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ABSTRACT 

Wheat is among one of the earliest crops domesticated associated with human civilization and it 

is still the backbone of agriculture in Pakistan because of its cultivation on 70% of the total 

cultivatable land. Substantial yield production is the ultimate aim of all research in wheat 

production, particularly the objective of wheat genetic improvement. Among various yield 

constraints, wheat diseases are the most important, which needs to be monitored continually. 

Among wide array of diseases on wheat, the diseases caused by fungal pathogens i.e. rusts 

(yellow, leaf and stem rust) and powdery mildew diseases are of intense important in Pakistan. 

This study was designed to assess the status of these diseases across Pakistan and population 

structure of wheat yellow rust pathogen through surveillance effort made during 2016 and 2017 

and subsequent population genetic analyses. A total of 437 fields in 63 districts during 2016 and 

480 fields in 69 districts during 2017 were surveyed, covering four provinces of Pakistan and 

AJK. The survey involved inspection and sample collection from the naturally infected (mainly 

farmers‟) fields across the whole country in major wheat growing regions. Although yellow rust 

was observed as a major disease across Pakistan during these two years, leaf rust prevailed 

significantly in southern areas and powdery mildew in northern areas. The diseases prevalence 

and severity varied across two years, yellow rust was more severe during 2016, while leaf rust 

and powdery mildew prevailed during 2017. High yellow rust severity (60% or higher severity) 

was observed in 11% fields during 2016 and in 7% fields during 2017. In KP, high disease was 

recorded in 76 fields, 61 fields in Punjab and 24 fields in Sindh. In AJK one field and none of the 

field in Baluchistan with high yellow rust was observed. High leaf rust severity was recorded in 

3% fields during 2016 and 4.3% fields during 2017. High leaf rust disease was recorded in 2 

fields in KP, 14 fields in Punjab and 51 fields in Sindh. In AJK one field and none of the field in 

Baluchistan had high leaf rust. Powdery mildew prevailed mainly in northern KP and AJK in a 

total of 2.3% fields with high disease severity across two years. Maximum highly infected fields 

were observed in KP (18 fields), in Punjab two fields and one field in AJK. Stem rust was 

recorded only at CDRI Karachi which was artificially inoculated to evaluate various varieties 

against stem rust. No natural stem rust infection was recorded over two years. A total of 18 

varieties were found to be highly susceptible to yellow rust including Galaxy-13, TD-1, Kiran-

95, TJ-1, TJ-83, Sehar, Bakhtawar, Ghanimat-e-IBGE, PS-05, PS-08, Shahkar, Salim, Naya 

Amber, Sarsabz, Morocco, Khattakwal, Skd-1 and Inqilab-91 along with some breeding line. A 

total of 13 wheat cultivars were highly susceptible to leaf rust viz. Galaxy-13, Sehar, TD-1, 

Kiran-95, TJ-1, TJ-83, Aas-11, Yecora, Morocco, Marvi, Shafaq, Sarsabz and Inqilab-91 along 

with some breeding lines. In case of powdery mildew, Galaxy-2013, PS-05, PS-08, Faisalabad-

2008, Shahkar and some local lines were found highly susceptible to powdery mildew. Despite 
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high disease pressure, some varieties like Benazir, Insaf, Pukhtunkhwa, PS-15, Gold-16, 

Borlaug-16, Sindhu-16, Ujala-16, Johar-16, NARC-11 etc. exhibited better performance to 

yellow and leaf rust diseases. From the yellow rust infected fields, regardless of the severity 

level, resulted in collection of around 1500 samples, which were genotyped with successful 

profiles generation for 1053 samples. Population genetics analyses of the multilocus genotyping 

of these 1053 P. striiformis samples with 16 SSR markers revealed high genotypic diversity 

across all locations and recombination signature at few locations. Various diversity parameters 

assessed for P. striiformis populations revealed high genotypic diversity during 2016 as 

compared to 2017. High genotypic diversity was observed in KP and AJK, while diversity was 

low in Sindh. The difference in mean He and Ho were significant across all location except in 

AJK where difference was non-significant. A non-significant difference was also observed at 

Hazara, Malakand, Lahore and Sahiwal divisions during 2016 only. Diversity assessed in 

geographical divisions revealed high genotypic diversity in Malakand, Peshawar and Hazara 

divisions, while least diversity was observed in samples of Karachi. No geographical based 

divergence was observed through analyses of population subdivision. Neighbor-joining (NJ) 

phylogenetic tree and PCoA analysis suggested lack of any geographical regions/province 

specific structure further confirmed by low FST values among all provinces. The maximum FST 

value was observed between Baluchistan and Punjab population (0.06) and the minimum value 

was calculated between AJK & Baluchistan, and Sindh & Punjab. Lack of spatial structure was 

also confirmed by calculating FST for all provinces population in each year. The maximum FST 

value was observed between Sindh_16 and AJK_17 (0.113) and the minimum was observed 

between AJK_17 & KP_17 and AJK_17 & Punjab_17 (0.001). Clustering analysis based on 

DAPC identified five distinct genetic groups. In KP all the five genetic groups with unassigned 

individual were present, while in Punjab, G1 and G4 genetic groups were predominant and in 

Sindh G2 and G3 genetic groups were predominant. Samples from AJK were assigned in G1, G3 

and G4 groups. In 2017, G4 became predominant in AJK, KP and Punjab, where it was not 

predominant during 2016. In Sindh, G2 prevailed during 2016, while G4 prevailed in 2017 

population. Our analysis also confirmed lack of any host specific structure of the pathogen. All 

five genetic groups were observed on Galaxy-13, the most widely deployed wheat variety in 

Pakistan during 2016 and 2017. Absence of regional/host specific structure was further 

confirmed by presence of multiple genetic groups on Galaxy-13 at a given location and dispersal 

of these samples on Neighbor-joining (NJ) tree. Spatial distribution of the MLGs was assessed to 

see the dispersal of clones across various geographical regions. Resampling of MLGs over time 

reflect on the very limited pass-over of clones from one year to the second year through 

clonality, confirming further the role of recombination in maintaining the high genetic diversity. 

A total of 15 MLGs were resampled over the two years. Our overall results suggested the yellow 

rust to be the most widespread and important disease across Pakistan, along with a very high 

diversity in the recombinant P. striiformis population without any spatial population and host-

specific structure. These results has multiple implications to disease management and resistance 

gene deployment, which must be considered to keep the disease burden below the economic 

level, not only in Pakistan but worldwide through preemptive measures against invasive lineages 

from the zone of diversity in Pakistan. 

 

Key words: Rust, Powdery mildew, Microsatellite genotyping, Population genetics, Diversity 

and recombination, Host selection. 
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I.    INTRODUCTION 

Wheat (Triticum spp.) is one of the most important cereal crop grown worldwide in 

diverse environmental conditions and geographic regions with different production systems 

(Singh et al., 2016). After rice the second most important staple food is wheat, grown on 

approximately 220 million hectares at assorted altitude and latitude under rainfed and irrigated 

conditions. Wheat demand is increasing day by day and is estimated to upsurge at a rate of 1.6% 

annually till 2050 because of increasing population and prosperity. Therefore, wheat production 

needs to be increased from current average global production of three tons to five tons in order to 

meet the food demand of increasing global population (WHEAT, 2013). 

  

Agriculture is one of the most important sectors of Pakistan‟s economy, as in majority of 

developing countries, and wheat is the country‟s most vital agricultural commodity. More than 4 

million farmers comprising approximately eighty percent of total farmers in Pakistan grow wheat 

on 40 percent of the cropped area (Faruqee et al., 1997). In Pakistan, the average wheat yield per 

hectare is much less than any other progressive countries (Brian, 2006). On the other hand, 

population is increasing quickly thereby widening the gap between demand and supply of basic 

staple food. Consequently, to ensure the food security of country‟s population this increasing gap 

between demand and supply must be filled. Lack of sustainable improvement in agriculture is a 

basic problem with our research (Brian, 2006). In spite of the large area devoted to wheat 

cultivation and its significance to the food security, it has an overall low yield per unit area.  

 

The low yield per unit area is caused due to a number of various biotic and abiotic 

factors, in which rust diseases has a major role (Ali et al., 2014c; Hovmøller et al., 2010). Yield 

losses can be up to 90% in case of severe rust disease (Chen, 2014). Severe yield losses by rust 

diseases projecting to millions of tons in a single season have been reported in many countries 

(Chen, 2014; Kolmer et al., 2009; Line, 2002; Stubbs, 1985; Wellings, 2011). All cereal crops 

are affected by two to four rust diseases except for rice, for which no rust disease has been 

reported. Wheat suffers from three major rust diseases i.e., yellow, leaf and stem rusts along with 

powdery mildew, caused by another obligate parasite (Singh et al., 2016). 

Powdery mildew has a global distribution but is especially important in regions with dry 

and cool climates, including China, Europe, and South America (Dubin et al., 2011). In recent 
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decades, this disease has become important even in some warmer and drier regions because of 

intensive production with higher plant densities, nitrogen fertilizers, and irrigation (Cowger et 

al., 2016). Although commercial yield losses in Western Europe are generally below 10%, a 

record high of 20% was reported in the United Kingdom, 5–17% in North Carolina, 10–15% but 

sometimes reaching 30–35% in Russia, up to 62% in Brazil, and 30–40% in China under heavy 

epidemics (Mehta, 2014). Generally speaking, yield reductions of higher than 40% are rare, but 

early infections may lead to the death of seedlings or tillers that eventually fail to produce seeds 

(Cunfer, 2002). Powdery mildew was also reported as devastating disease in northern Europe 

where cool and mild climate prevails, leading to damage of grain yield and quality (Morgounov 

et al., 2012). Increased use of nitrogen fertilizers, replacement of long by semi dwarf varieties, 

high yielding cultivars and dense plantation have increased the importance of powdery mildew 

(Bennett, 1984; Zhuang, 2003; Zhuang and Li, 1993). Little research has been conducted in 

Pakistan for developing genetic improvement against powdery mildew, though the disease is 

present in the northern cold climatic wheat growing regions. The exact distribution of the disease 

across the country needs to be assessed. 

 

Among crop pathogens, wheat rusts pathogens are the most important and widespread, 

prevailing in many wheat growing regions of the world (Ali et al., 2014c). The widespread 

epidemics of wheat rust in early 20
th

 century provided the motivation for primary advancements 

in genetics of plants disease resistance, plant pathogens epidemiology and genetics of host 

pathogen interactions. The sustainable wheat production is still highly threatened by rust diseases 

because of continuous global yield losses. New virulent races of rust pathogens in response to 

release of resistant wheat varieties are continuously evolving, posing a persistent challenge to 

wheat researchers (Singh et al., 2016). Rust diseases appears in three forms on wheat i.e., the 

yellowish rust in the form of stripes called yellow/stripe rust; the brownish postules on leaf 

called brown/leaf rust and the blackish postules predominantly on (but not limited to) stem called 

stem/black rust. 

 

Puccininia triticana is the causal agent of leaf rust disease, which is the most common 

and extensively distributed disease of wheat on a worldwide level, and its core prevalent areas 

are spread throughout the Europe, Americas, South & North Africa, South, Central & North 
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Asia, and Australia, causing different levels of damages (McCallum et al., 2012). Between 2000 

and 2004 leaf rust caused 350 million US dollars economic losses in the United States. Annual 

yield losses in China by leaf rust are estimated at three million tons. In Mexico and South Asia it 

was a devastating disease in the past but it is becoming negligible in current situations because of 

introduction of slow rusting resistance genes in new wheat cultivars (Huerta-Espino et al., 2011). 

However, production losses in case of severe leaf rust epidemic in Pakistan caused 86 million 

USD losses in 1978 (Hussain et al., 1980). However, in Pakistan the disease is less damaging 

then yellow rust due to its relatively delayed onset where most of the Pakistani wheat is already 

near to maturity. Nevertheless, considering the current climatic changes and subsequent 

variability in crop duration, an eye must be kept on the disease during wheat disease 

surveillance. 

 

Stem rust or black rust of wheat is caused by fungal pathogen, Puccinia graminis f. sp. 

tritici. Severe losses by stem rust have been reported in the past decades in all wheat growing 

countries. The primary host of stem rust pathogen are common bread wheat (hexaploid), durum 

wheat (tetraploid), barley, triticale, and wheat progenitors (Roelfs, 1992). Stem rust has been a 

major problem historically in all wheat growing areas of the world (Saari and Prescott, 1985). 

Certain countries have huge epidemics, when the disease is established on a widely spread 

variety. In Ethiopia, a well-known wheat variety (Enkoy), suffered major losses in 1993 and 

1994, in a major stem rust epidemic reported (Shank, 1994). In 1998, a new of the stem rust 

pathogen, termed Ug99, on wheat was first detected in Uganda (Pretoriius et al. 1999). Seven 

races have been identified so far that belongs to Ug99 lineage and have spread to various wheat-

growing countries in the eastern African countries, Zimbabwe, South Africa, Sudan, Yemen, and 

Iran. This group of races is considered to be major threat to wheat production as 90% of the 

current wheat varieties grown worldwide are susceptible to these races (Singh et al., 2011). A 

very recent epidemic of stem rust was reported with losses near up to 100% on wheat cultivar 

“Digalu” most widely grown in southern Ethiopia during 2014 (Olivera et al., 2015). Although 

stem rust has occasional presence in the southern parts, the disease has been below economic 

importance so far, while the new races group of Ug99 has not yet reached the country (Singh et 

al., 2011). Nevertheless, surveillance must consider the look for this disease and track the 

potential invasion of these races into Pakistan, which could be devastating. 
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Wheat yellow rust pathogen Puccinia striiformis f. sp. tritici, is an airborne biotrophic 

and obligate fungal pathogen. Yellow rust is one of the most devastating and of immense 

economic importance disease of wheat present worldwide and in Pakistan (Ali et al., 2009e; 

Chen, 2005; Hovmøller et al., 2010; Singh et al., 2004). Yellow rust pathogen prevails more 

frequently in areas with mild climate during the wheat growing season. The pathogen requires 

relatively low temperature and high humidity, where the climate play an important role in 

pathogen germination, infection, growth and survival (de Vallavieille-Pope et al., 1995; Hau and 

de Vallavieille-Pope, 2006; Mboup et al., 2012). It is prevalent in many parts of the world with 

mild climate, often associated with substantial economic losses (Ali et al., 2014a; Hovmøller et 

al., 2011). 

 

In Pakistan, more than 8 million hectares cultivated land is dedicated to wheat 

cultivation, of which 70% is prone to yellow rust. Yellow rust infestation in the foothills in the 

north is severe and also exists in the central and western upland areas (Ali et al., 2014b). The 

northern half of the country is characterized by a mild climate, with mild temperatures and high 

humidity prevailing from the jointing to grain filling stage of wheat plant growth (Ali et al., 

2009a). This makes the area prone to wheat yellow rust epidemics and the disease remains a 

main threat to high wheat yield in Pakistan (Ali et al., 2009d; Chaves et al., 2013; Hovmøller et 

al., 2010).  

 

Yield losses by yellow rust can be up to 100% depending on the earliness of infection and 

the status of genetic resistance of the cultivar grown. The usual yield reduction in major wheat 

growing area by yellow rust generally varies from 10-50%, depending on the infection type, the 

area, and the growing stage of wheat crop. In recent surveys, 5.47 million tons of yield loss was 

reported for this disease, estimating to a sum of 979 million US$ losses (Beddow et al., 2015). 

 

Severe epidemics caused by this pathogen in Pakistan in recent past have led to huge 

economic losses (Bahri et al., 2011; Kisana et al., 2003; Saari and Prescott, 1985; Singh et al., 

2004). Since 1948 several epidemics have been reported in Pakistan (Afzal et al., 2008; 

Duveiller et al., 2007). The only possible way to achieve high yield is to avoid losses caused by 

Puccinia striiformis through disease management strategies (de Vallavieille-Pope et al., 2012; 
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Hawkesford et al., 2013). Various disease management strategies for the control of wheat yellow 

rust can be used, including fungicides and genetic resistance. However, exploitation of genetic 

resistance for yellow rust control remains the most efficient and environment friendly method 

(Ali et al., 2009c; de Vallavieille-Pope et al., 2012; Paillard et al., 2012; Pathan and Park, 2007).  

 

Resistant varieties development is one of the major objective of wheat breeders (Singh et 

al., 2004), even some varieties are particularly bred for disease resistant (Dedryver et al., 2009; 

Paillard et al., 2012). At least 53 genes have been reported to confer resistance against yellow 

rust (McIntosh et al., 2010). Among the reported resistance genes, numerous have been deployed 

in breeding programs at different geographical scales, resulting in temporary control of yellow 

rust (de Vallavieille-Pope et al., 2012; Hovmøller, 2001; Stubbs, 1985). With the development of 

new virulent P. striiformis pathotypes, particular genes become ineffective with the passage of 

time, resulting in susceptibility of the variety (de Vallavieille-Pope et al., 2012; Hovmøller, 

2001). The deployment of resistant varieties on a large-scale results in a strong selective pressure 

on pathogen population leading to the acquisition of virulence by the pathogen (Johnson, 1992; 

Line, 2002; McDonald and Linde, 2002). Pathogen population prevalent with avirulent types, 

under such strong selective pressure undergoes rapid selection of rare virulent types resulting in 

the loss of resistant gene effectiveness, rendering a particular variety susceptible (de Vallavieille-

Pope et al., 2012; McDonald and Linde, 2002). The adaptability of pathogen to overcome 

resistance is directly influenced by the diversity in virulence present in the population and its 

maintenance through different modes of reproduction (Ali et al., 2014c; Giraud et al., 2010; 

Giraud et al., 2006; Gladieux et al., 2011; Stukenbrock and McDonald, 2008). Therefore, for 

deployment of resistant genes, information on the status of resistance of the cultivated varieties, 

the pathogen populations structure and temporal changes in virulence is necessary (McDonald 

and Linde, 2002). 

 

In Europe and USA, P. striiformis population genetic structure and status of cultivated 

varieties is analyzed regularly (Chen, 2005; de Vallavieille-Pope et al., 2012; Hovmøller, 2001), 

however, such an information is absent in Pakistan (Ali et al., 2014b). Several studies has been 

made to assess the disease status of certain cultivars, mostly at the research stations (Afzal et al., 

2008; Ali et al., 2009a). Only a few studies has been carried out to assess the variability in 
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natural population for genetic and pathotypic variation (Bahri et al., 2011; Rizwan et al., 2010; 

Sharma-Poudyal et al., 2013; Stubbs, 1988); however, a countrywide surveillance of the disease 

status, the resistance in cultivated varieties at the farmer field level and the countrywide 

population structure of the pathogen needs to be further explored. 

 

The efforts on pathogen population structure using neutral molecular markers has 

identified the Himalayan and near-Himalayan region as the P. striiformis centre of diversity and 

its possible center of origin, where it is reflected to reproduce via sexual reproduction(Ali, 2012; 

Ali et al., 2010; Ali et al., 2017b; Ali et al., 2014d) on its alternate host Berberis spp., present in 

Pakistan (Ali et al., 2014d; Ray et al., 2011). Both forms of reproduction i.e. sexual and asexual 

reproduction have their own advantages and disadvantages in the context of evolutionary 

potential and adaptation capacity (Fisher, 2007; Milgroom, 1996). Asexual/clonal reproduction 

would allow a rapid amplification of the fittest individuals (de Meeûs et al., 2007; Fisher, 2007), 

while recombination would allow the production of new gene combinations that unite beneficial 

mutations that appeared in distinct lineages (Goddard et al., 2005; McDonald and Linde, 2002; 

Taylor et al., 1999).  Sexual reproduction also provide the possibility of special structure 

showing resistance to adverse conditions, to which pathogens of most of the annual crops are 

exposed, enabling population survival under those conditions (Anikster, 1986). Variability exists 

in modes of reproduction among pathogens from complete clonality to obligate sexual 

cycle (Milgroom, 1996; Taylor et al., 1999). Pathogen populations with both sexual and asexual 

reproduction will have advantages of both of these modes of reproduction (Gladieux et al., 2011; 

McDonald and Linde, 2002). While, in different geographically spaced population, the same 

pathogen could have different modes of reproduction (Ali et al., 2010; Barrett et al., 2008; Saleh 

et al., 2012).  

 

In the same way, the role of host and geography is also important in the population 

subdivision of pathogens and thus its resistance genes management (Barrett et al., 2008; 

McDonald and Linde, 2002). Pathogen variability could be influenced by the host genotypes as 

well as various geographical barriers and distance among populations (Brown and Hovmøller, 

2002).  
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As the P. striiformis centre of diversity lies in the Himalayan region of Pakistan, a 

detailed population analyses at the local level would be necessary for rust management locally 

and at worldwide level. The adaptive potential of a pathogen is strongly linked to its mode of 

reproduction. Though the rust pathogen can move over long distance, some level of population 

sub-division has been reported across North of Pakistan (Ali et al., 2014b). Thus, a countrywide 

exploration of population subdivision and genetic diversity would be important to be studied and 

decipher the role of host and geographical barriers on shaping diversity in P. striiformis 

populations. Comparison of samples spaced in time would allow to infer on the temporal 

maintenance of the pathogen. The present PhD research was thus undertaken to assess the status 

of different wheat diseases on the cultivated varieties across the country over two years along 

with inferring the population structure of wheat yellow rust pathogen in relation to geography 

and host variability. 
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Objectives 

 

With the overall goal to understand the countrywide populations structure of wheat 

yellow rust pathogen in Pakistan and its temporal maintenance, the present study was designed 

with the following objectives: 

 

I. To assess the status of three wheat rusts and powdery mildew across different 

locations of Pakistan, ranging from extreme south in Sindh to extreme in north in 

the Himalayan region. 

 

II. To decipher countrywide population structure of P. striiformis in relation to 

diversity and population subdivision as influenced by various factors including 

climatic conditions, geographical distance and features and/ or host varieties. 

 

III. To understand the temporal maintenance of the pathogen across two years at 

countrywide locations, with emphasis on northern Himalayan region of Pakistan. 

 

IV. To describe the virulence diversity of P. striiformis across Pakistan in relation to 

geography using available data. 
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II. REVIEW OF LITERATURE 

 

 Brar et al. (2018) evaluated yellow rust resistance (Yr) genes and western Canadian 

cultivars in hotspot areas (southern Alberta and British Columbia) for yellow rust in Canada. 

They reported that genes Yr1, Yr5, Yr15, and YrSP were effective in all environments. Genes 

Yr17 and Yr28, already reported ineffective to present yellow rust races in Canada at the seedling 

stage, were found effective at adult plant stages in most of the environments in southern 

locations because of warmer climates, which is termed favorable genes expression. CDC Stanley 

winter wheat cultivar can be therefore used as donor parent during breeding programs because of 

the presence or Yr17 gene. Some genes (Yr24/26) were found effective in eastern plains while 

the efficiency was low in western plains. Residual resistance from combination of defeated genes 

(Yr3, Yr7, Yr9 and Yr27) in some supplementary differentials was observed. Most cultivars 

carrying Yr18 and some Yr29 known as slow-rusting, pleiotropic adult plant resistance genes 

were found effective at few locations. Yr18 and some Yr29 genes didn‟t provided complete 

defense under high disease pressure. They reported that seedling resistance genes (Yr5, Yr15 and 

Yr17) and adult plant resistance genes (Yr18 and Yr36) can be used in breeding for effective 

resistance. They also reported that stacking seedling resistance genes along with adult plant 

genes can provide durable resistance against yellow rust. 

 

Ali et al. (2017c) phenotyped 887 isolates of genetically divesre P. striiformis sampled 

from 35 countries during 2009 – 2015 to investigate that whether the recent global epidemics of 

wheat yellow rust were driven by races of few clonal lineage(s) or populations of divergent 

races. Their results revealed that these epidemics were often driven by races from few but highly 

divergent genetic lineages. PstS1 prevailed in North America; PstS2 was present in West Asia 

and North Africa and in East Africa both PstS1 and PstS2 were present. PstS4 was predominant 

in Northern Europe on triticale; PstS5 and PstS9 prevailed in Central Asia, whereas PstS6 was 

present in epidemics in East Africa. PstS7, PstS8 and PstS10 represented three genetic lineages 

prevalent in Europe. Races from other lineages were present in low frequencies. In Africa and 

Asia, irulence to Yr9 and Yr27 was more common in epidemics, while virulence to Yr17 and 

Yr32 were prevailed in Europe. The results reported highest diversity in South Asian 

populations, where frequent recombination of the pathogen has been reported in recent time with 
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no particular race predominant in that area. They discussed their results in light of the role of 

invasions in shaping pathogen population across geographical regions. Their results emphasized 

the lack of expectedness of new races emergence with a potential of causing high epidemic, 

which endorse the need for additional investments in population biology and surveillance 

activities of pathogens on global food crops, and assessments of disease vulnerability of host 

varieties prior to their deployment at larger scales. 

