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ABSTRACT
Sorghum (Sorghum bicolor L. Moench) is an essential cereal crop in semi-arid regions, yet its yield is severely affected by insect pests, particularly shoot fly (Atherigona soccata) and stem borer (Chilo partellus). Host plant resistance offers an effective and environmentally sustainable approach for pest management. Resistance in sorghum is governed by a combination of morphological traits such as leaf glossiness, trichome density, seedling vigor, and leaf sheath pigmentation and biochemical components including tannins, phenols, silica etc. Molecular studies have further identified quantitative trait loci (QTLs) linked to these resistance traits, facilitating marker-assisted selection and gene pyramiding for durable pest resistance. Reliable field screening methods, notably the interlard fishmeal technique, enable controlled and uniform pest pressure, ensuring accurate evaluation of genotypes. This review integrates findings from morphological, biochemical, and molecular studies alongside practical screening methods, providing a comprehensive framework for breeding sorghum varieties with enhanced resistance to shoot fly and stem borer. The synthesis highlights the potential of combining classical breeding, molecular tools, and targeted screening to improve sorghum productivity and resilience under pest pressure.
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Introduction
Sorghum (Sorghum bicolor L.) Moench; 2n = 20), belonging to the family Poaceae, is believed to have originated in North-Eastern Africa, particularly Ethiopia and Sudan, from where it spread to India, China, and other Asian regions through ancient trade and migration. It is recognized for its extraordinary adaptability to drought, heat, and poor soil fertility, making it a cornerstone crop in the semi-arid tropics for food and livelihood security. Nutritionally, sorghum grain contains about 20 % protein and is rich in iron and zinc, providing potential to combat micronutrient deficiencies in Sub-Saharan Africa and South Asia (Gates Ag, 2023).Its starch mainly composed of amylopectin and amylose, and the proportion between them influences its rheological properties and digestibility, with low starch digestibility attributed to strong associations between starch, proteins, and tannins (Shegro et al., 2012; Sang et al., 2008; Singh et al., 2010; Cardoso et al., 2015). Globally, sorghum plays a dual role as both staple food and feed/biofuel resource, aligning with sustainable agricultural and nutritional goals.	Comment by DELL: Please et al., italicize in the whole paper

