0.000** 0.000** 

10 Kohistan/Morocco 
0.154 0.051 -0.159 -0.156 -0.134 
0.000* 0.212ns 0.000* 0.000* 0.001* 

11 Kohistan/WL-711 
0.320 0.111 -0.330 -0.324 -0.278 
0.000* 0.006* 0.000* 0.000* 0.000* 

12 Kohistan/Pak-81 
0.243 0.064 -0.249 -0.246 -0.217 
0.000* 0.018* 0.000* 0.000* 0.000* 

13 MH-97/Pak-81 
0.297 0.002 -0.296 -0.297 -0.285 
0.000* 0.966ns 0.000* 0.000* 0.000* 

14 MH-97/WL-711 
0.422 0.140 -0.435 -0.427 -0.367 
0.000* 0.001* 0.000* 0.000* 0.000* 

15 MH-97/Morroco 
0.424 0.88 -0.431 -0.427 -0.383 
0.000* 0.031* 0.000* 0.000* 0.000* 

* Significant     NS: Non Significant  
Upper values in a column indicate Pearson‘s Correlation Coefficients  
Lower values indicate significance level at P = 0.05 
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4.3  CORRELATIONS BETWEEN ENVIRONMENTAL CONDITIONS 

AND LEAF RUST SEVERITY    2004-2005. 

 
           Except for the non-significant correlation between minimum 

temperature and leaf rust severity on uqab-2000/pak81, all other 

environmental variables had significant correlations with leaf rust severity 

on the 15 crosses. Positive correlations of rust severity on all crosses with 

maximum air temperature were noted. All fifteen crosses manifested 

negative correlations between leaf rust and relative humidity morning 

(06.00-08.00hrs) and (06.00-08.00hrs) evening. A similar trend of negative 

correlations between rainfall and leaf rust severity was also observed for 

all the genotypes (Table 4.3).  
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Table 4.3: Correlations between environmental conditions and 
leaf rust severity on 15 wheat crosses during 2004-2005. 

Sr. 
No. 

Name of Crosses 
Max. 
Temp. 
(oC) 

Min. 
Temp. 
(oC) 

Relative 
Humidity 
(Morning %) 

Relative 
Humidity 
(Evening %) 

Rainfall 
(mm) 

1 
Inqlab-
91/Morocco 

0.249 0.185 -0.312 -0.269 -0.271 
0.000* 0.000* 0.000* 0.000* 0.000* 

2 Inqlab-91/WL-711 
0.260 0.189 -0.336 -0.283 -0.286 
0.000* 0.000* 0.000* 0.000* 0.000* 

3 Inqlab-91/Lr10 
0.228 0.173 -0.279 -0.245 -0.247 
0.000* 0.000* 0.000* 0.000* 0.000* 

4 Inqlab-91/Lr26 
0.200 0.153 -0.245 -0.215 -0.217 
0.000* 0.000* 0.000* 0.000* 0.000* 

5 
Uqab-2000/WL-
711 

0.170 0.117 -0.230 -0.187 -0.189 
0.000* 0.004* 0.000* 0.000* 0.000* 

6 
Uqab-
2000/Morocco 

0.145 0.109 -0.181 -0.157 -0.158 
0.000* 0.008* 0.000* 0.000* 0.000* 

7 Uqab-2000/Lr10 
0.113 0.085 -0.141 -0.122 -0.123 
0.005* 0.038* 0.001* 0.003* 0.002* 

8 Uqab-2000/Lr26 
0.203 0.149 -0.259 -0.220 -0.222 
0.000* 0.000* 0.000* 0.000* 0.000* 

9 Uqab-2000/Pak-81 
0.176 0.126 -0.232 -0.193 -0.195 
0.018* 0.110ns 0.001* 0.009* 0.008* 

10 Kohistan/Morocco 
0.134 0.103 -0.163 -0.144 -0.145 
0.001* 0.012* 0.000* 0.000* 0.000* 

11 Kohistan/WL-711 
0.150 0.104 -0.203 -0.166 -0.167 
0.000* 0.010* 0.000* 0.000* 0.000* 

12 Kohistan/Pak-81 
0.184 0.134 -0.238 -0.201 -0.203 
0.000* 0.001* 0.000* 0.000* 0.000* 

13 MH-97/Pak-81 
0.182 0.136 -0.227 -0.197 -0.198 
0.000* 0.001* 0.000* 0.000* 0.000* 

14 MH-97/WL-711 
0.279 0.205 -0.356 -0.303 -0.306 
0.000* 0.000* 0.000* 0.000* 0.000* 

15 MH-97/Morroco 
0.271 0.197 -0.349 -0.295 -0.298 
0.000* 0.000* 0.000* 0.000* 0.000* 

* Significant     NS: Non Significant  
        Upper values in a column indicate Pearson‘s Correlation Coefficients  
        Lower values indicate significance level at P = 0.05 
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4.4 OVERALL CORRELATIONS BETWEEN ENVIRONMENTAL 
CONDITIONS AND YELLOW RUST SEVERITY 2003-2004 AND 
2004-2005. 

 
A positive correlation between air temperature maximum and 

minimum with yellow rust severity was recorded whereas morning 

relative humidity (06.00-08.00hrs), relative humidity evening (06.00-

08.00hrs) and rainfall showed negative correlations with yellow rust 

disease severity (Table 4.4) for the two rating years. The progression of 

yellow rust was not much influenced by relative humidity morning (06.00-

08.00hrs), relative humidity evening (06.00-08.00hrs) and rainfall. However, 

a significant correlation between these three variables and yellow rust 

severity was observed on all the wheat crosses in 2003-2004 and 2004-2005. 

Table 4.4: Overall correlation between environmental conditions and 
stripe rust disease severity recorded on 15 wheat crosses  

Environmental parameters 
Stripe rust disease severity 
2003-04 2004-05 

Maximum temperature (0C) 
0.482 
0.000* 

0.373 
0.000* 

Minimum temperature (0C) 
0.142 
0.001* 

0.267 
0.000* 

Relative humidity morning (%)      
(06.00-08.00hrs) 

-0.497 
0.000* 

-0.490 
0.000* 

Relative humidity evening (%)       
(06.00-08.00hrs) 

-0.489 
0.000* 

-0.408 
0.000* 

Rainfall (mm) 
-0.427 
0.000* 

-0.412 
0.000* 

Upper values in a column indicate Pearson’s Correlation Coefficients 
* Significant   
Lower values indicates significance level at P = 0.05 
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4.5 CORRELATIONS BETWEEN ENVIRONMENTAL CONDITIONS 

AND YELLOW RUST SEVERITY 2003-2004 

Apart from the non-significant response of Kohistan-97/ Morocco to 

maximum temperature, all other genotypes responded positively exhibiting a 

significant correlation between maximum temperature and yellow rust 

severity. 

The correlation between minimum temperature and yellow rust 

severity recorded on Inqlab-91, and the respective counter parts (Crosses 

with Wl-711, Lr10, Lr26) was significant, except the cross Inqlab-

91/Morocco, although, no correlation of this variable with all other crosses 

existed. A significant correlation between morning relative humidity 

(06.00-08.00hrs), evening (06.00-08.00hrs) and yellow rust severity was 

observed on all other crosses. There was a significant correlation between 

total rainfall for all genotypes and yellow rust severity (Table 4.5).  
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Table 4.5: Correlation of environmental conditions with yellow rust 
severity on 15 wheat crosses during 2003-2004 

Sr. 
No. 

Name of Crosses 
Max. 
Temp. 
(oC) 

Min. 
Temp. 
(oC) 

Relative  
Humidity  
(Morning %) 

Relative  
Humidity  
(Evening %) 

Rainfall 
(mm) 

1 
Inqlab-
91/Morocco 

0.220 0.043 -0.224 -0.222 -0.200 
0.000* 0.288ns 0.000* 0.000* 0.000* 

2 Inqlab-91/WL-711  
0.214 0.078 -0.457 -0.449 -0.386 
0.000* 0.000* 0.000* 0.000* 0.000* 

3 Inqlab-91/Lr10  
0.161 0.069 -0.168 -0.164 -0.136 
0.000* 0.000* 0.000* 0.000* 0.001* 

4 Inqlab-91/Lr26 
0.151 0.036 -0.158 -0.154 -0.128 
0.264 0.0258* 0.000* 0.000* 0.000* 

5 
Uqab-2000/WL-
711 

0.204 0.066 -0.210 -0.206 -0.178 
0.000* 0.108ns 0.000* 0.000* 0.000* 

6 
Uqab-
2000/Morocco 

0.161 0.061 -0.166 -0.163 -0.138 
0.000* 0.135ns 0.000* 0.000* 0.000* 

7 Uqab-2000/Lr10 
0.118 0.042 -0.121 -0.119 -0.101 
0.004* 0.299ns 0.003* 0.004* 0.013* 

8 Uqab-2000/Lr26 
0.104 0.039 -0.108 -0.106 -0.090 
0.010* 0.346ns 0.008* 0.010* 0.028* 

9 Uqab-2000/Pak-81 
0.157 0.059 -0.163 -0.159 -0.135 
0.000* 0.146ns 0.000* 0.000* 0.001* 

10 
Kohistan-97/ 
Morocco 

0.059 -0.001 -0.058 -0.059 -0.057 
0.150ns 0.978ns 0.153ns 0.150ns 0.164ns 

11 
Kohistan-97/ 
WL-711 

0.190 0.054 -0.194 -0.191 -0.168 
0.000* 0.184ns 0.000* 0.000* 0.000* 

12 
Kohistan-97/ 
Pak-81 

0.162 0.058 -0.167 -0.164 -0.140 
0.000* 0.157ns 0.000* 0.000* 0.000* 

13 
Kohistan-97/ 
Pak-81 

0.144 0.050 -0.148 -0.145 -0.124 
0.000* 0.219ns 0.000* 0.000* 0.002 

14 MH-97/WL-711  
0.183 0.055 -0.188 -0.185 -0.162 
0.000* 0.182ns 0.000* 0.000* 0.000* 

15 MH-97/Morroco  
0.208 0.042 -0.212 -0.210 -0.189 
0.000* 0.308ns 0.000* 0.000* 0.000* 

* Significant NS: Non Significant   Upper values in a column indicate Pearson‘s Correlation Coefficients  
Lower values indicate significance level at P = 0.05 
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4.6   CORRELATIONS BETWEEN ENVIRONMENTAL CONDITIONS 

AND YELLOW RUST SEVERITY 2004-2005. 

 
There was a negative correlation between relative humidity morning 

(06.00-08.00hrs), relative humidity evening (06.00-08.00hrs) with disease 

severity on all genotypes. Similarly, total rainfall also showed a negative 

correlation with yellow rust severity on all the wheat crosses. An inverse 

relationship between these variables and yellow rust development was 

observed on all the wheat crosses. All the genotypes expressed positive 

correlations between maximum temperature and yellow rust severity. For 

minimum temperature, the crosses Inqlab-91/Lr-26, Uqab-2000 and its 

respective counter parts (Crosses Morocco, Lr10, Lr26, Pak-81) Kohistan-

97/Morocco and Kohistan-97/Pak-81 showed no correlation with yellow 

rust severity, whereas in other crosses yellow rust severity was positively 

correlated with this variable(Table 4.6). 



 59

Table 4.6: Correlations between environmental conditions and yellow 
rust severity on 15 wheat crosses during 2004-2005. 

Sr. 
No. 

Name of Crosses 
Max. 
Temp. 
(oC) 

Min. 
Temp. 
(oC) 

Relative 
Humidity 
(Morning %) 

Relative 
Humidity 
(Evening %) 

Rainfall 
(mm) 

1 
Inqlab-
91/Morocco 

0.164 0.111 -0.227 -0.181 -0.184 
0.000* 0.007* 0.000* 0.000* 0.000* 

2 Inqlab-91/WL-711 
0.126 0.092 -0.161 -0.137 -0.138 
0.002* 0.025* 0.000* 0.001* 0.001* 

3 Inqlab-91/Lr10 
0.109 0.074 -0.151 -0.121 -0.122 
0.007* 0.069* 0.000* 0.003* 0.003* 

4 Inqlab-91/Lr26 
0.099 0.065 -0.139 -0.110 -0.111 
0.016* 0.110ns 0.001* 0.007* 0.006* 

5 
Uqab-2000/WL-
711 

0.123 0.084 -0.170 -0.137 -0.138 
0.002* 0.040* 0.000* 0.001 0.001* 

6 
Uqab-
2000/Morocco 

0.087 0.059 -0.121 -0.097 -0.098 
0.033* 0.150ns 0.003* 0.018* 0.017* 

7 Uqab-2000/Lr10 
0.085 0.060 -0.113 -0.093 -0.094 
0.037* 0.140ns 0.006* 0.022* 0.021* 

8 Uqab-2000/Lr26 
0.092 0.059 -0.134 -0.103 -0.105 
0.024* 0.149ns 0.001* 0.011* 0.10ns 

9 Uqab-2000/Pak-81 
0.096 0.065 -0.133 -0.107 -0.108 
0.018* 0.110ns 0.001* 0.009* 0.008* 

10 Kohistan/Morocco 
0.095 0.076 -0.109 -0.100 -0.101 
0.020* 0.064ns 0.008* 0.014* 0.013* 

11 Kohistan/WL-711 
0.117 0.081 -0.157 -0.129 -0.130 
0.004* 0.046* 0.000* 0.002* 0.001* 

12 Kohistan/Pak-81 
0.111 0.079 -0.147 -0.122 -0.123 
0.006* 0.053ns 0.000* 0.003* 0.002* 

13 MH-97/Pak-81 
0.125 0.083 -0.177 -0.140 -0.142 
0.002* 0.042* 0.000* 0.001* 0.001* 

14 MH-97/WL-711 
0.114 0.084 -0.145 -0.124 -0.125 
0.005* 0.041* 0.000* 0.002* 0.002* 

15 MH-97/Morroco 
0.143 0.110 -0.173 -0.153 -0.154 
0.000* 0.007* 0.000* 0.000* 0.000* 

* Significant     NS: Non Significant  
Upper values in a column indicate Pearson‘s Correlation Coefficients  
Lower values indicate significance level at P = 0.05 
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4.7 CHARACTERIZATION OF ENVIRONMENTAL CONDITIONS      
CONDUCIVE TO LEAF AND STRIPE RUST DISEASE DEVELOPMENT 
DURING TWO SEASONS, 2003-2004 AND 2004-2005. 
 