 

 Ali et al. (2016) proposed a new and precise method known as CLONASE, to estimate 

rate of sexual versus asexual reproduction and population size based on occurrence of clonemate 

resampling across years/generations. The method provides reliable estimates for a wide range of 

parameters relating sex frequency and effective population size. The method was applied to 

wheat yellow rust pathogen, P. striiformis, which is highly clonal in Europe but has been 

suggested to recombine in Asia. The estimated sex frequency was 75% for two temporally 

spaced populations of P. striiformis in China, suggesting high contribution of sexual 

reproduction to pathogen life cycle in that area. The inferred effective population size of this 

partially clonal organism (Nc = 998) was in good agreement with estimates obtained using 

methods based on temporal variations in allelic frequencies. The method provided an accurate 

and precise implication of sex frequency and effective population size without previous 

knowledge of recombination or mutation rates in population data. The method, CLONCASE can 

be utilized for improving understanding of pest and microbial population biology and can also be 

applied to population genetic data from any organism with cyclical parthenogenesis.  

 

Walter et al. (2016) developed SCAR (sequence characterized amplified region) marker 

from to AFLP fragments to differentiate the two aggressive strains (PstS1 and PstS2) from all 

other strains of P. striiformis causing yellow rust on wheat at a global level. Many economically 

epidemics by these two strains and temperature adapted strains have been reported. They applied 

the SCAR marker to 566 isolates and identified the presence PstS1 in East Africa in the early 

1980s and Americas during 2000 and during 2002 in Australia. PstS2 strain evolved from PstS1 

and prevailed in the Middle East and Central Asia. PstS2 was detected in Europe during 200 but 

never became prevalent. Moreover, SSR genotyping and virulence phenotyping of PstS1 

revealed 10 variants and PstS2 revealed six variants, demonstrating the evolutionary potential of 
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the pathogen. Their results declared East Africa as the most believable origin of the two invasive 

strains. The SCAR marker developed can be used to track the distribution of these two invasive 

strains, PstS1 and PstS2 in more rapid and efficient manner.  

 

 Thach et al. (2015) investigated the earlier population structure and temporal dynamics 

on worldwide level, using 212 historic samples obtained from Stubbs collection, representing 

five continents from 1958 to 1991. The single genotypes urdinospore samples were analyzed 

using 19 microsatellite markers. The population genetic analysis showed the presence of seven 

genetic groups in past worldwide pathogen population. The grouping generally resembled with 

geographic sample origin except for Middle East, where six out of seven groups were present. 

The genetic groups present in Middle East were more similar to the populations present in East 

Africa (FST = 0.052) and South Asia (FST = 0.064). The pathogen population in China and South 

Asia was detected to be highly diverse and recombinant, while in North Western Europe, East 

Africa and Mediterranean clonal populations were observed. A total of 89 multilocus genotypes 

were detected and four out of these 89 MLG‟s were resampled at various geographic areas 

suggesting long distance migration of pathogen in past. By comparing the past population with 

recent population, collected in 2001 to 2009, showed divergence for all populations except for 

Northwest Europe. Overall, clear subdivision within the global population structure of P. 

striiformis and migration in the past was observed. 

 

 Beddow et al. (2015) documented observed and modeled data of yellow rust incidence to 

estimate changes in the spread of disease on geographic scale in recent decades. Since 1960, a 

significant increase was reported in the spread of disease, with 88% of the global wheat 

production now prone to wheat yellow rust disease. Annual losses of 5.47 million tons wheat 

equivalent to US$979 million, due yellow rust was estimated using probabilistic Monte Carlo 

simulation model. Comparing the cost for development of yellow rust resistant wheat varieties 

with the cost of losses caused by yellow rust, they estimated that investing at least US$32 million 

annually for sustainable research in yellow rust resistance is economically justified. 

 

 Hovmøller et al. (2015) analyzed the recent spread of yellow rust races of wheat and 

triticale in Europe by using virulence data of 2605 isolates from 12 countries sampled from 2000 
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to 2014. Microsatellite markers were used to investigate a subset of 239 isolates. Three races 

named as Kranich, Warrior and Triticale aggressive of non-European origin was detected in post 

2011 populations. The race “Warrior” prevailed in most of the European countries in the first 

year of detection and replaced most of the European population present before 2011. While the 

other two non-European origin races were confined to specific area or crop type. The hypothesis 

of aerial dispersal of pathogen from diverse populations is consistent with the existence of six 

MLG‟s of Warrior race and five MLG‟s of Kranich race over large areas in the first year of 

detection. By comparing with reference isolates representing six continents, they proposed that 

the races “Warrior and Kranich” originated in Near Himalayan region of Asia, recently proposed 

as the center of diversity for yellow rust pathogen. Their study demonstrated the possible role of 

P. striiformis sexual populations, as source of new races for replacing clonal populations. 

 

 Ali et al. (2014c) inferred the worldwide population structure of P. striiformis and basis 

of new invasions using multilocus microsatellite genotyping of 409 representative isolates of 

pathogen from six continents. Six individual groups with their geographic origin were separated 

by Bayesian and multivariate clustering methods. Genotypic diversity and linkage disequilibrium 

analysis showed strong regional heterogeneity in recombination levels and clear signs of 

recombination in the Himalayan (Nepal and Pakistan) and near-Himalayan regions (China) and a 

pre-dominant clonal population structure in other regions. The level of genotypic diversity, 

recombinant population structure and sexual reproduction ability of pathogen in the Himalayan 

and adjoining areas indicated this region as supposed center of origin of P. striiformis. They 

compared various competing scenarios to describe ancestral relation between previous 

populations and newly emerged populations using clustering methods and approximate Bayesian 

computation (ABC). They confirmed Mediterranean Central Asian populations as a source of 

South African populations, European populations as the origin of Australian, South and North 

American populations, and the Middle East-East Africa as the source of recently spreading, high 

temperature adapted strain. Their study mainly focused on the impact of human activities on the 

current dispersal of pathogen through long distances. 

 

 Ali et al. (2014d) investigated the role of sexual reproduction, off-season survival and 

migration to the temporal maintenance of pathogen populations of wheat yellow rust pathogen, 
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P. striiformis, in the Himalayan region of Pakistan, using a series of population genetic analysis 

of molecular marker variation. They confirmed the presence of sexual reproduction and high 

genotypic diversity across all locations through Multilocus microsatellite genotyping of P. 

striiformis isolates. The MLG‟s were consigned to four different genetic groups, showing a clear 

differentiation between zones with and without Berberis spp., the alternate host of pathogen, with 

an further subdivision within the Berberis zone. The lack of any difference among samples 

across two sampling years, and the very rare resampling of MLG‟s over years at a given location 

were consistent with limited over-year clonal survival, and a limited genetic drift. The pathogen 

population is maintained locally in Berberis zone while in non-Berberis zone; migrants from 

Berberis zone play their role in their temporal maintenance. Their study demonstrated the role of 

offseason over-summering survival and sexual reproduction in temporal maintenance of yellow 

rust pathogen. 

 

 Wan and Chen (2014) used new set of 18 yellow rust single gene differential lines to 

differentiate new races of P. striiformis sampled in 2010 named as PSTv from races detected in 

previous studies. For description of virulence and avirulence profile PSTv races, an octal system 

was adapted. They sampled a total of 381 wheat and grass yellow rust samples from twenty four 

states. 348 isolates were recovered and 41 new races were identified using the new set of 18 

single gene differential lines named as PSTv1 to PSTv41 and their corresponding PST race 

names were identified on the previous set of 20 wheat cultivar differentials. Among 41 races five 

races (PSTv-37 (34.5%), PSTv-11 (17.5%), PSTv-14 (7.2%), PSTv-36 (5.2%), and PSTv-34 

(4.9%) were found to be predominant. The races showed virulence from 0 to 13 of the 18 yellow 

rust (Yr) genes. The highest virulence frequencies were observed for resistance Yr6, Yr7, Yr8, 

Yr9,Yrl7, Yr27, Yr43, Yr44, YrTrl, and YrExp2 (67.0 to 93.7%); moderate towards Yrl (32.8%) 

and YrTye (31.3%), and low for YrlO, Yr24, Yr32, and YrS P(3.4 to 5.7%). While all isolates 

were avirulent towards Yr5 and Yr15. 

 

  Sharma-Poudyal et al. (2013) analyzed the virulence pattern of 235 P. striiformis isolates 

sampled from thirteen countries (Algeria, Australia, Canada, Chile, China, Hungary, Kenya, 

Nepal, Pakistan, Russia, Spain, Turkey, and Uzbekistan) using 20 single yellow rust (Yr) gene 

differential lines and 20 wheat genotypes used to discriminate PST races in the United States. 
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129 virulence pattems were identified on the single (Yr) gene lines and 169 virulence patterns on 

the United States wheat varieties used as differentials lines. Isolates from different countries 

showed somehow different virulent profiles while most of the PST isolates from these countries 

shared common virulence factors. None of these isolates from all countries showed virulence to 

Yr5 and Yrl5.  

 

Morgounov et al. (2012) assessed disease severity and incidence using data of winter 

wheat cultivar Bezostaya 1 and susceptible checks from international nurseries collected during 

1969 - 2010 from major wheat regions of 51 countries around the world. A total of 1047 reports 

were analyzed. Stable frequency of leaf and yellow rust incidence was reported over time except 

2001 – 2010 where a markable increase was observed in disease frequency especially in Europe 

and Central and West Asia. Reduction in substantial global stem rust occurrence was recorded, 

mainly may be attributed to use of resistance genes. However, the emergence of Ug99 in a short 

time still possesses great threat to wheat production. Incidence of powdery mildew, an important 

foliar disease remained stable worldwide over time. While in Western and Southern Europe, its 

frequency was very high for all time periods along with slight increases in severity during 2001–

2010. They reported the durable resistance of winter wheat cultivar Bezostaya 1 to all four 

diseases and comparisons of disease severities of Bezostaya 1 with the most susceptible entries. 

They suggested increased use of genes like Lr34 combined with strategies to minimize 

cultivation of extremely susceptible varieties will contribute to long term maintenance of low 

and non-damaging disease levels. They also termed durable resistance of Benzostaya 1 as reason 

for the use of it at a significant level for over fifty years. The also termed that pleiotrophic set of 

genes (Lr34/Yr18/Pm38) possessed by Bezostaya 1 is currently an important target for selection 

because it is now amenable to molecular selection. 

 

Bux et al. (2012) compared the virulence and molecular diversity of yellow rust pathogen 

collected from Pakistan and USA. They analyzed 46 P. striiformis isolates from Pakistan and 9 

isolates from USA in their study. They found that avirulence to Yr5, Yr15 and YrSP was common 

among all tested isolates of yellow rust from both countries. Isolates representing Pakistani 

population revealed low virulence frequency for differentials carrying Yr2, (Yr10, YrMor) and 

(Yr2, Yr4a, YrYam). Clustering analysis of virulence data revealed high genetic diversity among 
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both country pathotypes and grouped the contemporary pathotypes in a common cluster. For 

molecular studies they used sequence tagged site (STS) and microsatellites markers. Analysis of 

molecular data revealed high diversity based on polymorphic information contents (PIC) and 

marker index (MI) which was higher for SSRs (0.78 & 39.51, respectively) than STS markers 

(0.04 & 0.29, respectively). Genetic similarity was reported in contemporary pathotypes. 

Dendrogram based on molecular marker data grouped together contemporary pathotypes 

indicating genetic similarity. Cluster analysis showed a common ancestry of pathotypes 

belonging to both countries. Moreover, a very low correlation value was observed between 

virulence and molecular diversity indicating independence in both trends of diversity. They also 

reported that the reported virulence pattern of yellow rust pathogen will be valuable in 

development and improvement efforts for yellow rust resistance.    

 

 Duan et al. (2010) compared Chinese and French P. striiformis populations. A total of 

160 samples were collected from different locations of Gansu province, China in 2001. The 

isolates were analyzed using a set of 7 AFLP primers. The data differentiated 139 genotypes 

based on AFLP data and 40 polymorphic bands were detected. Mode of reproduction was not 

strictly clonal as revealed by linkage disequilibrium and phylogeographic analysis. The diversity 

present in the one year sampling in Gansu, China was seven times higher than genetic diversity 

observed in France for over twenty years. The effective population size of Gansu was predicted 

1000 times greater than French population. Their results supported the hypothesis of genetic 

recombination in the region. 

 

Rizwan et al. (2010) studied the virulence variations of Pakistan P. striiformis 

populations using seedling evaluation of differential genotypes under controlled glasshouse 

conditions at CDRI Murree. They used world and European set of Differential lines, near 

isogenic lines and the susceptible spring wheat variety „„Morocco‟‟ in their study. A total of 18 

races of yellow rust pathogen were identified during 2003 and 2004 in samples collected from 

different areas of Pakistan. Several races (68E0, 64E0, 66E0, 70E0, 6E0, 71E0, 6E0, 2E0, 67E0, 

and 68E16) reported previously were also detected. They reported that mutation in previously 

existing race 70E16 probably resulted in a new race 70E32. They also determined the virulence 

frequencies of different Yr genes. The highest virulence frequencies (%) were found for Yr7 
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(88%), Yr9 (57%), Yr18 (70%), and Yr24 (69%). While, low virulence frequencies were recorded 

for Yr1 (4%), Yr5 (7%), Yr10 (10%) and Yr15 (4%). Their study indicated the presence of 

virulence nearly to all Yr genes, therefore requiring regular monitoring of the yellow rust 

populations and to identify new sources of resistance to this pathogen. 

 

 Mboup et al. (2009) assessed the virulence and molecular markers diversity (AFLP and 

SSR) of 412 P. striiformis isolates sampled from the uplands of Tianshui County in Gansu 

province. A very clear phenotypic (38%) and genotypic diversity (89%) was observed with no 

genetic structure dependent on the sites sampled (Fst = 0.004) or altitude distribution (Fst = 

0.0098). These results indicated a significant gene flow at country level. Their study also showed 

genetic recombination among molecular markers, strongly suggesting the existence of a sexual 

or parasexual cycle of pathogen in region. The first signs of presence of sexual reproduction in 

area were observations of higher rates of sexual spore production.  

 

Enjalbert et al. (2005) analyzed 213 French isolates using AFLP and microsatellite 

markers. Samples were collected over a 15-year period, belonging from ten pathotypes. 

Polymorphism was observed from a unique allelic variant related to the south specific pathotype, 

for each of the twelve microsatellite used. This pathotype was characterized by 40 specific 

markers over the total of 63 polymorphisms detected using 15 AFLP primer combinations. The 

analysis showed strong genomic divergence and a strict clonal structure of the population among 

the northern population and a south-specific clone. The molecular and virulence data showed that 

the northern French population belongs to the northwestern European population, whereas the 

southern clone is most likely related to a Mediterranean population, the two subpopulations 

resulting from the ancient divergence of two clonal lineages. While the virulence complexity in 

the northern population may be explained by the successive introduction of corresponding 

resistance genes in cultivars, the maintenance of a simple virulence type in southern France, 

despite gene flow between the two populations, may be explained in terms of host cultivars 

repartition and local adaptation to specific host or climatic conditions. 
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 Hovmøller et al. (2002) investigated the migration of yellow rust pathogen within 

continent using AFLP analysis. The analysis showed that pathogen frequently moves between 

United Kingdom, France, Germany and Denmark. Under natural conditions, sexual and 

parasexual reproduction was absent, as shown by AFLP data and lack of recombination in the 

studied sampled. A single clonal population was observed in all four countries in which 

Denmark was shown to be recipient of pathogens from other countries. While recently clones 

also migrated from UK to Denmark and Germany, causing outbreaks and making wheat varieties 

susceptible to yellow rust, which were previously resistant. The importance of migration 

increases in case of clonal populations. Their results showed that long distance migration ability 

of pathogen and narrow genetic background of host varieties can cause yellow rust epidemics 

and ineffectiveness of resistance genes. 
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III. MATERIAL AND METHODS 

 

The present research study was designed and conducted at Institute of Biotechnology and 

Genetic Engineering, the University of Agriculture Peshawar, Pakistan. Surveillance and 

sampling was carried out during 2016 and 2017 wheat growing season across different locations 

of Pakistan. DNA was extracted from single lesion and amplified with 16 SSR primers. The 

amplified products were initially confirmed on 2% agarose gel. After successful PCR the 

products were sent to the sequencing services of the Uppsala University, Sweden for sequencer-

based fragment separation. The sequencer generated graphs were analyzed for allele scores and 

the data obtained was formatted in an excel file which was then used for various population 

genetic analyses. For race identification, spore multiplication was carried out from single lesion 

and virulence profile was determined using a set of differential lines from around the world.  

 

3.1. Wheat Disease Pressure and Host Resistance Status across Pakistan 

3.1.1.  Wheat rusts scoring and sampling 

Field scoring of three wheat rusts; yellow rust, leaf rust, stem rust and powdery mildew 

samples collection were made following the standardized protocol (Ali and Hodson, 2017). This 

surveillance was carried out during the peak of rust infection in major wheat growing areas of 

Pakistan starting from the southern districts in Sindh to northern districts in Kashmir, Hazara and 

Swat for 2016 and 2017. During 2016, surveillance was carried out in 63 districts and during 

2017 in 69 districts. Considering the aerial dispersal of rust and powdery mildew pathogens, an 

attempt was made to cover the maximum area of the representative wheat growing region. After 

every 10 to 20 kilometers depending on presence of wheat fields, sampling and surveillance were 

made.  

 

For scoring rust infection and powdery mildew, two parameters were taken in 

consideration i.e. host reaction and rust severity, which was recorded on leaves of each wheat 

variety in a field (Ali and Hodson, 2017). Modified Cobb scale (0-100 scale) was used to 

estimate disease severity and percentage of rusted tissue of plant in a field, while considering the 

field infestation (Peterson et al., 1948). To score host response to infection, the infection types 

was measured (Singh, 1993). The host reaction types in the order of R (resistance), MR 
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(moderately resistant), MRMS (moderately resistant-moderately susceptible), MS (moderately 

susceptible) and S (susceptible) was recorded. 

 

Disease scoring was made with particular attention towards yellow rust, leaf rust, stem 

rust and powdery mildew, the most important and devastating wheat diseases. The presence of 

other diseases like cereal yellow dwarf virus (CYDV) was also noted, while special emphasis 

was also given to symptoms similar to wheat blast, which is not so far observed in Pakistan.  

 

3.1.2.  Sampling for Molecular genotyping 

For molecular genotyping of yellow rust, infected leaves with mainly single lesions were 

selected. Leaves were collected and wrapped on itself and put in proper labelled glycine bags 

along with collection of information regarding location, date, disease score and variety with a 

unique code. The unique code was put in Excel sheet with all other relevant information as 

suggested in the standard protocol (Ali and Hodson, 2017). Infected leaves from each field were 

stored in separate glycine bags. 

 

3.1.3.  Analyses of surveillance data 

 The surveillance data was analysed in MS Excel and in R-statistical environment. The 

disease status was analysed in relation to provinces, districts and host varieties. The geographical 

distribution of the three rusts and powdery mildew across various geographical locations and 

different hosts was analysed based on its relative prevalence as a function of geography and host. 

 

 

3.2.  Wheat Yellow Rust Population Structure through Molecular  

 Genotyping 

3.2.1.  P. striiformis sampling and Lesion Isolation 

Infected leaves were collected from each field across different locations of the country. 

The infected leaves from each field were stored in separate glycine bags in order to prevent 

mixing and contamination. Each envelop was labeled having information according to the 

standard protocol e.g., date of sample collection, variety name, sample number and location of 

sample (Ali and Hodson, 2017). 
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Isolation of single lesion from infected leaf was carried out using sterilize blade and 

surface, following the standard protocol (Ali et al., 2017a). After isolation of each lesion, blade 

and surface was sterilized using 70% ethanol to prevent mixing of spores of different lesions and 

leaves. Each lesion was then transferred to newly labeled and sterile 1.5 ml Eppendorf tube (Ali 

et al., 2011). 

 

3.2.2.  DNA extraction and PCR amplification 

Modified CTAB method of DNA extraction was used to extract the fungal DNA from 

infected lesion (Ali et al., 2017). Liquid nitrogen was used for crushing the infected lesion in 1.5 

ml Eppendorf tube. DNA quality and quantity was analyzed using nano-drop. The DNA pellet 

isolated was diluted in 1x TE buffer and stored at -20°C. 

 

The extracted DNA was amplified using a set of up to 18 fluorescent labeled 

microsatellites primers in two multiplexes (Table 3.1). Two primers (NRJN3 and NRJO27) were 

removed from the final analyses because of a high ratio of missing alleles. The PCR products 

were initially confirmed on 2% agarose gel. After successful PCR completion, amplified 

products were analyzed using ABI sequencer.  

 

The rough genotyping data created by ABI sequencer was analyzed through Gene Marker 

V2.6.0 software. Alleles were scored visually in each multiplex, while looking into expected 

allele ranges. The allelic data was put in an excel sheet to make an input data file for population 

genetics analysis (Annexe 1). The allelic data file was than modified according to requirements 

of each software.  
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Table 3.1.  The set of 18 microsatellite markers amplified through polymerase chain  

  reaction used for studying the P. striiformis population across Pakistan  

  during 2016-17. 

* details of each marker is given in Ali et al. (2011) 

 

 

SSR Oligo up (5' to 3') Oligo low (5' to 3') Allele size 

RJO4 GTGGGTTGGGCTGGAGTC GCTAATCCATTCCACGCACC 199-205 

RJO24 TTGCTGAGTAGTTTGCGGTGAG CTCAAGCCCATCCTCCAACC 269-321 

RJN12 TGTTGACAAACACGACGACC ACTTATTGCAGCTTGAGTAAAACG 188-198 

RJN8 ACTGGGCAGACTGGTCAAC TCGTTTCCCTCCAGATGGC 300-306 

RJN13 TTAGCTCAGCCGGTTCCTC CAGGTGTAGCCCCATCTCC 147-150 

RJN3 TGGTGGTGCTCCTCTAGTC AGGGGTCTTGTAAGATGCTC 97-358 

RJN11 CCGACACCTCCTCTGATCG ACTCCGCTGCTCATCTTCG 172-184 

RJO27 CGTCCCGACTAATCTGGTCC ATGAGTTAGTTTAGATCAGGTCGAC 217-243 

RJN6 CAATCTGGCGGACAGCAAC CACCTAGGATACCACCGCC 309-324 

RJO21 TTCCTGGATTGAATTCGTCG CAGTTCTCACTCGGACCCAG 164-179 

RJN10 ACGTGCCAGCTCAACTCTC AAGGGGCGGATGGATTACG 214-227 

RJO18 CTGCCCATGCTCTTCGTC GATGAAGTGGGTGCTGCTG 327-361 

NWU-6 CAGCTCTGTTGATTTCTTCC GGTTTGACATTGATTCACCT 208-212 

RJO20 AGAAGATCGACGCACCCG CCTCCGATTGGCTTAGGC 284-290 

RJN4 CATTCATGACCCTCGCCTC TGGACGAGATGTGTGCAAG 253-259 

RJN9 TTAGGCGCTCAACAAGCAG ACAACAACCTTTCAACCCG 328-334 

RJN5 AACGGTCAACAGCACTCAC AGTTGGTCGCGTTTTGCTC 223-232 

WU-12 GGAAACTGTAGCACCTTCAC TTGATTTGTGGATTGAGTTG 323-332 
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3.2.3.  Population genetic analyses 

To assess the utility of markers to distinguish multilocus genotypes (MLG‟s) and 

interpret population structure under panmixia, the number of clones detected against number of 

loci considered were checked using POPPR package in R-statistical environment, following the 

method developed in GENCLONE (Arnaud-Haond and Belkhir, 2007). Multilocus genotypes 

were detected among the samples using the POPPR package, to assess their distribution across 

locations, time and host. 

 

Observed  heterozygosity (Ho) and unbiased expected (He) heterozygosity were 

calculated using GENETIX 4.05.2 software (Belkhir et al., 2004). The exact test implemented in 

GENEPOP 4.0 was used to check the null hypothesis of Hardy–Weinberg equilibrium within 

each population (Raymond and Rousset, 1995). FSTAT was used to calculate within population 

variability by assessing allele richness and gene diversity (Goudet, 2001). Genetic diversity and 

linkage disequilibrium estimates were calculated in POPPR package under the R-statistical 

environment.  

 

The population sub-structure in sampled populations was measured to identify the 

clusters within the data, using nonparametric analyses i.e., DAPC analyses implemented in. 