In India, sorghum popularly known as jowar holds cultural, nutritional, and economic significance, particularly in the semi-arid regions of Maharashtra, Telangana, and Karnataka. India contributes nearly 10 % of global sorghum production, with an estimated 6 million metric tons for the 2024–2025 season (USDA-FAS, 2024). However, grain yields on smallholder farms remain low (500–800 kg ha⁻¹) primarily due to biotic stresses, particularly the damage caused by more than 150 insect pest species that attack sorghum from seedling to maturity (Singh et al., 2011; Guo et al., 2011). In India, insect infestations are responsible for approximately 35% crop losses, estimated at about $580 million annually (Reddy and Zehr, 2004; Chavula, 2020).
Among the numerous insect pests infesting sorghum, the shoot fly (Atherigona soccata Rondani) and the spotted stem borer (Chilo partellusSwinhoe) are the most destructive, causing severe damage from seedling to maturity. Grain yield losses up to 75.6% from shoot fly and 24.3–36.3% from stem borer have been reported (Yogeswari et al., 2017; Sharma et al., 2020). The shoot fly is a key pest in India due to the widespread use of susceptible hybrids, continuous cropping, ratooning, and reduced genetic variability (Jatin et al., 2020), and it is also a major pest in Thailand (Chawana pong and Meksongsee, 1984)
The shootfly (Atherigona soccata Rondani) and spotted stem borer (Chilo partellus Swinhoe) are the most destructive insect pests of sorghum, together causing substantial yield losses. Shoot fly damage can reach 65–75%, and occasionally up to 90% in late-sown crops, with annual losses estimated at 5.25 lakh tonnes valued at ₹5 crore (Singh et al., 2017; Srivastava, 1984; Bhalikai and Bhagwat, 2010; Okosun et al., 2021). Stem borer infestations alone cause yield reductions ranging from 11–49% in West Africa, 15–88% in East Africa, and 50–60% in Southern Africa, with annual insect-related losses across Africa and Asia estimated at about $1.1 billion (Nwanze et al., 1995, Overholt, 2001). Infestations peak during the post-rainy season and are aggravated by delayed sowing and erratic rainfall, while extreme temperatures or prolonged wet and dry spells suppress pest survival (Riyazuddin et al., 2015). The shoot fly also persists during the off-season on alternate hosts such as Echinochloa  colona, Pennisetum glaucum, and maize (Lubadde, 2019; Singh et al., 2017). Shoot fly resistance in sorghum is a complex, polygenic trait governed by multiple component traits such as seedling vigor, leaf glossiness, trichome density, and oviposition deterrence (Gorthy et al., 2023, Arora et al 2025). The major resistance mechanisms include oviposition non-preference (antixenosis), antibiosis, and tolerance (Sharma and Nwanze, 1997; Kumar et al., 2008, Dhillon et al., 2005, 2006a). Although conventional breeding has achieved some progress, genetic improvement remains slow due to the quantitative nature of resistance and strong environmental interactions (Folane et al., 2014). Recent decades have witnessed notable advances through molecular breeding, QTL mapping, and marker-assisted selection, which offer new opportunities for improving insect resistance efficiently. 
Mechanism of Damage by Shoot Fly and Stem Borer
· Shoot Fly (AtherigonasoccataRondani)
The sorghum shoot fly (AtherigonasoccataRondani) is a major early-season pest, with damage beginning 7–10 days after seedling emergence and typically occurring within 1–4 weeks (7–25 DAE) (Arora et al., 2021, 2025; Singh et al., 2017; Nwanze et al., 1996). Under humid conditions, females lay elongated, cigar-shaped eggs singly on the abaxial leaf surface, parallel to the midrib (Riyazuddin et al., 2015, 2016). After hatching, larvae migrate down the leaf into the whorl and feed on the growing point, cutting the meristem and causing the characteristic drying of the central leaf, known as a deadheart (Maiti and Bidinger, 1979; Gomashe et al., 2010). After 1–2 days of hatching, the maggots enter the seedling base through the whorl and cut the growing point using the cephalopharyngeal skeleton present on the dorsal side of the larval body, feeding on decaying tissue and completing four to five instars within 8–10 days (Singh et al. 2017; Arora 2025; Battacharjya 2024). Pupation occurs inside the stem, and adults emerge in 7–10 days through the larval entry holes (Teetes et al. 1983). The total life cycle of sorghum shoot fly spans approximately 21.02 ± 2.20 days in kharif and 26.36 ± 2.48 days in rabi—extended in cooler temperatures—with adult flies most active during morning and evening hours (Keerthi et al. 2018; Kumar et al. 2024). Sowing time has a significant impact on shoot fly incidence, with early sowing (before 15 September) and especially delayed sowing resulting in severe infestations—often reaching 90-100%—and increased vulnerability in late rainy-season or early post-rainy-season crops (Chikkanaragund et al. 2018; Satish et al. 2009; Sanjana et al. 2017). Several management practices—such as early sowing, higher seed rate, thinning, destruction of deadhearts, and seed or soil insecticide treatments—have been tested for shoot fly control, but cultural methods remain most feasible as they incur no extra cost and preserve natural enemies (Singh et al., 2017; Sharma, 1985). Since chemical control is often uneconomical for smallholder farmers, host plant resistance is regarded as the most practical and sustainable solution for reducing shoot fly losses improve sorghum production and productivity (Raina, 1984; Sharma et al., 1992, Patil et al., 2016)
· Stem Borer (Chilo partellus Swinhoe)
From two weeks after germination until harvest, sorghum is infested by the spotted stem borer (Chilo partellus), whose nocturnal adults lay 200–600 eggs on dry basal leaves. The larvae that hatch move to the whorl, damage the leaves with pinholes, and then bore into the stem to produce dead hearts and extensive tunnelling (Kumar et al., 2006; Chapman & Woodhead, 1984; Harris, 1984; Taneja & Leuschner, 1985). Infestations start about three weeks after germination and last until maturity. Larval development is finished in two to four weeks, pupation takes place inside the stem, and adults emerge after five to twelve days (Harris, 1984; Haile & Hofsvang, 2001). Damage peaks 6–8 weeks after emergence, and the 36th–37th standard weeks are when the most eggs are laid (Rensberg & van den Berg, 1991; Divya et al., 2009; Muturi et al., 2012).Stem borer injury often resembles fall armyworm damage, as larvae first attack the whorl and then bore into the stem, passing through 6–9 instars in 30–45 days before pupating inside the tunnel for 10–20 days; the full life cycle lasts around two months, allowing up to four generations annually (Hayilu, 2024).
Stem borer damage in sorghum is characterized by leaf scraping, deadhearts around 40 DAS, pinhole injury at 50 DAS, peduncle damage at panicle emergence, and extensive stem tunneling at harvest. The tunneling weakens plants, causes lodging, increases susceptibility to Fusarium stalk rot, and may even kill plants, after which larvae migrate to new hosts. (Marula siddesha et al., 2007; Sylvian et al., 2015).Early attacks destroy the growing point, reducing vigor, photosynthetic efficiency, and yield, while older larvae bore deeper into the stem, disrupting nutrient flow and resulting in chaffy panicles and poor fodder quality.; Sharma et al 2003, Hussain et al., 2014). The level of stem borer infestation and yield loss varies depending on environmental conditions and plant vigor. Vigorous plants with good nutrient availability generally tolerate damage better, whereas water or nutrient stress increases susceptibility to infestation.