During first season 2003-2004, maximum leaf rust severity was 

recorded at 32-36oC maximum air temperature, whereas during the 

secondary rating year, 2004-2005, maximum leaf rust severity was 

observed at 34-35oC maximum air temperature (Figure 4.1). There was a 

linear relationship between increasing air temperature and the increase in 

leaf rust severity indicating that leaf rust was much influenced by 

maximum air temperature (Fig. 4.1). In 2003-2004, a linear regression 

model best explained the relationship between minimum air temperature 

and leaf rust development on five wheat crosses. All the crosses responded 

differently to minimum air temperature recorded after disease initiation. 

Leaf rust severity was maximum at 16oC minimum air temperature and 

decreased with increase in minimum air temperature to 19oC during 2004-

2005 (Fig. 4.2). An inverse relationship between relative humidity morning 

(06.00-08.00hrs) and leaf rust severity occurred during both rating years. 

Leaf rust decreased with increase in morning (06.00-08.00hrs) relative 

humidity. In spite of the high r values (>0.97), relative humidity morning 

(06.00-08.00hrs) showed no effect on the development of leaf rust severity 

(Fig. 4.3).  
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Figure 4.1: Relationship between maximum air temperature and leaf rust severity recorded on wheat 
crosses 2, 3, 12, 13 and 14 during 2003-04 (A) and 2004-05 (B) 
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Figure 4.2: Relationship between minimum air temperature and leaf rust severity recorded on wheat 
crosses 2, 3, 12, 13 and 14 during 2003-04 (A) and 2004-05 (B). 
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Figure 4.3: Relationship between relative humidity morning (6.00-9.00 am) and leaf rust severity recorded 
on wheat crosses 2, 3, 12, 13 and 14 during 2003-04 (A) and 2004-05 (B). 
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There was no relationship between relative humidity (6.00-9.00pm) 

and leaf rust severity on any wheat cross during 2003-2004. Relative 

humidity (6.00-9.00pm) at 20% co-incided with maximum leaf rust severity. 

During 2004-2005, linear regression between relative humidity (6.00-

9.00pm) and leaf rust also showed a negative relationship. Leaf rust 

severity was maximum at relative humidity (6.00-9.00pm) of 35% and 

decreased with increase in (6.00-9.00pm) relative humidity (Fig. 4.4). 

In 2003-2004, maximum leaf rust severity was observed on all five 

wheat crosses when rainfall was below 1mm. A similar relationship 

between leaf rust severity and rainfall below 1mm was recorded during 

2004-2005. However, in both the rating years, the negative relationship was 

best explained by linear regression model (Fig. 4.5). 

During 2003-2004, maximum yellow rust severity manifested at a 

maximum air temperature of 34-36oC. All crosses showed strong 

relationships with air temperature (maximum). A decreasing trend in 

yellow rust severity was observed with an increase in maximum air 

temperature in 2004-2005. A linear regression model best explained the 

relationship between air temperature (maximum) and yellow rust 

development (Fig.4.6). 
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Figure 4.4: Relationship between relative humidity evening (6.00-9.00 pm) and leaf rust severity recorded 
on wheat crosses 2, 3, 12, 13 and 14 during 2003-04 (A) and 2004-05 (B). 

 

y1 = 58.76 -1.30x   r = -0.95 y2 = 65.78 -1.18x   r = -0.99
y3 = 31.92 -0.62x   r = -0.97 y4 = 60.38 -1.15x   r = -0.99
y5 = 70.99 -1.41x   r = -0.95

0

5

10

15

20

25

30

35

40

45

50

18 28 38 48

Relative humidity evening (%)

L
ea

f 
ru

st
 s

ev
er

it
y 

%

Cross 2 Cross 3 Cross 12
Cross 13 Cross 14

y1 = 54.65 -0.88x   r = -0.84 y2 = 68.77 -0.96x   r = -0.88

y3 = 38.07 -0.60x   r = -0.84 y4 = 52.62 -0.74x   r = -0.86
y5 = 79.61 -1.16x   r = -0.84

0

5

10

15

20

25

30

35

40

45

50

34 39 44 49 54

Relative humidity evening (%)
L

ea
f 

ru
st

 s
ev

er
it

y 
%

Cross 2 Cross 3 Cross 12

Cross 13 Cross 14

(B) 

(A) 

(B) (A) 



 66

Figure 4.5: Relationship between rainfall and leaf rust severity recorded on wheat crosses 2, 3, 12, 13 and 
14 during 2003-04 (A) and 2004-05 (B). 
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Figure 4.6: Relationship between maximum air temperature and stripe rust severity recorded on wheat 
crosses 2, 3, 12, 13 and 14 during 2003-04 (A) and 2004-05 (B). 
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In 2003-2004, yellow rust severity progressed in a linear fashion on 

all the five wheat crosses at minimum air temperature of 17-18 oC as 

indicated by higher r values above (0.98). A strong relationship between 

minimum air temperature and yellow rust severity was revealed on all 

wheat genotypes. During the second year maximum yellow rust disease 

severity was observed with minimum air temperature of 15-16 oC. It was 

obvious from the linear regression model best explained the relationship 

between minimum air temperature and yellow rust severity (Fig. 4.7). 

During 2003-2004, a decline in yellow rust severity was observed by 

increasing relative humidity morning (06.00-08.00hrs) to 65%. An inverse 

relationship between yellow rust severity and relative humidity morning 

(06.00-08.00hrs) was observed. Maximum disease severity was observed at 

42% relative humidity morning (06.00-08.00hrs). But when relative 

humidity ranged between 70-80%, low disease severity was recorded in 

2004-2005 (Fig. 4.8). 

A negative relationship was found between relative humidity 

evening (06.00-08.00hrs) and yellow rust severity on all crosses. At  20% 0f 

relative humidity, maximum yellow rust development occurred and was 

best explained by a linear regression model with r values >0.92. A negative 
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relationship between this environmental variable and yellow rust 

development was also seen in second rating year 2004-2005 (Fig. 4.9). 

During 2003-2004, an inverse relationship between rainfall and 

yellow rust disease severity was observed. Maximum yellow rust severity 

occurred when rain fall was below 1mm. Similarly yellow rust 

development was maximum at 0mm rainfall in 2004-2005. This negative 

relationship was best explained by a linear regression model (Fig. 4.10). 

Linear regression models suggested that relative humidity morning 

(06.00-08.00hrs), evening (06.00.08.00hrs) and rainfall had little effect on 

the enhancement of leaf and yellow rust. These environmental variables, 

low humidity and low rainfall, showed inverse relationships with leaf and 

yellow rust development.  

It was concluded that low humidity and rainfall below 1mm played 

a crucial role in leaf and stripe rust disease development.  
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Figure 4.7: Relationship between minimum air temperature and stripe rust severity recorded on wheat 
crosses 2, 3, 12, 13 and 14 during 2003-04 (A) and 2004-05 (B). 
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Figure 4.8: Relationship between relative humidity morning (6.00-9.00 am) and stripe rust severity 
recorded on wheat crosses 2, 3, 12, 13 and 14 during 2003-04 (A) and 2004-05 (B). 
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Figure 4.9: Relationship between relative humidity evening  (6.00-9.00 pm) and stripe rust severity 
recorded on wheat crosses 2, 3, 12, 13 and 14 during 2003-04 (A) and 2004-05 (B). 
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Figure 4.10: Relationship between rainfall and stripe rust severity recorded on wheat crosses 2, 3, 12, 

13 and 14 during 2003-04 (A) and 2004-05 (B). 
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4.8 COMPARISON OF ENVIRONMENTAL CONDITIONS FOR TWO 
SEASONS 

 
Based on the two years, data assessed, 2003-2004 and 2004-2005, a 

statistical comparison of environmental conditions indicated that air 

temperature (maximum/minimum), relative humidity morning recorded 

at (06.00-08.00hrs) and rainfall did not differ significantly. Relative 

humidity evening observed at (6.00-08.00hrs) was significantly higher 

during 2004–2005 compared to 2003-2004. Leaf rust severity showed no 

difference significantly as indicated by statistical comparison, but yellow 

rust severity was significantly greater in 2003-2004 than in 2004-2005 

(Table 4.7) 

Table 4.7: Comparison of environmental conditions conducive   to leaf 
and stripe rust disease severity. 

Environmental Parameters 2003-04 2004-05 LSD 

Maximum temperature (0C) 30.54  a* 31.97  a 6.15 

Minimum temperature (0C) 15.61  a 15.84  a 6.91 

Relative humidity morning (%) 

(06.00-08.00hrs) 
51.50  a 58.10  a 8.05 

Relative humidity evening (%) 

(06.00-08.00hrs) 
30.43   b 41.23  a 10.28 

Rainfall (mm) 9.667  a 5.567  a 17.64 

Leaf rust disease severity (%) 19.08  a 18.53  a 4.81 

Stripe rust disease severity (%) 7.800  a 6.830   b 0.89 

* Mean values sharing the same letters in a column do not differ significantly at LSD 0.05 
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4.9 AREA UNDER DISEASE PROGRESS CURVE DURING 2003-2004 
and 2004-2005 

 
During 2003-2004, area under leaf rust progress curve (AULRPC) 

was assessed on all fifteen wheat genotypes. The cross Uqab-

2000/Morocco manifested the lowest value of AULRPC as 280, whereas 

MH-97/Morocco displayed the highest AULRPC as 1052 and responded 

as highly susceptible variety. A susceptible reaction was observed on the 

two genotypes namely MH-97/Morocco and MH-97/ WL-711, whereas 

Inqlab-91 and its counter parts (Cross Lr10, Morocco, Lr26) showed a 

moderately susceptible field response, The remaining wheat crosses 

exhibited moderately resistant to moderately susceptible field reactions i.e. 

Inqlab-91/WL-711, Kohistan-97/WL-711, Uqab-2000/Lr26, Uqab-

2000/Lr10, Uqab-2000/Pak-81, Uqab-2000/WL-711, Kohiston-97/Pak-81, 

Kohistan-97 /Morocco and uqab2000 /Morocco (Table 4.8).  
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Table4.8: Leaf rust severity and area under leaf rust progress curve 
(AULRPC) on 15 wheat crosses during 2003-04.  

Sr. No. Name of Cross 
Mean Leaf Rust 

Severity  AULRPC 
Leaf Rust 

Reaction Type 
15 MH-97/Morocco 31.83a* 1052.00 S 

14 MH-97/Wl-711 29.87ab 876.30 S 

3 Inqilab-91/Lr10 28.55b 861.80 MS 

1 Inqilab-91/Morocco 27.18b 716.95 MS 

4 Inqilab-91/Lr26 23.18c 714.17 MS 

13 MH-97/Pak-81 21.67cd 635.33 MS 

2 Inqilab-91/Wl-711 19.10de 550.92 MRMS 

11 Kohistan-97/Wl-711 17.96e 527.00 MRMS 

8 Uqab-2000/Lr26 14.28f 419.37 MRMS 

7 Uqab-2000/Lr10 13.90f 409.07 MRMS 

9 Uqab-2000/Pak-81 13.03fg 407.00 MRMS 

5 Uqab-2000/Wl-711 11.32fgh 361.05 MRMS 

12 Kohistan-97/Pak-81 10.29fhi 357.77 MRMS 

10 Kohistan-91/Morocco 9.46hi 338.97 MRMS 

6 Uqab-2000/Morocco 7.64i 280.42 MRMS 

S =  Susceptible, MS = Moderately Susceptible, MRMS = Moderately Resistant  to Moderately Susceptible 
* Mean values sharing the same letters do not differ significantly at LSD 0.05 

In 2004-2005, cross no.6 Uqab-2000/Morocco proved a slow rusting 

on the basis of the AULRP 257.65 and showing moderately resistant to 

moderately susceptible leaf rust reaction. Cross MH-97/Morocco 

responded as fast rusting variety, with a value of AULRP as 940 and a 

susceptible leaf rust reaction. A susceptible (S) reaction was also recorded 

on two further genotypes Inqlab-91/Lr10 and MH-97/WL-711 with 
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AULRPC values of 821.50 and 772.85, respectively, during 2004-2005. 

Inqlab-91/Morocco and MH-97/Pak81 expressed moderately susceptible 

(MS) responses. The other ten genotypes tested exhibited moderately 

resistant to moderately susceptible (MRMS) reactions to leaf rust (Table 

4.9). 

Table 4.9: Leaf rust severity and area under leaf rust progress curve 
(AULRPC) on 15 wheat crosses during 2004-05.  