ADEGENET package, in R environment (Jombart et al., 2010). Bayesian information criterion 

(BIC) was used to identify clusters for DAPC, as suggested by (Jombart et al., 2010). The 

relationships between sampled locations was assessed using Neighbour-joining (NJ) tree based 

on Nei‟s genetic distance with 1000 bootstraps, implemented in the POPULATION program 

(Langella, 2008).  The degree of differentiation between various populations was assessed by 

comparing pairwise FST, with 1000 random permutations. to test for significance (Belkhir et al., 

2004).  

 

Diversity and divergence were estimated for populations spaced at various geographical 

levels i.e., at the level of overall country, provinces, divisions and districts. Similarly, such 

estimates were calculated for hosts. Distribution of multilocus genotypes and genetic groups 

across different host varieties, and the same host variety across different locations were also 

assessed to infer on the role of host on the pathogen population structure. 
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3.3. Temporal Maintenance of P. striiformis Population across various 

Locations of Pakistan, with emphasis on Northern Himalayan Region 
 

The temporal maintenance of populations was explored by assessing the temporal shifts 

in the genetic composition of P. striiformis populations across all locations sampled both years. 

Temporal shifts were measured by assessing FST between the years, examining the re-sampling 

of MLGs and predicting the effective population size on the basis of temporal variance of allele 

frequencies (Waples, 1989). Effective population size from time spaced samples at a given 

location was estimated with Ne-ESTIMATOR. software (Pudovkin et al., 1996).  

 

Distinct multilocus genotypes (MLGs) re-sampled over time were identified with POPPR 

package of R-software, which was used as input for CLONCASE software, which estimates the 

relative contribution of sexual vs. asexual reproduction (Ali et al., 2016). It considers that how 

much of the population is passed from one year to the next year through clonality and how much 

through sexual reproduction, based on the re-sampling of same clones. Considering, the low 

number of clones re-sampled over time, the estimates were made only for populations prevalent 

at the level of country and province.  

 

3.4.  Wheat Yellow Rust Virulence and Pathotype Structure across various 

 Locations of Pakistan 
 

Virulence and pathotypes detected so far in Pakistan were compiled from previous 

studies, while the molecular genotypic profile of the genotyped samples was compared with the 

genotypic profile of pathotypes prevalent in previous studies from Pakistan. Previously, a total of 

200 samples from Pakistan were race phenotyped, with 18 isolates from 2004 (Rizwan et al., 

2010), 51 isolates from 2006 (Bahri et al., 2011), 127 samples from 2010 (Ali et al., 2010), and 5 

isolates from 2014 (Ali et al., 2017).  

 

 Virulence frequency and their distribution across locations and over time was analyzed to 

assess the relative importance of various virulences in the Pakistani population. The races were 

compared with the worldwide invading strain‟s virulence phenotype, while the genetic profile 
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was compared with the isolates both race phenotyped and molecularly genotyped from 2010. The 

relative frequency of races was discussed in relation to the deployment of resistance genes in 

Pakistan. 
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IV. RESULTS 

 

4.1.  The Status of Three Wheat Rusts and Powdery  Mildew Across 

   Different Locations of Pakistan 

 Surveillance of diseases on different varieties allowed to measure the relative 

importance of wheat diseases at the country and regional level. Surveillance for wheat 

diseases, particularly wheat rusts i.e. yellow, leaf and stem rust, and powdery mildew was 

carried out during wheat growing season of 2016 and 2017 in major wheat growing areas of 

Pakistan. Surveillance was conducted in farmer fields and agriculture research farms, which 

enabled to score rust and powdery mildew severity on various varieties, collect samples and 

identify the status of different wheat diseases across the country during 2016 and 2017. 

 

4.1.1.  Details of surveillance across Pakistan over two years 

A total of 917 wheat fields were surveyed over two years. In 2016, a total of 437 

fields were surveyed covering the three provinces and AJK, while in 2017, a total of 480 

fields were surveyed in four provinces of Pakistan and AJK. In AJK, a total of 18 fields 

were surveyed, eight in 2016 and 10 in 2017. In Baluchistan four fields were surveyed in 

2017 only. In KP, the total numbers of surveyed fields were 329, out of which 171 were 

surveyed in 2016 and 158 in 2017. Like-wise in Punjab, 135 fields were surveyed in 2016 

and 178 fields were surveyed in 2017 with a total of 313 fields over the two years. In Sindh, 

123 fields were surveyed in 2016 and 130 fields were surveyed in 2017 with a total of 253 

fields over both years (Table 4.1).  
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Table 4.1. Total number of wheat fields surveyed in each province during 2016 & 

  2017 across Pakistan. 

 

At the level of districts covered, the surveillance in 2016 covered a total of 63 districts 

while in 2017, a total of 69 districts were covered. In AJK, surveillance was carried out in 

two districts each year. In Baluchistan two districts were surveyed in 2017 only. In KP, 22 

districts were surveyed each year. In Punjab, 20 districts were surveyed in 2016 while 24 

districts were surveyed in 2017. Similarly, surveillance was carried out in 19 districts of 

Sindh each year (Table 4.2).  

 

Table 4.2. Total number of districts surveyed in each province during 2016 & 2017 

  across Pakistan. 

 

Province 2016 2017 Overall 

AJK 8 10 18 

Baluchistan 0 4 4 

KP 171 158 329 

Punjab 135 178 313 

Sindh 123 130 253 

Overall Pakistan 437 480 917 

Province 2016 2017 Overall 

AJK 2 2 4 

Baluchistan 0 2 2 

KP 22 22 44 

Punjab 20 24 44 

Sindh 19 19 38 

Overall Pakistan 63 69 132 
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The number of fields surveyed in each district varied depending on the presence of 

wheat crop in that area. In AJK, survey was carried out in Hattian Bala and Muzaffarabad. 

In Baluchistan, wheat fields from Jaffarabad (3) and Naseerabad (1) were surveyed in 2017 

only. In KP, all the surveyed districts were covered both the years starting from south (D. I. 

Khan) to north (Mansehra, Shangla). In Punjab, most of the districts (Bhakkar, Faisalabad, 

Lahore, Mianwali, Rahim Yar Khan, Chakwal, Attock, Gujranwala, Gujarat, Jehlum, 

Hafizabad, Khanewal, Bahawalpur, Sahiwal and Sheikhupura) were covered both years 

while some districts (Dera Ghazi Khan, Lodhran, Multan and Okara) were surveyed in 2016 

only, while some districts (Mandi Bahaudin, Nankana Sahib, Narowal, Muzzafargarh, 

Sargodha and Faisalabad) in 2017 only. Similarly, in Sindh, most of the districts (Karachi, 

Badin, Gotki, Hyderabd, Khairpur, Larkana, Metiari, MirpurKhas, Nwab Shah, Noshero 

Feroz, Qamber Shehdadkot, Sanghar, Shikarpur, Sukkur, Tando Muhammad Kahn and 

Umerkot) were covered both years while Dadu, Jamshoro and Thatta districts were surveyed 

in 2016 only, while Kashmor, Tando Allah Yar and Sajawal were surveyed in 2017 only 

(Table 4.3). 

 

When considering host varieties, surveillance was conducted to assess the rust 

incidence and severity on 78 varieties country wide both the years in the farmers‟ fields and 

to some extent at research stations (Table 4.4). During these two seasons, Galaxy-13 was 

widely deployed over the country and thus surveyed in the maximum number of fields in 

both 2016 (75) and 2017 (78). A total of 184 fields had varieties which were unidentifiable to 

us. In such cases where the variety was not recognizable, it was marked as unknown. 

Triticale fields were also surveyed for rust diseases, which were very limited across the 

country i.e., five fields in 2016 and two in 2017. Sehar was surveyed in 61 fields while TD-1 

was surveyed in 50 fields both the years. Some of the wheat varieties like Sindhu-16, Zincol-

16, Aman, Yecora etc. were surveyed in single year only (Annexe 2).  
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Table 4.3. Number of fields surveyed per district from major wheat growing areas  

  across Pakistan during 2016 and 2017. 

Province District 2016 2017 Total Province District 2016 2017 Total 

AJK 
Hatian Bala 3 2 5 

Punjab 

Khushab 6 5 11 

Muzaffarabad 5 8 13 Lahore 6 3 9 

Baluchistan 
Jafferabad - 1 1 Lodhran 13 - 13 

Naseerabad - 3 3 Mandi Bahaudin - 4 4 

KP 

Abbotabad 3 3 6 Mianwali 7 7 14 

Bannu 6 11 17 Multan 5 - 5 

Battagram 5 7 12 Muzzafargarh - 3 3 

Buner 10 13 23 Nankana Sahib - 9 9 

Charsadda 9 7 16 Narowal - 8 8 

DaraAdamKhel 3 2 5 Okara 2 - 2 

D. I. Khan 8 4 12 Rahim Yar Khan 10 15 25 

Dir Lower 7 9 16 Rawalpindi - 5 5 

Dir Upper 5 9 14 Sahiwal 6 1 7 

Haripur 7 5 12 Sarghoda - 9 9 

Kala Dhaka 7 2 9 Sheikhapura 8 8 16 

Karak 6 3 9 Vehari - 9 9 

Kohat 7 9 16 

Sindh 

Badin 11 5 16 

Lakki Marwat 4 7 11 Dadu 6 - 6 

Malakand 4 4 8 Gotki 6 4 10 

Mansehra 29 10 39 Hyderabad 4 19 23 

Mardan 8 10 18 Jamshoro 5 - 5 

Nowshehra 8 4 12 Karachi 5 4 9 

Peshawar 9 11 20 Kashmor - 2 2 

Shangla 4 5 9 Khairpur 4 2 6 

Swabi 9 6 15 Larkana 10 4 14 

Swat 13 17 30 Metiari 6 12 18 

Punjab 

Attock 7 6 13 Mir Purkhas 7 4 11 

Bahawalpur 9 18 27 Nawab Shah 5 19 24 

Bhakkar 4 7 11 Noshero Ferozo 8 5 13 

Chakwal 12 5 17 Qamber Shehdadkot 5 2 7 

D. G. Khan 4 - 4 Sajawal - 4 4 

Faisalabd - 8 8 Sanghar 8 8 16 

Gujranwala 6 3 9 Shikarpur 9 4 13 

Gujarat 4 6 10 Sukkur 1 4 5 

Hafiz Abad 7 17 24 Tando Allah yar - 11 11 

Jehlum 4 5 9 Tando M. Khan 5 3 8 

Jhang 8 5 13 Thatta 9 - 9 

Khanewal 7 12 19 UmerKot 9 14 23 

Overall Pakistan 917 
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In AJK, the local type, mixture, unknown and Sahar varieties were surveyed both years.  

In Baluchistan, four varieties were surveyed in 2017 only. In KP, 32 wheat varieties were 

surveyed with the maximum number of Galaxy-13 fields over two years. In KP the second most 

surveyed variety was PS-05 (surveyed over 28 fields) followed by Shahkar (surveyed over 23 

fields). A total of 171 fields of different varieties were surveyed in 2016 and 158 fields in 2017. 

Similarly, in Punjab, 23 wheat varieties were surveyed with the maximum number of Galaxy-13 

fields surveyed over two years i.e. 33 fields in 2016 and 42 fields in 2017. The second most 

surveyed variety in Punjab was Sahar (28 fields) followed by TD-1 (23 fields). In Sindh, 34 

wheat varieties were surveyed with the maximum number of TD-1 (25 fields) followed by Kiran-

95 (24 fields). Galaxy-13 was also surveyed in Sindh in 19 fields (Table 4.4). 

 

Table 4.4. Numbers of fields with different wheat varieties surveyed during 2016 and  

  2017 in various provinces of Pakistan. 

Province Varieties 2016 2017 Total Province Varieties 2016 2017 Total 

AJK 

Local 2 2 4 

Punjab 

Gondal 

 

1 1 

Mixture 1 2 3 Inqilab 9 

 

9 

Sahar 1 

 

1 Johar-16 

 

5 5 

Unknown 4 6 10 Local 4 4 8 

Total 8 10 18 Meraj-08 

 

1 1 

Baluchistan 

FSD-08 

 

1 1 Mixture 12 18 30 

Inqilab 

 

1 1 Morocco 

 

2 2 

Sahar 

 

1 1 NARC-11 

 

1 1 

TD-1 

 

1 1 Gold-16 

 

2 2 

Total   4 4 

Punjab-

11 

 

3 3 

KP 

Aman 1 

 

1 Sahar 14 14 28 

Amin-10 

 

1 1 TD-1 18 5 23 

Atta Habib 3 1 4 Ujala-16 

 

3 3 

Bafforr 1 

 

1 Unknown 44 43 87 

Bakhtawar 1 

 

1 Watan 1 

 

1 

Breeding 

line 3 2 5 Yecora 

 

1 1 

Fakhr-e-

sarhad 1 

 

1 Zincol 

 

2 2 

FSD-08 1 

 

1 Total 135 178 313 

Galaxy-13 34 25 59 

Sindh 

A. Sattar 10 2 12 

Ghanimat 2 2 Aas-11 

 

3 3 

Insaf 1 

 

1 

Abad Gar- 

93 

 

1 1 
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Khattakwal 4 2 6 Amber 

 

1 1 

KP 

 

2 2 Anmol-91 

 

1 1 

KT-2008 1 

 

1 Benazir 1 8 9 

KT-2010 

 

1 1 Breeding line 3 8 11 

Lakki-03 

 

1 1 FSD-08 1 1 2 

Lalma 1 

 

1 Galaxy-13 8 11 19 

Local 23 11 34 Hamal 1 2 3 

Marwat-J-01 1 1 Imdad-05 1 1 2 

Mixture 8 12 20 Inqilab 5 4 9 

Morocco 1 3 4 IV-II 

 

2 2 

PAK-13 1 

 

1 Kiran-95 12 12 24 

PS-14 1 

 

1 Local 7 

 

7 

PS-13 

 

11 11 Marvi 2 1 3 

PS-15 

 

1 1 Mehran-89 

 

1 1 

PS-03 1 

 

1 Mixture 25 6 31 

PS-05  14 14 28 Moomal-02 1 1 2 

PS-08 13 

 

13 Morocco 3 4 7 

Sahar 9 1 10 NARC-11 1 3 4 

Salim 1 

 

1 

Naya 

Amber 2 

 

2 

Shahkar 10 13 23 PAK-13 2 

 

2 

Siran 

 

1 1 Saassi 

 

1 1 

TD-1 1 

 

1 Sahar 16 5 21 

Trial 2 

 

2 Sarang 

 

1 1 

Trit.+Wheat mix 1 1 Sarsabz 4 2 6 

Triticale 3 2 5 Shafaq 1 1 2 

Unknown 31 50 81 Sindhu-16 

 

1 1 

Total 171 158 329 SKD-1 

 

2 2 

Punjab 

A. Sattar 

 

3 3 SKD-2 

 

2 2 

Aas-11 

 

3 3 Suneri 

 

1 1 

Borlaug-16 1 1 Susai 

 

1 1 

Breeding Line 16 17 TD-1 4 21 25 

FSD-08 

 

4 4 TJ-1 3 

 

3 

Galaxy-13 33 42 75 TJ-83 5 14 19 

Gandum-I 1 1 Unknown 5 2 7 

Gandum-II 1 1 Zincol 

 

3 3 

Gandum-IV 1 1 Total 123 130 253 

Overall Pakistan 917 
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4.1.2. Yellow Rust Incidence and severity across Pakistan 

The wheat yellow rust incidence and severity varied over the two years, across locations 

and varieties. Significant levels of yellow rust disease were observed at most of the locations 

surveyed during 2016, however, a lower disease pressure was observed during 2017. A total of 

162 fields out of 917 fields had a high disease pressure with a yellow rust disease severity score 

of 60 and above. In 2016, 100 fields were recorded with high disease severity in a total of 359 

fields, mainly from districts with high disease occurrence. In 2017, 62 fields were recorded with 

high disease severity in a total of 396 fields in high disease occurring districts. On certain 

susceptible varieties, severity of yellow rust was high even in the areas where its occurrence was 

relatively low.   

 

 

 

Figure 4.1. A high yellow rust disease incidence in wheat field at Charsada, Khyber- 

   Pakhtunkhwa, during rust season of 2016. Susceptible reaction is evident in  

   the zoom-in on the upper-right corner. 
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In AJK, only one out of 13 fields at Muzaffarabad was recorded with high yellow rust 

severity in 2016. In KP, the maximum number of fields with high disease severity was observed 

in Mansehra where 11 out of total 39 fields surveyed over the two years were observed with high 

disease pressure. In KP, high disease severity with at least one field was recorded in 20 districts. 

This high severity was in 19 districts in 2016 and in 12 districts in 2017. In Punjab, highly 

infected fields were observed in 13 districts in 2016, while in 2017 high disease was observed in 

15 districts. The maximum numbers of fields with high disease were recorded in Hafiz Abad 

over the two years (10 fields). The incidence of yellow rust was low in Sindh as compared to 

Punjab and KP. In Sindh a clear variability was observed in yellow rust occurrence between the 

two years, where it was exceptionally high in 2016 and low in 2017, but still lower than other 

areas of Pakistan. The high disease prevalence was observed in 14 districts of Sindh during 2016 

while in 2017 only six districts were recorded with high yellow rust incidence. In Sindh, the 

maximum number of fields with high disease severity was observed in Nawab Shah where 4 

fields out of total 24 fields surveyed over the two years. In other districts of Sindh, the number of 

fields with high disease severity ranged between 1 and 2 (Table 4.5). 

Table 4.5. Number of wheat fields with high (more than 60%) yellow rust severity  

  observed at different districts across different provinces of Pakistan during  

  2016 and 2017 yellow rust season. 

  
2016 

 

2017 

 

Total 

Province District 

Fields 

Surveyed 

Fields 

with 

> 

60% 

YR 

 

Fields 

Surveyed 

Fields 

with 

> 

60% 

YR 

 

Fields 

Surveyed 

Fields 

with 

> 

60% 

YR 

AJK Muzaffarabad 5 1 

 

8 0 

 

13 1 

KP 

Bannu 6 2 

 

11 0 

 

17 2 

Battagram 5 2 

 

7 0 

 

12 2 

Buner 10 3 

 

13 2 

 

23 5 

Charsadda 9 7 

 

7 1 

 

16 8 

Dara Adam khel 3 1 

 

2 0 

 

5 1 

D. I. Khan 8 3 

 

4 0 

 

12 3 

Dir Lower 7 2 

 

9 1 

 

16 3 

Dir Upper 5 1 

 

9 0 

 

14 1 

Haripur 7 3 

 

5 1 

 

12 4 

Kala Dhaka 7 1 

 

2 0 

 

9 1 
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Karak 6 1 

 

3 0 

 

9 1 

Kohat 7 1 

 

9 1 

 

16 2 

Lakki Marwat 4 2 

 

7 1 

 

11 3 

Mansehra 29 8 

 

10 3 

 

39 11 

Mardan 8 3 

 

10 1 

 

18 4 

Nowshehra 8 4 

 

4 0 

 

12 4 

Peshawar 9 2 

 

11 6 

 

20 8 

Shangla 4 0 

 

5 1 

 

9 1 

Swabi 9 4 

 

6 3 

 

15 7 

Swat 13 4 

 

17 1 

 

30 5 

Punjab 

Attock 7 2 

 

6 1 

 

13 3 

Bahawalpur 9 0 

 

18 1 

 

27 1 

Chakwal 12 0 

 

5 1 

 

17 1 

Faisalabd 0 0 

 

8 2 

 

8 2 

Gujranwala 6 3 

 

3 2 

 

9 5 

Gujarat 4 1 

 

6 3 

 

10 4 

Hafiz Abad 7 3 

 

17 7 

 

24 10 

Jehlum 4 4 

 

5 1 

 

9 5 

Khanewal 7 1 

 

12 2 

 

19 3 

Khushab 6 1 

 

5 3 

 

11 4 

Lodhran 13 4 

 

0 0 

 

13 4 

Mandi Bahaudin 0 0 

 

4 3 

 

4 3 

Mianwali 7 3 

 

7 2 

 

14 5 

Multan 5 1 

 

0 0 

 

5 1 

Nankana Sahib 0 0 

 

9 1 

 

9 1 

Narowal 0 0 

 

8 1 

 

8 1 

RahimYar Khan 10 2 

 

15 0 

 

25 2 

Rawalpindi 0 0 

 

5 1 

 

5 1 

Sahiwal 6 2 

 

1 0 

 

7 2 

Sarghoda 0 0 

 

9 3 

 

9 3 

Sindh 

Badin 11 2 

 

5 0 

 

16 2 

Gotki 6 1 

 

4 1 

 

10 2 

Hyderabad 4 1 

 

19 1 

 

23 2 

Jamshoro 5 2 

 

 0 0 

 

5 2 

Karachi 5 2 

 

4 0 

 

9 2 

Metiari 6 1 

 

12 0 

 

18 1 

Mir Pur khas 7 1 

 

4 0 

 

11 1 

Nawab Shah 5 3 

 

19 1 

 

24 4 

Qamber Shehdadkot 5 0 

 

2 1 

 

7 1 

Shikarpur 9 1 

 

4 1 

 

13 2 

Sukkur 1 0 

 

4 1 

 

5 1 

Tando M. Khan 5 1 

 

3 0 

 

8 1 

Thatta 9 1 

 

 0 0 

 

9 1 

UmerKot 9 2 

 

14 0 

 

23 2 

Overall Pakistan 359 100   396 62   755 162 
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Considering the yellow rust status of various host varieties, some wheat varieties like 

Sehar and Galaxy-13 were found susceptible at various altitudes and latitude, while some 

varieties were more prevalent in a specific province or area. Sehar was recorded with high 

disease severity at all locations surveyed (AJK, KP, Sindh and Punjab). Generally, a high disease 

severity was observed on Galaxy-13 in KP, Sindh and Punjab. High disease severity was also 

observed on Morocco in KP, Sindh and Punjab. Inqilab-91 was surveyed with high disease 

severity in Punjab and Sindh. Other wheat varieties like A-Sattar. Kiran-95, Khattakwal, 

Shahkar, Salim, PS-05 and some unknown varieties grown at farmer fields were also recorded 

with high yellow rust severity at different locations in different provinces (Table 4.6). 

 

The number of fields with high disease severity across the whole country was higher in 

2016 (100 out of 354 fields) than in 2017 (62 out of 309 fields). A total of 18 varieties were 

found susceptible to yellow rust in both years, while 10 fields with unknown varieties and 3 

fields of mixed wheat varieties were also recorded with high yellow rust disease severity over 

both years. In AJK, Sehar was recorded with high disease severity at one location in 2016 while 

none of the variety/field was recorded for high disease severity in 2017. Galaxy-13 was recorded 

for high disease severity at 27 locations in KP out of the 59 fields surveyed with Galaxy-13 over 

the two years. Sehar was recorded with high disease severity at 8 locations in 2016 and at 1 

location in 2017. PS-05 was recorded with high disease severity in both years at 6 locations in a 

total of 31 surveyed fields of PS-05. Morocco was observed with high disease in all the surveyed 

fields (4) mainly grown for research purposes. Shahkar was found with high disease severity at 

five locations in 2016 and 2017 in total 24 surveyed fields. While, Ghanimat-e-IBGE was 

recorded with high disease severity only in 2017 in 2 fields in high rust occurrence area, while in 

2016 no disease was observed on Ghanimat-e-IBGE. Some varieties not recognizable to us, were 

also found with high disease in 2016 and 2017. In 2016, 7 fields out of 32 were found with high 

disease in KP, while in 2017, six fields with unknown varieties out of 50 were observed with 

high disease. Certain local lines, Khattakwal, PS-08, some breeding material and Salim were 

recorded with high disease in 2016 only (Table 4.6). 
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 In Punjab, the ratio of a high disease severity on Galaxy-13 was higher in 2016 (18 

locations out of 33) than in 2017 (15 out of 42 locations) during 2017. Sehar was recorded with 

high disease severity at 3 locations in 2016 and 5 locations in 2017 in a total of 29 fields 

surveyed over both years. Inqilab-91 was recorded at 4 locations with high disease severity in 

2016 only. Morocco was observed with high disease severity in 2017 only. A-Sattar and 3 fields 

of mixed varieties were also observed with high disease severity in 2017 only. Some unknown 

varieties were also found with high disease severity in 2016 and 2017, in Punjab. In 2016, 2 

fields with unknown varieties out of 44 were found with high disease, while in 2017, eight fields 

out of 46 were observed with high disease (Table 4.6). 

 

In Sindh province, various wheat varieties were observed with high disease severity both 

years at 24 locations. Galaxy-13, Kiran-95, Naya Amber, Sarsabz, Sehar, and some unknown 

varieties and their mixtures were observed with high disease severity in 2016 only. While in 

2017, none of these varieties were observed with high disease. Galaxy-13 was recorded with 

high severity in 2 fields, Kiran-95 in 4 fields, mixture in 2 fields and one field of each variety; 

Naya Amber, Sarsabz, Sehar and one unknown variety were observed with high disease severity 

at different locations in Sindh. SKD-1 was recorded with high disease in 2017 only. Wheat 

varieties Morocco, Inqilab-91 and TJ-83 were observed with high disease over both years. Five 

fields of Inqilab-91 and three fields of Morocco and TJ-83 were observed with high disease in 

2016 and 2017 (Table 4.6).  