Understanding the biology and mechanism of damage caused by shoot fly and stem borer is essential for devising effective management strategies. Given the complexity of these pests and their adaptability across diverse agro-ecological zones, integrated approaches are required to mitigate losses. Several strategies have been developed over time, ranging from cultural and biological control to host plant resistance and molecular breeding. Each mechanism offers unique advantages and challenges, contributing collectively toward sustainable sorghum protection and yield improvement.
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Agronomic and Cultural Practices
Agronomic practices and host plant resistance help reduce sorghum yield losses, but sowing time often depends on monsoon onset in rainfed regions (Shyam Prasad et al., 2015). Early sowing (before 15 September) favours shoot fly buildup, whereas late sowing (after 15 October) leads to poor grain quality and higher charcoal rot due to moisture stress, and these effects follow the seasonal fluctuation of shoot fly populations, which remain low from April to June, peak in August, and decline thereafter, with temperature extremes and continuous rainfall suppressing their abundance (Chikkanaragund et al., 2018; Singh et al., 2017; Taneja et al., 1986). Early sowing can also help asynchronise the susceptible crop stage with the pest’s active period (Panda et al., 2025). Beyond sowing time, integrated pest management practices—including proper planting schedules, judicious chemical use, and cultivar choice—support pest suppression (Sharma, 1985; Obonyo et al., 2008). Weather–pest correlations show that maximum temperature has a positive association with egg counts, delayed sowing increases infestation, humidity favours oviposition, and rainfall negatively impacts egg survival (Gangaraju et al., 2025;Madhusudhan, 2014; Padmaja et al., 2005)
Cultural and chemical management practices play a vital role in reducing pest pressure in sorghum, where early sowing, a higher seed rate (10 kg ha⁻¹), and removal of dead-heart seedlings at 28 DAE effectively suppress shoot fly infestation and enhance yields. When combined with soil application of carbofuran 3G @ 25 kg ha⁻¹, seed treatment with chlorpyriphos 20 EC, and cypermethrin spray at 25 DAE, these practices provide strong control of major pests including A. soccata, C. partellus, R. maidis, and P. maidis (Lalita et al., 2020; Karabhantanal et al., 2023). Intercropping sorghum with leguminous crops such as cowpea (Vigna unguiculata) or lablab beans (Lablab purpureus) also helps reduce the incidence of major insect pests, as diversified cropping systems discourage pest buildup and enhance crop health and yield stability compared to mono cropped sorghum.
Stem borer infestation levels are also strongly influenced by agronomic and environmental conditions. The severity and persistence of Chilo  partellus depend on rainfall, soil fertility, and plant vigor. Drought stress and poor nutrient status exacerbate borer damage, while adequate soil moisture and nutrient availability improve plant growth and reduce yield loss (Sharma et al., 2005). Sudangrass and other volunteer cereal crops act as important carryover hosts for Chilo partellus, sustaining populations between seasons. Hence, the removal and destruction of crop residues, stubble, wild sorghums, and alternate hosts are critical to prevent pest carryover (Seshu Reddy, 1984).
· Host Plant Resistance
Host plant resistance offers a sustainable strategy for managing shoot fly and stem borer in sorghum, with resistance largely quantitative and governed by both additive and non-additive gene effects. Additive gene action predominantly influences leaf feeding score and deadheart incidence, explaining up to 65.3% of variation and making these traits reliable selection criteria, while traits such as number of nodes, panicle initiation, recovery resistance, stalk length, glossiness, seedling vigour, and deadhearts at 28 DAE also show significant non-additive or combined effects (Sharma et al., 2007; Vikal et al., 2020; Aruna et al., 2009). Correlation, regression, and path analysis further indicate that high glossiness, strong seedling vigour, taller seedlings, and narrow, erect leaves confer resistance (Kamatar et al., 2003).
· Physical and Trap-Based Control
Physical control methods such as trap-based monitoring have been highly effective against shoot fly. Fishmeal-based traps have been reported to capture 80–97% of female shoot flies, while combinations such as fishmeal + yeast + ammonium sulphide achieved up to 85% adult catch efficiency. Hanging traps recorded daily catches of up to 342 adults, and simple fishmeal traps captured 50–80% of adults (Lalita et al., 2020). These traps provide valuable information on pest population dynamics and reduce egg-laying pressure on seedlings.
· Biological, Botanical and Chemical Control
Biological control remains a sustainable and cost-effective component of integrated pest management. The sorghum shoot fly (Atherigona soccata) has a wide range of natural enemies, including egg and pupal parasitoids, spiders, and predatory wasps. In India alone, over 31 natural predators, parasitoids, and pathogens have been recorded contributing to shoot fly suppression (Singh et al., 2002, Okosun et al., 2021). In Burkina Faso, Dasyproctus bipunctatus (Hymenoptera: Sphecidae) has been observed preying on adult shoot flies, while spiders and birds serve as important natural regulators (Zongo et al., 1993). Neem-based botanicals effectively suppress shoot fly, with seed treatment using neem oil @ 5 ml kg⁻¹ seed combined with NSE 5% sprays at 7 and 14 DAE, or neem oil sprays @ 20 ml L⁻¹, reducing deadhearts to 29.13% and 32.65%, respectively (Padar, 2020; Joshi et al., 2016). Among chemical options, seed treatment with Imidacloprid 70 WS @ 10 ml kg⁻¹ seed followed by Quinalphos 25 EC @ 20 ml per 10 L water at 15 DAE was most effective, while cypermethrin sprays further reduced oviposition and deadheart formation (Sonalkar et al., 2018; Taneja, 1993).
For stem borers, maintaining field hygiene, removing infested plants, and conserving natural enemies such as parasitoids are key strategies. Plant recovery from stem borer damage is higher under good moisture and nutrient conditions, suggesting that vigorous plant growth itself contributes to resistance (Sharma et al., 2005). Botanical seed powders of neem and Persian lilac (Melia azedarach L.) were effective in reducing sorghum seed damage by the stem borers B. fusca and C. partellus and significantly increased yield compared with untreated sorghum in Ethiopia (Dejen 2008).Integrated adoption of these strategies—optimizing sowing time, intercropping, removal of infested plants, trap-based monitoring, conservation of natural enemies, and judicious chemical use—offers an ecologically sound, economically feasible, and sustainable approach to manage shoot fly and stemborer in sorghum
Table 1: Different Insecticidal Treatments and Their Efficacy against Shoot Fly and Stem borer in Sorghum