Sr. No. Name of Cross Mean Leaf 
Rust Severity 

AULRPC leaf Rust 
Reaction Type 

15 MH-97/Morocco 29.18a* 940.00 S 

3 Inqilab-91/Lr10 28.94 821.50 S 

14 MH-97/Wl-711 23.94b 772.85 S 

1 Inqilab-91/Morocco 22.32b 626.00 MS 

13 MH-97/Pak-81 21.09bc 618.77 MS 

4 Inqilab-91/Lr26 18.98c 594.65 MRMS 

2 Inqilab-91/Wl-711 18.85c 548.57 MRMS 

11 Kohistan-97/Wl-711 15.57d 505.65 MRMS 

7 Uqab-2000/Lr10  14.02de 408.37 MRMS 

9 Uqab-2000/Pak-81 13.34def 405.00 MRMS 

8 Uqab-2000/Lr26 12.68def 378.15 MRMS 

12 Kohistan-97/Pak-81 11.27efg 344.55 MRMS 

5 Uqab-2000/Wl-711 10.76fg 331.62 MRMS 

10 Kohistan-97/Morocco 8.20gh 325.12 MRMS 

6 Uqab-2000/Morocco 6.01h 257.65 MRMS 

S =  Susceptible, MS = Moderately Susceptible, MRMS = Moderately Resistant  to Moderately Susceptible 
* Mean values sharing the same letters do not differ significantly at LSD 0.05 
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Slow rusting measured by area under yellow rust progress cure 

(AUYRPC) was assessed. Uqab-2000/Lr26 had a value of 38.22 with a 

moderately resistant to moderately susceptible (MRMS) yellow rust 

reaction during 2003-2004. The crosses MH-97/Morocco, Inqlab-91/Wl-711 

and Inqlab-91/ Morocco had higher AUYRPCs, of 471.97, 224.32 and 

192.27, respectively (Table 4.10) and showed a susceptible field response to 

yellow rust. Kohistan-97/ Morocco, Uqab-2000/ Pak-81 and Uqab-2000/ 

Lr26 had lower AUYRPCs of 56.00, 51.00 and 38.22, respectively. The MH-

97 / Wl-711 and Khoistan-97/Wl-711 genotypes were susceptible to 

yellow rust. Ten crosses were moderately resistant to moderately 

susceptible to yellow rust (Table 4.10). 



 79

Table 4.10: Yellow rust severity and area under yellow rust progress   
curve (AUYRPC) on 15 wheat crosses during 2003-04.  

Sr. No. 
Name of Cross Mean Yellow 

Rust AUYRPC 
 Yellow Rust 
Reaction Type 

15 MH-97/Morocco 15.36a* 471.47 S 

2 Inqilab-91/Wl-711 9.46b 244.32 S 

1 Inqilab-91/Morocco 6.28c 192.27 S 

14 MH-97/Wl-711 3.58d 139.27 MS 

11 Kohistan-97/Wl-711 3.32d 129.72 MS 

6 Uqab-2000/Morocco 2.64de 108.07 MRMS 

4 Inqilab-91/Lr26 2.45de 99.25 MRMS 

3 Inqilab-91/Lr10 1.47ef 88.60 MRMS 

13 MH-97/Pak-81 1.33fg 79.17 MRMS 

5 Uqab-2000/Wl-711 0.92fg 45.08 MRMS 

7 Uqab-2000/Lr10 0.70fg 70.35 MRMS 

12 Kohistan-97/Pak-81 0.61fg 63.60 MRMS 

10 Kohistan-97/Morocco 0.35fg 56.00 MRMS 

9 Uqab-2000/Pak-81 0.27fg 51.00 MRMS 

8 Uqab-2000/Lr26 0.04g 38.22 MRMS 

S =  Susceptible, MS = Moderately Susceptible, MRMS = Moderately Resistant  to Moderately Susceptible 
* Mean values sharing the same letters do not differ significantly at LSD 0.05 
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During 2005 MH-97/Morocco showed the highest AUYRPC 332.62 

followed by Inqlab-91/Wl-711 and Inqlab-91/Morocco, with 172.05 and 

131.00, AUYRPC, respectively. Among 15 wheat crosses, three were 

susceptible, two moderately susceptible and ten were moderately resistant 

to moderately susceptible (MRMS) to yellow rust. Genotype Uqab-

2000/Lr26 displayed a slow rusting response to yellow rust with an 

AUYRPC value of 26.52, followed by 32.22, 54.45, 60.67 , 61.82 , 62.25 , 

69.63 , 75.37 , 80.00 , 80.5 for the crosses Uqab-2000/Pak-81, Inqlab-91/Lr26, 

Uqab-2000/Wl-711,  Kohistan–97/Pak 81 , Uqab-2000/Morocco , Uqab-

2000/Lr10, MH 97/ Pak-81, Kohistan-97/Morocco and Inqlab-97/Lr10, 

respectively. Among all the fifteen genotypes MH-97 / Morocco were fast 

rusting because whereas Uqab-2000/Lr26, was a slow rusting variety 

against yellow rust (Table 4.11). 



 81

Table 4.11: Yellow rust severity and area under yellow rust progress  
curve (AUYRPC) on 15 wheat crosses during 2004-05. 

Sr. No. 
 
Name of Cross 

Mean Yellow 

Rust 
AUYRPC 

Yellow Rust 

Reaction Type 

15 MH-97/Morocco 14.66a* 332.62 S 

2 Inqilab-91/Wl-711 9.70b 172.05 S 

1 Inqilab-91/Morocco 7.76c 131.45 S 

11 Kohistan-97/Wl-711 4.19d 110.00 MS 

14 MH-97/Wl-711 3.60de 102.45 MS 

3 Inqilab-91/Lr10 2.92ef 80.95 MRMS 

10 Kohistan-97/Morocco 2.69f 80.00 MRMS 

13 MH-97/Pak-81 2.59ef 75.37 MRMS 

7 Uqab-2000/Lr10 2.40efg 69.63 MRMS 

6 Uqab-2000/Morocco 2.37efg 62.75 MRMS 

12 Kohistan-97/Pak-81 2.16efg 61.82 MRMS 

5 Uqab-2000/Wl-711 1.67fgh 60.67 MRMS 

4 Inqilab-91/Lr26 1.03gh 54.45 MRMS 

9 Uqab-2000/Pak-81 1.00gh 32.22 MRMS 

8 Uqab-2000/Lr26 0.45h 26.52 MRMS 

S =  Susceptible, MS = Moderately Susceptible, MRMS = Moderately Resistant  to Moderately Susceptible 
* Mean values sharing the same letters do not differ significantly at LSD 0.05 
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4.10 ANALYSIS OF VARIANCE FOR THE EFFECT OF LEAF AND YELLOW 
RUST SEVERITY ON 15 WHEAT CROSSES DURING 2003-2004 and 
2004-2005. 

 
Statistical analysis revealed that effect of leaf and yellow rust 

development on all the crosses was significant on growth as well as on 

yield (Appendix-9, 10, 11 & 12). 

4.11 DISTRIBUTION OF HYPOTHESIZED AND ESTIMATED GENES IN 
SEGREGATING POPULATION OF F5 AND F6 GENERATIONS FOR 
LEAF AND YELLOW RUST DURING 2003-2004 AND 2004-2005. 

 
 To estimate the number of segregating genes in F5 and F6 

generations (Appendix 13-14), each cross was grouped in to the following 

classes. 

a) Homozygous for the parent type resistance 

b) Homozygous for the parent type susceptibility 

c) Either segregating or homozygous for disease level higher than 

that of resistant parent but less than that of the susceptible 

parent. 

d) Segregating with diseased level reaching the susceptible parents 

response. 

Transgressive segregation for susceptibility was observed in the 

genotypes Morocco, Wl-711 and Pak-81, while Kohistan-97 and Uqab-2000 

displayed resistant transgressive segregation against leaf rust during 2004-
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2005. The distribution and chi-squared test values suggested that 

genotypes Inqlab-91/Morocco, Inqlab-91/Lr26, Uqab-2000/Wl-711 Uqab-

2000/ Morocco Uqab-2000/Lr10 Uqab-2000/Pak 81, Kohistan-97/Morocco, 

Kohistan-97/Pak 81, MH-97/ Pak 81 produced a greater number of 

resistant plants of the Homozygous parent type resistant (HPTR*), with 

respective values of 81,92,137,121,91,118,107, 101 and 71. Maximum 

homozygosities for the parent type susceptible (HPTS**), with values of 85, 

84 were recorded on the crosses MH-97/Wl -711 and MH-97/Morocco, 

respectively. The distribution, chi squared test values and estimated gene 

numbers in genotypes including Inqlab-91 and its respective counterparts 

(Morocco, Lr10, Lr26) Uqab-2000/Wl-711 Uqab-2000/Morocco, Uqab-

2000/Lr26, Uqab 2000/Pak-81 Kohistan -97/Morocco, Kohistan-97/Pak 81, 

MH-97/Pak-81 and MH-97/Morocco segregated at four independent loci. 

Since the variation observed in the leaf rust severities did not exceed the 

parental response except in the genotypes lnqlab-91/Wl-711 , lnqlab-

91/Lr-10, Inqlab-91/Lr26, MH97/Wl-711 and MH-97/Morocco, which 

displayed high disease levels in (HPTS**), suggested that resistance due to 

individual genes in the HPTR* condition was recessive. Moreover in the F5 

generation for leaf rust, a tested ratio of 9:3:3:1 in Uqab-2000/Morocco & 

9:3:3:1 of Kohistan-97/Wl-711 revealed the dominance effect against leaf 
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rust. The other F5 ratios, 6:4:4:2 with Inqlab-91/Lr10, 7:5:3:1 in lnqlab-

91/Lr26, 5:1:9:1 in Kohistan-97/Wl-711 and 2:6:5:3 in MH-97/ Morocco 

confirmed the inheritance of two genes in each genotype exhibiting 

common epistasis, while the interaction of the three genes in each  cross 

with their ratios namely Uqab-2000/Wl-711 45:8:8:3, Uqab-2000/Pak-81 

40:8:9:7, Kohisten-97/Pak-81 25:20:15:4, MH-97/PaK-81 35:10:15:4 and 

MH-97/Wl-711 8:26:20:10  suggested dominant epistasis (Table 4.12). 
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Table 4.12: Distribution of hypothesized and estimated genes in segregating population of F5 generation 
for leaf rust during 2003-2004 

Sr. No. 
Cross with their  
specific genomes HPTR* HPTS** SEGI*** SEGS**** Total 

Tested 
Ratio X2 P. Value 

Postulated  
Gene No. 

Estimated 
Gene No. 

1 Inqlab-91/Morocco 81 54 42 23 200 6:4:4:2 2.24 0.75-0.50 2 2 
2 Inqlab-91/Wl-711 51 60 63 26 200 4:5:5:2 0.16 0.99-0.97 3 2 
3 Inqlab-91/Lr10 48 79 49 24 200 4:6:4:2 0.35 0.95-0.90 2 2 
4 Inqlab-91/Lr26 92 56 37 15 200 7:5:3:1 1.4 0.75-0.50 2 2 
5 Uqab2000/Wl-711 137 24 25 14 200 45:8:8:3 2.4 0.50-0.25 3 3 
6 Uqab2000/Morroco 121 28 37 14 200 9:3:3:1 5.68 0.25-0.10 2 2 
7 Uqab2000/Lr10 91 30 63 16 200 8:2:5:1 2.81 0.50-0.25 2 2 
8 Uqab2000/Lr26 37 67 32 34 200 3:7:3:3 5.92 0.25-0.10 2 2 
9 Uqab2000/Pak-81 118 27 30 25 200 40:8:9:7 1.11 0.90-0.75 3 3 

10 Kohistan-97/Morroco 107 45 35 13 200 9:3:3:1 1.94 0.75-0.50 2 2 
11 Kohistan/Wl-711 57 16 115 12 200 5:1:9:1 1.53 0.75-0.50 2 2 
12 Kohistan-97/Pak-81 101 36 51 12 200 35:10:15:4 1.72 0.75-0.50 3 3 
13 MH-97/Pak-81 71 60 50 19 200 25:20:15:4 4.32 0.25-0.10 3 3 
14 MH-97/Wl-711 24 85 61 30 200 8:26:20:10 0.28 0.97-0.95 3 3 
15 MH-97/Morroco 23 84 56 36 200 2:6:5:3 2.02 0.75-0.50 2 2 

Note:  

* Homozygous for the parental-type resistance (homozygous for all resistance alleles) 
** Homozygous for the parental-type susceptibility (homozygous, lacking all resistance alleles). 
*** Either segregating or homozygous for disease levels higher than that of the resistant parent but less than that of the susceptible 

parent (homozygous for at least one resistance allele). 
**** Segregating with disease levels reaching the susceptible parent’s response (heterozygous for at least one locus and homozygous 

for susceptibility alleles at other loci) (Singh and Rajaram, 1992). 
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Transgressive segregation for susceptibility was observed in the 

genotype MH-97/Morocco and maximum homozygous parental type 

susceptible plants (HPTS**), of 103 were recorded due to interaction of 

MH-97 with Morocco, whereas the cross Kohisan-97/WL-711 inherited 

highest number of HPTR* plants of 133. The epistasis condition in (SegI***) 

and (SegS****) was observed among all the crosses. The complete 

dominance effect in the two genotypes Uqab-2000/Morocco and 

Kohistem-97/Morocco, with their respective ratios of 9:3:3:1, 9:3:3:1, was 

obtained against leaf rust. The cross Inqlab-91 and its respective counter 

parts (Morocco, Lr10, Lr26), showed common epistasis, inherited two 

genes and responded similar to the parental response, except Inqlab-

91/Wl-711, expressed dominant epiatasis. The crosses, Uqab-2000/Wl-711, 

Uqab-2000/Pak-81, Khohistan-97/Pak-81, MH-97/Pak-81 & MH-97/Wl - 

711 had the same frequencies of postulated and estimated genes. Since the 

variation did not exceed the parental response. All the genotypes exhibited 

dominant resistance over susceptibility except, for MH-97/Wl-711 and 

MH-97/ Morocco (Table 4.13). 
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Table 4.13: Distribution of hypothesized and estimated genes in segregating population of F6 generation 
for leaf rust during 2004-2005. 

Sr. No. 
Cross with their  
specific genomes HPTR* HPTS** SEGI*** SEGS**** Total 

Tested 
Ratio X2 P. Value 

Postulated 
Gene No. 

Estimated 
Gene No. 

