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Abstract

Rice blast, caused by Magnaporthe oryzae, remains one of the most devastating biotic constraints
to rice production in Pakistan, particularly threatening premium Basmati cultivars in Punjab and
course/hybrid varieties in Sindh. Yield losses can range from 10-30% in endemic years to near-
total failure during epidemics, exacerbated by favorable environmental conditions such as high
relative humidity (>80%) and moderate temperatures (26—30°C) prevalent in upper Punjab. This
review synthesizes the epidemiology of blast in Pakistani agro-ecologies, pathogen population
dynamics, molecular mechanisms of infection, and the genetic architecture of resistance,
highlighting major Pi genes (Pi54/Pi-kh, Pib, Pi2/Pi9 locus, Pita) and quantitative resistance
sources (pi2l). Emphasis is placed on molecular breeding strategies including marker-assisted
backcross breeding (MABC), gene pyramiding of multiple broad-spectrum R genes, and emerging
CRISPR/Cas9-based editing of susceptibility genes (OsERF922, OsHDT701) to develop durable
resistance while preserving elite agronomic and grain quality traits of varieties like Super Basmati.
Recent advances include introgression efforts in Pakistani programs, development of multi-stress
tolerant lines (GM ALI-5, KM-52), and hybrid releases (PU786). Economic evaluations
underscore the high returns from resistant cultivars through reduced fungicide use, stabilized
yields, and enhanced export competitiveness. Challenges such as linkage drag, rapid pathogen
evolution, genetic erosion in Basmati, and climate-induced shifts in disease pressure are discussed,
alongside future directions involving GWAS, Al-assisted prediction, and nanotechnology for
sustainable blast management.
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1. Introduction

The global agricultural landscape is currently confronted with the dual challenge of a rapidly
burgeoning human population and the deleterious effects of climate change on crop productivity.
Rice (Oryza sativa L.) serves as the primary caloric source for more than 3.5 billion people,
particularly in low-income developing nations where it provides upwards of 500 calories per
person daily (Hosahatti et al., 2025). To ensure global food security, it is estimated that agricultural
production must increase by 70% globally and by 100% in developing countries by 2050 (Adhikari
et al., 2026). However, the availability of prime land for rice production is expected to decline
significantly, with projections suggesting a reduction of 18% to 51% in the tropics during the next
century due to global warming. In Pakistan, rice is the second most important staple food and a
critical export commodity, yet its production is perennially threatened by various biotic stresses,
most notably rice blast disease (Asibi et al., 2019).

Rice blast, caused by the filamentous ascomycete fungus Magnaporthe oryzae (synonym
Pyricularia oryzae), is often termed "rice cancer" due to its devastating impact on yield, which can
range from 10% to 30% in typical years and reach total crop failure (80% to 100%) during
epidemic outbreaks (Nalley et al., 2016). The disease is ubiquitous across the temperate and
tropical rice-growing ecosystems of Pakistan, specifically targeting the high-value Basmati tracts
of Punjab and the coarse rice-producing regions of Sindh (Ashkani et al., 2015). Given the
economic significance of rice to Pakistan's GDP and its role in international trade, developing
durable resistance through molecular breeding is not merely an academic pursuit but a national
security priority (Rice News Today, 2025).

Figure 1. A Comprehensive Framework for the Integrated Disease Management (IDM) of
Rice Blast (Magnaporthe oryzae) Involving Genetic, Chemical, and Cultural Strategies.

Integrated Disease Management of Rice Blast (Magnaporthe oryzae on Oryza sativa)

Molecular Breeding & Genetic Resistance Chemical Control Strategies
— . Single-Component
’ a. Ny M‘ g™
E I )@( i ] E ==
RNA > £} 100 i
BT L4111 T i STTITITITITITITS o N L] § M
-
Mulﬂ gam CRISPR-Cas9 Editing HIGS/SIGS Melanin Inhibitor Sterol Demethylase L Tricyclazole Untreated
Pyramldmg (OsSWEET11) (dsRNA silencing) ,  Blocks cell wall synthesis Inhibitor y
| ) T Disrupts membrane Compound Pesticides
t : e e e
e € = Treyclazole
= RNA-seq | ( Proteomics Gm — " O/V\/ "‘3 100 o
- Yeast Two-Hybrid — D:ta:m: o Resiomazole ] .
Functional ase Bronolilt Inhltmu 3

Genomuca Hub Knockout Mutants Disrupts membrar Untreated Compound

Posticides.