	Author (Year)
	Treatment 
	Key Findings 
	Outcome 

	Taneja & Henry (1993)
	Foliar spray of Cypermethrin applied using an electrostatic (electrodyn) sprayer compared to high and low volume sprays.
	Cypermethrin acted mainly as an oviposition deterrent, reducing egg laying or killing adults before oviposition.
	Significantly superior to other spray methods; resulted in lower oviposition and deadheart formation.

	Sonawane et al. (2022)
	Seed treatment with Thiamethoxam 350 FS @ 7 ml/kg of seed + foliar spray of Quinalphos 25 EC @ 20 ml/10 L water at the milk stage.
	Combination provided protection from early and late infestations; thiamethoxam gave systemic seedling protection, while quinalphos controlled later stages.
	Most effective against shoot fly; also recorded lowest stem borer deadhearts.

	Bhall et al. (2024)
	Thiamethoxam 30 FS @ 10 ml/kg + Neem oil 2%; compared with Karanj oil 2% and Imidacloprid 70 WS.
	Neem oil enhanced the deterrent effect; thiamethoxam ensured systemic protection. Imidacloprid 70WS gave the highest ICBR (1:21), while Karanj oil was least effective.
	Significantly reduced shoot fly infestation (19.98%), improved vigour, height (86.93 cm), and yield (309.60 q/ha).

	Shid et al. (2022)
	Seed treatment with Thiamethoxam 30 FS @ 10 ml/kg seed, Cyantraniliprole 19.8% + Thiamethoxam 19.8% FS, and Imidacloprid 17.8 SL @ 3 ml/kg seed.
	Lowest dead hearts (19.76–21.46%) at 28 DAE; Imidacloprid 17.8 SL gave highest ICBR (1:43.80), followed by Fipronil 5 SC (1:41.69) and Thiamethoxam 30 FS (1:37.43).
	Effective control of shoot fly infestation with high economic benefit and low plant protection cost.