1 Inqlab-91/Morocco 62 60 79 19 200 4:4:6:2 6.53 0.10-0.05 2 2 
2 Inqlab-91/Wl-711 85 49 40 26 200 7:4:3:2 0.29 0.97-0.95 3 2 
3 Inqlab-91/Lr10 71 77 32 20 200 5:6:3:2 2.28 0.75-0.50 2 2 
4 Inqlab-91/Lr26 93 45 49 13 200 8:3:4:1 1.03 0.90-0.75 2 2 
5 Uqab2000/Wl-711 119 29 39 13 200 38:12:10:4 3.49 0.50-0.25 3 3 
6 Uqab2000/Morroco 127 28 38 7 200 9:3:3:1 6.68 0.10-0.05 2 2 
7 Uqab2000/Lr10 120 26 41 13 200 10:2:3:1 0.58 0.95-0.90 2 2 
8 Uqab2000/Lr26 84 67 33 16 200 7:5:3:1 1.98 0.75-0.50 2 2 
9 Uqab2000/Pak-81 117 19 46 18 200 40:5:15:4 3.67 0.50-0.25 3 3 

10 Kohistan-97/Morroco 116 44 27 13 200 9:3:3:1 4.18 0.25-0.10 2 2 
11 Kohistan-97/Wl-711 133 10 44 13 200 10:1:4:1 1.75 0.75-0.50 2 2 
12 Kohistan-97/Pak-81 112 32 41 15 200 35:10:15:4 1.30 0.75-0.50 3 3 
13 MH-97/Pak-81 83 54 46 17 200 25:20:15:4 3.09 0.50-0.25 3 3 
14 MH-97/Wl-711 38 91 45 26 200 13:28:15:8 0.4 0.95-0.90 3 3 
15 MH-97/Morroco 34 103 34 29 200 3:8:3:2 1.37 0.75-0.50 2 2 

Note:  

* Homozygous for the parental-type resistance (homozygous for all resistance alleles) 
** Homozygous for the parental-type susceptibility (homozygous, lacking all resistance alleles). 
*** Either segregating or homozygous for disease levels higher than that of the resistant parent but less than that of the susceptible 

parent (homozygous for at least one resistance allele). 
**** Segregating with disease levels reaching the susceptible parent’s response (heterozygous for at least one locus and homozygous 

for susceptibility alleles at other loci) (Singh and Rajaram, 1992). 
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The distribution of the F5 progeny in fifteen wheat crosses for 

yellow rust resistance expressed greater number of HPTR* as compared to 

HPTS** (Table 4.14). 

Among segregated population, HPTR* indicated that all genotypes 

inherited resistance against yellow rust. Epistasis was commonly observed 

in (SegI***) and (SegS****) plants. The estimated genes using the chi-square 

test showed additive interaction in the crosses of Inqlab-91 /Wl-711, Uqab-

2000/Wl-711, Uqab-2000/Morocco, Uqab-2000/Lr10 Kohistan-97/Wl-711, 

Kohistan-97/Pak-81 and MH-97/Pak-81. The genotypes Inqlab-

91/Morocco Inqlab-91/Lr10, Inqlab-91/Lr26, Uqab-2000/Lr26, Uqab-

2000/Pak-81, Kohistan-97/Morocco, and MH-97/Morocco interacted in an 

additive manner, resulting in the response suggesting some minor gene 

effects along with major genes. The F5 ratios of 58:2:1:3 , 53:1:9:1, 49:4:9:2, 

50:4:7:3 indicated inheritance of three genes, while ratios 10:2:1:3, 10:1:4:1, 

12:1:2:1, 13:1:1:1, 10:1:4:1, 12:1:2:1, 12;1:2:1, 11:3:1:1, 10:1:4:1, 10:2:2:2 and 

7:6:2:1 suggested inheritance of two genes in the respective order. Overall 

resistance in all crosses was dominant over susceptibility to yellow rust 

reaction (Table 4.14). 
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Table 4.14: Distribution of hypothesized and estimated genes in segregating population of F5 generation 
for yellow rust during 2003-2004. 

Sr. No. 
Cross with their  
specific genomes HPTR* HPTS** SEGI*** SEGS**** Total 

Tested 
Ratio X2 P. Value 

Postulated 
Gene No. 

Estimated 
Gene No. 

1 Inqlab-91/Morocco 124 33 26 17 200 10:2:1:3 2.2 0.75-0.50 1 2 
2 Inqlab-91/Wl-711 127 13 54 6 200 10:1:4:1 3.72 0.50-0.25 2 2 
3 Inqlab-91/Lr10 158 16 20 6 200 12:1:2:1 5.8 0.25-0.10 1 2 
4 Inqlab-91/Lr26 167 11 17 5 200 13:1:1:1 6.42 0.10-0.05 1 2 
5 Uqab2000/Wl-711 138 11 47 4 200 10:1:4:1 7.49 0.10-0.05 2 2 
6 Uqab2000/Morroco 158 19 9 14 200 12:2:2:1 3.02 0.50-0.25 2 2 
7 Uqab2000/Lr10 163 10 20 7 200 12:1:2:1 5.04 0.25-0.10 2 2 
8 Uqab2000/Lr26 181 7 3 9 200 58:2:1:3 0.1 0.99-0.99 2 3 
9 Uqab2000/Pak-81 155 6 34 5 200 53:1:9:1 5.66 0.25-0.10 2 3 

10 Kohistan-97/Morroco 149 34 8 9 200 11:3:1:1 3.88 0.50-0.25 1 2 
11 Kohistan-97/Wl-711 166 19 58 7 200 10:1:4:1 7.68 0.10-0.05 2 2 
12 Kohistan-97/Pak-81 157 10 27 6 200 49:4:9:2 0.64 0.90-0.75 3 3 
13 MH-97/Pak-81 158 11 22 9 200 50:4:7:3 0.20 0.99-0.97 3 3 
14 MH-97/Wl-711 139 25 26 10 200 10:2:2:1 0.59 0.90-0.75 3 2 
15 MH-97/Morroco 84 83 20 13 200 7:6:2:1 2.01 0.75-0.50 1 2 

Note:  

* Homozygous for the parental-type resistance (homozygous for all resistance alleles) 
** Homozygous for the parental-type susceptibility (homozygous, lacking all resistance alleles). 
*** Either segregating or homozygous for disease levels higher than that of the resistant parent but less than that of the susceptible 

parent (homozygous for at least one resistance allele). 
**** Segregating with disease levels reaching the susceptible parent’s response (heterozygous for at least one locus and homozygous 

for susceptibility alleles at other loci) (Singh and Rajaram, 1992). 
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The F6 generation manifested variation of dominant epistasis in all 

the genotypes against yellow rust resistance. The gene estimation from 

tested F ratio suggested that cross Uqab-2000/Lr26 showed the dominance 

effect due to additive interaction of some minor genes along with major 

genes against yellow rust. Whereas cross MH-97/Morocco, displayed 

common epistasis similar to that of HPTS** against yellow rust among all 

fifteen wheat crosses. The genotypes Inqlab-91/Morocco, Inqlab-91/Lr10, 

Inqlab-91/Lr26, Uqab-2000/Wl-711, Uqab-2000/Morocco, Uqab-

2000/Lr10, Uqab-2000/Lr26, Kohistan-97/Morocco, Kohistan-97/Wl-711 

andKohistan-97/Pak-81 with their respective F6 ratios, 10:2:3:1 , 12:2:1:1, 

13:1:1:1, 50:2:10:2, 13:1:1:1, 52:4:6:2, 55:1:6:2, 12:2:1;1, 50:1:10:3 and 54:2:7:1 

possessed greater numbers of estimated genes 2, 2, 2, 3, 2, 3, 3, 2, 3 and 3 

respectively, which differed rather than that of postulated genes 1, 1, 1, 2, 1, 

1, 1, 1, 2 and 2 respectively, due to interactions between some additive 

minor genes which expressed dominance effects on inheritance of 

resistance in these genotypes. The combination of two or three segregating 

genes resulted in a response indistinguishable form the resistant parents. 

These results indicated that Yr9 with some minor genes was involved in an 

additive interaction, so that a very low disease response was observed in 

all the test wheat crosses except Inqlab-91/Wl-711, MH-97/Pak-81, MH-

97/Wl-711 and MH-97/Morocco genotypes (Table 4.15). 
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Table 4.15: Distribution of hypothesized and estimated genes in segregating population of F6 generation 
for yellow rust during 2004-2005. 

Sr. No. 
Cross with their  
specific genomes HPTR* HPTS** SEGI*** SEGS**** Total 

Tested 
Ratio X2 P. Value 

Postulated 
Gene No. 

Estimated 
Gene No. 

1 Inqlab-91/Morocco 119 19 47 15 200 10:2:3:1 4.62 0.25-0.10 1 2 
2 Inqlab-91/Wl-711 147 9 38 6 200 11:1:3:1 5.01 0.25-0.10 2 2 
3 Inqlab-91/Lr10 161 18 12 9 200 12:2:1:1 3.76 0.50-0.25 1 2 
4 Inqlab-91/Lr26 169 9 12 10 200 13:1:1:1 1.76 0.75-0.50 1 2 
5 Uqab2000/Wl-711 158 8 27 7 200 50:2:10:2 1.16 0.90-0.75 2 3 
6 Uqab2000/Morroco 170 9 9 12 200 13:1:1:1 2.32 0.75-0.50 1 2 
7 Uqab2000/Lr10 168 11 15 6 200 52:4:6:2 1.1 0.90-0.75 1 3 
8 Uqab2000/Lr26 173 2 21 4 200 55:1:6:2 1.48 0.75-0.50 1 3 
9 Uqab2000/Pak-81 168 1 28 3 200 50:1:8:1 2.72 0.50-0.25 3 3 

10 Kohistan-97/Morroco 140 27 17 16 200 12:2:1:1 36.42 0.50-0.25 1 2 
11 Kohistan-97/Wl-711 159 2 33 6 200 50:1:10:3 1.75 0.75-0.50 2 3 
12 Kohistan-97/Pak-81 158 10 28 4 200 54:2:7:1 4.88 0.25-0.10 2 3 
13 MH-97/Pak-81 148 16 30 6 200 51:4:8:1 5.42 0.25-0.10 3 3 
14 MH-97/Wl-711 137 13 41 9 200 11:1:3:1 1.32 0.75-0.50 3 2 
15 MH-97/Morroco 94 52 34 20 200 7:4:3:1 1.88 0.75-0.50 2 2 

Note:  

* Homozygous for the parental-type resistance (homozygous for all resistance alleles) 
** Homozygous for the parental-type susceptibility (homozygous, lacking all resistance alleles). 
*** Either segregating or homozygous for disease levels higher than that of the resistant parent but less than that of the susceptible 

parent (homozygous for at least one resistance allele). 
**** Segregating with disease levels reaching the susceptible parent’s response (heterozygous for at least one locus and homozygous 

for susceptibility alleles at other loci) (Singh and Rajaram, 1992). 
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 These results, therefore, demonstrated that effective adult plant 

partial resistance appeared to involve the additive interaction of Lr13, Lr26, 

and Yr9 with some minor genes related to conducive environmental 

conditions. Use of these genetically diversified rust resistant genotypes 

would be rather straight forward strategy in the future for evaluation of 

new resistant wheat varieties. 
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CHAPTER - 5 

 

Discussion  
 

 

Commercial wheat varieties released in Pakistan, between 1970-2000, 

were high yielding and leaf and yellow rust resistant during the year of 

their release. Some varieties lost resistance soon after release, such as 

Punjab-76 which became susceptible to leaf rust during the first year of its 

release, while Chenab-70 and Pak-81 although successfully cultivated in all 

parts of the country, could not withstand leaf rust attack (Hussain, 2005). 

In varieties possessing slow rusting properties the disease progressed 

slowly due to the action of various leaf rust resistance genes, amongst 

which Lr13, Lr26 played a vital role in the control of leaf rust. Such 

varieties were considered to have durable resistance (Singh et al., 1991). 

Wheat germplasm possesses resistance genes (major genes) which 

may be effective at controlling rust, in combination with other slow rusting 

minor genes. The use of durable genetic sources of resistance is the only 

effective way to develop high yielding resistant wheat varieties (Smale et 

al., 1998).  
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CORRELATION BETWEEN ENVIRONMENTAL CONDITIONS AND 

LEAF RUST SEVERITY 2003-2004 AND 2004-2005. 

In current studies, during 2003-2004, a positive correlation between 

leaf rust and maximum temperature was observed in all the fifteen wheat 

crosses. It was observed that out of fifteen crosses, eight crosses responded 

positively and showed significant correlation between minimum 

temperature and leaf rust severity, except Inqlab-91/Lr10, Uqab-2000/Wl-

711, Uqab-2000/Morocco, Uqab-2000/Lr10, Uqab-2000/Lr26, Kohistan-

97/Morocco and MH-97/Pak-81. Whereas relative humidity morning 

(06.00-8.00hrs), relative humidity evening (06.00-8.00hrs) and rainfall 

manifested negative correlation with leaf rust severity. It was also noticed 

that at higher temperature of 29.4 0C, a leaf rust epidemic could proceed 

quickly, but that each generation would be shorter lived than at lower 

temperature (Tomerlin et al., 1982). Similarly in 2004-2005, all wheat 

crosses exhibited positive correlation between maximum temperature and 

leaf rust severity. Apart from the non significant response of a cross Uqab-

2000/Pak-81 with leaf rust and minimum temperature, a positive 

correlation between minimum temperature and leaf rust severity existed in 

the remaining crosses. According to Fogliani (1986), P. recondita showed 

lower demands of humidity and relatively greater demand of temperature. 
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An inverse relationship between leaf rust severity and other three 

variables, relative humidity morning (06.00-08.00hrs), relative humidity 

evening (06.00-08.00hrs) and rainfall was also observed. Our findings were 

supported by Khan (1999) who observed the negative correlation between 

relative humidity and leaf rust on wheat cultivar LU-26. It was examined 

that genetic variation in the host crosses occurred in different 

environmental conditions and resulted in variable expression of leaf rust 

on the test crosses.  