Climate-Adaptive Management Biocontrol & Plant Defenses

Microbe-Derived Plant-Derived
Pseudomonas Tnchodsrma i Bioactive extracts
Luteolin, Resveratrol

/

o
(X

Adjusted
Planting Density

Annblolncs

'»

Phenazmes

Staggered
sowing

s
§

Fungal growth

Integrated Hierarchy for Rice Blast Control

= r“” Y

Dri
& ..n)v\/

Irrigation Molecular (Chemical Control ] Climate-Adaptive Integrated Disease
Breeding & Bil )

_ Primary Secondary Tertiary (Iom)

Momil Iaclones Saku'ane« in

Volume: 4, No: 1 January- March, 2026



394

2. Epidemiology and disease prevalence in the Pakistani agro-ecological context

The manifestation of rice blast is highly dependent on the interaction between a susceptible host,
a virulent pathogen, and a conducive environment (Dawood et al., 2024). In Pakistan, the agro-
ecological zones of Punjab and Sindh provide distinct conditions that influence the timing and
severity of blast outbreaks. Punjab, characterized by a more humid and semi-arid climate during
the monsoon, remains a primary hotspot for both leaf and neck blast (Hajano et al., 2011).

2.1 Pathogen dynamics in the Punjab rice belt

Systematic field surveys conducted across the major rice-growing districts of Punjab including
Sialkot, Narowal, Gujranwala, Hafizabad, Faisalabad, and Bahawalnagar have highlighted
significant inter-annual and spatial variability in disease incidence (Younas et al., 2024). During
the 2019 and 2020 growing seasons, leaf blast incidence was recorded as high as 15.66% in Sialkot,
while neck blast incidence reached 18.16% in the same district (Sabar et al., 2024). The district of
Sialkot, specifically locations such as Chor Chowk and Gopalpur, consistently displays the highest
disease severity, with values reaching 37.40% in 2020 (Haydon, 2021). This elevated pressure is
attributed to the northern location of these districts, which receive higher rainfall and maintain

higher relative humidity compared to the central and southern regions of the province (Shafaullah
etal., 2011).

Table 1: Rice blast disease incidence and severity across major Punjab districts (2019-2020)

District Location Year | Leaf Blast | Neck Blast | Disease
Incidence (%) Incidence (%) Severity (%)
Sialkot Chor Chowk | 2020 | 15.66 18.16 37.40
Bahawalnagar | Khaira M. Ali | 2019 | 10.20 10.15 21.30
Sahiwal Wakilwala 2020 | 6.80 8.20 15.07
Faisalabad Samundri 2019 | 5.33 6.56 9.86
Road
Hafizabad Jalalpur 2017 | - - 71.25
Bhattian (incidence)

The epidemiological data suggests that while southern Punjab districts like Bahawalnagar are
affected, the "Kallar Tract" in upper Punjab remains the epicenter of the disease, partly due to the
widespread cultivation of susceptible Basmati varieties (Saeed et al., 2020). In Jalalpur Bhattian
(Hafizabad), an incidence of 71.25% was observed, emphasizing that localized epidemics can
severely disrupt the supply chain of premium aromatic rice (Arshad, 2020).

2.2 Environmental constraints in the Sindh province

In contrast to the humid conditions of Punjab, the rice-growing areas of Sindh face different
challenges. The region is predominantly dedicated to coarse rice varieties like IRRI-6 and IRRI-9,
along with a growing share of hybrid rice (Ministry of National Food Security & Research, 2020).
Environmental stressors in Sindh often include high temperatures and water scarcity, which impact
grain quality by causing cracks and high breakage percentages. While blast incidence is
traditionally lower in the arid climate of Sindh than in the humid northern tracts, the introduction
of non-adapted hybrids and changing rainfall patterns have increased the risk of outbreaks
(Masroor et al., 2022). The salinity-prone areas of Sindh also interact with pathogen pressure,
requiring varieties that possess multi-stress tolerance (Pakistan Agricultural Research Council,
2023).