Across most studies, thiamethoxam appears repeatedly because it is a systemic neonicotinoid that provides prolonged protection to young seedlings through seed treatment, reducing the need for multiple foliar sprays. Its low dosage, high efficiency, and compatibility with IPM (especially with botanicals like neem oil) make it the preferred choice against Atherigona soccata. Other promising chemicals include cypermethrin, quinolphos, phorate, and botanical options like neem oil, offering varied modes of action and resistance management potential.
                   Table 2:  Resistant and susceptible lines in different studies
	Resistant Genotypes / Lines
	Susceptible Genotypes / Lines
	Source / Reference

	Mutant lines PV-RD-33, PV-RD-30, PV-RD-29, PV-RD-41, PV-RD-13, PV-9
	–
	Khaja Mohinuddin et al., 2022

	CSV 14R, CSV 29R, CSV 26, CSH 30, CSV 22, CSH 13, CSV 17, CSH 24MF, NLCW-12
	NTJ 2, N-14, NLCW-6
	Yogeswari et al., 2017

	RHRB 12, ICSV 713, 25026, 93046, 25027, IS 33844-5, Giddi Maldandi, RVRT 3 (post-rainy season); ICSB 463, Phule Anuradha, RHRB 19, Parbhani Moti, ICSV 705, PS 35805, IS 5480, 5622, 17726, 18368, 34722, RVRT 1, ICSR 93031, Dagidi Solapur (rainy season)
	–
	Riyazuddin et al., 2015

	CSH 30, SPH 1820, CSH 16, 9A × I 27 (LC), SPH 1814, SPH 1813, CSH 23, CSH 25
	SPH 1781, SPH 1789, SPH 1783, SPH 1811, SPH 1787, SPH 1776
	Patidar et al., 2019

	Katakhatav, Ramkel, Rampur Local
	PSC 1, NSSV 13, HC 136, SSV 74, SSV 84
	Shyam Prasad et al., 2015

	Pirira-1, Pirira-2
	–
	Vanden Berg et al., 2005

	ICSB 84, ICSA/B 467, ICSB 487, ICSB 14024, IS 1855
	ICSA/B 323, ICSA/B 14013, BTx 623, SSV 74, Swarna
	Arora et al., 2021

	SPV 2768, SPV 2669, SPV 2587, SPV 2593, SPV 2584, SPV 2704, CSV 21F, SPV 2809, SPV 2800, SPV 2808, SPV 2790, SPV 2604, SPV 2529  showed multiple resistance to both shoot fly and 
stem borer
	