It may be pointed out that air temperature (maximum and 

minimum) played a crucial role in the development of leaf rust by its 

positive correlation, whereas relative humidity morning (06.00-08.00hrs), 

evening relative humidity (06.00-08.00hrs) and rainfall had less impact on 

the development of leaf rust severity in two rating years.  

CORRELATION BETWEEN ENVIRONMENTAL CONDITIONS AND 

YELLOW RUST SEVERITY 2003-2004 AND 2004-2005. 

The results presented here provided information on the nature and 

extent of such effects on interaction between wheat genotypes and yellow 

rust severity. Studies during 2003-2004 revealed a positive correlation 

between maximum temperature and yellow rust severity in all crosses, 

except Kohistan-97/Morocco showed non significant response between 
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maximum temperature and yellow rust severity. It has been known for 

many years that temperature and light intensity have substantial effect on 

development of rust fungi (McGregor, 1985). It was found that in case of 

minimum temperature and yellow rust severity, a positive correlation 

existed only in three crosses, Inqlab-91/Wl-711, Inqlab-91/Lr10, and 

Inqlab-91/Lr26. Results of Khan et al. (2006) indicated that correlation of 

minimum temperature was significant with leaf rust severity based on ten 

years data. On the other hand, in all wheat genotypes, a negative 

correlation occurred between yellow rust severity and three variables, 

relative humidity morning (06.00-08.00hrs), evening relative humidity 

(06.00-08.00hrs) and rainfall. Our findings agreed with those of Khan et al. 

(1998) who found the negative correlation between rainfall and leaf rust 

severity on all varieties, but contrasted to Nagarajan (1978) who assessed 

that number of rainy days played crucial role in determining the build up 

of brown rust.  Work done during 2004-2005 showed that in all crosses, a 

positive correlation was observed between maximum temperature and 

yellow rust severity. Whereas in case of minimum temperature, only eight 

wheat genotypes manifested positive correlation with yellow rust severity 

due to genetic variation in the host cultivars. Under field conditions the 
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role and significance of each environmental variable may vary depending 

upon the pattern of climate and topography. 

In fact the negative correlation between relative humidity morning 

(06.00-08.00hrs), evening (06.00-08.00hrs), rainfall and yellow rust severity 

indicated inverse relationship i.e. the disease severity increased with the 

decrease of relative humidity morning + evening and rainfall or vice versa 

This was perhaps due to less percentage of relative humidity and low 

amount of rainfall for the two rating years. Yellow rust development may 

be attributed due to (maximum and minimum) air temperature as 

indicated by its positive significant correlation; morning relative humidity 

(06.00-09.00hrs), relative humidity evening (06.00-08.00hrs) and total 

rainfall did not contribute any role in the progression of yellow rust in 

2003-2004 and 2004-2005. 

CHARACTERIZATION OF ENVIRONMENTAL CONDITIONS 

CONDUCIVE TO LEAF AND STRIPE RUST DISEASE DEVELOPMENT 

DURING TWO SEASONS, 2003-2004 AND 2004-2005. 

In the present work examining environmental conditions conducive 

to development of leaf and stripe rust epidemics, greatest leaf and yellow 

rust severity was recorded at 30-35oC and 15-16oC maximum and 

minimum air temperatures, respectively during both rating years. But 

according to Khan (1998) the environmental conditions favored the leaf 
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rust development at maximum and minimum air temperature of 22-28 0C 

and 8 -16 0C respectively. 

  It was obvious from the results that there was a positive linear 

relationship between maximum and minimum air temperatures and rust 

development. A negative linear relationship with decreasing relative 

humidity morning (06.00-08.00hrs), evening (06.00-08.00hrs) and less 

amount of rainfall was recorded during two wheat seasons, 2003-2004 and 

2004-2005. However, the relationship between environmental parameters 

and leaf and yellow rust development was best explained by linear 

regression models, as indicated by the higher r values obtained (>0.90). In 

the same way Khan (1999) showed an inverse relationship between 

relative humidity and leaf rust development on LU26 by linear regression 

model. 

 
COMPARISON OF ENVIRONMENTAL CONDITIONS FOR TWO 

SEASONS 2003-2004 AND 2004-2005 

Leaf and stripe rust in the current work was much influenced by air 

temperature (maximum and minimum) rather than (06.00-08.00hrs) 

morning relative humidity and relative humidity evening (06.00-08.00hrs).  

Rainfall of 9.6 mm in 2003-2004 and 58.1%, 41.23% relative humidity 

morning (06.00-8.00hrs), evening (06.00-08.00hrs) and 5.5 mm of rainfall in 
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2004-2005 had less impact on the development of leaf and stripe rust 

disease severity. Leaf rust development had been reported to be 

fluctuating with air temperature, initial amount of inoculum and 

cultivation of susceptible germplasm (Roelf, 1987). So a positive linear 

relationship of maximum and minimum air temperatures with rust 

development was recorded. Negative linear relationship with decreasing 

relative humidity (morning + evening) and less amount of rainfall was 

recorded during two wheat seasons, 2003-2004 and 2004-2005. It was also 

found by Hyde (1982) that air temperature not only affects survival, latent 

period, growth, infectious period, and sporulation of the leaf rust fungus, 

but also the age and relative susceptibility of the host. Our results 

indicated that maximum and minimum air temperatures played a crucial 

role for the buildup of rust inoculum on the 15 wheat test crosses. Low 

relative humidity morning (06.00-08.00hrs) + evening (06.00-08.00hrs) and 

less amount of precipitation had no significant effects on the development 

of leaf and stripe rust during two seasons 2003- 2004 and 2004-2005. In 

spite of greater rust development when relative humidity morning, 

evening and rainfall were low, the generalized fact is that, inverse 

relationship with disease severity may not be accurate. The meterological 

graph in appendix: 8 showed that on 20th March, during 2003-04 and 2004-
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05, the maximum relative humidity morning and evening was recorded, 

but after final disease severity rating on 9th April, 2003-2004 and 2004-05, 

with the increase in temperature, the relative humidity morning and 

evening decreased gradually. Moreover, during the two rating years, less 

amount of precipitation was also observed. So the high r values indicated 

the strong correlation, whereas a –ve sign showed an inverse relationship 

between leaf and yellow rust and three environmental variables, relative 

humidity morning, evening and rainfall.. This was also supported by Khan 

(1994) who observed the negative linear relationship between leaf rust 

severity and weekly relative humidity, rainfall. 

AREA UNDER DISEASE PROGRESS CURVE DURING 2003-2004      and 

2004-2005 

 
Quantitative studies were therefore, undertaken in order to 

elucidate the effects of leaf and yellow rust development on fifteen wheat 

crosses. As a results of these studies during 2003-2004 and 2004-2005, it 

was found that the leaf and yellow rust disease severity on spreader 

Morocco and Pak-81 attained 100S (Susceptible. High values of AUDPC 

showed greater incidence of leaf and yellow rust on wheat plants, with 

lower AUDPC values indicating resistance to leaf and yellow rust in wheat 

genotypes. Dominant genes seemed to lower the leaf and yellow rust 
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incidence, while recessive genes increased the disease incidence. Yadav 

(1985) observed the reaction of spring wheat lines for slow leaf rusting on 

the basis of AUDPC. All knott lines showed significantly lower AUDPC 

values than MqPd and Thather. Four K lines, viz., K-12469, K-12481, K-

12485 & K-12569 were identified as slow rusters compared to MqPd and 

Thatcher. 

However, the results in 2003-2004, revealed that genotype MH-

97/Morocco showed greater value of AULRPC 1052.00 than AULRPC 

280.42 in cross Uqab-2000/Morocco, whereas AULRPC 257.65 recorded in 

Uqab-2000/Morocco was less than AULRPC 940.00 in cross MH-

97/Morocco during 2004-2005. Similarly, a susceptible response of MH-

97/Morocco was observed to yellow rust with AUYRPC 471.47 greater 

than a value of AUYRPC 380.62 in Uqab-2000/Lr26 during 2003-2004. 

Moreover, in 2004-2005, a cross Uqab-2000/Lr26 exhibited resistant 

response against yellow rust and showed significantly lower AUYRPC 

26.52 than cross MH-97/Morocco with a magnitude of AUYRPC 332.62. In 

work on field resistance to stripe rust, Hong and Singh (1996) also 

classified wheat varieties as highly resistant HD2258 and PBW65, when 

relative AUDPC was less than or equal to 5% of Morocco.  
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It appeared from the present work that cross MH-97/Morocco 

showed highest susceptible reaction against leaf and yellow rust due to 

maximum impact of recessive genes inherited in it. 

DISTRIBUTION OF HYPOTHESIZED AND ESTIMATED GENES IN 

SEGREGATING POPULATION OF F5 AND F6 GENERATIONS FOR LEAF 

AND YELLOW RUST DURING 2003-2004 AND 2004-2005. 

Transgressive segregation for susceptiblility was observed among 

the cultivars Iqlab-91, Wl-711, Pak-81, and Morocco. Transgressive 

segregation for resistance was recorded on cultivars Kohistan-97 and 

Uqab-2000. These results indicated that each cultivar had different genes 

for leaf and stripe rust resistance and susceptibility. The distribution and 

Chi-squared tests values and estimated gene numbers for crosses, 

including Inqilab-91/Morocco, Inqilab-91/Lr-10, Inqilab-91/Lr-26, Uqab-

2000/Pak-81, Kohistan-97/Morocco, Kohistan-97/pak-81, MH-

97/Morocco, suggested segregation at four independent loci, since the 

variation observed with leaf rust severity did not exceed the parental 

responses. The crosses MH-97/Morocco, Inqilab-91/Lr-10, MH-97/Wl-711, 

Inqilab-91/Morocco, and MH-97/Pak-81 displayed higher disease levels 

as resistance due to individual genes in the heterozygous condition was 

recessive.  
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  The results during 2003-2004 indicated that in the F5 generation of 

15 crosses, crosses Uqab-2000/Morocco and Kohistan-97/Wl-711 with 

tested ratios of 9:3:3:1, each showed dominant effects in terms of leaf rust 

reaction. It was found that over dominance or partial dominance were 

exhibited for some traits at different locations with an excess of dominant 

genes (Hassan et al., 1996). The crosses including Inqilab-91/Wl-711 

(4:5:5:2), Inqilab-91/Lr-10, (4:6:4:2), Kohistan-97/Wl-97/Morocco, (2:6:4:3), 

in the F5 generation showed a variation of dominant and recessive 

epistasis against leaf rust response involving the inhibitor type of 

mechanism. But our findings were not similar to those of  Barcellos (2000) 

who revealed that resistance against leaf rust segregated in ratio of 7:9 for 

two complementary recessive genes and in ratio of 1:3 for single recessive 

gene.  

work carried out in 2004-2005 found that in the F6 generation, 

thirteen crosses showed additive interactions with some minor genes and 

manifested epistasis and dominant epistasis, but only two crosses, MH-

97/Wl-711 and MH-97/Morroco possessed high disease levels and 

expressed dominant susceptibility towards HPTS**.  

Accoring to Yadav et al. (1999) additive gene effects were important 

in the inheritance of adult plant reaction to rust infections, dominance gene 
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effects were more pronounced followed by epistatic interaction involving 

dominance effects. Genetics studied during 2003-2004, to understand the 

inheritance of resistance to stripe rust in fifteen wheat crosses, the F5 

progeny among these genotypes indicated transgressive segregation for 

resistance in all the crosses except MH-97/Morocco. This was consistent 

with the results that MH-97/Morocco did not contribute the development 

of resistance to yellow rust. It may be assumed that MH-97/Morocco 

possibly carried genes with small effect against yellow rust. It appeared 

from the tested F ratio and Chi-squared tests values that Inqlab-

91/Morocco, Inqla-91/Lr-10, Inqlab-91/Lr26, Kohistan-97/Morocco, MH-

97/Wl-711 and MH-97/Mrocco showed dominant epistasis and possessed 

two major genes along with some minor genes. The estimation of 

heritability indicated that presence of epitasis can cause either an 

overestimation or underestimation of the actual gene number (Zhang et al, 

2001). Transgressive segregation for resistance in crosses Uqab-2000/Lr 26, 

Uqab-2000/Pak-81 showed a high level of resistance against yellow rust. 

Samborski and Dyck (1982) showed that the combination of specific genes 

interacted to give a high level of resistance.  

Similarly our results during 2004-2005, revealed the combination of 

two or three segregating genes resulted in a response indistinguishable 
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from the resistant parent against yellow rust. These results indicated that 

major genes with some minor genes involved in gene for gene interaction 

did not act strictly independently but interacted quantitatively, so very 

low disease response was observed in all the test crosses of wheat except 

Inqilab-91/Morocco, Inqilab-91/Wl-711, MH-97/Wl-711 and MH-

97/Morocco, because Wl-711 and Morocco are known as highly 

susceptible cultivars. In the present work, it was found that Uqab-2000/Lr 

10, Uqab-2000/Lr26 and Uqab-2000/Pak-81 showed a highly resistant 

response to yellow rust. Apart from our findings, Knott and Padidam 

(1988) data for six wheat lines lacking genes for specific resistance to race 

15B-1 (TMRT) indicated that three or four genes were involved in field 

resistance and their effects were probably multiplicative.  

. The distribution and Chi-squared tests values indicated that in the 

present results, effective resistance was due to an additive effect of some 

minor genes and some major genes linked to certain conducive, 

environmental conditions. According to Singh et al. (1991) a partial 

resistance or slow rusting response to rusts was controlled by a few 

additive or multiplicative genes.  
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The fifteen wheat crosses studied were used to evaluate whether 

major genes, along with some minor genes, played any role in conferring 

adult plant resistance associated with environmental parameters.  