The environmental factors conducive to blast in Pakistan include a maximum temperature range
0f 26.75 to 29.50 degrees Celsius and a minimum range of 16.50 to 19.25 degrees Celsius (Raj et
al., 2024). Relative humidity (RH) is the most critical driver, with a strong positive correlation
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between high RH (80.50% to 94%) and disease severity (Raj et al., 2024). Rainfall also shows a
significant positive correlation (r = 0.88 to 0.93) with disease incidence, as it facilitates the release
and dispersal of conidia (Ji et al., 2024). Conversely, temperatures exceeding 35 to 40 degrees
Celsius generally inhibit the development of the pathogen, explaining why Sindh typically
experiences lower blast pressure than the cooler, more humid tracts of Punjab (Havis et al., 2023).

3. The etiology and molecular pathogenesis of Magnaporthe oryzae

The causal agent of rice blast, Magnaporthe oryzae, is a highly adaptable ascomycete fungus that
infects over 50 species within the Poaceae family, including economically vital crops like wheat,
barley, and millet (Islam et al., 2022). The pathogen's genome is characterized by a high degree of
plasticity, harboring numerous transposable elements and repetitive sequences that drive rapid
evolution and the emergence of new virulent races (Valent, 2021).

3.1 The infection cycle and mechanical penetration

The pathogenesis of M. oryzae begins when a three-celled conidium attaches to the rice leaf
surface. Upon germination, the fungus develops a specialized structure called an appressorium.
This dome-shaped cell accumulates high concentrations of glycerol, generating an internal
hydrostatic turgor pressure estimated to be as high as 8.0 MPa (Verma et al., 2025). This
mechanical force, combined with the secretion of cell wall-degrading enzymes, allows the fungal
penetration peg to rupture the host cuticle and cell wall (Dawood et al., 2024).

Once inside the host, the fungus follows a hemibiotrophic lifestyle. During the initial biotrophic
phase, the pathogen establishes a sophisticated interface with the host plasma membrane, secreting
effector proteins to suppress the plant's immune response (Gupta et al., 2021). As the infection
progresses, the fungus transitions to a necrotrophic phase, causing extensive tissue damage and
producing the characteristic spindle-shaped lesions with grey centers and brown margins (Thaker,
2022). These lesions serve as platforms for the production of thousands of new conidia, which are
then disseminated by wind or rain to initiate new infection cycles (Cruz-Mireles et al., 2021).

Figure 2. The Infection Cycle and Pathogenesis of Magnaporthe oryzae: From Conidial
Attachment to Lesion Formation on Oryza sativa.
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3.2 Population structure and pathotype diversity in Pakistan

The genetic diversity of M. oryzae in Pakistan has remained relatively under-researched compared
to other regions, though recent efforts have begun to characterize local isolates (Maithani et al.,
2023). Globally, M. oryzae populations associated with rice are largely clonal and often exhibit a
predominance of a single mating type, such as MAT1-1, which limits the potential for sexual
recombination in the field (Bapat et al., 2020). In Pakistan, molecular characterization of gene
regions including ITS, actin, beta-tubulin, and calmodulin has confirmed the identity of local
isolates as M. oryzae with over 99% homology to international type specimens (Hajano et al.,
2011).

Table 2: Prevalent Magnaporthe oryzae pathotypes and their virulence profiles

Pathotype Geographic Origin Virulence Profile Reference
Group
IC-17 Kashmir Valley/Punjab | Predominant; virulence on | (Khadka et al.,
Kanto-51 2025)
ID-1 Kashmir Valley/Punjab | Overcomes Pia, Pik, Pika | (Khadka et al.,
genes 2025)
II-1 Kashmir Valley/Punjab | Incompatible =~ with  major | (Khadka et al.,
differentials 2025)
IC-25 Kashmir Valley/Punjab | Overcomes Piks and Pik genes | (Khadka et al.,
2025)
P7.2 Malaysia (Tanweer | Target for Pib + Pi-kh | (Tanweer et al.,
focus) pyramiding 2015)

The prevalence of multiple races highlights the challenge facing Pakistani breeders. For instance,
race ID-1 is particularly dangerous as it can overcome several resistance genes simultaneously,
including Pia and Pik (Ahmed et al., 2020). The rapid turnover of pathotypes often leads to the
breakdown of resistance in newly released cultivars within 3 to 5 years, necessitating a transition
from single-gene resistance to more complex, multi-genic strategies (Zampieri et al., 2023).