	Sharma et al 2023



Across studies, IS 18551, IS 2205, IS 2312 consistently appear as resistant or moderately resistant checks against shoot fly and stem borer, due to stable resistance across environments. DJ 6514, and Swarna are the most commonly used susceptible checks, serving as standard comparators in multi-location screening programs under ICRISAT and AICRP trials.Morphological traits form the first line of defense in sorghum against shoot fly (Atherigona soccata) and stem borer (Chilo partellus). These traits, which include leaf glossiness, trichome density, seedling vigor, pigmentation, and plant structural features, play crucial roles in influencing oviposition behavior, larval establishment, and feeding deterrence.
1. Leaf Glossiness
The glossy trait, strongly associated with shoot fly resistance (Malti & Bidinger, 1979; Taneja & Leuschner, 1985), is scored on a 1–5 scale at 7 DAE, preferably under morning light (Sharma &Nwanze, 1997; Khaja Mohiuddin et al., 2022; Riyazuddin, 2015). High glossiness reduces oviposition by reflecting light and disrupting host recognition. Dhillon et al. (2005) showed that glossiness and trichome density together explained up to 90.4% of the variation in dead hearts. Omori et al. (1983) also reported negative associations of glossiness and trichomes with shoot fly incidence, with eggs per plant being the most direct indicator of resistance.
2. Trichome Density and Orientation
Leaf sheath traits and trichomes contribute significantly to shoot fly resistance, with sorghum lines having laminar trichomes showing higher resistance than glabrous types; lines combining both trichomes and glossy leaves perform best (Maiti & Bidinger, 1979; Maiti & Gibson, 1983). Trichomes on both adaxial and abaxial surfaces restrict larval movement, feeding, and oviposition, and are typically assessed at 12 DAE using cleared leaf sections under 10× magnification (Chamarthi et al., 2012; Riyazuddin et al., 2015). Dense trichomes reduce surface wetness and impede larval establishment (Sree et al., 1994), and recent findings show they also hinder oviposition and first-instar survival (Shid et al., 2022). High heritability (98.88%) and strong genetic advance for trichome density further support its effectiveness as a selectable trait in resistance breeding (More et al., 2024)
3. Seedling Vigor and Early Growth
Seedling vigour plays an important role in early-stage resistance to shoot fly, as vigorous seedlings can tolerate or recover from initial damage by producing compensatory tillers. It is positively associated with primary resistance and is considered a reliable indicator of escape from infestation, although low vigour was reported to be dominant over high vigour (Jayanthi et al., 2002). Seedling vigour is typically recorded at 10 DAE, using a rating scale—originally 1–3 (Sharma &Nwanze, 1997, Riyazuddin et al 2016). More, Kalpande, and Zate (2024) reported high heritability for seedling vigor and tolerance in F₂ sorghum populations, suggesting predominance of additive gene effects. However, traits such as seedling vigor and days to 50% flowering also showed high heritability with low genetic advance, implying involvement of non-additive gene action.
       4. Leaf Sheath Pigmentation and Midrib Colour
Leaf sheath pigmentation and midrib color influence pest preference, possibly through visual or surface-related cues. Pigmented genotypes, often with purplish or reddish sheaths, tend to experience less oviposition and larval feeding.Scoring systems by Riyazuddin et al. (2015) grade leaf sheath pigmentation on a 1–3 scale. Dhillon et al. (2005) reported that genotypes with pigmented sheaths generally exhibited lower shoot fly damage compared to green-sheathed types. Similarly, Sharma et al. (2023) observed that pigmented and compact genotypes showed higher levels of resistance to both shoot fly and stem borer under field conditions.
5. Leaf Whorl Morphology and Surface Wetness
Leaf whorl compactness and surface wetness are also associated with shoot fly resistance. Compact whorls restrict larval entry and reduce humidity favorable for egg hatching.Leaf surface wetness (LSW) of the central whorl leaf is a major determinant of shoot fly susceptibility, as wetter surfaces promote larval survival and faster movement (Nwanze et al., 1990, 1992, 1996). LSW proved more reliable for predicting resistance than glossiness or trichome density, with resistant genotypes maintaining compact whorls and lower wetness (Sree et al., 1994; Sivaramakrishnan et al., 1994). Leaf wetness (G = 0.704, P = 0.593) showed a strong positive correlation with deadheart percentage at 28 DAE, and chlorophyll content (G = 0.433, P = 0.409) also correlated positively, confirming their role in susceptibility. As LSW is genetically controlled, understanding water transfer mechanisms to the leaf surface can improve breeding for shoot fly resistance (Soman et al., 1994, Asgar et al 2017).
Collectively, these findings emphasize that leaf surface traits (glossiness, trichomes, wax, and pigmentation) and seedling vigor act synergistically in imparting physical resistance, while their high heritability supports their potential use as selection indices in resistance breeding programs for sorghum. Biochemical traits play a vital role in governing the resistance mechanisms of sorghum to insect pests such as the shoot fly (Atherigonasoccata) and stem borer (Chilo partellus). Variations in the levels of oxidative enzymes, phenolic compounds, sugars, and other secondary metabolites largely determine the susceptibility or resistance of genotypes.
· Enzymatic Defense Mechanisms
Resistant genotypes typically exhibit higher activity of oxidative enzymes following pest infestation. Biochemical defenses play a key role in sorghum resistance to A. soccata. Resistant genotypes exhibit higher peroxidase (POX) and polyphenol oxidase (PPO) activities and lower chlorophyll content after infestation, strengthening cell walls through lignification and activating antibiosis mechanisms that reduce larval damage (Padmaja et al., 2014; Ingle et al., 2019; Patil et al., 2006). Peroxidases contribute to cell wall metabolism, lignification, suberization, auxin regulation, wound healing, and detoxification of H₂O₂, forming a broad defensive system, while upregulation of POX and PPO under shoot fly attack has been widely documented in resistant sorghum genotypes (Cosgrove, 1997; Kumari et al., 2020)
· Role of Phenolic Compounds and Secondary Metabolites
Phenolic compounds, lignin, and cyanogenic glycosides collectively contribute to biochemical and structural resistance in sorghum. Genotypes with higher phenols, tannins, silica, and stronger lignification show enhanced antibiosis and antifeedant effects, while cyanogenic glycosides release toxic HCN upon tissue damage, deterring insect feeding. Lower soluble sugars and higher lignin levels further strengthen resistance by limiting larval penetration and survival (Patel et al., 2016; Chunming et al., 2017; Dowd et al., 2016).Similarly, higher levels of p-coumaric acid, carotenoids, zinc, and iron have been shown to reduce C. partellus larval tunneling and survival by disrupting digestion or deterring feeding (Dhillon & Chaudhary, 2018)