Keeping in view the wheat rust scenario, the involvement of 

effective Lr13, Lr26 and Yr9 genes, a good genetic combination may be 

exploited as source of durable leaf and stripe rust resistance in high 

yielding wheat varieties for the Punjab and for the country as a whole.  
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CHAPTER - 6 

 

Summary 
 

 

The correlation between air temperature (maximum, minimum), 

relative humidity morning (06.00-08.00hrs), relative humidity evening 

(06.00-08.00hrs), and rainfall with leaf and stripe rust disease severity was 

statistically significant. In the 2003-2004 season, among all fifteen 

genotypes, a positive correlation of maximum air temperature with leaf 

rust was observed, whereas a negative correlation of minimum 

temperature was recorded in Crosses No. 4 and No. 8. Other 

environmental parameters including relative humidity morning (06.00-

08.00hrs), evening (06.00-08.00hrs) and rainfall showed negative 

correlations with leaf rust severity in all fifteen crosses. Similarly, a 

positive correlation between air temperature (maximum, minimum) and 

leaf rust severity was found in fifteen wheat genotypes during 2004-2005. 

A negative correlation between relative humidity and rainfall with leaf 

rust severity was noted, with all fifteen crosses of wheat during 2004-2005. 
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 All genotypes responded positively exhibiting a significant 

correlation between maximum temperature and yellow rust severity 

except non significant response of Kohistan-97/Morocco to maximum 

temperature during 2003-2004. A significant correlation with relative 

humidity morning (06.00-08.00hrs), evening (06.00-08.00hrs), rainfall and 

yellow rust severity was observed on all crosses except Kohistan-

9/Morocco in 2003-2004. All crosses expressed positive correlation 

between maximum temperature and yellow rust severity in 2004-2005. 

Uqab-2000 and its respective counterparts (Lr10, Lr26, Pak-81), Kohistan-

97/Morocco, Kohistan-97/Pak-81 showed no correlation between 

minimum temperature and yellow rust severity. An inverse relationship 

between relative humidity morning (06.00-08.00hrs), + evening (06.00-

08.00hrs), rainfall and yellow rust severity was also recorded during 2004-

2005. Five wheat crosses with 50% or more environmental parameters 

having significant correlations with leaf and yellow rust severity were 

graphically plotted to get better scenario of the disease and environment 

interaction. A Positive linear relationship between maximum and 

minimum air temperature and disease severity indicated that maximum 

leaf and stripe rust development was highly attributed to 30-35oC 

maximum and 15-16oC minimum air temperatures. Based on data from 
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two rating years, 2003-2004 and 2004-2005, four environmental parameters 

including air temperature (maximum, minimum), relative humidity 

morning (06.00-08.00hrs), relative humidity evening (06.00-08.00hrs) and 

rainfall were tested for correlations with leaf and stripe rust severities. Leaf 

and stripe rust severity in 2003-2004 was higher than in 2004-2005.  

Among fifteen wheat crosses, cross No. 6, Uqab-2000/Morocco 

inherited a slow rusting resistance response, measured by area under leaf 

rust progress curve (AULRPC) ranging from 280.42 to 257.65, respectively 

during two rating years 2003-2004 and 2004-2005. The maximum AULRPC 

from 1052.00 to 940.00 was recorded on genotype MH-97/Morocco during 

two seasons. Cross No. 8, Uqab-2000/Lr-26 had AUYRPC of 38.22 to 26.52, 

whereas genotype no. 15, MH-97/Morocco expressed as fast ruster with 

AUYRPC values of 471.42 to 332.62, respectively, in two seasons 2003-04 

and 2004-2005. 

Transgressive segregation for susceptibility among the Morocco, Wl-

711, Inqilab-91 and Pak-81 cultivars was recorded, whereas cultivars 

Kohistan-97 and Uqab-2000 showed resistant transgressive segregation 

(HPTR*). Studies during 2003-2004 on the resistance of the F5 generation 

against leaf rust in crosses Uqab-2000/Morocco and Kohistan-97/Wl-711 

for tested ratio of 9:3:3:1 revealed the dominance effect against leaf rust. In 
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2005 work done on the F6 generation of the leaf rust reaction indicated that  

resistance was dominant over susceptibility, except in Inqilab-91/Morocco 

and MH-97/Morocco, where epistasis with tested ratios of 4:9:6:2 and 

3:8:3:2, respectively was recorded. Results obtained for yellow rust 

reaction in the F5 generation during 2003-2004 in crosses Inqilab-

91/Morocco, Inqilab-911/Lr-10, Inqilab-93/Lr-26, Kohistan-97/Morocco, 

MH-97/Wl-711, and MH-97/Morocco suggested the inheritance of two 

major genes along with some additive minor genes. 

The yellow rust reaction in the F6 generation during 2004-2005 

indicated variation in dominant epistasis in all the fifteen crosses. The 

combination of two or three segregating genes resulted in a response 

different from the resistant parent and the observed distribution of F5 and 

F6 generations confirmed the additive interaction of the crosses. 

From these results it was concluded that effective resistance in the 

resistant crosses against leaf and stripe rust severity was due to some 

minor genes additive with some major genes influenced by conducive 

environmental conditions. The crosses Uqab-2000/Lr26, Uqab-

2000/Morocco and Kohistan-97/Morocco proved good genetic 

combinations for future breeding programmes for the incorporation into 

wheat of genes for slow rusting resistance to leaf and yellow rust.  
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CONCLUSION  

 Maximum and minimum air temperatures of 30-35oC and 15-16oC 

respectively proved conducive for leaf and yellow rust development, 

in Faisalabad. 

 Crosses Kohistan-97/Morocco, Uqab-2000/Morocco for leaf rust and 

Uqab-2000-/Pak-81, Uqab-2000/Morocco for yellow rust proved 

moderately resistant against leaf and stripe rust. 

 Lr13, Lr26 and Yr9 proved to be good combinations of genes for a 

genotype Uqab-2000/Morocco against leaf and stripe rust.  

 

RECOMMENDATIONS 

 Environmental conditions favorable to rust epidemics should be 

monitored for warning against leaf and stripe rusts. 

 A standard protocol for screening against rust to identify resistance 

should be established. 

 Cross Kohistan-97/Morocco, Uqab-2000/Lr26 and Uqab-

2000/Morocco may be exploited further inbreeding programmes for 

incorporation of genes for slow rusting resistance to leaf and yellow 

rust.  



 112

Literature Cited 
 

 

Anonymous. 2000. District census report of Fiasalabad. Population census 

organization Statistics Division Government of Pakistan, 

Islamabad. Publication No. 16 pp 1-3. 

Anonymous. 2007. Economic Survey of Pakistan 2007-2008. Government of 

Pakistan Finance Division Economic Adviser’s Wing, 

Islamabad. pp 48-49. 

Bahadur, P., V.C. Singh and Y.M. Upadhyaya. 1979. Tolerance in 

Kalyansona to rusts. Ind. Jour. Genetic and PI. Breed. 39:338-

341. 

Barcellos, A.L. 2000. Inheritance of adult plant leaf rust resistance in the 

Brazillian wheat cultivar Toropi. Plant dis. 84: 90-93. 

Beard, C., Geraldton, R. Loughman and G. Thomas. 2005. Managing stripe 

rust and leaf rust of wheat. Deptt. of Agriculture 

www.agric.wa.gov.au.com. Farmnote Rev. pp. 1-4.  

Bjarko, M.E. and R.F. Line. 1988a. Quantitative determination of the gene 

action of leaf rust resistance in four cultivars of wheat, 

Triticum aestivum. Phytopath 78:451-456. 



 113

Bjarko, M.E. and R.F. Line. 1988b. Heritability and number of genes 

controlling leaf rust resistance in four cultivars of wheat. 

Phytopath 78:457-461. 

Borner, A., O. Unger, A. Meinel, G.T. Scarascua-Mugnozza, E. Porceddu 

and M.A. Pagnotta. 1999. Genetics of durable adult plant 

resistance to rust diseases in wheat (Triticum aestivum L.): 

Genetics and breeding for crop quality and resistance. 

Proceedings of the XV EUCARPIA Congress, Viterbo, Italy, 

September 20-25, pp. 61-66. 

Browder, L.E. and M.G. Eversmyer. 1987. Influence of temperature on 

development of Puccinia recondita with Triticum aestivum. 

‘Suwon 85’. Phytopath 77: 423-425.  

Burleigh, J.R., A.P. Roelfs and M.G. Eversmeyer. 1972. Estimating damage 

to wheat caused by Puccinia recondita tritici. Phytopath 62:944-

946. 

Caldwell, R.M. 1968. Breeding for general and or specific plant disease 

resistance. Third Int. Wheat genetics/symposium Canberra, 

Australia. pp. 263-272. 



 114

Caldwell, R.M., J.J. Roberts and Z. Eyal. 1970. General (slow rusting) 

resistance to Puccinia recondita f. sp. tritici in winter and spring 

wheats. Phytopath 60:12-87. 

Chaudhry, M.A., M. Hussain, F.A., Khan and J.A. Shah. 1995. Virulences of 

recondita f. sp. tritici in the Punjab and Kaghan during 1991-94. 

Pak. J. Phytopath 7(1):1-4. 

Chaudhry, M.H., S. Hussian, S.B. Khan, F. Hussian and J. Anwar. 1999. 

Food requirement of Pakistan in first decade of 21st century: A 

role of wheat research in Punjab. Sci. Tech. and Development. 

18: 1-5. 

Chen, W., Q.M. Qin, Y.L. Chen, Z. Wu, Z. Ma, L. Qin, W.Q. Chen, Q.M. 

Qin, Y.L. Chin, Z.H. Wu, Z.Q. Mu and Q. Liao. 2001. Leaf rust 

resistance of 40 wheat cultivars in China. Phytopath Sinica. 

31:16-25. 

Chumakov, A.E., R.I. Schcheko-Chi-Khina and I.P. Naumova. 1979. Effects 

of the infections background on harmfulness of brown rust of 

wheat. All Union Acad. Agric. Sci. pp.87-92. 

CIMMYT, 1988. Area Under Disease  Progress Curve (AUDPC)  copyright 

@ by CIMMYT. Lis boa # 27. Mexico D.F. Mexico.                      



 115

Cortazar, S.R., A.I. Ramirez, M.O. Moreno, E.E. Hake, B.F. Riveros and 

V.M. Zolezzi. 1982. Effect of wheat sowing date on P. graminis 

infection and yield in North-Central Chile. Agric. Tecnica, 

42:227-233.  

Cummins, G.B. and R.M. Caldwell. 1956. The validity of bionomials in the 

leaf rust fungus complex of cereals and grosses. Phytopath 46: 

81-82.  

de Candole, A. P. 1815. Flore Francaise, 3rd edn. Paris: Desray, pp. 91-93. 

Dhingra, O.D. and J.B. Sinclair. 1993. Basic Plant Pathology Methods. CBS 

Publisher & Distributors, 485, Jain Bhawan, Binala Nath 

Nagar Shahdara Delhi. 110032 India. 

Drijepondt, S.C., A.Z. Pretorius and F.H.J. Rijkenberg. 1991. Expression of 

two wheat leaf rust resistance gene combination involving 

Lr34. Plant Dis. 75(5): 526-528. 

Dyck, P.L. 1991. Genetics of adult-plant leaf rust resistance in Chinese 

Spring and Sturdy wheats. Crop Sci. 31:309-311. 

Dyck, P.L., D.. Samborski and R.G. Anderson. 1966. Inheritance of adult-

plant leaf rust resistance derived from the common wheat 

varieties Exchange and Frontana. Can. J. Genet. Cytol. 8:665-

671. 



 116

Flor, H. H. 1956. Complementary gene systems in flax and flax rust. 

Advances in Genetics. 8: 29-54 

Fogliani, G. and E. Caffarni. 1986. Experimental resulting in Oltrepo 

Pavese (Padana Velly), on wheat rust epidemiological aspects 

related to the climatic conditions. J. Phytopathol 115:2-20. 

Gurdev, S., G.S. Nanda, V.S. Sohu and G. Singh. 1999. Quantitative 

analysis of adult plant resistance to stripe and leaf rust in 

wheat (Triticum aestivum L.) Agri. Sci. Digest Karnal 19:235-

238. 

Hafiz, A. 1986. Plant Diseases Pub. PARC, Islamabad. pp. 552. 

Hasan, S.F. 1979. Wheat diseases situation in Pakistan. Paper presented at 

National Seminar on Wheat Research and Production. pp. 6-9. 

August, 6, Islamabad, Pakistan.  

Hassan, A.M., M.B. Abdel-Sabour, A.A. Abdel-Sharif and A.A. Hamada. 

1996. Genetical analysis of diallel cross in bread wheat under 

different environment conditions in Egypt. 1. F1 and parents. 

Ind. J. Genet. and Plant Breed. 56(1):34-48.  

Hayes, H.K., E.C. Stakman and O.S. Aamodt. 1925. Inheritance in wheat of 

resistance to black stem rust. Phytopath 15:371-386. 



 117

Hong, Ma and R.P. Singh. 1996. Expression of adult plant resistance of 

stripe rust at different growth stages of wheat. Plant Dis. 

80:375-379. 

Hussain, F. 2005. Genetics analysis of adult plant leaf rust resistance in 

spring wheat (Triticum aestivum L.) Ph.D Thesis, Department 

of Biological Sciences Quaid-I-Azam University Islamabad. pp. 

4-51. 

Hussain, M., M. H. Chaudhry, A.R. Rehman, J. Anwar, S.B. Khan, J.A. 

Shah and M. Hussain. 1999. Development of durable rust 

resistance in wheat. Pak. J. Phytopath 11:130-139. 

Hussain, M., M.A. Khan, M. Irshad and M. Hussain. 1999. Screening of 

wheat germplasm against leaf and stripe rust epidemics for 

the identification of resistant sources against these diseases. 

Pak. J. Phytopath 11: 93:99.  