4. Genetic architecture of resistance in rice germplasm

Developing resistant cultivars requires the identification of diverse resistance (R) genes and an
understanding of their interaction with pathogen avirulence (Avr) genes. To date, more than 100
major Pi genes have been identified, with approximately 39 having been cloned and characterized
(Danso Ofori et al., 2025).

4.1 Major Pi genes and their distribution

The majority of known blast resistance genes exhibit qualitative resistance and are distributed
across all 12 rice chromosomes, though they often appear in clusters on chromosomes 6, 11, and
12. The Pi2/Pi9 locus on chromosome 6 is of particular significance, as it contains several broad-
spectrum R genes, including Pi2, P19, Piz-t, Piz, Pigm, and Pi50 (Tanweer et al., 2015). Allele
mining at this locus has identified numerous novel variants, such as the 13 novel Pi9 alleles
identified in Chinese germplasm, which could serve as valuable genetic resources for Pakistani
breeding programs (Xiao et al., 2017).

In Pakistani varieties, the distribution of Pi genes appears limited. Molecular screening has
confirmed the presence of the Pia gene in cultivars like Basmati-385 and JP-5. This was achieved
using the sequence-tagged site (STS) marker Yac72, which amplifies a 905 bp fragment that is
further restricted by the Hinf-1 enzyme into 635 bp and 270 bp fragments (Zeb et al., 2017).
Despite the presence of Pia, many of these varieties remain susceptible to modern virulent races,

Volume: 4, No: 1 January- March, 2026



397

suggesting that Pia alone is no longer sufficient for durable protection in the field (Sahu et al.,
2022).

4.2 Sources of durable and broad-spectrum resistance

Durable resistance is often sourced from traditional landraces or wild relatives that have co-
evolved with the pathogen. The variety Tetep, for instance, is the source of the Pi54 gene (formerly
Pi-kh), which confers broad-spectrum resistance by employing a unique zinc finger domain along
with the standard LRR domain (Bradshaw, 2021). Other important donors include Pongsu Seribu
2 (source of Pib and Pi-kh), Gumei 4 (source of Pigm), and wild rice species like Oryza minuta,
which has provided novel resistance alleles currently being introgressed into popular varieties
(Netpakdee et al., 2022).

Table 3: Characteristics and status of key blast resistance genes and donors

Gene Mechanism Origin/Donor Status in Breeding
Pi54 (Pi- | Zinc finger + LRR Tetep (Indica) Widely used in Asia (Thakur et al.,
kh) 2015)
Pib NBS-LRR Tohuku 11 | Targeted for Punjab/Sindh (Tanweer et
(Indica) al., 2015)
Pita NBS-LRR Yashiro-mochi Effective in Basmati (Bukhari, 2025)
(cytoplasmic)
Pil NBS-LRR (Pik | BL122 (Indica) Used for pyramiding (Zampieri et al.,
allele) 2023)
pi2l Proline-rich protein | Sensho Quantitative/Durable (Angeles et al.,
(Japonica) 2020)

The pi21 gene is an example of a quantitative resistance gene that provides partial but long-lasting
resistance. Unlike the race-specific immunity conferred by NBS-LRR genes, pi2l slows the
growth of the pathogen, making it harder for the fungus to evolve and overcome the plant's
defenses (Saharan et al., 2022).

5. Molecular breeding methodologies for Punjab and Sindh

Traditional breeding methods, such as pedigree and backcross selection, are often too slow to keep
pace with the rapidly mutating M. oryzae population. Molecular breeding, specifically marker-
assisted selection (MAS) and marker-assisted backcross breeding (MABB), offers a more precise
and efficient alternative (Sabar et al., 2024).