· Induction of the Phenylpropanoid Pathway
Enzyme-mediated biochemical responses are also crucial in stem borer resistance.
Phenylalanine ammonia-lyase (PAL) and related phenylpropanoid-pathway enzymes are key biochemical defenses in sorghum, as their induction leads to lignin, phenolic, and salicylic acid production that strengthens cell walls and enhances resistance (Pant et al., 2022). Resistant genotypes show strong activation of PAL, TAL, peroxidase, PPO, and GPX, which support lignification, suberization, and reduced oxidative damage. These coordinated enzyme responses form an effective biochemical barrier that limits larval entry and survival in both shoot fly and stem borer infestations (Kumari et al., 2024;Vashisth et al., 2022).
· Nutritional and Metabolic Adjustments
Resistant genotypes often show reduced nutritional quality for pests.
As resistant lines such as IS-2205 had low nitrogen and total soluble sugar levels but higher phenolic content, correlating with reduced stem tunneling.Vaghela et al. (2024)
Reduced sugar availability and nitrogen levels lower the palatability of host tissue and slow down larval growth
· Integrated Biochemical Defense Response
Bhoi and Samal (2019) noted that resistant genotypes accumulate higher levels of phenols, flavonoids, and antioxidant enzymes, which strengthen defense against insect feeding. Insects also secrete glucose oxidase (GOX), which produces hydrogen peroxide (H₂O₂), a diffusible defense signal that does not require PRR-mediated perception. This rapid H₂O₂ signaling further activates phenyl propanoid and lignification pathways, reinforcing tissues and restricting larval establishment (Erb et al., 2019). Overall, sorghum’s biochemical defense involves a coordinated response combining reduced nutritional quality (low sugars and proteins) with enhanced production of defensive compounds (phenols, tannins, and lignin precursors), resulting in lowered pest infestation and crop loss.
· Molecular Marker Approaches for Shoot Fly and Stemborer Resistance in Sorghum
Molecular marker technologies have greatly advanced sorghum improvement by enabling the identification and introgression of genomic regions associated with pest resistance. Among the key biotic stresses, Atherigonasoccata (shoot fly) and Chilo partellus (spotted stemborer) are major insect pests that severely affect seedling establishment, plant vigor, and grain yield. Recent developments in marker-assisted selection (MAS), quantitative trait locus (QTL) mapping, and functional genomics have allowed a more precise dissection of the genetic architecture of resistance, paving the way for the development of durable, insect-resistant cultivars.Extensive QTL mapping studies have identified genomic regions governing resistance to shoot fly and stemborer, often involving overlapping loci and shared defense pathways. Traits such as trichome density, leaf glossiness, seedling vigor, and deadheart percentage have been widely used as phenotypic indicators of resistance. Apotikar et al. (2011) identified SSR-based linkage map (IS18551 × 296B RILs)  pleiotropic QTLs for glossiness, oviposition, and deadheart on LG-A, explaining up to 6.3% variation. Satish et al. (2009) Reported 29 QTLs for traits like trichome density and oviposition in regions Xnhsbm1043–Xgap1, Xtxp65–Xtxp30, and Xtxp217–SvPEPcA, showing complex inheritance. Aruna et al. (2011) evaluated In the 27B × IS2122 RIL population, 25 QTLs for seedling vigor, trichome density, and deadheart were mapped; stable regions identified between Xtxp320–Xcup16 and Xisep0625–Xgap1.Muturi et al. (2021) concluded In 243 F9:10 RILs (ICSV 745 × PB 15520-1), marker CS132-2 co-localized for both leaf toughness and stem tunneling, enabling simultaneous improvement against B. fusca and C. partellus. Vinayan et al. (2012) evaluated In 266 F9:10 RILs (ICSV 745 × PB 15520), genomic regions on SBI-07, SBI-04, and SBI-02 showed orthology with maize stem borer resistance QTLs, indicating conserved resistance loci
Fine mapping localized QTLs for leaf glossiness (QGls10) and trichome density (QTd10) on chromosome 10 (SBI-10L), refining them to <2 Mb regions flanked by markers Xgap001 and Xtxp141. Candidate genes such as Glossy15 (Sb10g025053) and an ethylene zinc finger protein (Sb10g027550) within these regions provided molecular evidence linking cuticular traits with pest resistance mechanisms. (Usha Kiranmayee et al., 2015) Marker-assisted backcrossing has successfully introgressed these resistance QTLs into elite cultivars such as ICSB 29004 and Parbhani Moti, achieving nearly 90% recurrent parent genome recovery and enhanced resistance and yield stability (Gorthy et al., 2017). Furthermore, Vikal et al. (2020) identified 19 QTLs in maize for shoot fly tolerance located on chromosomes 1, 2, 4, 6, and 9. Several of these QTLs were co-localized or syntenic with sorghum resistance regions, reinforcing the conservation of insect resistance mechanisms across cereals. Collectively, these molecular studies demonstrate the progress from QTL discovery to the deployment of resistance loci through MAS. The integration of SSR, SNP, and functional genomics-based approaches continues to enhance the precision and efficiency of breeding for multi-pest resistance in sorghum