 

Despite high disease pressure of yellow rust across all provinces over the two years, 

certain wheat varieties showed resistance at various locations. These varieties included Benazir, 

Insaf, Pukhtunkhwa, PS-15, Gold-16, Borlaug-16, Sindhu-16, Ujala-16, Johar-16, NARC-11 etc. 

these varieties showed either resistant or moderately resistant reaction to the disease.   
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Table 4.6. Number of wheat fields with more than 60% yellow rust severity for a given  

  variety across different provinces of Pakistan during 2016 and 2017 wheat  

  rust season. 

    2016 

 

2017 

 

Total 

Province Varieties 

Fields 

Surveyed 

Fields 

with > 

60% YR 

 

Fields 

Surveyed 

Fields 

with > 

60% YR 

 

Fields 

Surveyed 

Fields 

with > 

60% YR 

AJK Sehar 1 1 

 

0 0 

 

1 1 

KP 

Bakhtawar 1 1 

 

0 0 

 

1 1 

Breeding Line 5 2 

 

2 0 

 

7 2 

Galaxy-13 34 21 

 

25 6 

 

59 27 

Ghanimat 2 0 

 

2 1 

 

4 1 

Khattak wal 4 3 

 

2 0 

 

6 3 

Local 22 1 

 

11 0 

 

33 1 

Morocco 1 1 

 

3 3 

 

4 4 

PS-05 17 4 

 

14 2 

 

31 6 

PS-08 13 3 

 

0 0 

 

13 3 

Salim 1 1 

 

0 0 

 

1 1 

Sehar 9 8 

 

1 1 

 

10 9 

Shahkar 11 2 

 

13 3 

 

24 5 

Unknown 32 7 

 

50 6 

 

82 13 

Punjab 

A. Sattar 0 0 

 

3 1 

 

3 1 

Galaxy-13 33 18 

 

42 15 

 

75 33 

Inqilab-91 9 4 

 

0 0 

 

9 4 

Mixture 12 0 

 

17 3 

 

29 3 

Morocco 2 0 

 

2 2 

 

4 2 

Sehar 15 3 

 

14 5 

 

29 8 

Unknown 44 2 

 

46 8 

 

90 10 

Sindh 

Galaxy-13 8 2 

 

11 0 

 

19 2 

Inqilab-91 5 3 

 

4 2 

 

9 5 

Kiran-95 13 4 

 

12 0 

 

25 4 

Mixture 25 2 

 

6 0 

 

31 2 

Morocco 3 2 

 

4 1 

 

7 3 

Naya Amber 2 1 

 

0 0 

 

2 1 

Sarsabz 4 1 

 

2 0 

 

6 1 

Sehar 16 1 

 

5 0 

 

21 1 

SKD-1 0 0 

 

2 1 

 

2 1 

TJ-83 5 1 

 

14 2 

 

19 3 

Unknown 5 1 

 

2 0 

 

7 1 

Overall Pakistan 354 100 

 

309 62 

 

663 162 
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The disease varied significantly between two surveillance years at each province. The 

number of fields with high disease severity across AJK, KP and Sindh were higher in 2016 than 

in 2017, while in Punjab the disease was recorded at more locations in 2017 than 2016. In AJK 8 

fields in 2016 and 10 fields in 2017 were surveyed with only one field having high disease 

severity only in 2016. In Baluchistan 4 fields were surveyed in 2017 with no high yellow rust 

severity in any field. In KP, a total of 54 fields had high yellow rust severity, out of a total of 171 

fields surveyed in 2016 and 22 fields out of 158 in 2017. Similarly in Punjab, 27 fields had high 

yellow rust severity, out of a total of 135 fields surveyed in 2016 and 34 fields out of 178 in 

2017. In Sindh, 123 fields in 2016 and 130 fields in 2017 were surveyed with a total of 18 and 6 

fields with high disease in each year (Table 4.7). 

 

High disease was observed in 2016 in AJK only while in KP the disease was much low in 

2017 as compared to 2016. In Punjab, there was no significant difference in disease occurrence 

between two years. While in Sindh, significant difference was observed between two years 

(Figure 4.6a).  

 

Table 4.7. Total number of fields surveyed and number of fields with high yellow rust  

  severity during 2016 and 2017. 

 

2016 
 

2017 
 

Total 

Province 
Fields 

Surveyed 

Fields with 

> 60% YR  

Fields 

Surveyed 

Fields with 

> 60% YR  

Fields 

Surveyed 

Fields with 

> 60% YR 

AJK 8 1 
 

10 0 
 

18 1 

Baluchistan  0  0 
 

4  0 
 

4 0 

KP 171 54 
 

158 22 
 

329 76 

Punjab 135 27 
 

178 34 
 

313 61 

Sindh 123 18 
 

130 6 
 

253 24 

Grand Total 437 100 
 

480 62 
 

917 162 
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4.1.3.  Leaf Rust Incidence and severity across Pakistan 

The prevalence of wheat leaf rust was high in 2017 as compared to 2016, however, still 

much less prevalent than yellow rust. A total of 68 fields were recorded with high leaf rust 

infection with a leaf rust disease severity score of 60 and above. In AJK one field in 

Muzaffarabad district was recorded with high leaf rust during 2017 in 8 fields surveyed, while no 

field with high disease severity was observed in 2016. In KP, high leaf rust was observed in one 

district both the years i.e., at Nowshera during 2016 and at Mansehra during 2017. One field was 

recorded in Nowshera during 2016 out of 12 fields and one in Mansehra out of 10 fields during 

2017 (Table 4.8).  

  

 

Figure 4.2. Leaf rust symptoms as observed during rust season of 2016 on susceptible  

  varieties in Sindh province. The brown coloured round pustules are visible in 

  the picture on the right. 
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In 2016, highly infected leaf rust fields were observed in 3 districts, while in 2017 high 

disease was observed in 5 districts of Punjab. The maximum number of fields with high leaf rust 

disease was recorded in Hafiz Abad and Bahawalpur during 2017 (4 and 3 fields out of field 

surveyed), while the number of highly infected fields in Attock, Faisal Abad, Jhang, Lodhran, 

Nankana Sahib and Sahiwal ranged between 1 and 2 (Table 4.8).  

 

The incidence of leaf rust was high in Sindh as compared to Punjab and KP. In Sindh a 

clear variability was observed in leaf rust disease occurrence between two years. The high 

disease prevalence was observed in 12 districts during 2016 while during 2017, a high disease 

was observed in 13 districts. The maximum numbers of fields with high disease severity were 

observed in Sanghar with 6 fields during 2017 and 2 fields in 2016 followed by Badin with 5 

fields during 2016 and 2 fields during 2017. Leaf rust was recorded with high disease severity 

during both years in Umerkot (6 fields out of total 23), Hyderabad (5 fields out of total 23), and 

Mir Pur Khas (4 fields out of total 11). In other districts of Sindh the number of fields with high 

disease severity from 1 to 3. During 2016, 27 fields were recorded with high leaf rust severity in 

217 fields at the high disease occurring districts. While during 2017, 41 fields were recorded 

with high leaf rust severity in total 209 fields in high leaf rust occurring districts. A total of 68 

fields were recorded with high leaf rust severity across the whole country over the two years out 

of 426 fields (Table 4.8). 
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Table 4.8. Number of wheat fields with more than 60% leaf rust severity observed at  

  different districts across different provinces of Pakistan during 2016 and  

  2017 wheat rust season. 

 

    2016 

 
2017 

 
Total 

Province Districts 

Field 

surveyed 

Fields 

with 

>60% 

LR 

 

Field 

surveyed 

Fields 

with 

>60% 

LR 

 

Field 

surveyed 

Fields 

with 

>60% 

LR 

AJK Muzafferabad 5 0 
 

8 1 
 

13 1 

KP 
Mansehra 29 0 

 
10 1 

 
39 1 

Nowshehra 12 1 
 

4 0 
 

16 1 

Punjab 

Attock 7 1 
 

6 0 
 

13 1 

Bahawalpur 9 1 
 

18 3 
 

27 4 

Faisalabd 3 0 
 

8 1 
 

11 1 

Hafiz Abad 7 0 
 

17 4 
 

24 4 

Jhang 8 0 
 

5 1 
 

13 1 

Lodhran 13 2 
 

0 0 
 

13 2 

Nankana Sahib 0 0 
 

9 1 
 

9 1 

Sindh 

Badin 11 5 
 

5 2 
 

16 7 

Dadu 6 1 
 

0 0 
 

6 1 

Gotki 6 1 
 

4 0 
 

10 1 

Hyderabad 4 2 
 

19 3 
 

23 5 

Jamshoro 5 3 
 

0 0 
 

5 3 

Karachi 6 0 
 

4 1 
 

10 1 

Khairpur 4 0 
 

2 1 
 

6 1 

Larkana 10 1 
 

4 0 
 

14 1 

Metiari 6 0 
 

12 1 
 

18 1 

Mir Purkhas 7 1 
 

4 3 
 

11 4 

Nawab Shah 5 1 
 

19 0 
 

24 1 

Noshero Ferozo 8 0 
 

5 1 
 

13 1 

Qamber Shehdadkot 5 0 
 

2 1 
 

7 1 

Sajawal  0 0 
 

4 3 
 

4 3 

Sanghar 8 2 
 

8 6 
 

16 8 

Shikarpur 9 1 
 

4 0 
 

13 1 

TandoAllahyar 0 0 
 

11 2 
 

11 2 

TandoM. Khan 6 0 
 

3 2 
 

9 2 

Thatta 9 1 
 

0 0 
 

9 1 

UmerKot 9 3 
 

14 3 
 

23 6 

Overall Pakistan 217 27   209 41   426 68 
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Leaf rust prevailed in most of the areas during 2017 while in 2016 relatively low disease 

pressure was recorded. The number of fields with high leaf rust severity across the whole country 

was higher in 2017 (40 out of 295 fields) than in 2016 (27 out of 285 fields). A total of 13 

varieties were found susceptible to leaf rust over the two years along with some breeding lines, 

mixtures and some unknown varieties in farmer fields were also recorded with high disease 

pressure at different locations in different provinces. The response of the host to leaf rust varied 

at different locations. Galaxy-13 was recorded with high disease severity at most surveyed 

locations (KP, Sindh and Punjab). High disease was also observed on Sahar in Sindh and Punjab. 

High leaf rust was also observed on TD-1 and Morocco in Sindh and Punjab (Table 4.9). 

 

In AJK, farmer fields with mix varieties were recorded with high leaf rust severity at one 

location in 2017 while none of the variety/field was recorded with high disease severity in 2016. 

Galaxy-13 was recorded with high disease severity at one location in KP during 2016 out of a 

total 34 Galaxy-13 fields surveyed. One field with unknown variety was also recorded with high 

disease severity during 2017 out of 50 fields surveyed (Table 4.9). 

 

 In Punjab, during 2016 high leaf rust was observed on Galaxy-13, Sehar and field with 

unknown varieties. In 2017 high disease was observed on Galaxy-13, Sahar, TD-1, Yecora, 

Morocco and some unknown and mixed varieties. Galaxy-13 was surveyed in 33 fields during 

2016 and 42 fields in 2017. Galaxy-13 was recorded for high disease severity at 2 locations 

during 2016, while in 2017 it was recorded at one location with high disease severity. Sahar was 

recorded at one location in 2016 and two locations in 2017 with high disease severity in 29 fields 

surveyed over both years. Morocco was observed with high disease severity in 2017 only in one 

field. Some unknown varieties were also found with high leaf rust over both years. During 2016 

and 2017, one field in each year was recorded for high disease out of 90 fields surveyed. High 

disease pressure was also observed on TD-1 and Yecora during 2017 (Table 4.9). 

 

High leaf rust incidence was observed on many varieties in Sindh. A. Sattar, Galaxy-13, 

Inqilab, Kiran-95, Mixtures, Marvi, Morocco, Sarsabz, Sehar, TJ-1 and TJ-83 varieties were 

observed with high disease severity in 2016. In 2017 high disease was observed on, Aas-11, 

Galaxy-13, Inqilab, Kiran-95, Morocco, Saassi, Sarsabz, Sehar, Shafaq, TJ-83 and some 
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unknown varieties and breeding lines (Table 9). The maximum number of highly infected fields 

were recorded for Galaxy-13 (10 out of 19 fields) followed by Kiran-95 and TD-1 (9 out of 25 

fields), Sahar (6 out of 25 fields), Mixture and TJ-83 in four fields surveyed during both years.  

In case of other varieties the numbers of infected fields ranged from 1 to 3 over both the years 

(Table 4.9).  

 

Table 4.9. Number of wheat fields with more than 60% leaf rust severity for a given  

  variety across the different provinces of Pakistan during 2016 and 2017  

  wheat rust season. 

    2016 

 
2017 

 
Total 

Province Districts 

Field 

surveyed 

Fields 

with 

>60% 

LR 

 

Field 

surveyed 

Fields 

with 

>60% 

LR 

 

Field 

surveyed 

Fields 

with 

>60% 

LR 

AJK Mixture 0 0 
 

2 1 
 

2 1 

KP 
Galaxy-13 34 1 

 
25 0 

 
59 1 

Unknown 32 0 
 

50 1 
 

82 1 

Punjab 

Galaxy-13 33 2 
 

42 1 
 

75 3 

Mixture 12 0 
 

17 3 
 

29 3 

Morocco 2 0 
 

2 1 
 

4 1 

Sahar 15 1 
 

14 2 
 

29 3 

TD-1 18 0 
 

5 1 
 

23 1 

Unknown 44 1 
 

46 1 
 

90 2 

Yecora 0 0 
 

1 1 
 

1 1 

Sindh 

Aas-11 0 0 
 

2 2 
 

2 2 

Breeding line 4 0 
 

8 1 
 

12 1 

Galaxy-13 8 4 
 

11 6 
 

19 10 

Inqilab 5 1 
 

4 1 
 

9 2 

Kiran-95 13 1 
 

12 8 
 

25 9 

Marvi 7 1 
 

0 0 
 

7 1 

Mixture 25 4 
 

6 0 
 

31 4 

Morocco 3 2 
 

4 1 
 

7 3 

Saassi 0 0 
 

1 1 
 

1 1 

Sahar 16 5 
 

5 1 
 

21 6 

Sarsabz 4 3 
 

2  0 
 

6 3 

Shafaq 1 0 
 

1 1 
 

2 1 

TD-1 4 0 
 

21 3 
 

25 3 

TJ-83 5 1 
 

14 3 
 

19 4 

Overall Pakistan 285 27   295 40   580 67 
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Considering the overall provinces, the prevalence of leaf rust was high during 2017 as 

compared to 2016 in different areas of Pakistan. During 2016, 8 fields in 2016 and 10 fields 

during 2017 in AJK were surveyed with one field with high disease severity in 2017 only. In 

Baluchistan 4 fields were surveyed in 2017 with no high disease pressure in all fields. In KP, out 

of 171 fields from 2016 and 158 fields from 2017, only 2 fields had high disease over both years. 

Similarly in Punjab, out of 135 fields from 2016 and 178 fields from 2017, only 14 fields had 

high disease over both years. In Sindh, out of 123 fields from 2016 and 130 fields from 2017, 

only 51 fields had high disease in both years (Table 4.10). 

 

High leaf rust was observed in 2017 in AJK only while in KP the disease was low in 

2016 as compared to 2017. Similarly in Punjab, low leaf rust pressure was observed in 2016 and 

high in 2017. While in Sindh, significant difference was observed between two years 

surveillance (Figure 4.6b).  

 

Table 4.10. Total number of fields surveyed and number of fields with high leaf rust  

  severity during 2016 and 2017. 

  2016 

 
2017 

 
Total 

Province 

Fields 

surveyed 

Fields 

with 

>60% 

LR 

 

Fields 

surveyed 

Fields 

with 

>60% 

LR 

 

Fields 

surveyed 

Fields 

with 

>60% 

LR 

AJK 8 0 
 

10 1 
 

18 1 

Baluchistan 0 0 
 

4 0 
 

4 0 

KP 171 1 
 

158 1 
 

329 2 

Punjab 135 4 
 

178 10 
 

313 14 

Sindh 123 22 
 

130 29 
 

253 51 

Overall 

Pakistan 
437 27   480 41   917 68 
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4.1.4.  Stem rust incidence and severity across Pakistan 

Stem rust was not observed at any location during the whole surveillance effort in 2016 

and 2017, except at the University of Karachi, where the disease was the resultant of artificial 

inoculation. 

 
 

 

Figure 4.3. Stem rust symptoms as observed during rust season of 2016 in the artificially 

  inoculated trail at University of Karachi. The dark brown/blackish color  

  pustules are visible on the stem, leaf and spike. 

 

4.1.5.  Powdery Mildew Incidence and Severity across Pakistan 

The powdery mildew incidence and severity varied over the two years, across locations 

and varieties. Significant levels of powdery mildew were observed mostly in northern KP 

surveyed during 2017, however, a lower disease pressure was observed during 2016. A total of 

21 fields out of 917 fields had a high disease pressure with a powdery mildew severity score of 
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60 and above. In 2016, 8 fields were recorded with high disease severity in total 88 fields. In 

2017, 13 fields were recorded with high powdery mildew severity out of 85 fields in high disease 

occurring districts. In AJK, only one out of two fields in Hattian Bala was recorded with 

powdery mildew severity in 2017. In KP, the maximum number of fields with high disease 

severity was observed in Dir Lower, Dir Upper, Malakand and Mansehra where three fields were 

observed with high disease severity surveyed over the two years. In KP, high disease severity 

with at least one field was recorded at Haripur, Kala Dhaka, Shangla and Swat districts. In 

Charsadda two fields with high disease severity were observed during 2016 and 2017. In Punjab, 

powdery mildew severity was observed in two fields of Rawalpindi district during 2017 (Table 

4.11). 

 

  

 

Figure 4.4. Powdery mildew symptoms as observed during rust season of 2017 on   

  susceptible varieties in KP province. The light gray pustules are visible in the 

  picture on the right. 
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Table 4.11. Number of wheat fields with more than 60% powdery mildew severity  

  observed at different districts across different provinces of Pakistan during  

  2016 and 2017 wheat growing season. 

    2016   2017   Total 

Province Districts 

Fields 

Surveyed 

Fields 

with > 

60% 

PMD 

 

Fields 

Surveyed 

Fields 

with > 

60% 

PMD 

 

Fields 

Surveyed 

Fields 

with > 

60% 

PMD 

AJK Hatian_Bala 3 0 
 

2 1 
 

5 1 

KP 

Charsadda 9 0 
 

17 2 
 

26 2 

DirLower 7 1 
 

9 2 
 

16 3 

DirUpper 5 1 
 

9 2 
 

14 3 

Haripur 7 0 
 

5 1 
 

12 1 

KalaDhaka 7 1 
 

2 0 
 

9 1 

Malakand 4 1 
 

4 2 
 

8 3 

Mansehra 29 3 
 

10 0 
 

39 3 

Shangla 4 0 
 

5 1 
 

9 1 

Swat 13 1 
 

17 0 
 

30 1 

Punjab Rawalpindi               0  0 
 

5 2 
 

5 2 

Overall Pakistan 88 8 
 

85 13   173 21 

 

Powdery mildew prevailed in most of the areas of Northern KP during 2017, while in 

2016 relatively low disease pressure was recorded. During 2016, eight out of 163 fields with 

different wheat varieties was observed with high powdery mildew severity while in 2017, high 

disease severity was recorded in 13 fields out of 142 fields. A total of five varieties were found 

susceptible to powdery mildew over the two years along with some breeding lines, mixtures and 

some unknown varieties in farmer fields, surveyed with high powdery mildew at different 

locations in different provinces. The response of the host to powdery mildew varied at different 

locations. Galaxy-13 was recorded with high disease severity at most locations surveyed. A high 

disease was also observed on Faisalabad-08, PS-05, PS-08 and Shahkar. The maximum numbers 

of fields of Galaxy-13 were observed with high disease pressure. A high disease was observed in 

6 fields of Galaxy-13 out of 59 fields surveyed during 2016 and 2017, while the number of fields 

with other varieties infected with high powdery mildew ranged from 1 to 3 (Table 4.12). 
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Table 4.12. Number of wheat fields with more than 60% powdery mildew severity for a  

  given variety across different provinces of Pakistan during 2016 and 2017  

  wheat growing season 

    2016   2017   Total 

Province Varieties 
Fields 

Surveyed 

Fields 

with > 

60% 

PMD 

 

Fields 

Surveyed 

Fields 

with > 

60% 

PMD 

 

Fields 

Surveyed 

Fields 

with > 

60% 

PMD 

AJK Unknown 4 0 
 

6 1 
 

10 1 

KP 

FSD-08 1 1 
 

 0  0 
 

1 1 

Galaxy-13 34 2 
 

25 4 
 

59 6 

Local 23 2 
 

11 1 
 

34 3 

Mixture 8 1 
 

12 1 
 

20 2 

PS-05  14 0 
 

14 2 
 

28 2 

PS-08 13 1 
 

0 0 
 

13 1 

Shahkar 10 1 
 

13 2 
 

23 3 

Punjab 
Local 12 

  
18 1 

 
30 1 

Mixture 44     43 1   87 1 

Overall Pakistan 163 8   142 13   305 21 

 

Prevalence of powdery mildew was high during wheat growing season of 2017, while 

disease pressure in 2016 was relatively low. In 2016, 08 out of total 437 fields were observed 

with high powdery mildew severity while in 2017, it was observed in 13 fields out of 480 fields. 

In AJK, one field was recorded for high disease severity at one location in 2017 while none of 

the variety/field was recorded for high disease severity in 2016. In KP, 171 fields during 2016 

and 158 fields during 2017 were surveyed, where only 18 fields had high disease over the two 

years. Similarly, in Punjab, 135 fields during 2016 and 178 fields during 2017 were surveyed, 

where only 2 fields had high powdery mildew over two years together. In Sindh and Baluchistan 

none of field was recorded with high powdery mildew (Table 4.13). 
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Table 4.13. Total number of fields surveyed and number of fields with high powdery  

  mildew severity during 2016 and 2017. 

Province 
Fields 

Surveyed 

Fields 

with > 

60% 

PMD 

 

Fields 

Surveyed 

Fields 

with > 

60% 

PMD 

 

Fields 

Surveyed 

Fields 

with > 

60% 

PMD 

AJK 8 0 
 

10 1 
 

18 1 

Baluchistan 0 0 
 

4 0 
 

4 0 

KP 171 8 
 

158 10 
 

329 18 

Punjab 135 0 
 

178 2 
 

313 2 

Sindh 123 0 
 

130 0 
 

253 0 

Overall 

Pakistan 
437 8   480 13   917 21 

                      

4.1.6.  Overall status of three rusts and powdery mildew across Pakistan 

The overall status of the rust diseases across Pakistan is summarized in Fig. 4.5, which 

represents the relative importance of yellow, leaf, stem rust and powdery mildew over different 

areas, during 2016 and 2017. Yellow highlighted areas represent yellow rust prevalence areas; 

brown color represent leaf rust prevalence areas, gray color represent stem rust and skin color 

represent powdery mildew prevalence areas over 2016 and 2017 (Figure 4.5a and 4.5b). Stem 

rust was only observed in 2016 at CDRI Karachi where it was artificially inoculated to evaluate 

various wheat line against stem rust resistance (Figure 4.5a). Yellow rust prevailed in areas of 

AJK, KP, Northern Punjab and some areas of Sindh during 2016. While leaf rust prevalence 

areas were mostly in Northern Sindh and Southern and Central Punjab (Figure 4.5a).  In 2017, 

leaf rust prevailed in most of the areas surveyed. Leaf rust prevailed in Sindh, Punjab and some 

areas of AJK and KP. While, yellow rust prevalence areas included KP, few locations of AJK, 

Northern Punjab and Central Sindh (Figure 4.5b). Likewise, powdery mildew prevailed in 

Northern KP during 2016 and 2017, while in Punjab and AJK powdery mildew was also 

observed at few locations (Figure 4.5a and 4.5b). 
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The maximum number of fields with high yellow rust pressure was observed in KP 

during 2016 followed by Punjab during 2017. In Sindh high yellow rust pressure was observed 

during 2016 than 2017 (Fig. 4.6a). Leaf rust pressure was high during 2017 as compared to 2017. 

The maximum number of fields with high leaf rust pressure was observed in Sindh, followed by 

Punjab during 2017 (Fig. 4.6b). Powdery mildew disease pressure was also high during 2017. 