5.1 Marker-Assisted Backcross Breeding (MABC)
MABC is the primary strategy used to improve elite rice cultivars without losing their essential
agronomic and quality traits. This is particularly crucial for Basmati rice, where specific grain
length, aroma, and cooking quality must be maintained (Saeed et al., 2022). The MABC process
typically involves three selection phases:
1. Foreground Selection: Using molecular markers closely linked to the target Pi genes to
identify plants that carry the resistance alleles from the donor parent (Ellur et al., 2025).
2. Recombinant Selection: Using markers flanking the target gene to identify individuals
where the donor segment is as small as possible, thereby minimizing linkage drag of
undesirable traits (Hoffmann et al., 2021).
3. Background Selection: Using genome-wide markers (e.g., SSRs or SNPs) to select
individuals that have recovered the maximum percentage of the recurrent parent's genome
(More et al., 2022).
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In a representative study involving Tanweer and colleagues (with affiliations to Sindh Agriculture
University), MABC was used to introgress Pib and Pi-kh into the popular elite variety MR219
(Schafleitner, 2020). By employing foreground selection for the target alleles and background
selection with SSR markers across all 12 chromosomes, the researchers identified homozygous
plants with over 95% recovery of the recurrent parent genome in just a few backcross generations
(Chukwu et al., 2020). These lines demonstrated robust resistance to pathotype P7.2 while
remaining morphologically and qualitatively identical to the original variety (Biswas et al., 2023).

5.2 Gene Pyramiding Strategies

Gene pyramiding the accumulation of multiple resistance genes into a single genotype is essential
for creating durable resistance that can withstand a broad spectrum of pathotypes. Pyramiding
multiple major genes (Pi) and quantitative trait loci (QTLs) is currently the gold standard in rice
breeding (Zampieri et al., 2023).

For example, the combination of Pi9 + Pita has been successfully pyramided into the genetic
background of Pusa Basmati 1, resulting in lines that are superior in disease resistance while
maintaining traditional Basmati quality (Singh et al., 2023). Similarly, Pakistani researchers have
worked on pyramiding four bacterial blight resistance genes (Xa4, xa5, xal3, and Xa21) into
Basmati-385, showing that lines with three or four genes have significantly higher resistance than
those with only one or two (Haque et al., 2021). Extending this logic to rice blast, the integration
of genes like Pi2, Pi54, and Piz-5 into the Pakistani "Super Basmati" background is a high-priority
goal (Sagar et al., 2020).

5.3 Genome Editing and CRISPR/Cas9

The advent of CRISPR/Cas9 has revolutionized rice breeding by allowing for direct, sequence-
specific modification of the genome. In Pakistan, this technology has been applied to Super
Basmati rice to target susceptibility (S) genes (Ahmad, 2024). While R-gene-mediated resistance
is often race-specific, altering S-genes can provide broad and durable resistance by removing the
host factors that the pathogen requires to cause disease (Jalil et al., 2016). Furthermore, the
application of precision agriculture tools and CRISPR in horticultural and cereal crops is paving
the way for more sustainable cultivation in the region (Sampath et al., 2023).

Key CRISPR targets for blast resistance include:

e OsERF922: Knocking out this transcription factor gene has been shown to significantly
reduce blast lesion formation at both the seedling and tillering stages without negatively
impacting agronomic traits like plant height or grain weight (Wang et al., 2016).

e OsHDT?701: This histone deacetylase gene acts as a negative regulator of plant immunity;
its targeted modification enhances the basal defense response against M. oryzae (Xu et al.,
2022).

e OsSWEET14: While primarily associated with bacterial blight, editing the effector-
binding elements (EBEs) in its promoter has provided a template for sustainable disease
management in Pakistani elite lines (Lin et al., 2021).

The precision of genome editing, combined with evolving metabolic engineering strategies, aims
to create varieties that are both resilient and nutritionally superior (Doggalli et al., 2024). By using
Agrobacterium-mediated transformation to introduce the CRISPR/Cas9 cassette, Pakistani
researchers have generated bi-allelic and homozygous mutants in the Super Basmati background,
achieving a level of precision that was previously unattainable with conventional or MAS-based
breeding alone (Kumar et al., 2021).
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6. Agro-morphological and Economic Evaluation of Improved Cultivars

The ultimate test of a molecular breeding program is the performance of the developed lines in the
field and their adoption by farmers. Improved varieties must not only resist disease but also exceed
or match the yield and quality of current commercial favorites (Deng et al., 2020).

6.1 Performance of recent releases (2020-2025)

In Pakistan, the Variety Evaluation Committee (VEC) of the Pakistan Agricultural Research
Council (PARC) plays a crucial role in vetting and recommending new rice varieties (Khan et al.,
2024). Several next-generation varieties developed by the National Institute for Genomics and
Advanced Biotechnology (NIGAB) have recently been introduced, focusing on high-throughput
sequencing and "Breeding by Design" (BbD) methodologies (Naecem et al., 2022).