Hussain, M., S.F. Hassan and M.A.S. Kirmani. 1980. Virulences in Puccinia 

recondita Rob. Ex Desm. f. sp. tritici in Pakistan during 1978 

and 1979. Proceedings of the fifth European and 

Mediterranean cereal rusts conference, Bari, Italy, 179-184. 

Hyde, P.M. 1982. Temperature sensitive resistance of the wheat cultivar 

Maris Fundin to Puccinia recondita. Plant Path 31: 25-30. 



 118

Imbaby, I. A. 2007. Use of infection type data to identify genes for low 

reaction to wheat leaf rust in Gemmeiza and Sids cultivars. 

Egypt. J. Phytopathol. 35(1): 25-34 

Jamshed, U., G. Nasim and G. Rasool. 2008. Correlation and regression for 

for prediction of wheat leaf rust severity in Bhawalpur and 

Multan using relevant meteorological data. Mycopath 6 (1&2) 

23:29.                                                                                                                           

Johnson, R. 1981. Durable resistance: Definition of, genetic control, and 

attainment in pant breeding. Phytopathol 71: 295-324. 

Johnson, R. and C.L. Law. 1975. Genetic control of durable resistance to 

yellow rust (Puccinia striiformis) in the wheat cultivar hybrid 

de Borsee. Ann. Appl. Biol. 81: 385-391. 

Johnston, C.O. and L.E. Browder. 1966. Seventh revision of information 

register physiologic races of P. recondita f. sp. tritici Plant Dis. 

Rep. 50: 758-760. 

Joshi, L.M. 1976. Recent contributions towards epidemiology of wheat 

rusts in India. Indian Phytopath 29, 1-16. 

Khaleeque, M.H. and A. Alam. 1995. Heritability and number of genes 

controlling leaf rust resistance in 5 cultivars of wheat in 

Pakistan. Pak. J. Phytopath 7(1):5-8. 



 119

Khan, M.A. 1987. Wheat Variety Development and Longevity of Rust 

Resistance. Lahore: Directorate of Agri. Information, Punjab. 

pp. 9. 

Khan, M. A. 1994. A Decision-support model for the economic 

chemotherapy of leaf rust on winter wheat in Mississippi State, 

Ph.D Thesis, Department of Entomology and Plant Pathology 

Mississippi, USA. pp 38-63. 

Khan, M.A. 2003. Wheat Crop Management for Yield Maximization. 1st 

Edition Wheat Research Institute, Faisalabad. Agri. Deptt. 

Government of Punjab, Lahore, Pakistan. 

Khan, M.A. and M.B. Ilyas. 1999.  A two environmental variable model to 

forecast leaf rust on wheat. Proceeding of 2nd National 

Conference of Plant Pathology, Sept. 27-29, 1999, University of 

Agriculture, Faisalabad. pp. 72-89. 

Khan, M.A., M. Hussain, M.N. Sajid and M.A. Khan. 2006. Slow rusting 

response of wheat germplasm against Puccinia recondita f. sp. 

tritici in relation to environmental conditions. Pak. J. 

Phytopath 18(2):114-116.  



 120

Khan, M.A., M. Yaqub and M.A. Nasir. 1998. A two environmental 

variable model to predict wheat leaf rust based on 10 years 

data. Pak. J. Phytopath 10(27) :78-85.  

Khan, M.A., L.E. Trevathan and J.T. Robbins. 1997. Quantitative 

relationship between leaf rust and wheat yield in Mississippi. 

Plant Dis. 81:769-772. 

Khan, N.I., M. Akram and M.H. Chowdhry. 1989. Evaluation of heterosis 

in ten intraspecific wheat crosses. Pak. J. Agric. Res. 10:105-111. 

Knott, D.R. and M. Padidam. 1988. Inheritance of resistance to stem rust in 

six wheat lines having adult plant resistance. Genome. 30:283-

288. 

Kolmer, J.A. and J.Q. Liu. 2001. Simple inheritance of partial resistance to 

leaf rust in two wheat cultivars. Plant Path 50:546-551. 

Kuhn, R.C., H.W. Ohm and G.E. Shaner. 1980. Inheritance of slow leaf 

rusting in Suwon 85 wheat. Crop Sci. 20:655-659. 

Large, E.C. 1940. The advance of fungi. Jonathan cape: London. 

Large, E.C. 1954. Growth stages in cereal. Illustrations of the Feekes’ scale. 

Plant path 3: 128-129.  

 



 121

Lebedev, V.B. and G.F. Ishina. 1976. Grain quality of spring wheat on 

using fungicides against brown rust. Kachestory Sel Skon 

Khozyaistve, 14:50-51. 

LeClerg, E.L., W.H. Lfonard and A.G. Clark. 1999. Field Plot Technique, 

2nd edition. pp. 60-69. 

Lee, T.S. and G. Shaner. 1985. Oligogenic inheritance of length of latent 

period in six slow leaf rusting wheat cultivars. Phytopath 

75:636-643. 

Luke, H.H., R.D. Burnet and P.I. Plahler. 1975. Inheritance of horizontal 

resistance of crown rust in oats. Phytopath 65: 637-632. 

Marasas, C.N., M. Smale and R.P. Singh. 2002. The impact of agricultural 

maintenance research: The case of leaf rust resistance breeding 

in CIMMYT-related spring bread wheat. CD-ROM Proc. Int. 

Conf. on Impact of Agricultural Research and Development, 

San Jose, Costa Rica. 4-7 Feb. 2002 (CIMMYT, Mexico).  

Mather, K. ad J.L. Jinks. 1982. Introduction to biometrical genetics. 

Chapman and Hill Ltd, London.  

McGregor, A.J. and J.G. Manners. 1985. The effect of temperature and light 

intensity on growth and sporulation of Puccinia striiformis on 

wheat. Plant Path. 34: 263-271. 



 122

McInotosh, R.A. 1992. Close genetic linkage of genes conferring adult plant 

resistance to leaf rust and stripe rust in wheat. Plant Path 

41:523-537. 

McIntosh, R. A., C. R. Wellings and R. F. Park 1995. Wheat Rusts. An Atlas 

of Resistance Genes. CSIRO Publications, Est Melbourne, 

Victoria 3002, Australia pp.200. 

Merezhko, A.F. 1989. Genetic control of resistance to brown rust in the 

Mexican bread wheat variety Cocoraque F75 and its 

derivatives. Sbornik Nauchnykh Trudov po Prikladnot Botanike, 

Genetike i Selektsii. 127:62-69. 

Milus, E.A. and R.F. Line. 1980. Characterization of resistance to leaf rust 

in pacific northwest wheats. Phytopathology 70:167-172. 

Nagarajan, S. and L.M. Joshi. 1978. Epidemiology of brown and yellow 

rusts of wheat over North India. The associated meterogical 

condition. Plant Dis. Rep. 62(2): (Absts.). 

Nayar, S.K., M.K. Menon, S. Nagarajan, P. Bahadur and S.B. Singh. 1987. 

Occurrence of new virulent pathogenic forms in race 77 of P. 

recondita f. sp. tritici in India. Current Sci. 56(16): 844-848. 



 123

Ohm, H.W., and G.E. Shaner. 1976. Three components of slow leaf-rusting 

at different growth stages in wheat. Phytopathology 66:1356-

60. 

 Peterson, R.F., A.B. Campbell and A.E. Hannah. 1948. A diagram scale for 

estimating rust severity on leaves and stems of cereals. Can. J. 

Res. Sect. C. 26: 496-500. 

Pretorius, Z.A and A.P. Roelfs. 1996. The role of Lr10, Lr13 and Lr34 in 

expression of adult plant resistance to leaf rust in the wheat 

cultivar Era. Plant Dis. 80:199-202.  

Rajaram, S. 1972. Method for detection and evaluation of adult plant 

resistance to Puccinia graminis tritici in wheat. Proceedings of 

the European and Mediterranean Cereal Rusts Conference. 

Prah, Czechoslovakia. pp. 203-208. 

Rajaram, S., R.P. Singh and E. Torrie. 1988. Current CIMMYT approaches 

in breeding wheat for rust resistance. In: CIMMYT 1988 

Breeding strategies for resistance to the rusts wheat. Mexico, 

D.F. CIMMYT, 101-118.   

Rao, S.K.V., J.P. Snow and G.T. Berggren. 1989. Effect of growth stages and 

initial inoculum level on leaf rust development and yield loss 



 124

caused by Puccinia recondita f. sp. tritici. J. Phytopath 127:200-

210. 

Rees, R.J., J.P. Thompson and E.A. Goward. 1979. Slow rusting and 

tolerance to rusts in wheat II. The progress and effects of 

epidemics in Puccinia recondita tritici. in selected wheat 

cultivars. Aust. J. Agric. Res. 30:421-432. 

Roelf, A.P. D.H. Casper, D.L. Long and J.J. Robberts. 1987. Races of 

Puccinia graminis in the United States and Mexico during 1986. 

Plant Dis. 71: 903-907. 

Roelf, A.P., R.P. Singh and E.E. Saari. 1992. Rust diseases of wheat: 

Concept and methods of disease management ‘Mexico’ D.F. 

CIMMYT. pp. 81.  

Saari, E.E. and J.M. Prescott. 1985. World distribution in relation to 

economic losses. In the cereal rusts. 2:259-298. (Academic 

Press, Orlando, Florida, USA).  

Samborski, D.J. 1985. Wheat leaf rust, in the cereal rust. Roelf, A.P. and 

W.R. Bushnell. Eds. Academic Press. Orlando, Florida.2:39-59 

Samborski, D.J. and P.I. Dyck. 1982. Enhancement of resistance to Puccinia 

recondita by interactions of resistance genes in wheat Can. J. 

Plant Path 4:152-156. 



 125

Shaner, G. and R.E. Finney. 1980. New sources of slow leaf rusting 

resistance in wheat. Phytopath 70:1183-1186. 

Singh, D., R.F. Park ad R.A. McIntosh. 2001. Inheritance of seedling and 

adult plant resistance to leaf rust of selected Australian spring 

and English winter wheat. Plant Dis. 79: 35-38. 

Singh, R.P. 1992. Assocation between gene Lr34 for leaf rust resistance and 

leaf tip necrosis in wheat. Crop Sci. 32:874-878. 

Singh, R.P. and J. Huerta-Espino. 1995. Inheritance of seedling and adult 

plant resistance to leaf rust in wheat cultivar Ciano79 and 

Papago86. Plant Dis. 79:35-38. 

Singh, R.P. and S. Rajaram. 1991. Genes for low reaction to Puccinia 

recondita f. sp. tritici in fifty Mexican Triticum aestivum 

cultivars. Crop Sci.31:1472-1479. 

Singh, R.P. and S. Rajaram. 1992. Genetics of adult plant resistance to leaf 

rust in ‘Frontana’ and three CIMYYT wheats. Genome 35:24-

31. 

Singh, R.P. and S. Rajaram. 1994. Genetics of adult plant resistance to 

stripe rust in ten spring bread wheats. Euphytica 72:1-7. 

Singh, R.P., H.A. William, J. Huerta-Espino and G. Rosewarne. 2004. 

Wheat rust in Asia: Meeting the challenges with old & new 



 126

technologies. Paper presented at 4th ICSC. 26 Sep. 10Oct. 2004. 

Brisbane Australia. 

Singh, S., B.R. Sattavurm and S. Nagarajan. 1989. Identification of slow 

rusting lines in wheat to Puccinia recondita f. sp. tritici. In India 

Phytopath 42:152-153. 

Skovmand, B., R.D. Wilcoxson, B.L. Shearer and R.E. Stucker. 1978. 

Inheritance of slow rusting to stem rust in wheat. Euphytica 

27:95-107. 

Smale, M., R.P. Singh, K. Sayre, P. Pingali, S. Rajaram and H.I. Dubin. 1998. 

Estimating the economic impact of breeding non-specific 

moisture to leaf rust in modern breed wheats. Plant Dis. 82: 

1055-1061.  

Srivastava, K.D., L.M. Joshi and R.K. Malhotra. 1974. Effect of brown rust 

on yield components of wheat variety Lal Bahadur Indian 

Path 27:286-290. 

Stakman, E.C. and J.G. Harrer. 1957. Principals of Plant Pathology. Ronald 

Press, New York, pp-381. 

Statler, G.D. 1984. Probable genes for leaf rust resistance in several hard 

red spring wheats Crop Sci. 24:883-886. 



 127

Steel, R.G.D., J.H. Torrie and D.A. Dicky, 1997. Principles and Procedures 

of Statistics. McGraw Hill Series in Probability and Statistics, 

pp: 478-484. 

Stokstad, E. 2007. Deadly wheat fungus threatens world’s breadbaskets. 

Science 315: 1-2. www.sciencemag.org.  

Stubbs, R.W., J.M. Prescott, E.E. Saari and H.J. Dubin. 1986. Cereal Disease 

Methodology Manual. Centro International De Majoramiento 

De Maiz Y Trigo (CIMMYT), Mexico.  

Suba, R.K.V., G.T. Barggren and J.P. Snow. 1990. Characterization of wheat 

leaf rust epidemics lovsiona. Phytopath 80:402-410. 

Tomerlin, J.R., M.G. Eversmayer, C.L. Kramer and L.E. Browder. 1982. 

Temperature and host effects on latent and infectious periods 

and on urediniospore production of Puccinia recondita f. sp. 

tritici, phytopath 73:414-419. 

Van der plank, J.E. 1963. Plant Diseases: Epidemics and control. Academic 

Press, New York.  

Voronina. S.A., S.N. Sibikeev and V.A. Krupnov. 1999. Effect of leaf rust 

epidemics on the yields of bread wheat in the Volga region of 

Russia. Wheat & Barley Newsletter 18:12-14. 



 128

Williams, N.D. and J.D. Miller. 1982. Inheritance of resistance to stem in a 

selection of wheat cultivar ‘Waldron’ Puccinia graminis. Crop 

Sci. 22:1175-1179. 