Powdery mildew was recorded only in KP and a few locations of AJK and Punjab. The 

maximum number of fields with high powdery mildew pressure was observed in KP followed by 

Punjab where only two fields were recorded during 2016 and 2017 (Fig. 4.6c). 

 

 

Figure 4.5. Yellow, leaf, stem rust and powdery mildew prevelence areas in Pakistan  

  during wheat growing season of 2016 (a) and  2017 (b). 

 

   

 

Yellow rust prevalence areas

Leaf rust prevalence areas

Stem rust rust prevalence areas
Powdery Mildew prevalence areas

(a)

(b)

2016

2017
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Figure 4.6. Number of fields with high yellow rust (a) leaf rust (b) and powdery mildew  

  (c) severity during wheat growing seasons 2016 and 2017. 
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4.2.  Genetic Variation, Reproduction and Population Subdivision of  

 Yellow Rust Pathogen 

The current study reports the existence of high diversity and recombination signature in 

the wheat yellow rust pathogen P. striiformis across Pakistan. This diversity was variable across 

locations and over different host, but still higher than other worldwide populations. Population 

subdivision was observed, while most of the groups were dispatched throughout the country, 

except in Sindh, where one lineage was predominant. Multiple lineages and multilocus 

genotypes were detected on the same host at a given district. These results are detailed below: 

 

4.2.1. Summary of Genetic Variation detected for SSR markers 

The chromatograms generated by ABI sequencer was read using Genemarker software 

(Fig. 4.8 and Fig. 4.9) and analyzed with different population genetics softwares. Multilocus 

microsatellite genotyping of 1053 samples of P. striiformis sampled from different major wheat 

growing regions of Pakistan during 2016 and 2017 resulted in the detection of a total of 487 

multilocus genotypes (MLGs). A variable level of polymorphism was observed for the studied 

loci. The number of alleles per locus ranged from 2 to 9. The mean numbers of alleles per locus 

observed were 5.44. The maximum numbers of alleles were recorded for the locus RJN5 (9) 

followed by RJO24, RJN11 and RJO21 (8). The numbers of alleles recorded for RJO20 were 7, 

while six alleles were detected for the locus RJN12. Five alleles were detected for RJN6, RJN10 

and WU6; four alleles for loci RJO4, RJN8, WU12 and RJN9; three alleles for loci RJO18 and 

two for RJN13. The maximum Simpson‟s diversity index was calculated for the locus RJO24 

(0.64) followed by RJO4 (0.62), RJN5 and RJN11 (0.62). The minimum Simpson‟s diversity 

index values were calculated for RJO13 (0.02) followed by RJN12 and RJN8 (0.03) (Table 

4.14).  

 

Expected heterozygosity ranged from 0.02 to 0.64 with average value of 0.37. The 

maximum expected heterozygosity was calculated for the locus RJO24 (0.64) followed by RJO4 

(0.62), RJN5 and RJN11 (0.62). The minimum expected heterozygosity index values were 

calculated for RJO13 (0.02) followed by RJN12 and RJN8 (0.03). The maximum evenness value 

calculated for the locus RJN10 (0.94) followed by RJO4 (0.92) and RJN5 (0.85). The minimum 
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evenness values were calculated for RJN8 (0.31) and RJN9 (0.33). The mean evenness for all 

loci was 0.64 (Table 4.14). 

 

 

Figure 4.7. Chromatogram of Multiplex-1 with 9 SSR loci labeled with blue, green,  

 black and red fluorescent dyes. The zoomed picture of blue colored loci is 

 visible on right. 

 

 

Figure 4.8. Chromatogram of Multiplex-2 with 9 SSR loci labeled with blue, green,  

  black and red fluorescent dyes. The zoomed picture of green colored loci is  

  visible  on right. 
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The total numbers of SSR markers used in our study were enough to capture the 

maximum diversity present in the studied population as shown by plotting the identified MLGs 

against the number of loci (Figure 4.7). The capacity of markers to detect multilocus genotypes 

is increased by increasing the number of markers. The maximum numbers of MLGs were 

already captured by 13 loci, reaching the maximum distribution, around 487 MLGs, at 16 loci 

(Figure 4.9). Two loci (RJN3 and RJO27) had very high number of missing alleles, which were 

thus removed from the subsequent analyses.  

 

Table 4.14. Number of alleles detected, expected heterozygosity (He) and evenness  

  estimated for 16 polymorphic SSR loci as detected for a set of 1053 P.   

  striiformis samples collected in 2016 and 2017 from all over the Pakistan. 

Locus 

No. of 

Alleles 

Simpson’s 

diversity 

index (1-D) 

Expected 

Heterozygosity 

Evenness 

index 

RJO4 4 0.63 0.63 0.92 

RJO24 8 0.64 0.64 0.74 

RJN12 6 0.03 0.03 0.30 

RJN8 4 0.03 0.03 0.31 

RJN13 2 0.02 0.02 0.36 

RJN11 8 0.62 0.62 0.75 

RJN6 5 0.18 0.18 0.43 

RJO21 8 0.59 0.59 0.80 

RJN10 5 0.51 0.51 0.94 

RJO18 3 0.04 0.04 0.39 

WU6 5 0.35 0.35 0.72 

RJO20 7 0.53 0.53 0.71 

RJN4 5 0.56 0.56 0.82 

RJN9 4 0.04 0.04 0.33 

RJN5 9 0.62 0.63 0.85 

WU12 4 0.54 0.54 0.84 

Mean 5.44 0.37 0.37 0.64 
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Figure 4.9. Number of MLGs detected against the number of SSR primers used,   

  developed through POPPR package of R-software.  

 

4.2.2.  Genotypic Diversity across provinces (AJK, Baluchistan, KP, Punjab and Sindh) 

Various diversity parameters were assessed for P. striiformis populations prevalent in 

each province. The maximum variability was observed in samples collected from AJK and KP. 

The variability in samples collected from Baluchistan and Sindh showed the least variability. In 

AJK, 29 samples were represented by 25 MLGs; in Baluchistan 10 samples were represented by 

9 MLGs. In KP, 373 samples were represented by 216 MLGs; in Punjab 370 samples by 203 

MLGs; while 271 samples from Sindh were represented by 93 MLGs. The number of estimated 

MLGs differed across the provinces. In AJK 9.34, Baluchistan 9, KP 9.16, Punjab 8.60 and 

Sindh 8.15 e-MLGs were recorded. The index of MLG diversity and Simpson‟s index was high 

for the population of KP (4.75 and 38.78) and Punjab (4.46 and 20.51) followed be AJK (3.12 

and 19.55) and Sindh (3.61 and 17.75), while least values were calculated for population of 
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Baluchistan (2.16 and 8.33). A high genotypic diversity was observed for population of KP 

(0.97) followed by Punjab (0.95), AJK (0.95) and Sindh population (0.94) while the least 

genotypic diversity was observed in population of Baluchistan. The evenness was high in 

Baluchistan (0.95 ) and AJK (0.85) followed by Sindh (0.46), KP (0.33) and Punjab (0.22). No 

significant linkage disequilibrium was observed for all provinces (Table 4.15). 

 

Gene diversity and alleles/locus were also calculated for all the provinces. The maximum 

gene diversity was in AJK (0.39) followed by Punjab (0.36), KP (0.34), Baluchistan (0.34) and 

the least gene diversity was observed in Sindh (0.33). The average number of alleles/locus was 

recorded high in KP (3.68) followed by Punjab and Sindh (3.5 and 3.06). While in AJK and 

Baluchistan, average alleles per locus observed were 2.81 and 2.00 respectively (Table 4.15). 

 

Table 4.15. Diversity parameters of yellow rust pathogen populations of AJK, 

 Baluchistan, KP, Punjab and Sindh along with diversity parameters for 

 overall population. 

 
  AJK Baluchistan KP Punjab Sindh 

Overall 

Pakistan 

G
en

o
ty

p
ic

 D
iv

er
si

ty
 

Sample size 29 10 373 370 271 1053 

e MLGs 9.347 9.000 9.164 8.604 8.150 9.094 

Distinct MLGs 25 9 216 203 93 484 

Shannon-Wiener 

MLG diversity Index 3.128 2.164 4.752 4.463 3.619 5.131 

Simpson's Index 19.558 8.333 38.787 20.512 17.752 38.480 

Genotypic Diversity 0.949 0.880 0.974 0.951 0.944 0.974 

Evenness, E5 0.850 0.952 0.329 0.227 0.461 0.223 

Index of association 1.423 1.758 1.212 1.791 1.415 1.370 

Standardized index 

of association 

(rDbar) 0.120 0.190 0.087 0.130 0.106 0.099 

G
en

e 

D
iv

er
si

ty
 

Gene diversity 0.396 0.342 0.364 0.383 0.337 0.371 

Alleles/Locus 2.813 2.000 3.688 3.500 3.063 4.438 

Allelic richness 2.423 1.958 2.156 2.193 1.918 2.169 
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4.2.3. Genotypic Diversity in different divisions of Pakistan 

Diversity was further analyzed for populations from different divisions/geographical 

regions of Pakistan to assess the sub-population structure within each province. In AJK, 

Muzaffarabad and Hattian Bala areas samples were genotyped revealing a high genotypic 

diversity in those areas. The diversity was also high in samples collected from different areas of 

KP, while minimum genotypic diversity was observed in various division of Sindh. 

 

The index of MLG diversity was the maximum in Hazara division (3.98) followed by 

Rawalpindi division (3.83), Gujranwala (3.76), Malakand (3.69) and Peshawar (3.68), while the 

minimum index of MLG diversity was observed in Karachi (0.80). Similarly, Simpson‟s index 

was high in Hazara division (41.51) followed by Rawalpindi (38.36), Peshawar (31.30), 

Gujranwala (26.51), Lahore (22.28), Mardan (20.90) and Malakand (20.32), while the minimum 

Simpson‟s diversity index was observed in Karachi (1.81) and Sahiwal (5.44). The genotypic 

diversity was high in divisions of KP than other provinces. The maximum genotypic diversity 

was observed in Hazara division (0.98), followed by Peshawar division where genotypic 

diversity was 0.97. In Mardan, Malakand and Southern KP the diversity was 0.95 and 0.86 in 

FATA. In AJK and Baluchistan the genotypic diversity was 0.95 and 0.88. For divisions in 

Punjab, the maximum genotypic diversity was observed in Rawalpindi (0.97) followed by 

Gujranwala and Lahore (0.96), Faisalabad (0.93), Multan (0.90), Sargodha (0.88) and Sahiwal 

(0.87). The minimum genotypic diversity was recorded in Bahawalpur (0.66), Rahim Yar Khan 

(0.77) and Dera Ghazi Khan (0.78). The evenness calculated for divisions in Baluchistan and 

FATA (0.95) was the maximum among all divisions followed by AJK (0.85), while the 

minimum was recorded in Sargodha (0.44), Hyderabad (0.58), Karachi and Larkana (0.67). The 

linkage disequilibrium observed was non-significant for all divisions except in Mirpur Khas 

(0.04) where it was significant (Table 4.16). 

 

Gene diversity was also calculated for all divisions. The maximum gene diversity was 

observed in AJK, Gujranwala and Lahore (0.40) followed by FATA, Faisalabad, Multan, 

Rawalpindi and Sahiwal (0.39). In Hazara, Mardan, Bahawalpur and Shaheed Benazirabad 

divisions gene diversity was 0.37. Gene diversity was 0.36 in Malakand, Dera Ghazi Khan and 

Sargodha. The minimum gene diversity of 0.30 was observed in Mirpur Khas followed by 
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Hyderabad and Karachi (0.32). The maximum number of alleles/locus was observed in 

Rawalpindi (3.13) followed by Gujranwala division (2.94), Hazara and AJK (2.81). The 

minimum alleles/locus were observed in Bahawalpur (1.80), Karachi (1.81) and Mirpur Khas 

(2.00). The allelic richness was the maximum in AJK (2.32) followed by Rawalpindi division 

(2.22) and FATA and Gujranwala (2.21). The allelic richness in Lahore, Faisalabad and Hazara 

divisions was 2.15, 2.14 and 2.13 respectively (Table 4.16). The least allelic richness was 

observed in Mirpur Khas (1.75), Karachi (1.79) and Hyderabad (1.82). 

 

Malakand, Hazara and southern districts of KP showed relatively high genotypic 

diversity and high numbers of distinct MLGs. The maximum number of MLGs were detected in 

Malakand (97) followed by Hazara (84) and southern KP (82). The minimum number of MLGs 

were observed in Karachi (7) followed by FATA (9). When e-MLGs were considered maximum 

e-MLGs were calculated for Rawalpindi division (9.60) followed by Hazara (9.49) and AJK 

(9.35). The minimum e-MLGs were recorded for Karachi (3.00) followed by Bahawalpur 

division (4.00) (Table 4.16). 
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Table 4.16. Diversity parameters for P. striiformis across populations from different  

  divisions of Pakistan.  

  Genotypic Diversity Gene Diversity 

Division N 
e-

MLG 
MLG H G Lamda E.5 La rDbar Hexp A/L AR 

AJK 29 9.35 25 3.13 19.56 0.95 0.85 1.42 0.12 0.40 2.81 2.32 

Baluchistan 10 9.00 9 2.16 8.33 0.88 0.95 1.76 0.19 0.34 2.19 2.01 

FATA 9 8.00 8 2.04 7.36 0.86 0.95 2.54 0.24 0.39 2.63 2.21 

Hazara 84 9.49 63 3.98 41.51 0.98 0.77 0.97 0.08 0.37 2.81 2.13 

Malakand 97 8.71 61 3.69 20.32 0.95 0.50 1.06 0.09 0.36 2.69 2.01 

Mardan 36 9.20 29 3.24 20.90 0.95 0.81 0.91 0.08 0.37 2.44 2.05 

Peshawar 65 9.31 47 3.68 31.30 0.97 0.79 0.94 0.08 0.35 2.63 2.01 

Southern_KP 82 8.59 48 3.48 19.10 0.95 0.58 2.09 0.16 0.36 2.94 2.09 

Bahawalpur 10 4.00 4 1.19 2.94 0.66 0.84 1.07 0.29 0.37 1.88 1.87 

Dera_Ghazi_Khan 15 6.14 8 1.81 4.59 0.78 0.71 2.81 0.30 0.36 2.06 1.91 

Faisalabad 25 8.89 20 2.87 14.53 0.93 0.82 1.07 0.10 0.39 2.44 2.14 

Gujranwala 73 9.17 54 3.76 26.51 0.96 0.61 1.27 0.09 0.40 2.94 2.21 

Lahore 43 9.18 34 3.37 22.28 0.96 0.76 1.86 0.15 0.40 2.56 2.15 

Rahim_Yar_Khan 16 5.37 7 1.67 4.27 0.77 0.76 0.88 0.13 0.35 2.06 1.88 

Multan 57 7.42 25 2.75 9.88 0.90 0.60 1.71 0.16 0.35 2.25 1.96 

Rawalpindi 61 9.60 51 3.83 38.36 0.97 0.83 0.87 0.07 0.39 3.13 2.22 

Sahiwal 14 6.93 9 1.97 5.44 0.82 0.72 3.18 0.26 0.39 2.25 1.94 

Sargodha 56 7.41 32 2.87 8.39 0.88 0.44 2.07 0.19 0.36 2.69 1.97 

Hyderabad 76 7.77 34 3.02 12.34 0.92 0.58 1.64 0.13 0.32 2.44 1.82 

Karachi 7 3.00 3 0.80 1.81 0.45 0.67 0.57 0.22 0.32 1.81 1.79 

Larkana 51 6.93 20 2.52 8.70 0.89 0.67 1.86 0.18 0.34 2.50 1.96 

Mirpur_Khas 25 7.38 14 2.40 8.80 0.89 0.78 0.33 0.04 0.30 2.00 1.75 

Shaheed_BB 41 8.23 26 2.95 13.45 0.93 0.68 1.89 0.14 0.37 2.56 1.94 

Sukkur 71 7.55 26 2.82 11.13 0.91 0.64 0.96 0.10 0.34 2.19 1.83 

Total 1053 9.09 487 5.14 38.50 0.97 0.22 1.37 0.10 0.37 4.44 2.09 

 (N = Sample size, H = Index of MLG diversity, G = Simpson‟s diversity, Lamda = Genotypic diversity, E.5 = 

Evenness, La = Index of association, rDbar = Standardized index of association, Hexp = Gene Diversity, A/L = 

Alleles/locus, AR = Allelic Richness) 
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4.2.4. Test for clonality and geographical patterns of genetic variability 

 A significant difference was observed in 2016, 2017 and overall population between 

mean expected and observed heterozygosity, calculated over 16 microsatellite markers, when the 

whole country population was considered. However, the difference was less in 2016 as compared 

to 2017 and overall populations (Figure 4.10a). There was a significant difference in mean 

expected and observed heterozygosity in populations of each province, however, the difference 

in Ho and He in AJK population was less as compared to other provinces and the maximum 

difference was observed in Sindh population suggesting strong clonal population (Figure 4.10b). 

Mean expected (He) and observed (Ho) heterozygosity were also calculated for AJK, 

Baluchistan, KP, Sindh and Punjab populations in 2016 and 2017 individually. A non-significant 

difference was observed in 2016 population of AJK suggesting a strong signature of 

recombination in 2016 in AJK, while significant differences were observed in 2017 populations 

of AJK. In other provinces a significant difference was observed in both year but the difference 

calculated in 2016 was less as compared to 2017 (Figure 4.10c). The difference, however, were 

much lower than clonal populations as observed in other parts of the world, like Europe, USA 

and Australia. 

 

Figure 4.10.  Expected (He) and observed (Ho) heterozygosity over of P. striiformis from  

  (a) 2016, 2017 and overall populations (b) overall both year populations in  

  each province (c) each province in 2016 and 2017. 
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Mean expected (He) and observed (Ho) heterozygosity were also calculated for different 

divisions of AJK, Baluchistan, KP, Sindh and Punjab. In Muzaffarabad a non-significant 

difference was observed in mean He and Ho, while in Lasbella the difference was significant 

(Figure 4.11a). In all divisions of Punjab a significant difference was observed in mean He and 

Ho (Figure 4.11b). Similarly, the difference was also significant in all divisions of KP and Sindh 

and the overall populations (Figure 4.11c and 4.11d). 

 

 

Figure 4.11. Expected (He) and observed (Ho) heterozygosity of P. striiformis populations  

  from (a) Muzaffarabad division and Lasbella division populations (b)   

  divisions of Punjab (c) divisions of KP and (d) divisions of Sindh. 

    

Mean expected (He) and observed (Ho) heterozygosity were also calculated for divisions 

of AJK, Baluchistan, KP, Sindh and Punjab in 2016 and 2017. In Muzaffarabad non-significant 

difference was observed in 2016, while the difference in mean He and Ho were significant in 

2017. In Lasbella the difference was significant in 2016 (Figure 4.12a). In all divisions of 
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and Sahiwal in 2016 the difference was non-significant (Figure 4.12b). Similarly, the difference 

was also significant in all divisions of KP and Sindh in both year populations except Hazara and 

Malakand division population of KP in 2016 (Figure 4.12c and 4.12d). 

 

 

Figure 4.12. Mean expected (He) and observed (Ho) heterozygosity of P. striiformis  

  populations from (a) Muzaffarabad division and Lasbella division   

  populations (b) divisions of Punjab (c) divisions of KP and (d) divisions of  

  Sindh in 2016 and 2017. 
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4.2.5. Genetic relationship among geographically spaced populations 

Neighbor-joining (NJ) tree and PCoA analysis was carried out to check the relatedness 

between the P. striiformis population of AJK, Baluchistan, KP, Punjab and Sindh (Fig. 4.13). 

The PCoA analysis showed that samples from AJK, KP and Punjab overlap with each other, 

while samples from Sindh are clustered slightly on one side with some samples overlapping with 

samples of Punjab and KP. The KP samples were also dispersed across all locations revealing a 

highly diverse population (Fig. 4.13a). In Neighbor-joining (NJ) tree samples from all the 

provinces were dispersed across the tree (Fig. 4.13b), suggesting lack of any geographical 

regions/province specific structure. 

 

 

Figure 4.13.  PCoA analysis (a) and Neighbor-joining (NJ) tree (b) representing 

 relationship of P. striiformis populations from AJK, Baluchistan, KP, Punjab 

 and Sindh, based on 16 microsatellite genotype data. 
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4.2.6.  Level of divergence among geographically spaced populations 

The lack of population subdivision was further confirmed by comparing pairwise FST 

values among geographically spaced populations. FST values were calculated for AJK, 

Baluchistan, KP, Punjab and Sindh populations in 2016 and 2017 separately.  The maximum FST 

value was observed between Sindh_16 and AJK_17 (0.113) population followed by Baluchistan-

16 and AJK-17 populations (0.108), while the minimum was observed between AJK_17 & 

KP_17 and AJK_17 & Punjab_17 (0.001) followed by KP_17 and Punjab_17 (0.008) (Table 

4.17). FST values were also calculated for combined populations from both the years together, 

from AJK, Baluchistan, KP, Punjab and Sindh. The maximum FST value was observed between 

Baluchistan and Punjab (0.06). The FST value of 0.05 was observed between Sindh and AJK, 

while 0.04 values were calculated between AJK & Baluchistan, and Sindh & Punjab (Table 

4.18).  

 

Table 4.17. FST values for P. striiformis population in AJK, Baluchistan, KP, Punjab and  

  Sindh in 2016 and 2017 based on 16 SSR loci.  

FST Baloch_16 KP_16 Punjab_16 Sindh_16 AJK_17 KP_17 Punjab_17 Sindh_17 

AJK_16 
0.047 0.021 0.019 0.066 0.061 0.048 0.056 0.089 

Baloch_16         - 
0.032 0.048 0.024 0.108 0.065 0.089 0.050 

KP_16  
- 0.011 0.036 0.054 0.031 0.047 0.069 

Punjab_16      
- 0.041 0.064 0.044 0.047 0.075 

Sindh_16    
- 0.113 0.068 0.085 0.039 

AJK_17     
- 0.001 -0.001 0.067 

KP_17      
- 0.008 0.044 

Punjab_17 
          -  0.051 
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Table 4.18. FST values for P. striiformis population in AJK, Baluchistan, KP, Punjab and  

  Sindh, based on 16 SSR loci.  

FST Baluchistan KP Punjab Sindh 

AJK 0.0490 0.0064 0.0062 0.0538 

Baluchistan                         - 0.0415 0.0618 0.0268 

KP 
 

- 0.0084 0.0376 

Punjab 
  

- 0.0447 

 

 

4.2.7. Population Subdivision and spatial distribution of genetic groups 

Cluster analysis based on discriminant analyses of principal components (DAPC) based 

on 1053 P. striiformis samples collected from different geographical regions of Pakistan clearly 

identified a pattern of population subdivision. The clustering of samples was assessed for K 

ranging from 2 to 10 (Fig. 4.14), and we considered K = 5 as the optimal value for the number of 

clusters based Bayesian information criteria (BIC) values (Fig. 4.14a). At K = 5, five distinct 

genetic groups were identified while at K = 6 and above no further clear groups can be identified. 

Scatter plot represents the relatedness of various genetic groups and distribution of samples 

within these genetic groups. The Eigen values of the analysis suggested that the first two 

components explained the maximum genetic structure of the dataset (Fig. 4.14b). At K = 2, the 

two genetic groups were identified, which were distributed across all provinces. At K = 3, a third 

group was detected, representing most of the genotypes from the Sindh province, with some 

substantial resampling in other areas of Punjab and KP. At K = 4, some genotypes from KP, 

Punjab and Sindh were assigned a new group. At K = 5, some of the samples grouped into a 

separate group, which was also present across all locations. In KP all the five genetic groups with 

unassigned individual were present, while in Punjab, G1 and G4 genetic groups were 

predominant and in Sindh G2 and G3 genetic groups were predominant. Samples from AJK were 

assigned in G1, G3 and G4 groups (Fig. 4.14c). 
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Figure 4.14. Discriminant analysis of principal components (DAPC) of Pakistani   P. 

striiformis populations sampled from different geographical regions. The 

Bayesian information criteria (BIC) supported five distinct genetic groups (a), 

Scatter plot of the Pakistani samples into five genetic groups (b) Clustering of 

1053 P. striiformis samples representing Pakistani geographical regions to genetic 

groups for the optimal K-value (K = 5) in the DAPC analysis.  
 