Table 4: Agro-morphological traits of recently released rice varieties (2020-2025)

Variety Developer Yield Potential | Maturity | Key Traits
(Maunds/acre) (Days)
GM ALI-5 | NIGAB 115 100-105 BB Res; BPH Res; Heat/Salt
(NARC) Tol (PARC, 2023)
KM-52 NIGAB 125 85-90 BB Res; Short duration; Long
(NARC) grain (PARC, 2023)
Naeem- ARI High Short Cross with Koshihikari; High
2023 Mingora duration quality (Ahmad, 2024)
Aleem- ARI High Short Adapted for Malakand/Punjab
2023 Mingora duration high lands (Ahmad, 2024)
Lawangai- | ARI High Short Aromatic coarse rice for hilly
2 Mingora duration areas (Ahmad, 2024)
PU786 PU & | Very High - Hybrid; Bacterial Res;
Wuhan Univ Heat/Insect Res (Business
Recorder, 2023)

These varieties represent a significant shift toward multi-stress resilience. For instance, KM-52
offers a yield potential of up to 125 maunds per acre, which is nearly double that of conventional
varieties (40-50 maunds per acre) (Romero et al., 2021). These lines are developed with favorable
allelic combinations for resistance against bacterial blight, stem borers, and abiotic stresses like
drought and heat, which are particularly relevant for the Sindh agro-ecology (Pakistan Agricultural
Research Council, 2023).

6.2 Economic Impact on the Rice Sector

Rice blast directly decreases yields and indirectly increases production costs through the need for
chemical fungicides, which can cost upwards of 70 US dollars per hectare per application (Sella
et al., 2020). In the US, the gain from eliminating blast is estimated at 69.34 million dollars
annually; for a rice-dependent economy like Pakistan's, the impact of blast-resistant cultivars is
even more profound (Nalley et al., 2016).
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Table 5: Economic parameters for rice production in Punjab and Sindh (2020-2025)
Parameter Basmati Paddy | IRRI Paddy (Sindh) Source
(Punjab)
Market Price (2019- | Rs. 1,974 - 2,475 /| Rs. 1,105 - 1,400 /40 kg | (MNSFR, 2020)
20) 40 kg

Cost of Production | Rs. 1,746 / 40 kg Rs. 982 /40 kg (MNSFR, 2020)
(2020-21)

Export Value | 1,100 - 1,230 US | 2.522 billion dollars (non- | (Rice News Today,
(FY2024-25) dollars / ton Basmati total) 2025)
Productivity ~Growth | 2.7% per annum - (MNSFR, 2020)
(Decade)

Breeding for resistance, often called "maintenance breeding," does not necessarily raise the yield
potential of a variety but it significantly raises the "yield floor" by reducing variability in
unfavorable years (Szulczyk, 2022). For the Pakistani farmer, this stability is crucial. In India, the
adoption of MAS-derived Basmati varieties has saved farmers between 95 and 134 US dollars per
hectare by reducing the reliance on pesticides, a model that Pakistan is aiming to replicate (Saeed
et al., 2020).

The 2024-2025 flood season provided a real-world test of the resilience of Pakistani rice
production. While rumors of 60% crop loss circulated, the actual damage was localized to
approximately 10.1% of Punjab's rice area, with Basmati fields showing higher resilience (only 5-
6% damage) (Rice News Today, 2025). The introduction of varieties that are not only blast-
resistant but also submergence-tolerant (carrying the Subl gene) is the next logical step to
safeguard the sector against such climate-driven disasters (Tanweer et al., 2016).

7. Challenges and Future Perspectives in Molecular Breeding
Despite the significant progress in marker technology and variety release, the path forward for
Sindh and Punjab rice breeding is marked by several complex challenges (Netpakdee et al., 2022).

Figure 3. Evolution of Control Measures: From Conventional Breeding to Transgenic and
Future Nanotechnological Interventions for Rice Blast.
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7.1 Overcoming Linkage Drag and Genetic Erosion

One of the primary impediments to using traditional breeding or even simple MAS is "linkage
drag," where undesirable traits from the donor parent (such as poor grain quality or late maturity)
are transferred along with the resistance gene. This is particularly risky when using wild rice
relatives or undated landraces as donors (More et al., 2022). To address this, high-resolution
mapping and recombinant selection using markers very close to the gene (within 0.1 cM) are
required to pinpoint the exact resistance locus (Zampieri et al., 2023).