Yadav, B. 1985. Evaluation of spring wheat lines for slow leaf rusting. Ann. 

Biol., India, 1:165-170. 

Yadav, B., B. Ram, S.K. Sethi and O.P. Luthra. 1992. Genetics of field 

resistance and transgressive segregation to leaf rust of wheat 

(Trticum aestivum L. em. Thell). Cereal Res. Communications, 

1:41-48. 

Young, H.C. 1970. Variation in virulence and its relation to the use of 

specific resistance for the control of wheat leaf rust. Plant Dis. 

Probl., Proc. Int. Synop., 1st, 1966-1967. pp. 3-8. 

Zhang, Z.J., G.H. Yang, G.H. Li, S.L. Jin and X.B. Yang. 2001. Transgressive 

segregation, heritability and number of genes controlling 

durable resistance to stripe rust in one Chinese and tow Italian 

wheat cultivars. Phytopath 51: 680-686.  

Zwatz, B. 1977. Severe brown rust on wheat and rye. Pflanzenarzt. 30:108-

109.  

                               



 129

Appendices 

 

 
 
Appendix 1: Wheat Area, Production and Average Yield in 

Pakistan 

Year Area(000ha) 
Production (000 

Tones) Yield (Kg/ha) 

1947-48 3953.9 3354 848 

1959-60 4841.8 3770 789 

1969-70 6229.5 7294.2 1171 

1979-80 5911.6 10804.8 1563 

1989-90 7845.0 14316 1825 

1999-2000 8463.0 21079 2491 

2000-01 8261 19018 2302 

2001-02 8058 18227 2262 

2002-03 8034 19183 2388 

2003-04 8216 19500 2375 

2004-05 8358 21612 2568 

2005-06 8448 21277 2519 

2006-07 8578 23295 2716 

2007-08 8414 21749 2585 

Source: Pakistan Economic Survey, Government of Pakistan, Finance Division, 
Economic Advisory Wing, Islamabad (2007-08).  
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Appendix 2: List of wheat varieties released by the Wheat 
Research Institute Faisalabad, Punjab, Pakistan. 

SR. 
NO. VARIETY PERCENTAGE 

YEAR OF 
RELEASE 

ERA-1 (1883-1932) 

1 T9 Collection of Land Races 1911 

2 T11 Collection of Land Races 1913 

3 8A Collection of Land Races 1919 

4 9D Collection of Land Races 1932 

ERA-2 (1933-1964) 

5 C518 T9 X 8A 1933 

6 C591 T9 X 8B 1934 

7 C228 HARDFEDRATION X 9D 1941 

8 C217 C516 X C591 1944 

9 C250 HARDFEDRATION X 9D 1944 

10 C271 C230 X IP165 1957 

11 C273 C209 X C591 1957 

ERA-3 (Green Revolution and Post Green Revolution) 

12 Mexi.PAK-65 PJ62 ‘S’ –GB-55 1965 

13 CHENAB 70 C271-WT(E) X SON64 1970 

14 BARANI 70 PIT-GB X C271 1970 

15 SA 42 C271-LR64 X SON 64 1971 

16 BLUE SILVER II-54-388-AN(UT.54-NIC-B X LR 64) 1971 

17 LYP-73 BB-NOR-67 1973 

18 SANDAL-73 (CNO-SON64 X KAL-REND)M.PAK 1973 

19 POTHOWAR 114B-35 X NAD 63 1973 

20 PARI-73 (CNO-SON64 X KAL-REND)M.PAK 1973 

21 SA-75 (NA160-CB151 X S.948)M.PAK 1975 

22 YACORA-70 (CNO-SON64 X KAL-REND)M.PAK 1975 

23 PUNJAB-76 (NA160-XB151 X S.948)M.PAK 1976 

24 PUNJAB-81 INIA/SON64-P.4160(E) X SON 64 1981 

25 PAK-81 KVZ/BUHO//KAL/BB 1981 

26 KOHINOOR-83 (OREF1 158-FDL X MEXIFEN ‘S’-TIBA632) COC 1983 

27 FSD.83 FURY X KAL-BB 1983 

28 FSD.85 MAYA-MONCH ‘S’ X KVZ-TRM 1985 
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29 PB.85 KVZ-TRM X PTM-ANA 1985 

30 WADANAK-85 GUIL ‘S’ – SNIPE ‘S’ X GDO VZ 449 1985 

31 CHAKWAL-86 FORLANI-ACCICO10XANA75 1986 

32 PASBAN-90 INIA66/8A.DISTT//INIA6683/GEN81 1990 

33 INQLAB-91 WL711/CROW ’S’ 1991 

34 PARWAZ-94 (V5648)CNO ‘S’/LR64//SON64/3/SON/4/PRL ‘S’ 1994 

35 SHAHKAR-95 WL711/F3.718TRM 1996 

36 PUNJAB-96 SA42/3/CC//INIA//BB/INIA/4/CNO/HD832 1996 

37 MH-97 ATTILA = ND/VG9144/KAL/BB/3/YACO/4/VEE#5 1997 

38 KOHISTAN-97 V-1562//CHRC’S’/HORK/3/KUFRA-1/4/CARP’S’/BJY 1997 

39 CHAKWAL-97 BUC’S’/FCT’S’ 1997 

40 DURUM-97 JO’S’/AA’S’//FG’S’ 1998 

41 UQAB-2000 CROW’S’/NAC//BOW’S’ 2000 

42 IQBAL-2000 BURGUS/SORT-12-13//KAL/BB/3/PAK-81 2000 

43 CHENAB-2000 CHUM18/BAU’S’ 2000 

44 AS.2002 KHP/31708//CM74A370/3/CIANO79/4/RL6043/4*NAC 2002 

45 SH.2002 INQ.91/FINK’S’ 2002 

46 SEHER-06 EHIL/2*/4/BOW/CROW/BVC/PVN/S 2006 

47 SHAFAQ-06 WATTAN/2*/INQILAB-91 2006 
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APPENDIX 3 
 

 

PEDIGREE METHOD 

F1 
 
F2 
 
F3 
 
F4 
 
F5 
 
F6 
 
F7 
 
F8 
to 
F10 

Parent A X Parent B

Bulk plot 
 
Space planted 
 
Plant/head rows 
 
Families of plant rows 
 
Families of plant rows 
 
Families of plant rows 
 
Preliminary yield trials 

 
Replicated yield trials 
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APPENDIX 4 
 BULK METHOD 

F1 
 
F2 
 
F3 
 
F4 
 
F5 
 
F6 
 
F7 
 
F8 
to 
F10 

Parent A  X Parent B

Bulk plot 
 
Bulk plot 
 
Bulk plot 
 
Bulk plot 
 
Space planted 
 
Plant rows 
 
Preliminary yield trials 

 
Replicated yield trials 
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Appendix 5: Characteristics of wheat varieties selected for studies  
Sr. 
No. Variety/Percentage Origin 

Year of 
release 

Plant 
height 
(cm) 

Days to 
heading 

Days to 
maturity 

1000-grain 
weight(g) 

Leaf rust 
reaction 

Type 
Salient Characteristics 

1 WL711 Pakistan  1978 105 111 154 33.3 S 

Semi dwarf, general purpose, 
grains amber, and hard, 
susceptible to leaf rust, yield 
potential 5.5 tons/ha 

2 
PAK-81 
[KVZ/BUHO/KAL 
/BB] 

Pakistan 1981 105 116 154 37.5 S 

General purpose, long duration, 
semi dwarf, wider adaptability, 
grain amber and hard, 
susceptible to leaf rust, yield 
potential 6 tons/ha 

3 
INQLAB-91 
[WL711/CROW’S’] Pakistan 1991 104 108 154 43 MRMS 

Semi dwarf, medium in maturity, 
long spike, bold grain, resistant 
to leaf rust, highly yielding, 
wider adopter, yield potential 7 
tons/ha 

4 KOHISTAN-97 Pakistan 1997 102 110 154 40 MRMS 

Long duration, long spike, bold 
grain, resistant to leaf rust, highly 
yielding, wider adopter, yield 
potential  6.2 tons/ha 

5 

MH-97 
[(ATTILA)=ND/ 
VG9144/ KAL/ 
BB/3/YACO/4/ 
VEE#5] 

Pakistan 1997 99 116 160 34 MRMS 

Long duration, early in planting, 
dwarf plant, more tailoring, 
small grain, resistant to leaf rust, 
high yielding, yield potential 6.7 
tons ha-1 

6 
UQAB-2000 
[CROW’S’NAC/ 
/BOW’S’ 

Pakistan 2000 110 105 154 45 MRMS 
Medium in planting, resistant to 
leaf rust, yield potential 6 tons  
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Appendix 7: Names of locations along with longitude and latitude 
(coordinates). 
 
 
Names of 

locations 

Longitude  Latitude Max. 

Temperature 

Min. 

Temperature 

Annual 

rainfall (mm) 

Faisalabad 73-60 E 31-25 N 49 0C 3 0C 400  

Murree 73-26 E 33-54 N 25 0C -3 0C 1750 

Kaghan 

valley 

73-15 E 35-10 N 11 0C Up to -8 0C 1500 -

1700 

Anonymous, 2000. 
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Appendix 8: Meteorological Data for the wheat Growing Season 

2003-04 to 2004-2005 
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Appendix 9: Analysis of variance for the effect of leaf rust severity 
recorded on 15 wheat crosses during 2003-2004 

Source of Variance DF SS MS F. Value P. Value 

Crosses 14 542856.28 38775.44 46.91 0.000* 

Error 8985 7426935.70 826.59 - - 

Total 8999 7969791.99 - - - 

 

 

Appendix 10: Analysis of variance for the effect of yellow rust 
severity recorded on 15 wheat crosses during 2003-
2004 

Source of Variance DF SS MS F. Value P. Value 

Crosses 14 139770.34 9955.62 68.54 0.000* 

Error 8985 1305065.52 145.24 - - 

Total 8999 144435.86 - - - 
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Appendix 11: Analysis of variance for the effect of leaf rust severity 
recorded on 15 wheat crosses during 2004-2005 

Source of Variance DF SS MS F. Value P. Value 

Crosses 14 415642.37 25685.74 40.29 0.000* 

Error 8985 6620543.49 736.84 - - 

Total 8999 7036185.87 - - - 

 

 

Appendix 12: Analysis of variance for the effect of yellow rust 
severity recorded on 15 wheat crosses during 2004-
2005 

Source of Variance DF SS MS F. Value P. Value 

Crosses 14 135604.57 9686.04 53.51 0.001* 

Error 8985 1626515.65 181.02 - - 

Total 8999 1762120.22 - - - 
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Appendix 13:  Description of infection types and symptoms 
 
 
         Infection                             Symptoms 
0 Low No uredia or other macroscopic sign of infection 
0; Low Few faint flecks 
; Low No uredia, but herpersensitive necrotic or chlorotic 

flecks present 
1 Low Small uredia often surrounded by necrosis 
2 Low Small to medium uredinia often surrounded by 

chlorosis 
Y Low Orderd distribution of variable sized uredinia with 

largest at leaf tip 
X high Random distribution of variable sized uredinia 
3 high Medium sized uredinia without chlorosis or 

necrosis 
4 high Large uredinia without chlorosis or necrosis 
 
Imbaby, 2007. 
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Appendix 14: Wheat crosses with their specific genes for leaf rust 
 

Sr. 
No. 

Crosses Sr. 
No. 

Crosses 

1 
Inqlab-91/Morocco 

(Lr10,13/Geneless) 
9 

Uqab2000/Pak-81 

(Lr13,26/Lr23,26) 

2 
Inqlab-91/Wl-711 

(Lr10,13/Lr13) 
10 

Kohistan-97/Morocco 

(Lr23,26/Geneless) 

3 
Inqlab-91/Lr10 

(Lr10,13/Lr10) 
11 

Kohistan-97/Wl-711 

(Lr23,26/Lr13) 

4 
Inqlab-91/Lr26 

(Lr10,13/lr26) 
12 

Kohistan-97/Pak-81 

(Lr23,26/Lr23,26) 

5 
Uqab2000/Wl-711 

(Lr13,26/Lr13) 
13 

MH-97/Pak-81 

(Lr23,26/Lr23,26) 

6 
Uqab2000/Morocco 

(Lr13,26/Geneless) 
14 

MH-97/Wl-711 

(Lr23,26/Lr13) 

7 
Uqab2000/Lr10 

(Lr13,26/Lr10) 
15 

MH-97/Morocco 

(Lr23,26/Geneless) 

8 
Uqab2000/Lr26 

(Lr13,26/Lr26) 
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Appendix 15: Wheat crosses with their specific genes for yellow rust 

Sr. 
No. 

  
Sr. 
No. 

Crosses 

1 
Inqlab-91/Morocco 

(Yr29/Geneless) 
9 

Uqab2000/Pak-81 

(Yr9+/Lr7+9) 

2 
Inqlab-91/Wl-711 

(Yr29/Yr2) 
10 

Kohistan/Morroco 

(Yr9+/Geneless) 

3 
Inqlab-91/Lr10 

(Yr29) 
11 

Kohistan/Wl-711 

(Yr9+/Yr2) 

4 
Inqlab-91/Lr26 

(Yr29) 
12 

Kohistan/Pak-81 

(Yr9+/Yr7+9) 

5 
Uqab2000/Wl-711 

(Yr9/Yr2) 
13 

MH-97/Pak-81 

(Yr9+29/Yr7+9) 

6 
Uqab2000/Morroco 

(Yr9+/Geneless) 
14 

MH-97/Wl-711 

(Yr9+29/Yr2) 

7 
Uqab2000/Lr10 

(Yr9+) 
15 

MH-97/Morroco 

(Yr9+29/Geneless) 

8 
Uqab2000/Lr26 

(Yr9+) 
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