Distribution of genetic groups in different provinces in each year was also assessed. In 

2016, all genetic groups and unassigned individuals except G4 were present in AJK, while in 

2107 G4 dominated AJK population, though G2 and G3 were also present (Fig. 4.15a and 

4.15b). In KP, all genetic groups were present both the years. In 2017, G4 was predominant in 

KP. In Punjab, all groups were present both the years. In 2016, G5 was predominant but in 2017 

G4 dominated the Punjab population. In Sindh, G2 group was predominant in 2016 while in 

2017, G3 predominated Sindh population. G3 was also predominant in Baluchistan in 2016. In 

2017, G4 was predominant in AJK, KP and Punjab (Fig. 4.15a and 4.15b). When samples of 

(a)

(b)

(c)
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both years from each province were considered the G4 genetic group was dominant in AJK, KP, 

Punjab and overall Pakistani population, while in Baluchistan and Sindh G3 was predominant 

genetic group (Fig. 4.15c). 

 

 

Figure 4.15. Distribution of Genetic Groups in different provinces of Pakistan in 2016 (a), 

 2017 (b), both years (c) and percentage of each group present in AJK,  

 Baluchistan, KP, Punjab and Sindh (d). (N = Number of samples). 
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4.2.8.  Role of host selection; distribution of MLGs and genetic groups on host varieties 

 The number of MLGs detected on each variety was assessed to see if any host-specific 

structure does exist in P. striiformis population. On the same host with multiple samples, 

different multilocus genotypes were detected (Table 4.19). On the susceptible wheat variety 

Galaxy-13, 109 distinct MLGs were detected out of 170 samples. Similarly, 56 MLGs were 

detected in 92 samples from mixed wheat varieties fields and 26 MLGs were detected in samples 

from locally maintained wheat lines. The number of MLGs detected on wheat variety Sehar was 

51 in 69 samples. Similarly, the number of MLGs on other wheat varieties varied from 1 to 19; 

29 MLGs were detected on Inqilab-91, 27 on TD-1, 24 on PS-05, 19 on TJ-83, 18 on Morocco, 

17 on Kiran-95, 12 on PS-08, 7 on Khattakwal, 6 on Abdul Sattar and 5 MLGs on SKD-1. Three 

samples from Triticale (hybrid of wheat and rye) were infected by three different MLGs. 

Similarly, 3 distinct MLGs were detected on FSD-08, Marwat-J-01, Naya Amber and Sarsabz 

varieties. Interestingly, varieties with even a small sample size of 2 samples per variety had two 

distinct MLGs as observed on AARI-11, Atta Habib, Azmat, Benazir-13, Gandum-III, 

Ghanimat, Gondal, Marvi, PS-13, Shafaq, TJ-1 and 1 MLG on Bakhtawar, KT-2008 and PS-13 

(Table 4.19). 

 

As for distinct MLGs, the distribution of genetic groups also confirmed the lack of any 

host-specific structure. In case of varieties with substantial sampling, more than one genetic 

group was resampled on the same host variety. The number of genetic groups detected on each 

variety ranged from two to five. All the five genetic groups (5) were detected on Galaxy-13, PS-

05, PS-08, breeding lines, local lines, unknown and mixed varieties with some unassigned 

individuals as well. Four genetic groups from G2 to G5 were detected on Sehar, TD-1 and 

Inqilab-91 varieties. G1 to G4 groups were detected on Morocco. Samples from Shahkar, 

Khattakwal, A. Sattar, Pak-13 and Triticale were assigned into 3 different genetic groups. Forty-

six samples from TJ-83 were assigned to 2 genetic groups. Similarly, samples from SKD-1, 

Naya Amber, Faisalabad-08, Marwat-J-01, Punjab-11, Atta Habib, Benazir, Ghanimat, Gondal, 

Momal, Shafaq and TJ-1 were assigned into two genetic groups and Gandum-III, Sarsabz, SKD-

II, AARI-11, Marvi, PS-13 and samples from Siran samples were to single but different genetic 

group (Table 4.20). 
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Table 4.19. Sample size and number of distinct MLGs detected on different wheat  

  varieties across Pakistan. 

Variety 

Sample 

Size 

Distinct 

MLGs   Variety 

Sample 

Size 

Distinct 

MLGs 

A_sattar 8 6 

 
Morocco 40 18 

AARI_11 2 2 

 
Naya_Amber 4 3 

AttaHabib 2 2 

 
PAK_13 4 4 

Azmat 2 2 

 
PS_2003 1 1 

Bakhtawar 1 1 

 
PS_2005 41 24 

Benazir_13 2 2 

 
PS_2008 14 12 

Breeding_Line 37 21 

 
PS_2013 2 2 

FSD_08 3 3 

 
Punjab_11 3 2 

Galaxy_13 170 109 

 
Sarsabz 3 3 

Gandum_III 6 2 

 
Sehar 69 51 

Ghanimat 2 2 

 
Shafaq 2 2 

Gondal 2 2 

 
Shahkar 28 19 

Inqilab 47 27 

 
Siran 2 1 

Johar 3 2 

 
SKD_1 7 5 

Khattakwal 12 7 

 
SKD_2 3 1 

Kiran_95 31 17 

 
TD_1 52 29 

KT_2008 1 1 

 
TJ_1 2 2 

Local 31 26 

 
TJ_83 46 19 

Marvi 

 

2 

 

2 

 

Triticale-wheat 

mix 
1 1 

Marwat_J_01 3 3 

 
Triticale 3 3 

Mixture 92 56 

 
Unknown 264 165 

Momal 2 2   Watan 1 1 

 

To assess the distribution of various genetic groups on the same variety across different 

location, Galaxy-13 was selected. At a given location, more than one group was present. The 

number of genetic groups ranged from 3 to 1. The maximum numbers of genetic groups were 

present on Galaxy-13 at Peshawar (3). The numbers of genetic groups varied from 1 to 2 at other 

locations (Table 4.21). In Neighbor-joining (NJ) tree samples collected from Galaxy-13 were 

dispersed across the tree (Fig. 4.16), suggesting lack of any host specific structure. 
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Table 4.20. Number of genetic groups detected on each variety and number of samples   

     assigned to each genetic group on different varieties across the country.  

  Genetic groups are identified through DAPC analyses (Section 4.3.3). 

Host Variety G1 G2 G3 G4 G5 UN 

Sample 

size 

Unknown 15 55 35 120 32 7 264 

Galaxy-13 7 22 22 86 29 4 170 

Mixture 5 26 23 23 12 3 92 

Sehar - 15 10 26 13 5 69 

TD-1 - 23 14 6 9 - 52 

Inqilab-91 - 3 27 15 2 - 47 

TJ-83 - 23 23 - - - 46 

PS-2005 1 4 12 16 6 2 41 

Morocco 5 7 23 5 - - 40 

Breeding_Line 1 11 7 15 3 - 37 

Kiran-95 - 11 16 1 1 2 31 

Local 6 6 11 5 3 - 31 

Shahkar - - 8 14 2 4 28 

PS-2008 1 1 3 4 4 1 14 

Khattakwal - 3 4 5 - - 12 

A_sattar - 5 2 1 - - 8 

SKD_1 - 4 - 3 - - 7 

Gandum_III - - - 6 - - 6 

Naya_Amber - 1 3 - - - 4 

PAK13 - 2 1 - 1 - 4 

FSD-08 1 - - - 2 - 3 

Johar - - - 3 - - 3 

Marwat-J-01 - 1 - 2 - - 3 

Punjab-11 - - - 1 2 - 3 

Sarsabz - - 3 - - - 3 

SKD-2 - - 3 - - - 3 

Triticale - 1 1 1 - - 3 

AARI-11 - - 

 

2 - - 2 

AttaHabib - - 1 1 - - 2 

Azmat - - - - 2 - 2 

Benazir - 1 1 - - - 2 

Ghanimat - 1 1 - - - 2 

Gondal 1 - - 1 - - 2 

Marvi - 2 - - - - 2 

Momal - 1 1 - - - 2 

PS2013 - - 2 - - - 2 

Shafaq - 1 1 - - - 2 

Siran - 2 

 

- - - 2 

TJ-1 - 1 1 - - - 2 
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Table 4.21. Number of different genetic groups detected on Galaxy-13 at different  

  locations across Pakistan. 

District G1 G2 G3 G4 G5 UN Samples 

Attock 3 - - - 2 - 5 

Battagram 2 - - - - - 2 

Buner 1 - 
 

1 - - 2 

Charsadda - - 2 
 

5 - 7 

Darra Adam khel 3 - - 1 - - 4 

Gotki 4 - - 1 - - 5 

Gujjranawala - - 6 4 - - 10 

Gujjrat 2 - - 1 - - 3 

Hafizabad 1 - 4 - - - 5 

Haripur - 1 
 

- 2 - 3 

Jehlum 1 - 1 - 2 - 4 

Kala Dhaka - - - - 5 - 5 

Khanewal - - - - 4 - 4 

Lakki Marwat - - - - 2 - 2 

Lodhran - - - - 4 - 4 

Mansehra 2 - - - 3 - 5 

Multan 3 - - - - - 3 

Nowshehra - 1 - - 1 - 2 

Peshawar 3 - 1 - 1 - 5 

RahimYar Khan 1 - 
 

- - - 1 

Sheikhapura - - 1 - - 1 2 

Swabi - - - - 4 - 4 

Swat 1 - - - - - 1 

UmerKot 2 - - - - - 2 
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 Figure 4.16. Neighbor-joining (NJ) tree analysis representing relationship of P. striiformis 

  samples collected from Galaxy-13 with other based on 16 microsatellite  

  genotype data. 

Galaxy-13

Others-
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4.3. Temporal Variability and Maintenance of Population  

 Temporally spaced populations of 2016 and 2017 were compared to infer on the 

maintenance of the P. striiformis populations over time, particularly assessing the role of 

clonality and recombination. The overall results confirmed lack of substantial pass-over of 

clones over time with maintenance of very high diversity over the two years, suggesting a clear 

role of recombination in temporal maintenance of P. striiformis in Pakistan. 

 

4.3.1. Genotypic diversity over the two sampling years 

Among the 487 MLGs detected across the whole country over the two years, 276 MLGs 

were detected in 2016 and 226 in 2017. The number of estimated MLGs (e-MLGs), reflecting a 

correction for the sample size, was 276 for 2016, while it was 197.26 for 2017. The MLG 

diversity and Simpson indices were also high for the population of 2016 (4.88 and 41.61) than 

population of 2017 (4.27 and 16.09) with the overall 5.49 index of MLG diversity and 38.50 

Simpson‟s index, when considered over both years. Populations from the sampling year 2016 

showed high genotypic diversity, while high gene diversity was observed in the population of 

2017. High genotypic diversity was recorded in 2016 (0.976) than in 2017 (0.938), both still 

higher than any worldwide clonal populations. The evenness was high in 2016 (0.31) as 

compared to 2017 population (0.21) with the value of 0.22 in the overall population. No 

significant linkage disequilibrium was observed for both years populations (Table 4.22).  

 

Allele richness and gene diversity was also used to assess variance within population. 

The average number of alleles per locus were high in 2016 (3.93 alleles/locus) than 2016 (3.56 

alleles/locus) with average 4.43 alleles/locus in overall population (Table 4.22). 
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Table 4.22. Diversity parameters of yellow rust pathogen populations from sampling 

 year 2016 and 2017 along with diversity parameters for overall population. 

   Diversity parameters 2016 2017 Overall 

  Sample size 480 573 1053 

  e MLGs 276 197.261 254.447 

G
en

o
ty

p
ic

 D
iv

er
si

ty
 

Distinct MLGs 276 226 487 

Shannon-Wiener Index of MLG diversity 4.883 4.270 5.136 

Simpson's Index 41.618 16.094 38.502 

Genotypic Diversity 0.976 0.938 0.974 

Evenness, E5 0.310 0.214 0.222 

Index of association 1.530 1.187 1.369 

Standardized index of association (rDbar) 0.111 0.090 0.099 

G
en

e 

d
iv

er
si

ty
 

Gene diversity 0.351 0.376 0.371 

Number of Alleles/Locus 3.938 3.563 4.438 

Allelic richness 3.926 3.481 4.034 

 

4.3.2.  Genotypic Diversity across provinces over the two years 

Diversity parameters were also assessed for populations across the provinces over two 

years. High variability was observed in samples of P. striiformis collected during 2017 as 

compared to samples of 2016. In AJK, microsatellite genotyping of 18 P. striiformis isolates 

resulted in detection of 17 MLGs and 9.71 estimated MLGs in 2016 and 8 MLGs and 7.36 e 

MLGs in 2017 from 11 isolates. In Baluchistan, 10 samples resulted in detection of 9 MLGs and 

e-MLGs in 2016. In KP, 178 samples resulted in detection of 118 MLGs and 9.28 e-MLGs in 

2016 and 195 samples resulted in detection of 104 MLGs and 8.36 e-MLGs during 2017. In 

Punjab, 141 samples resulted in detection of 98 MLGs and 8.97 e-MLGs in 2016 while 229 

samples in 2017 resulted in 108 MLGs and 7.66 e-MLGs. In 2016, 133 samples from Sindh 

resulted in detection of 59 MLGs and 7.69 e-MLGs, while in 2017 total 39 MLGs and 6.96 e-

MLGs were obtained from 138 samples (Table 4.23). 

 

The diversity decreased in KP from 2016 (4.38 and 40.7) to 2017 (3.26 and 16.0), which 

was higher than that of Punjab, where it also decreased from 2016 (4.13 and 26.7) to 2017 (3.69 

and 9.45). Similarly, the diversity also decreased from 2016 (2.81 and 16.2) to 2017 (1.89 and 

5.26) in AJK and in Sindh from 2016 (3.28 and 12.4) to 2017 (2.18 and 8.88). The least values 

were calculated for populations of Baluchistan (2.16 and 8.33) during 2016 only. In KP, high 
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genotypic diversity was observed for population of 2016 (0.98) than 2017 population (0.94). 

Similarly, in Punjab genotypic diversity was 0.96 during 2016 and 0.89 during 2017. In Sindh, 

0.92 genotypic diversity was observed during 2016 and 0.88 during 2017 population. In AJK, 

genotypic diversity was 0.94 and 0.81 during 2016 and 2017 respectively. In 2016, the genotypic 

diversity observed in Baluchistan population was 0.88. Overall, the genotypic diversity was high 

in 2016 in all provinces than 2017 populations. The evenness also was higher in 2016 (0.97) than 

2017 (0.75) population in AJK. In Baluchistan the evenness was 0.95 in 2016. In KP the 

evenness was 0.50 during 2016 and 0.30 during 2017. Similarly, in Punjab and Sindh the 

evenness was 0.41 and 0.44 during 2016 while during 2017 its value was 0.21 and 0.50. The 

linkage disequilibrium observed was non-significant for all provinces during both years (Table 

4.23). 

 

Gene diversity and alleles/locus were also calculated for all provinces for two years. The 

maximum gene diversity was in AJK (0.39) during 2016 followed by Punjab (0.382) during 

2017. Gene diversity was high in 2017 in all provinces except AJK where it was high during 

2016 (0.39) than 2017 (0.38).  In KP, gene diversity increased from 2016 (0.339) to 2017 

(0.377). A similar pattern of increase was observed in Punjab from 0.362 in 2016 to 0.382 in 

2017. In Sindh, the gene diversity increased from 0.326 (in 2106) to 0.335 (in 2017). The 

average number of alleles/locus was recorded high in 2017 population of Punjab (3.375) 

followed by KP in 2016 (3.125). In AJK, alleles/locus was 2.56 in 2016 and 2.31 in 2017. In 

Baluchistan 2 alleles/locus were observed in 2016 only. In KP the 2016 population possessed 

3.12 alleles/locus in 2016 and 3.06 in 2017. Similarly, in Punjab and Sindh, alleles/locus in 2016 

and 2017 were 2.68 & 3.37 and 2.81 & 2.37. 

 

Overall the alleles/locus was high in 2016 populations in all provinces except in Punjab 

where it was high in 2017. The allelic richness was the maximum in 2016 in AJK (2.34) 

followed by 2017 population of AJK (2.21). The minimum allelic richness was observed in 

Sindh in both years (1.88 and 1.884). In Baluchistan allelic richness was 1.95 in 2016. In KP, 

allelic richness was 2.07 in 2016 and 2.16 in 2017. In Punjab its value was 2.10 in 2016 and 2.19 

in 2017 (Table 4.23). 
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Table 4.23. Diversity parameters of yellow rust pathogen population from AJK, Baluchistan, KP, Punjab and Sindh   

  populations each year along with diversity parameters for overall population. 

 
 

AJK   Baluchistan   KP   Punjab   Sindh   

  

2016 2017 
 

2016 
 

2016 2017 
 

2016 2017 
 

2016 2017 Total 

  Sample size 18 11 
 

10 
 

178 195 
 

141 229 
 

133 138 1053 

  e MLGs 9.706 7.364 
 

9.000 
 

9.282 8.363 
 

8.978 7.664 
 

7.698 6.962 9.094 

G
en

o
ty

p
ic

 D
iv

er
si

ty
 

MLGs 17 8 
 

9 
 

118 104 
 

98 108 
 

59 39 484 

Shannon-Wiener Index of 

MLG diversity 
2.813 1.894 

 
2.164 

 
4.384 3.929 

 
4.136 3.694 

 
3.286 2.813 5.131 

Simpson's Index 16.200 5.261 
 

8.333 
 

40.725 16.051 
 

26.686 9.454 
 

12.483 8.882 38.480 

Genotypic Diversity 0.938 0.810 
 

0.880 
 

0.975 0.938 
 

0.963 0.894 
 

0.920 0.887 0.974 

Evenness, E5 0.970 0.755 
 

0.952 
 

0.502 0.302 
 

0.417 0.216 
 

0.446 0.503 0.223 

Index of association 0.900 1.120 
 

1.758 
 

1.359 1.237 
 

1.446 1.734 
 

1.863 0.854 1.370 

Standardized index of 

association (rDbar) 
0.076 0.133 

 
0.190 

 
0.105 0.091 

 
0.107 0.133 

 
0.146 0.086 0.099 

G
en

e 
D

iv
er

si
ty

 

Gene diversity 0.391 0.381 
 

0.342 
 

0.339 0.377 
 

0.362 0.382 
 

0.326 0.335 0.371 

Alleles/locus 2.563 2.313 
 

2.000 
 

3.125 3.063 
 

2.688 3.375 
 

2.813 2.375 4.438 

Allelic richness 
2.342 2.213   1.958   2.078 2.161   2.108 2.195   1.880 1.884 2.169 
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4.3.3.  Resampling of distinct Multilocus Genotypes over time 

 Resampling of MLGs over time reflected on the potential pass-over of clones from one 

year to the second year through clonality. Microsatellite genotyping of 1053 yellow rust samples 

resulted in the detection of a total of 487 distinct MLGs. A total of 15 MLGs were resampled 

over the two years. MLG-220 was resampled 59 times over the two years (40 in 2016 and 19 in 

2017). MLG-426 was resampled 56 times over the two years (45 in 2016 and 11 in 2017). MLG-

299 was resampled 30 times over the two years (25 in 2016 and 5 in 2017). Similarly, other 13 

MLGs were resampled from 2 to 8 times over the two years. MLG-190, 213 and 418 were 

resampled once in each year. MLG-69 and 464 were resampled once in 2016 and twice in 2017. 

MLG-420 was observed 3 times in 2016 and once in 2017. MLG-427 and 465 was resampled 4 

times in 2016 and once in 2017. MLG-220, 226 and 415 were resampled 6 times in 2016 and 

once in 2017. MLG-357 was resampled 3 times in 2016 and 5 times in 2017 (Table 4.24). 

 

Table 4.24. Distribution of multilocus genotypes resampled in 2016 and 2017. 

MLGs 2016 2017 2016 & 2017 

MLG-190 1 1 2 

MLG-213 1 1 2 

MLG-220 40 19 59 

MLG-223 6 1 7 

MLG-226 6 1 7 

MLG-299 25 5 30 

MLG-357 3 5 8 

MLG-369 1 2 3 

MLG-415 6 1 7 

MLG-418 1 1 2 

MLG-420 3 1 4 

MLG-426 45 11 56 

MLG-427 4 1 5 

MLG-464 1 2 3 

MLG-465 4 1 5 

Overall MLGs 147 53 200 
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4.3.4.  Spatial Distribution of distinct Multilocus Genotypes over the two years 

Spatial distribution of the multilocus genotypes was assessed to see the dispersal of 

clones across various geographical regions. Among re-sampled MLGs, MLG-203 was resampled 

4 times in AJK, 44 times in KP, 72 times in Punjab and 9 times in Sindh in 2016 only. MLG-220 

was resampled 18 and 11 times in KP, 22 and 8 times in Punjab in 2016 and 2017. MLG-426 

was resampled in 2016 only in Baluchistan, KP and Punjab, while in Sindh it was observed both 

the years. MLG-408 was observed in 2017 in KP, Punjab and Sindh only. MLG-299 was 

resampled 30 times in different provinces, followed by MLG-289 and MLG-397 (27 times), and 

MLG-397 (24 times) in different provinces (Table 4.26). Similarly, other MLGs were resampled 

from 2 to 8 times in different province in 2016 and 2017. A total of 404 single MLGs were also 

detected. In 2016, 15 single MLGs and 3 single MLGs in 2017 were resampled in 2017 in AJK. 

The numbers of single MLGs in KP were 91 in 2016 and 68 in 2017. In Baluchistan 5 single 

MLGs were detected in 2016. The numbers of Single MLGs in KP were 91 in 2016 and 68 in 

2017. In Punjab, 84 single MLGs in 2016 and 73 in 2017 were observed. Similarly, the number 

of single MLGs were high in 2016 (44) than 2017 where only 21 single MLGs were detected 

(Annex 3). 

 

When resampling over time was considered at a given location, MLG-203 was 

predominant in AJK in 2017 and resampled 4 times. MLG-354 and MLG-202 was resampled 

once in 2017 only (Table 27). MLG-109 was resampled twice in 2016. In 2016, 15 single MLGs 

and 5 single MLGs in 2017 were resampled in 2017 (Annex 3). Ten samples from Baluchistan in 

2016 resulted in detection of 9 MLGs, where no sample was genotyped in 2017. In KP, a total of 

222 distinct MLGs were resampled from 373 samples. In 2016, 178 samples resulted in 118 

MLGs and 104 MLGs were detected in 195 samples in 2017. In Punjab, 98 MLGs were 

resampled from 141 samples in 2016 and 108 MLGS from 229 samples in 2017. Total 206 

MLGs were detected in both years. Similarly, in Sindh, 59 and 39 MLGs were detected in 2016 

and 2017 in total 271 samples (Table 4.25).  
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Table 4.25.  Distribution of distinct multilocus genotypes detected in P. striiformis populations across different provinces in  

  2016 and 2017. 

  AJK Overall   Baluchistan Overall   KP Overall   Punjab Overall   Sindh Overall 

 

2016 2017 
  

2016 
  

2016 2017 
  

2016 2017 
  

2016 2017 
 

Sample 

Size 
18 11 29 

 
10 10 

 
178 195 373 

 
141 229 370 

 
133 138 271 

Distinct 

MLGs 
17 8 25 

 
9 9 

 
118 104 222 

 
98 108 206 

 
59 39 98 

M-203             - 4 4 
 

- - 
  

44 44 
  

72 72 
 

- 9 9 

M-220             - - - 
 

- - 
 

18 11 29 
 

22 8 30 
 

- - - 

M-426             - - - 
 

2 2 
 

14 
 

14 
 

5 - 5 
 

24 11 35 

M-408             - - - 
 

- - 
 

- 1 1 
 

- 2 2 
  

36 36 

M-299             - - - 
 

- - 
 

- 3 3 
 

10 1 11 
 

15 1 16 

M-289             - - - 
 

- - 
 

- 3 3 
 

- 3 3 
  

21 21 

M-397             - - - 
 

- - 
 

2 - 2 
 

- - - 
 

22 - 22 

M-354             - 1 1 
 

- - 
 

- 10 10 
 

- 1 1 
 

- - - 

M-409             - - - 
 

- - 
 

- 1 1 
 

- - - 
 

- 8 8 

M-205             - - - 
 

- - 
 

- 2 2 
 

- 6 6 
 

- - - 

M-221             - - - 
 

- - 
 

6 - 6 
 

2 - 2 
 

- - - 

M-357             - - - 
 

- - 
 

3 4 7 
 

- 1 1 
 

- - - 

M-202             - 1 1 
 

- - 
 

- 3 3 
 

- 3 3 
 

- - - 

M-223             - - - 
 

- - 
 

3 1 4 
 

3 - 3 
 

- - - 

M-226             - - - 
 

- - 
 

1 - 1 
 

5 1 6 
 

- - - 

M-302             - - - 
 

- - 
 

- - - 
 

- - - 
 

- 7 7 

M-398             - - - 
 

1 1 
 

1 - 1 
 

1 - 1 
 

4 - 4 

M-415             - - - 
 

- - 
 

2 - 2 
 

- - - 
 

4 1 5 

M-186             - - - 
 

- - 
 

- 2 2 
 

- 4 4 
 

- - - 

M-300             - - - 
 

- - 
 

1 - 1 
 

- - - 
 

5 - 5 

M-476             - - -   - -   3  - 3   1 - 1   2  - 2 

M = MLG 
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4.3.5.  Divergence of temporally spaced populations 

The divergence of samples spaced in time was assessed through Neighbor-joining (NJ) 

tree and PCoA analysis of samples spaced in time i.e., 2016 and 2017 (Fig. 4.17). The two 

populations were not much different from each other. Some of the samples from 2016 

overlapped with the population of 2017 (Fig. 4.17a). In Neighbor-joining (NJ) tree samples from 

both years were dispersed except on cluster having samples from 2016 only (Fig. 4.17b). 