Furthermore, the narrow genetic base of Basmati rice where five out of seven major varieties in
Pakistan share a single parent cultivar, Basmati 370 makes the crop highly vulnerable to "genetic
erosion" and widespread disease outbreaks (Zeb et al., 2017). Reintroducing genetic diversity
through MAGIC populations and the systematic introgression of Pi genes from diverse global
sources is essential to broaden the immune repertoire of Pakistani rice (Netpakdee et al., 2022).

7.2 Adapting to a Changing Climate

Climate change is not only increasing the frequency of abiotic stresses like heat and floods but is
also altering the distribution and virulence of the blast pathogen (Hoffmann et al., 2021). Warm
and humid subtropical regions, such as upper Punjab, are seeing increased risks of blast epidemics
as rainfall patterns shift. In Sindh, the interaction between salinity and disease necessitates a more
holistic breeding approach (Pakistan Agricultural Research Council, 2023).

Future breeding strategies must increasingly rely on:

e Genome-Wide Association Studies (GWAS): To identify minor-effect QTLs that
contribute to "field resistance" or partial resistance, which is often more durable than
major-gene immunity (Gupta et al., 2021).

e Al and Machine Learning: To predict disease outbreaks based on real-time
meteorological data and to model the interactions between multiple resistance genes to
optimize pyramiding efforts (Xu et al., 2022).

Nanotechnology: For the development of targeted fungicide delivery systems and innovative
diagnostic tools that can detect the presence of the pathogen before visual symptoms appear (Sahu
et al., 2022).

7.3 Sustaining the Export Momentum

Pakistan’s Basmati exports remain a critical pillar of its economy, with 1121 Basmati and Super
Basmati gaining momentum in markets like China and Iran. To maintain this position, the country
must ensure that its rice is "pesticide residue-free," a requirement that can only be met by shifting
from chemical control to genetic resistance (Ji et al., 2024). The development of molecular-bred
varieties that require zero or minimal pesticide application is therefore a direct contribution to the
international competitiveness of Pakistan’s agricultural exports (Sabar et al., 2024).

The successful development of hybrid rice, such as the PU786 registered in 2025, marks a
milestone in Chinese-Pakistani scientific cooperation. These hybrids, which combine high yield
with resistance to heat and insects, provide a blueprint for future varieties that are specifically
adapted to the harsh conditions of southern Punjab and Sindh (Business Recorder, 2023).

8. Conclusions

Rice blast continues to pose a severe threat to Pakistan’s rice sector, particularly in the high-value
Basmati tracts of Punjab and the coarse rice zones of Sindh, where environmental conditions,
pathogen race diversity, and cultivation of susceptible varieties drive recurrent epidemics and
substantial economic losses. The integration of molecular breeding tools marker-assisted
backcrossing, strategic gene pyramiding of broad-spectrum Pi genes (such as Pi54, Pib, Pi2/Pi9),
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and precision genome editing via CRISPR/Cas9 targeting susceptibility factors offers a powerful
pathway to develop durable, race-non-specific resistance without compromising the grain quality,
aroma, and market-preferred traits essential for Basmati and hybrid varieties. Recent progress in
Pakistani breeding programs, including the release of high-yielding, multi-stress tolerant lines and
hybrids, demonstrates the feasibility of accelerating genetic improvement to outpace pathogen
evolution. However, sustained success requires addressing persistent challenges: minimizing
linkage drag through high-resolution recombinant selection, broadening the narrow genetic base
of elite cultivars via diverse donors and MAGIC populations, and incorporating field-durable
quantitative resistance alongside major R genes. Climate change further complicates the landscape
by altering pathogen distribution and epidemic risk, necessitating holistic approaches that combine
biotic resistance with abiotic stress tolerance ( submergence, heat, salinity). Ultimately,
transitioning from chemical-dependent control to genetics-based, low-input resistance represents
not only an effective disease management strategy but also a critical step toward sustainable rice
production, reduced pesticide reliance, enhanced farmer income stability, and strengthened export
competitiveness in global markets. With continued investment in advanced genomics,
collaborative breeding efforts, robust pathogen surveillance, and farmer participatory variety
testing, Pakistan can significantly mitigate the impact of rice blast and secure long-term food and
economic security in its key rice-growing regions.
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