 

Figure 4.17: (a) Neighbor-joining (NJ) tree and (b) PCoA analysis representing   

  relationship of temporally spaced (2016 and 2017) P. striiformis populations  

  based on 16 microsatellite genotype data. 
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4.3.6.  Estimation of effective population size and sexual reproduction rate 

CLONCASE package in R-statistical environment (Ali et al., 2016) was used to estimate 

the effective population size and rate of sexual reproduction using information on the multilocus 

genotypes passing from one year to the second year. The most frequent MLG of 2016 was not 

the most prevalent of the 2017 (Fig. 4.18a), while only a total of 15 MLGs were re-sampled over 

both the years (Fig. 4.18b). This was indeed an indication of the limited role of clonality in 

maintaining the population over time.  

 

 

Fig. 4.18.  Distribution of multilocus genotypes of P. striiformis over the two years (2016 

  & 2017) across Pakistan. A. Relative frequency of MLGs resampled at least  

  two times. B. The number of samples for MLGs detected over both the years. 
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Estimation of effective population size suggested a population size between 34 and 65, 

depending on the number of pathogen asexual cycles parameters.  Assessment of the estimation 

with different values of asexual cycles before and after the sexual cycle revealed little impact on 

the rate of sexual reproduction and effective population size. In all the cases, a very high sexual 

rate was observed i.e., in a range of 76% to 86% (Table 4.26). This was another indication to 

confirm the role of sexual reproduction and recombination in the Pakistani P. striiformis 

population. The estimated effective population was below 70 in all cases, suggesting a very small 

effective population compared to the actual clonal population generated through clonal cycle 

during epidemics with millions of spores. 

 

Table 4.26. Estimation of effective population size and sexual reproduction rate of P.  

  striiformis population from Pakistan between 2016 and 2017, as estimated  

  with CLONCASE method. n1 represents the estimated number of clonal  

  cycles before the onset of sexual cycle and n2 represents the clonal cycles  

  after the sexual cycle. 

Population parameters 

Effective population size Sexual reproduction rate n1 n2 

1 1 34 0.77 

1 2 50 0.76 

2 1 35 0.76 

1 3 67 0.76 

2 2 49 0.81 

2 3 66 0.78 

3 1 36 0.76 

3 2 49 0.86 

3 3 65 0.83 

 

 

 

  



82 
 

4.4.  Virulence Structure of Pakistani P. striiformis Population 

To assess the diversity in virulence structure of Pakistani P. striifmoris population, A 

total of 138 samples were sent to Global Rust Reference Centre (GRRC), Aarhus University, 

Denmark for virulence genotyping due to lack of facilities to conduct it at IBGE, Peshawar 

(Table 4.27). A subset of 30 samples were attempted to be recovered from both 2016 and 2017, 

without any success.  

 

Table 4.27. Number of P. striiformis isolates selected for virulence phenotyping during 

the wheat rust    season 2016 and 2017, across different provinces of 

Pakistan. 

Province 

2016   2017 

No. of samples 
Districts 

covered 

 

No. of samples 

District 

covered 

AJK 3 2 

 

2 2 

Baluchistan 0 0 

 

1 1 

KP 34 15 

 

22 11 

Punjab 10 7 

 

41 20 

Sindh 13 12 

 

12 8 

Total 60 36   78 42 
 

Due to lack of success with recovery of isolates from this surveillance effort, we 

concentrated on the virulence diversity across the country based on the previous studies on 

virulence phenotyping of P. striiformis populations with a total of 223 isolates (Table 4.28). 

Although the sample size was variable across the studies, it still enabled us to compare the 

virulence diversity an overtime and across provinces. 

Table 4.28. Details of isolates from various studies used to analyze the diversity in  

  virulence structure across Pakistan.  

Previous study 

Number of isolates virulence phenotyped 

2004 2006 2010 2014 Total 

Rizwan et al. (2010) 39 

   
39 

Bahri et al. (2011) 

 

51 

  
51 

Ali et al. (2014) 

  

127 

 
127 

Ali et al. (2017) 

   

6 6 

Total 39 51 127 6 223 
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4.4.1.  Diversity in virulence across provinces 

Analyses of the virulence data revealed substantial variability in virulence diversity 

across provinces (Fig. 4.19) and over years (Fig. 4.20). The virulence frequencies differed in 

each province. Virulence Vr1, Vr5, Vr6, Vr7, Vr8, Vr9, Vr17, Vr24, Vr27 and Vrsp were present 

in AJK, GB, KP and Punjab. Virulence Vr3, Vr4, Vr15, Vr25 and Vr26 were present only in KP. 

Virulence Vr2 was present in GB and KP. Virulence Vr10 and Vr32 was absent in all provinces, 

while some other virulences were absent in some provinces e.g., Vr3 and Vr4 in AJK, Gligit 

Baltistan and Punjab (Fig. 4.19). Interestingly, Vr7 was fixed (100% frequency) in AJK, Gilgit 

Baltistan and Punjab, though present in high frequency in KP as well, while Vr9 was also in a 

very high frequency in all provinces. The resistance gene Yr15 corresponding virulence Vr15 

was found only in KP in a very low frequency. 

 

Figure 4.19.  Frequency of different virulence factors across different provinces of   

  Pakistan and based on the previously published studies (Ali et al., 2014; Ali  

  et al., 2017; Bahri et al., 2011; Rizwan et al., 2010).  
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4.4.2.  Diversity in virulence over years 

When considered over years, the virulence frequencies varied among the studied years. 

Vr1 was present in 2004, 2006, 2010 and 2014. Vr2 was absent in 2004, while it was fixed (with 

100% frequency) during 2006, 2010 and 2014. Vr3 was present in 2006 and 2014, while absent 

during 2004 and 2010. Similarly, the virulence frequency of Vr4, Vr5, Vr15, Vr17, Vr25, Vr26, 

Vr27 and VrSP ranged from 1% to 83%, while frequencies for Vr2, Vr3, Vr6, Vr7 and Vr9 was 

fixed in all pathotypes in various years. Virulence frequency of Vr15 was 1% and virulence was 

observed only in 2010. Virulence to Vr10 and Vr32 was absent in all studied years (Fig. 4.20).    

 

 

Figure 4.20. Frequency of different virulence factors across different provinces over years 

  based on the previously published studies (Ali et al., 2014; Ali et al., 2017;  

  Bahri et al., 2011; Rizwan et al., 2010).  
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V.  DISCUSSION 

The present research work enabled to assess the status of wheat diseases across major 

wheat growing regions, the level of diversity and population subdivision as well as temporal 

maintenance of the Pakistani P. striiformis population, which lies in the pathogen centre of 

diversity (Ali et al., 2014c).  

 

5.1.  Status of Wheat Diseases Across Pakistan on Various Host Varieties  

Analyses of the surveillance data allowed to rank the significance of four major wheat 

diseases in major wheat growing areas of Pakistan during 2016 and 2017. Although we have 

considered to score the presence of all wheat diseases, the three rust diseases (yellow rust, leaf 

rust and stem rust) and powdery mildew were the most prevalent diseases and has been 

associated with huge economic losses (Ali et al., 2014c; Singh et al., 2004). Therefore, we 

considered the rusts and powdery mildew diseases as the main objectives of this study. For crop 

disease management system, it is necessary to understand the emergence of new variant of 

pathogen on deployed varieties along with the existence of host selection pressure at different 

regional level (Mondal et al., 2016). During our study, epidemics of yellow rust differed annually 

and at different geographical regions, which could be as a result of intensity of rainfall, variable 

climatic conditions and deployment of different wheat varieties.  

 

Yellow rust frequency also varied across the two sampling years. The disease pressure 

was high during 2016 in Pakistan as compared to 2017. High disease pressure was observed at 

many locations in the country during 2016, while during 2017, a very low pressure was observed 

at all surveyed locations except Punjab where no significant difference in disease frequency was 

observed during the two surveillance years. Years with favorable environment particularly with 

more humidity and low temperature have more disease epidemics than very warm and dry crop 

seasons (Hovmøller et al., 2002). Thus, the high intensity of yellow rust during 2016 may be 

attributed to more and timely rainfalls during 2016, while the relatively dry weather during 2017 

would have resulted in low disease pressure. A noticeable increase in yellow rust severity in 

2001–2010, was perceived for all regions surveyed in Central and West Asia and North Africa 

regions, where yellow rust is historically predominant and important (Ziyaev et al., 2011). The 

high disease pressure in certain years like 2009-10 was associated with potential new strains of 
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the pathogen. In France, variable disease pressure over a period of 24 years was also associated 

with variable climatic conditions and susceptibility of previously considered resistant varieties 

(de Vallavieille-Pope et al., 2012). Fluctuations in yellow rust frequency in European 

populations was also reported with a decrease in yellow rust disease during 1988 – 2000 

followed by increase in frequency from 2001 – 2010 in central and northern and western and 

southern regions of Europe (Morgounov et al., 2012).  

 

Our results revealed that yellow rust severity and frequency differed at different locations 

and across the years. The disease pressure was high in KP, AJK and central Punjab as compared 

to southern Punjab and Sindh. Different factors contribute to establish disease including 

favorable environment, susceptible host and pathogen. Yellow rust is thought to be affected by 

variable weather conditions across different locations (Coakley, 1978; de Vallavieille-Pope et al., 

1995). The ideal temperature for yellow rust development is thought to be 13 - 16°C. Variability 

in virulence across different locations has also been reported across locations for yellow rust 

populations (Bahri, 2008). Reduced levels of infections have been reported in areas with warmer 

temperatures than optimal during the growing season in Canada and the central plains of the 

United States (Newton and Johnson, 1936). On the other hand, spread of the pathogen races 

would reduce the effect of this divergence across locations as wind is considered to be important 

for yellow rust spores movement from one region to another (Brown and Hovmøller, 2002; 

Moschini and PÃ©rez, 1999). Thus, the high disease pressure in northern part of the country 

may be attributed to mild and cool environmental conditions as compared to southern part of the 

country. Indeed, in previous studies, the intensity of yellow rust was reported to be favored by 

cool, mild and humid temperature (Ali et al., 2009a; Ali et al., 2014c; Te Beest et al., 2008). 

 

Interesting, yellow rust also appeared to be increasingly important in southern part of the 

country as high disease pressure was observed in 2016, which was not an important disease 

earlier in that region (Singh et al., 2004). The low disease pressure in south of the country can be 

ascribed to the early sowing of the wheat crop and immediate increase in temperature, and crop 

becoming mature earlier and thus providing the crop to escape yellow rust and high temperature 

would not allow disease to establish. Increased temperature is an important factor to avoid 

yellow rust establishment and yield losses in warmer regions (Villareal et al., 2002). Villareal et 
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al. (2002) in their study also reported that in northwest of the France the natural epidemics of 

yellow rust are usual, while in southern France the epidemics is occasional and are extremely 

damaging especially when temperature is low in springs accompanied by prolonged rainy 

seasons. Additionally, the high disease severity in south of Pakistan during 2016 can be credited 

to the presence of certain pathotype(s) in the region accompanied with highly susceptible 

cultivars like Galaxy-13. As in the case of southern France, dominant pathotype 6E16 coincided 

with the cultivation of the highly susceptible “Victo” widely cultivated in southern France during 

1997-1998, which is known for its resistance to leaf rust, a disease that prevails in area, but 

having no known Yr genes also resulted in severe epidemics (Hau and de Vallavieille-Pope, 

2006). The invasion of new races adapted to warmer temperature could also be at the origin of 

disease epidemics in warmer regions (Walter et al., 2016). A similar pattern was observed in 

South Central United States, where variations in the disease frequency were associated with the 

emergence of new virulence and as a result pathogen adaptation in those areas (Wellings, 2011) 

and increase aggressiveness of pathogen (Milus et al., 2009).  Finally, the locations surveyed 

during our study were different in terms of crop micro-climate, which can affect the development 

of yellow rust. The location of northern KP provides an optimal environment for the pathogen to 

establish disease in a form of less temperature and more humid condition. Along with favorable 

environment the presence of susceptible wheat varieties, may also serve in increasing disease 

pressure. The status of yellow rust resistance can also be exploited to assess resistance behavior 

of plant and various breeding programs (Ali et al., 2007; Ali et al., 2009b). 

 

The presence of variation in host reaction across different location and environmental 

conditions reflects on the effectiveness of host resistance across locations (Ali et al., 2009b). Our 

survey has described the effectiveness of resistance genes/cultivars across different wheat 

growing regions of Pakistan over the two years. The variations in the severity of yellow rust 

epidemics over years and across locations may also be described as a function of the variable 

deployment of resistant cultivars. The response of the host to pathogen is known as host-reaction 

(Van der Plank, 1968), which is the result of interaction between pathogen, host and influence of 

the surrounding environment. The variable pressure from host in terms of resistance genes exerts 

a pressure on the pathogen population, resulting in selection of the corresponding races of the 

pathogen (Brown, 2015). Variability in term of races for yellow rust pathogen population across 
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different locations with various environmental conditions have been reported worldwide (Chen 

et al., 2002; Wan et al., 2004) and in Pakistan (Ali et al., 2014b; Bahri, 2008). Similarly, both 

temperature and light are thought to impact the expression of certain resistance genes against the 

rust pathogen (Agarwal et al., 2003; Chen, 2013; de Vallavieille-Pope et al., 1995). This 

suggested that the variability across locations in the expression of resistance genes in a given set 

of varieties could be the result of variability in the prevalent races along with the climatic 

conditions of the area, which affects the yellow rust infection process (Ali et al., 2009b).  

 

The yellow rust incidence during 2016 may also be associated with the cultivation of 

highly susceptible varieties like Galaxy-13, Kiran-95, TD-1, Morocco (in research stations only), 

Tj-83, Inqilab-91 etc. contributing to maintain inoculum in that region (Singh et al., 2004). High 

yellow rust incidence was associated with the previously defined susceptible variety Inqilab-91 

during 2010 (Ali et al., 2014c). The prompt input from the agriculture research and extension 

system has reduced the area to these varieties (particularly Galaxy-13) which could also have 

contributed, at least to some extent, to the reduction of the disease in 2017, as compared to 2016. 

However, most of these varieties have been abandoned by progressive farmers in Punjab and KP 

but small farmers and farmers in southern part of the country still grow these varieties where 

yellow rust is not a major problem. Most of the other varieties surveyed during our study, 

however, had resistant or moderately resistant reaction. 

 

Apart from the yellow rust, being the major wheat disease in Pakistan, leaf rust also 

seems to be an increasingly important threat in Pakistan, particularly in the Central and Southern 

parts. The disease however comes at the terminal crop stage and thus imposes a stable impact on 

the yield, which is considered less important in most of the crop varieties. In western and central 

Europe, a reverse trend was deceptive where a significant decrease in disease frequency was 

observed after the 1969–1981 period, while disease severities remained stable (Huerta-Espino et 

al., 2011). The leaf rust population in Pakistan was found to be not much diverse both in term of 

virulence phenotyping and SSR genotyping, however, the low diversity could be due to non-

systematic collection of samples in the major wheat growing regions of Pakistan (Kolmer et al., 

2017). In contrast, 50 to 60 different races of leaf rust are identified in North America each year 

(Kolmer et al., 2007). If large scale surveys were conducted on a regular basis as in North 
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America (Kolmer and Hughes, 2015), it is very likely that more phenotypes would have been 

detected. Leaf rust was high during 2017 both in terms of severity and frequency as compared to 

2016.  

 

Leaf rust prevailed at most of the areas of Sindh, southern Punjab and some parts of KP 

and northern Punjab. The high leaf rust prevalence in Sindh and southern Punjab may be 

attributed to environmental conditions of those areas. Agarwal et al. (2003) reported that leaf rust 

genes are influenced by environmental condition especially temperature. The temperature of 

southern part of Pakistan is high as compared to the northern part (Khalil and Jan, 2002). As the 

temperature increases the leaf rust resistance gene expression is ceased (Browder, 1980; Johnson 

and Schafer, 1965; Jones and Deverall, 1977), giving the pathogen a free hand to establish a 

strong disease. Certain leaf rust resistance genes are temperature sensitive especially high 

temperatures, while some leaf rust resistance (Lr) gene expression is also halted at lower 

temperatures (Dyck and Johnson, 1983). Change of temperature during early penetration phase 

alters the host-pathogen interaction (Hyde, 1982). Most of the Lr genes are affected by post 

infection temperatures; where Lr11, Lr12, Lr13, Lr14a, Lr16, Lr17 and Lr18 are particularly 

sensitive to high temperature (Dyck and Johnson, 1983), except Lr34 which confer partial 

resistance to host at wide range of temperatures. 

 

For leaf rust most of major varieties grown in southern country showed susceptible 

reaction. Wheat varieties Galaxy-13, TD-1, TJ-83, Kiran-95, A. Sattar, Naya Amber, Inqilab-91, 

Sassi, Skd-1, Sarsabz and Sehar were found with high disease severity in Sindh and Punjab, 

while Galay-13 was found susceptible at all locations surveyed. The susceptibility of major 

wheat varieties to leaf rust can be due to the presence of virulence against Lr genes present or 

down expression of Lr genes at higher temperatures. Moreover, the presence of highly 

susceptible varieties like Galaxy-13, TD-1, Morocco etc. could have contributed to maintain 

inoculum in the region (Ali et al., 2009c). Most of the Lr genes present in Pakistani wheat 

germplasm are either temperature sensitive or the virulence is present. However, Morocco is not 

common in Pakistan, only grown in trap nurseries in research stations but some susceptible 

varieties like TD-1 is commonly grown in Sindh and southern Punjab. The presence of virulence 
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in so many cultivars may be related to the long-term use of wheat cultivation with diverse 

genetic background for leaf rust resistance genes.  

 

The severity and frequency of leaf rust in northern part of country was noticeable during 

2017. The disease was not a major problem before in KP and northern part of country but 

currently becoming a threat to crop yield, because of the climate change and cultivation of most 

susceptible cultivars. The postulated genes in Pakistani wheat varieties and breeding lines are 

Lr1, Lr3, Lr9, Lr10, Lr13, Lr14a, Lr16, Lr17, Lr23, 255 Lr26 and Lr27+Lr31 (Rattu et al, 2010). 

In another study the genes Lr1, Lr10, Lr16, Lr14a, Lr17, Lr24 and Lr26 were postulated to be 

present in recent Pakistani wheat varieties and breeding lines (J. Kolmer, unpublished data). 

However, virulence to many of these genes have been reported (Kolmer et al., 2017). Partial 

resistance has been advocated by many researchers to confer a more durable resistance, 

influencing the pathogen adaptation pace (Ali et al., 2009c; de Vallavieille-Pope et al., 2012). 

The future development of wheat germplasm in Pakistan with high levels of durable leaf rust 

resistance will depend on the ability to select genotypes that have combinations of effective 

resistance genes along with the adult plant resistance genes. 

 

Wheat stem rust was observed only at cereal diseases research institute, University of 

Karachi. The disease was artificially inoculated on different wheat cultivars and advance 

breeding line in order to evaluate their resistance status against different races of stem rust. No 

natural infection was recorded at any location across the country during 2016 and 2017. 

Nevertheless, wheat stem rust has been a major problem in other parts of the world. In US from 

1900 to 1950, it has been a major disease and resistance to stem rust was one of the main 

objectives of the breeding programs (Leonard, 2001). After 1950, decrease in disease severity 

occurred mainly by eliminating alternate host “barberry” and the use of highly resistant varieties 

(Campbell and Long, 2001). However, the major wheat growing regions are in cooler 

environment of Pakistan with the crop leading to maturity before the onset of stem rust. This 

sounds to be the major reason for escape of stem rust in many parts of the country. Despite low 

prevalence of stem rust in Pakistan and around the globe, its potential threat to effect wheat 

production cannot be ignored. In recent epidemics of stem rust, the Ug99 race was the most 

devastating race of stem rust first detected in Uganda during 1999 (Pretorius et al., 2000). Ug99 
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was the first race of P. graminis tritici that has virulence to Sr31 gene. Indeed, the low 

prevalence of stem rust frequency was probably due to durable stem rust resistance genes like 

Sr2 and Sr31, incorporated into many wheat cultivars leading to a near-total eradication of stem 

rust globally (Singh et al., 2006). However, with the emergence of this race, the wheat is no more 

protected against stem rust. A recent epidemic of stem rust was reported with losses near to 

100% on wheat cultivar “Digalu” most widely grown in southern Ethiopia during 2004-2014 

(Olivera et al., 2015). Despite the absence of stem rust in Pakistan, we should include durable 

stem rust resistance genes in our breeding program strategies to avoid any natural epidemics in 

future.  

 

Powdery mildew, another important disease of wheat and cereals, has a global 

distribution but is especially important in regions with dry and cool climates, including China, 

Europe, and the Southern areas of South America (Dubin et al. 2011). In recent decades, this 

disease has become important even in some warmer and drier regions because of intensive 

production with higher plant densities, nitrogen fertilizers, and irrigation (Cowger et al., 2012). 

Powdery mildew dominated in the cool areas of Pakistan, particularly the Himalayan region. Its 

global frequency remained stable over time, but increased by 10% in the last 10 years in Central 

and Eastern Europe (Morgounov et al., 2012). There were considerable increases in the severities 

of powdery mildew over time both on a global level and in Europe. Powdery mildew is 

considered to be the most important foliar disease of winter in Western and Southern Europe, 

where the frequency was very high for all time periods coupled with slight recent increases in 

severity during 2001–2010 (Morgounov et al., 2012). This disease also occurred at high 

frequencies in Central and Eastern Europe, where it remained important over time with 

increasing severities and frequency after 2001. Overall, these trends indicated that powdery 

mildew may become progressively more important for wheat production in all regions, probably 

due to increased use of nitrogen fertilizers that exacerbate this disease, and changing weather 

patterns resulting in milder winters (Morgounov et al., 2012). 

 

In Pakistan powdery mildew dominated in cold regions, with a slight increase in 

frequency of powdery mildew during 2017 as compared to 2016. Powdery mildew prevailed in 

northern part of the country which can be attributed to the cool and mild climatic conditions of 
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the area. In the northern part, the prevalent high humidity and cold climate would be responsible 

for the onset of disease. On contrary, in Rawalpindi division, powdery mildew was also observed 

with few locations which can be attributed to the use of increased level of nitrogen fertilizers, 

extensive irrigation and fields with higher plant densities as described earlier (Cowger et al., 

2012). 

 

There was an interesting relation in the prevalence of all three rusts and powdery mildew 

across the country during 2016 and 2017. A high yellow rust severity and frequency was 

observed across the country during 2016, while leaf rust and powdery mildew frequency was 

comparatively low during 2016. Stem rust was observed as a result of artificial inoculation, while 

no disease was there under non-inoculated fields at the same period despite of artificial 

inoculation during 2017. During 2017, the severity level of yellow rust remained changed with 

an apparent decrease in the disease prevalence. Leaf rust and powdery mildew severity and 

frequency were present during 2017. As the frequency of yellow rust decreased during 2017, leaf 

rust and powdery mildew frequency increased. There are many possible reasons for this increase 

and decrease levels of disease frequencies like the warmer climate and potential opportunistic 

nature of powdery mildew (Chakraborty et al., 2000).  

 

5.2.  Population Subdivision and Diversity in P. striiformis Population 

Results on the population structure of wheat yellow rust pathogen P. striiformis revealed 

a lack of spatial structure and a very high diversity in the Pakistani population, which lies in the 

pathogen center of diversity (Ali et al., 2014c). A total of 1053 isolates were genotyped using 16 

highly informative SSR markers, which were designed on a set of worldwide representative 

isolates (Ali et al., 2017a). Our studies on P. striiformis populations sampled from different 

farmer and to some extent from research station fields revealed a high genotypic and genetic 

diversity and presence of recombination signatures in the northern part of Pakistan, namely AJK, 

Hazara and Malakand divisions, which lies in the Himalayan region of Pakistan, recently 

reported to be the origin of the pathogen (Ali et al., 2014b). In contrast to Pakistani population, a 

very low genetic diversity and clonal population have been reported in many parts of the world 

(Ali, 2012; Ali et al., 2014c). The high level of diversity would have most probably the result of 

sexual reproduction of P. striiformis in the Pakistani Himalayan region. Indeed, the Pakistani 
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population have a high telial production capacity which are the pre-requisite for sexual cycle (Ali 

et al., 2010), while the alternate host Berberis spp. is widely distributed in the Pakistani 

Himalayan region (Ali et al., 2014d). Previously, a very high diversity has been reported in the 

North of Pakistan, both at microsatellite and virulence phenotype level (Ali et al., 2014b), further 

confirming our hypothesis of sexual reproduction taking place in Pakistan.  

 

When considered at each geographical scale, the level of diversity varied across 

provinces, divisions and districts. Differential level of disease infestation has influenced the 

sampling to some extent, which itself may be described as a function of the variable deployment 

of resistant cultivars and differential adaptation to temperature. High genotypic diversity was 

observed in KP, Punjab and AJK. While the diversity present in Sindh and Baluchistan was 

albeit low. The recombining population structure was also observed at a few locations of KP, 

Punjab and AJK. The across location variability in diversity is specific to Pakistan, as in other 

worldwide population, there is no contrasting level of population diversity across locations (de 

Vallavieille-Pope et al., 2012; Hovmøller et al., 2002). The high diversity in KP and AJK can be 

attributed to nearby Himalayan region, declared as a center of diversity for pathogen and their 

continuous migration into nearby regions. For many years P. striiformis has been considered to 

reproduce strictly asexually on its primary host (wheat) because of the lack of information about 

the existence of alternate host for completion of sexual cycle (Cummins, 1971; Stubbs, 1985). In 

Europe, Australia and USA, analysis of population genetic revealed clonal populations having 

very low levels of diversity, authenticating hypothesis of asexual reproduction (Enjalbert et al., 

2005; Hovmøller et al., 2002). Clonal populations were reported in NW Europe, East Africa and 

in the Mediterranean region, whereas recombinant populations were present in China and South 

Asia (Ali et al., 2014c; Bahri et al., 2009; Thach et al., 2016). However, our results confirmed 

the recent results suggesting the role of sexual reproduction in generating diversity in the 

Himalayan region through passing on the alternate host Berberis spp. (Ali et al., 2014d; Jin et al., 

2010; Rodriguez-Algaba et al., 2014).  

 

Our results suggested a lack of population subdivision at regional level, suggesting 

widespread dispersal of the pathogen throughout the country. It would be supported by the 

phenomenon of long-distance aerial dispersal capacity of the pathogen from one region to the 
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other (Brown and Hovmøller, 2002; Hovmøller et al., 2008). Although at least five distinct 

genetic groups in the overall P. striiformis population were observed in Pakistan, these were 

distributed in all geographical regions. The resampling of MLGs across locations also suggested 

long-distance migration of P. striiformis. In Sindh and Baluchistan most of samples were 

assigned to genetic group 3, while in Punjab genetic group 4 was predominant. In contrast, the 

samples collected from KP and AJK tended to be more admixed and assigned to multiple genetic 

groups. This suggested the existence of weak population subdivision at the regional level for a 

pathogen capable of long-distance dispersal (Brown and Hovmøller, 2002; Hovmøller et al., 

2011). Our results were consistent with the presence of different genetic groups in Nepali 

population without any clear spatial structure (Ali et al., 2017b). Furthermore, comparison of the 

two years populations revealed little divergence over time. This was in contrast to the existence 

of clear divergence of population of past with present populations within the geographical 

regions in worldwide populations, except for NW Europe, although these were compared over a 

longer period of times (Thach et al., 2016).  

 

Our results also suggested a lack of any population structure due to host selection; all of 

the genetic lineages could infect the susceptible varieties if these have the corresponding 

virulences. There was no significant difference in resistance gene deployment across locations, 

and at least the variety Galaxy-13 was present and sampled at several locations. Interestingly, 

even at a given location, multiple lineages were able to infect the susceptible variety like Galaxy-

13. When analyzed for multilocus genotypes, a given variety has been affected by multiple 

multilocus genotypes. These results are in contrast to other populations worldwide, where there 

are specific lineages adapted to a given set of varieties (de Vallavieille-Pope et al., 2012; 

Hovmøller et al., 2016; Mboup et al., 2012). 

 

The variation in pathogen diversity detected on each host can also be described by the 

deployment of resistant cultivars with narrow genetic background in front of a pathogen passing 

through sexual reproduction. Samples collected from various wheat cultivars revealed increased 

level of diversity on each variety. Thus, individuals from any lineage carrying the correspondent 

virulences to resistance genes are selected regardless their genetic lineage (Ali et al., 2017b). In 

our case all genetic lineages detected were recorded on Galaxy-13 and in case of other varieties 
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the number of genetic lineages varied from 1-4. Multiple genetic lineages were also observed on 

Galaxy-13 at specific location. Although pathogen also acquire virulence to resistance gene with 

passage of time (Huang et al., 1994), the genetic background of Pakistani wheat germplasm has 

been reported as narrow, which will have no variable selection pressure at different locations. 

Most of the national wheat varieties comprise of few seedling resistance genes, which are  soft 

target for new pathotypes emerging over time (Bux et al., 2011). 

 

5.3.  Temporal Maintenance of P. striiformis in Pakistan 

The resampling of MLGs over time must reflect on the pass-over of clones from one 

generation to the other through clonality (Ali et al., 2016; Ali et al., 2014d). When analyzing the 

year effect on the temporally spaced populations, no significant effect was detected, suggesting 

the absence of any regional genetic shift in the surveyed area over years. The temporal stability 

was further supported by the low FST values between the temporally spaced populations. Despite 

this temporal stability, a limited resampling of the same MLGs over both years was observed, 

which could result from sexual recombination or a high clonal diversity of the population.  This 

limited sampling of MLGs over both years are in contrast with the clonal populations of NW 

Europe and Mediterranean region, where the same MLGs are resampled over years (Bahri et al., 

2009; Enjalbert et al., 2002; Hovmøller et al., 2002). 

 

The estimation of rate of sexual reproduction was very high, and less affected by the 

number of asexual cycles parameters. Considering, the life cycle of P. striiformis and the 

climatic conditions of Pakistan, the potential asexual cycles before and after the sexual cycle 

during the two sampling events must be between one and three. We therefore estimated the 

effective population size and sex rate with CLONCASE with all options with n1 and n2 ranging 

from one to three. Estimation of effective population size suggested a population size between 34 

and 67, depending on the number of pathogen asexual cycles parameters. The rate of sexual 

reproduction was in the range of 76% to 86%, another indication to confirm the role of sexual 

reproduction and recombination in the Pakistani P. striiformis population. This was in 

consistence with a high frequency of sexual reproduction in P. striiformis in the Tianshui district 

(China), which supported the idea of a strong contribution of sexual reproduction to the life cycle 

of the pathogen in this area (Ali et al., 2016).  
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5.4.  Virulence Diversity over Provinces and Across Locations 

A subset of 138 samples collected from the two years were sent to Global Rust Reference 

Centre (GRRC), Aarhus University, Denmark for virulence genotyping due to lack of facilities to 

conduct it at IBGE, Peshawar. However, no recovery was successful for these isolates. It could 

be due to the time required in shipment of samples, processing of samples and the exotic 

conditions at the importing lab in which the isolates are attempted to be revived. Indeed, many 

difficulties has been reported while recovering isolates from exotic origins (Ali et al., 2011).  

Thus, we opted to meta-analyze the previously published data to infer on the virulence structure 

for discussion in the context of our genotyping results. The virulence diversity across locations 

and over years was assessed based on 223 isolates results compiled and analyzed from the 

previous studies (Ali et al., 2014c; Ali et al., 2017; Bahri et al., 2011; Rizwan et al., 2010). 

Analyses of the virulence data revealed substantial variability in virulence diversity across 

provinces and over years, where Vr10 and Vr32 was absent in all provinces, while some other 

virulences were absent in some provinces e.g., Vr3 and Vr4 in AJK, Gligit Baltistan and Punjab. 

On the other hand, Vr7 was fixed in AJK, Gilgit Baltistan and Punjab, though present in high 

frequency in KP, while Vr9 was also in a very high frequency in all provinces. The resistance 

gene Yr15 corresponding virulence Vr15 was found only in KP in a very low frequency. This 

gene has limited deployment both in Pakistan and worldwide (Ali et al., 2017) and its presence 

could be attributed to the high diversity in the region, rather than a host-dependent selection (de-

Vallavieille-Pope et al., 2012). 

 

Interestingly, Vr1 was present in 2004, 2006, 2010 and 2014. Vr2 was absent in 2004, 

while it was fixed during 2006, 2010 and 2014. Vr3 was present in 2006 and 2014, while absent 

during 2004 and 2010. Similarly, Vr3, Vr6, Vr7 and Vr9 was fixed in all pathotypes in various 

years. Virulence frequency of Vr15 was 1% and virulence was observed only in 2010. Virulence 

to Vr10 and Vr32 was absent in all studied years. Resistance genes to which the virulence was 

absent over all the years and across all the locations (e.g., Yr10 and Yr32) could be incorporated 

to genetic material along with partial resistance genes (Singh et al., 2004) for future varietal 

development.  
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VI. SUMMARY 

 

 The current study was carried out at the Institute of Biotechnology and Genetic 

Engineering, The University of Agriculture Peshawar to assess the status of these diseases across 

Pakistan and population structure of wheat yellow rust pathogen through surveillance effort 

made during 2016 and 2017 and subsequent population genetic analyses. Surveillance for wheat 

diseases, particularly wheat rusts i.e. yellow, leaf stem rust and Powdery mildew was carried out 

during wheat growing season of 2016 and 2017 in major wheat growing areas of Pakistan. It 

enabled to score rust and powdery mildew severity on various varieties, collect samples and 

identify the status of different wheat diseases across the country. The P. striiformis samples 

collected over two years across all locations were genotyped using 16 SSR markers. The 

amplified products were sequenced using ABI sequencer and the data was formatted in an excel 

file. The data in the excel file was then analyzed using various population genetics softwares, 

particularly the packages in R-statistical environment. 

Surveillance of diseases on different varieties allowed to measure the relative importance of 

different diseases at country and provincial level. A total of 917 wheat fields were surveyed over 

two years. Surveillance was carried out in a total of 437 fields in 63 districts during 2016, while 

in 2017, a total of 480 fields in 69 districts were surveyed covering four provinces of Pakistan 

and AJK.  

The wheat yellow rust incidence and severity varied over the two years, across locations 

and varieties. Significant levels of yellow rust disease were observed at most of the locations 

surveyed during 2016, however, a lower disease pressure was observed during 2017. A total of 

162 fields (100 fields during 2016 and 62 during 2017) had a high disease pressure with yellow 

rust disease severity score of 60 or above. The disease varied significantly between two 

surveillance years at each province. Higher number of fields with high disease severity across 

AJK, KP and Sindh were scored in 2016 than in 2017, while in Punjab the disease was recorded 

at more locations in 2017 than 2016.  

Surveillance was also conducted to assess the rust incidence and severity on 78 varieties 

both the years grown by the farmers and to some extent at research stations. During these two 

seasons, Galaxy-13 was widely deployed over the country. Triticale fields were also surveyed for 



98 
 

rust diseases, which were very limited across the country i.e., five fields in 2016 and two in 

2017. A total of 18 varieties were found to be highly susceptible to yellow rust including Galaxy-

13, TD-1, Kiran-95, TJ-1, TJ-83, Sehar, Bakhtawar, Ghanimat-e-IBGE, PS-05, PS-08, Shahkar, 

Salim, Naya Amber, Sarsabz, Morocco, Khattakwal, Skd-1 and Inqilab-91 along with some 

mixed fields and breeding lines. Galaxy-13 and Sehar was found susceptible at all locations in 

AJK, KP, Punjab and Sindh. 

The prevalence of wheat leaf rust was higher in 2017 as compared to 2016, however, still 

much less prevalent than yellow rust. A total of 68 fields (27 fields in 2016 and 40 fields in 

2017) were recorded with a leaf rust disease severity score of 60 or above. In AJK, KP, Punjab 

and Sindh a clear variability was observed in leaf rust disease occurrence between two years. A 

total of 13 varieties were found susceptible to leaf rust in both years along with some breeding 

lines and mixed varieties. The response of the host to leaf rust varied at different locations. 

Galaxy-13 was recorded with high disease severity at most of the surveyed locations (KP, Sindh 

and Punjab). High disease was also observed on Sehar, TD-1, Morocco, A. Sattar, Inqilab-91, 

Kiran-95, Marvi, Morocco, Sarsabz, TJ-1, TJ-83, Aas-11, Sassi, Shafaq and some unknown 

varieties and breeding lines. Stem rust was not observed at any location during the whole 

surveillance effort in 2016 and 2017, except at the University of Karachi, where the disease was 

the resultant of artificial inoculation. 

The powdery mildew incidence and severity also varied over the two years, across 

locations and varieties. Significant levels of powdery mildew were observed at most of the 

locations in northern KP surveyed during 2017, however, a lower disease pressure was observed 

during 2016. A total of 21 fields out of 917 fields had a high disease pressure with a powdery 

mildew severity score of 60 and above. A total of five varieties (FSD-08, PS-05, PS-08 and 

Shahkar) were found susceptible to powdery mildew during both years along with some breeding 

lines and varietal mixtures in farmer fields at different locations. The response of the host to 

powdery mildew varied at different locations. Galaxy-13 was recorded with high disease severity 

at most of the locations surveyed.  

Multilocus microsatellite genotyping of 1053 samples of P. striiformis sampled from 

different major wheat growing region of Pakistan during 2016 and 2017 revealed the existence of 

high diversity and recombination signature in the wheat yellow rust pathogen P. striiformis 



99 
 

across Pakistan. Population subdivision was observed, while most of the groups were dispatched 

throughout the country, except in Sindh, where one lineage was predominant. Multiple lineages 

and multilocus genotypes were detected on the same host at a given district. The numbers of SSR 

markers used in our study were enough to capture the maximum diversity present with the 

maximum numbers of MLGs detection (487 MLGs). A variable level of polymorphism was 

observed for studied loci (ranging from 2 to 9 alleles per locus).  

Various diversity parameters were assessed for P. striiformis populations prevalent in 

each province. The maximum variability was observed in samples collected from AJK and KP. 

In AJK, 29 samples were represented by 25 MLGs, in Baluchistan 10 samples were represented 

by 9 MLGs. In KP, 373 samples were represented by 216 MLGs, in Punjab 370 samples by 203 

MLGs, while 271 samples from Sindh were represented by 93 MLGs. High genotypic diversity 

was observed for population of KP (0.97) followed by Punjab and AJK (0.95) and Sindh (0.94), 

while the least genotypic diversity was observed in population of Baluchistan. Diversity was 

further analyzed for populations from different divisions/geographical regions of Pakistan to 

assess the sub-population structure within each province which also revealed the presence of 

high genotypic diversity in samples collected from different areas of AJK and KP while, the 

minimum genotypic diversity was observed in various division of Sindh. This was further 

supported by the difference in mean expected and observed heterozygosity, which was much 

lesser than a clonal population as observed in Europe and USA. When considered at different 

locations within each province, non-significant differences were observed at Hazara, Malakand, 

Lahore and Sahiwal.  

Neighbor-joining (NJ) tree and PCoA analysis suggested a lack of any geographical 

regions/province specific structure. The samples from different regions overlapped with each 

other and were dispersed across the tree except most of the samples from Sindh which were 

clustered separately. The lack of population subdivision was further confirmed by comparing 

pairwise FST values among geographically spaced populations. The maximum FST value was 

observed between Sindh_16 and AJK_17 (0.113) and the minimum was observed between 

AJK_17 & KP_17 and AJK_17 & Punjab_17 (0.001). Considering, the overall populations, the 

maximum FST value was observed between the populations of Baluchistan and Punjab (0.06) and 

the minimum value was calculated between AJK & Baluchistan, and Sindh & Punjab.  
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Cluster analysis based on discriminant analyses of principal components (DAPC) was 

assessed for K ranging from 2 to 10, whereas we considered K = 5 as the optimal value for the 

number of clusters based on the Bayesian Information Criteria (BIC). In KP all the five genetic 

groups with unassigned individual were present, while in Punjab, G1 and G4 genetic groups 

were predominant, whereas in Sindh G2 and G3 genetic groups were predominant. Samples from 

AJK were assigned in G1, G3 and G4 groups. In 2017, G4 became predominant in AJK, KP and 

Punjab, where it was not predominant during 2016. In Sindh, G2 prevailed during 2016, while 

G4 prevailed in 2017 population. 

 The lack of a host-specific structure of P. striiformis was confirmed by the MLGs 

distribution on specific host, and by the existence of more than one genetic group was resampled 

on the same host variety in case of varieties with substantial sampling. On the susceptible wheat 

variety Galaxy-13, 109 distinct MLGs were detected out of 170 samples. Similarly, the number 

of MLGs on other wheat varieties varied from 1 to 19 on other varieties. All the five genetic 

groups (5) were detected on Galaxy-13, while on other varieties the number of genetic groups 

varied from 1 to 4. To assess the distribution of various genetic groups on the same variety 

across different locations, Galaxy-13 was selected. Samples assigned to different genetic groups 

were re-sampled at the same location on the same variety “Galaxy-13”. The number of genetic 

groups ranged from 3 to 1 on the same variety. The maximum number of genetic groups were 

present on Galaxy-13 at Peshawar (3). The numbers of genetic groups varied from 1 to 2 at other 

locations. In Neighbor-joining (NJ) tree samples collected from Galaxy-13 were dispersed across 

the tree, suggesting lack of any host specific structure. 

Among the 487 MLGs detected across the whole country over the two years, 276 MLGs 

were detected in 2016 and 226 in 2017. Populations from the 2016 sampling year showed high 

genotypic diversity, while high gene diversity was observed in the population of 2017. High 

genotypic diversity was recorded in 2016 (0.976) than in 2017 (0.938). The evenness was also 

high in 2016 (0.31) as compared to 2017 population (0.21). No significant linkage disequilibrium 

was observed at both the years. Overall the genotypic diversity was high in 2016 in the overall 

population and over all the provinces than 2017 populations.  

Temporal analyses of the samples suggested high contribution of recombination to 

maintenance of diversity over time, across different locations in Pakistan. A total of 15 MLGs 
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were resampled over the two years. The divergence of samples spaced in time showed that the 

two populations were not much different from each other. Some of the samples from 2016 

overlapped with the population of 2017. In Neighbor-joining (NJ) tree, samples from both years 

were dispersed except one cluster having samples from 2016 only. Estimation of effective 

population size and rate of sexual reproduction further confirmed a very high (76-86%) rate of 

sexual reproduction with a small effective population size (less than 70). These results further 

confirmed the potential role of sexual reproduction in maintaining diversity over time in the 

Pakistani P. striiformis population. 

Analyses of the virulence structure confirmed a high diversity and variability of virulence 

over time and across provinces, with certain virulences to be more frequent (e.g., Vr6, Vr7 and 

Vr9) than others (e.g., Vr10 and Vr32). The results must have tremendous implications to varietal 

development and deployment in Pakistan. 

Considering various results of the study, wheat yellow rust remained the major and 

widespread disease across Pakistan along with the presence of leaf rust and powdery mildew. 

The population genetics analyses confirmed very high diversity across all Pakistan, potentially 

maintained through recombination. Distribution of MLGs and genetic groups across all locations 

confirmed the lack of any spatial structures in Pakistan, though certain locations (like in Sindh) 

one genetic group was more predominant than others. The role of host also confirmed lack of 

any host specific structure, and individuals from any genetic group/multilocus genotype could 

infect a variety if these carry the corresponding virulence. Our results have multiple implications 

to disease management and resistance gene deployment, which must be considered to keep the 

disease burden below the economic level, not only in Pakistan but worldwide through 

preemptive measures against invasive lineages from the zone of diversity in Pakistan.  
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VII. CONCLUSION AND RECOMMENDATIONS 
 

The present study revealed the presence of major wheat diseases (yellow, leaf and stem 

rusts and powdery mildew) across different locations of Pakistan. Yellow rust was identified as a 

major disease across the country, although leaf rust prevailed in most of the southern part and 

powdery mildew in northern part of the country. Natural epidemics of stem rust were absent 

across Pakistan during 2016 and 2017. Diseases occurrence and severity varied over two years. 

Yellow rust was more prevalent during 2016 while leaf rust and powdery mildew prevailed 

during 2017. Yellow rust was more prevalent in AJK, KP, Punjab and unexpectedly in Sindh 

during 2016. Climatic conditions were not favorable for yellow rust during 2017 because of dry 

and low rainfall conditions. Powdery mildew was more predominant in AJK, northern and 

central KP with few fields at Punjab. The response of host to yellow and leaf rust varied across 

different location. Some varieties like Galaxy-13 and Sehar were found susceptible across all 

locations surveyed. A total 18 wheat varieties were highly susceptible to yellow rust and 13 

varieties were found with high leaf rust disease over two years. Some varieties like Benazir, 

Insaf, Pukhtunkhwa, PS-15, Gold-16, Borlaug-16, Sindhu-16, Ujala-16, Johar-16, NARC-11 etc. 

exhibited better performance to yellow and leaf rust diseases both at framer fields and research 

stations, despite a high disease pressure present across the country. Powdery mildew prevailed in 

areas with cool climates.   

Galaxy-13 was the most widely deployed variety across Pakistan during 2016 and 2017. 

In KP, along with Galaxy-13, Shahkar and PS-05 were also deployed at many locations. In 

Punjab, widely deployed wheat varieties included Galaxy-13, Sahar and TD-1. Similarly, in 

Sindh, Kiran-95, Sahar and TD-1 were among the most widely deployed varieties. 

 Yellow rust was reported as major disease of wheat in Pakistan. Microsatellite 

genotyping of yellow rust samples collected across the country during 2016 and 2017 revealed 

high genotypic diversity and signatures of recombination at certain locations.  The Himalayan 

populations from AJK, Hazara and Malakand division had non-significant differences between 

observed and expected heterozygosity, suggesting the existence of recombination in these areas. 

In the rest of the areas the difference was significant, but still lower than the clonal populations 

worldwide. The genotypic diversity was high in AJK and KP, while diversity in Sindh was 

relatively low but still higher than the clonal populations of Europe and USA. At least five 
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different genetic lineages were identified in the Pakistani P. striiformis population. In KP all the 

five genetic groups along with unassigned individual, while in Punjab, G1 and G4 genetic groups 

were predominant and in Sindh G2 and G3 were predominant. Samples from AJK were assigned 

in G1, G3 and G4 groups. In 2017, G4 became predominant in AJK, KP and Punjab, where it 

was not predominant during 2016. In Sindh, G2 prevailed during 2016, while G4 prevailed in 

2017 population. No geographical or host specific population structure of P. strriformis was 

evident, confirmed by low FST values among various provinces. Wheat varieties response was 

variable across location. Galaxy-13 was infected by samples representative of all of the five 

genetic lineages. Moreover, at a given location, multiple genetic lineages were present on 

Galaxy-13, suggesting lack of any regional/host specific structure. Resampling of limited MLGs 

over time and a high sexual reproduction rate (76-86%) reflected a strong role of recombination 

in generation of diversity in Pakistan. These results have multiple implications to disease 

management and resistance gene deployment, which must be considered to keep the disease 

burden below the economic level, not only in Pakistan but worldwide through preemptive 

measures against invasive lineages from the zone of diversity in Pakistan. 

 Wheat yellow rust was more prevalent throughout Pakistan, while leaf rust was important 

in the central and southern Pakistan, which must be considered in the regional breeding 

programs.  

 Breeding programs for southern part of country should emphasize on leaf rust resistance 

along with yellow rust. In AJK and KP, breeding programs should emphasize on yellow 

rust and powdery mildew resistance. In Punjab, breeding program should include 

strategies for both leaf and yellow rust resistance.  

 High yellow rust and leaf rust prevalence was associated with susceptible varieties like 

Galaxy-13 and Sehar, thus cultivation of susceptible varieties should be immediately 

stopped and availability of new and resistant varieties to small farmers should be made.  

 The yellow rust pathogen is highly diverse and recombinant, endowing it a high potential 

of adaptation, thus breeding programmes should opt for more durable sources of 

resistance, than monogenic resistance varieties. 

 The pathogen population lacked any spatial population structure and potential for large 

scale spread thus monoculturing of the same variety over large area must be discouraged. 
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Wheat varieties with different genetic backgrounds should be deployed in specific 

locations. 

 The genetic lineage identified through DAPC should be further analyzed through genome 

analysis of pathogen. 

 High virulence diversity was observed with more prevalence of Vr6, Vr7 and Vr9 in the 

Pakistani P. striiformis population and should be replaced by resistance genes with less 

prevalence of corresponding virulence like Vr10 and Vr32. 

 Future studies on pathogen population must be complemented with virulence 

characterization on regular basis. 
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