· Integration and Breeding Implications
Collectively, these molecular studies have provided valuable markers and genomic regions for enhancing pest resistance in sorghum. The identification of stable and pleiotropic QTLs allows breeders to simultaneously target multiple resistance traits. Marker-assisted selection (MAS) and marker-assisted backcrossing (MABC) have proven particularly effective for developing improved inbred lines with both yield and resistance traits. Such approaches reduce dependence on chemical control, enhance environmental safety, and support long-term crop productivity.
· Screening and Evaluation Techniques for Shoot Fly and Stem Borer Resistance in Sorghum
To validate and exploit the morphological, biochemical and molecular resistance traits, rigorous screening and evaluation protocols are essential for both Atherigona soccata (shoot fly) and Chilo partellus (stem borer) in sorghum. One of the widely-used methods for shoot fly is the inter-lard fish-meal technique, which ensures high and uniform pest pressure in the field.
· Fish meal technique: 
The interlard–fishmeal technique is the most widely used method to ensure uniform shoot fly pressure in the field. Four rows of a susceptible cultivar are sown about twenty days before the test entries, and moistened fishmeal—either spread directly or placed in polythene bags—is added within these rows to attract shoot flies. The flies complete one generation on the infester rows and the emerging adults infest the test material, providing reliable screening conditions (Taneja & Leuschner, 1985a; Reddy et al., 2025; Riyazuddhin et al., 2016). To monitor and enhance adult fly attraction under field conditions, fishmeal-baited pan traps are used. These galvanized metal pans (60 × 60 × 7.5 cm) contain water, detergent, and yeast, with a mesh cylinder holding moist fishmeal that releases strong odors to attract flies. Traps are placed about 40 cm above the ground, where flies fall into the liquid and drown, providing data on species abundance and helping maintain high field pressure (Seshu Reddy & Davies, 1979; Gahukar, 1987; Reddy et al., 1981). For controlled validation of resistance, cage-screening techniques confine field-collected shoot fly females—obtained daily from fishmeal traps—to sorghum seedlings in mesh cages. Flies are released at standard densities for either one or two days, enabling multiple-choice, no-choice, or rapid tray-based screening. This approach helps assess oviposition, seedling damage, and deadheart formation under uniform laboratory conditions (Soto, 1972; Taneja & Leuschner, 1985a; Dhillon et al., 2005). Field observations are recorded for key resistance indicators such as percentage of dead hearts, number of eggs per plant, and seedling recovery at 14 and 21 days after emergence (DAE). Complementary morphological traits like leaf glossiness, trichome density, and seedling vigor are also considered while identifying resistant genotypes
· Stem Borer Screening
Screening for Chilo partellus (stem borer) resistance involves both natural and artificial infestation techniques. Infester rows of a susceptible genotype are planted earlier to coincide with the pest’s oviposition period. For artificial infestation, freshly collected egg masses or neonate larvae are introduced into the whorls of test plants at the 3–4 leaf stage to ensure uniform pest distribution. Evaluation is carried out based on dead heart formation, leaf feeding damage, stem tunnelling length, and recovery growth. Resistant genotypes typically exhibit lower tunnelling length, reduced leaf damage, and faster regrowth after infestation (Sharma et al., 2007; Singh et al., 2012, Yogeswari et al., 2017). Supporting biochemical and anatomical traits such as stem hardness, silica deposition, and phenolic compound content are also associated with enhanced resistance.
· Data Analysis and Interpretation of Screening Results
Data generated from shoot fly and stem borer screening experiments are subjected to appropriate statistical analyses to assess variability, heritability, and associations among resistance-related traits. Typically, the percentage of dead hearts, number of eggs per plant, seedling vigor, glossiness score, and trichome density are analyzed using Analysis of Variance (ANOVA) to determine significant differences among genotypes (Panse &Sukhatme, 1985; Gomez & Gomez, 1984). The coefficient of variation (CV) and standard error (SE) are computed to evaluate the reliability of field data. Heritability (broad sense) and genetic advance are estimated to understand the extent of genetic control and the potential for improvement through selection. High heritability along with high genetic advance indicates the predominance of additive gene effects, suggesting that selection would be effective for traits such as trichome density, leaf glossiness, and seedling vigor (Dhillon and Sharma et al., 2005). Correlation and path coefficient analyses are often used to study interrelationships among morphological and biochemical traits contributing to resistance. Traits like trichome density and leaf glossiness are typically found to be negatively correlated with shoot fly incidence, whereas parameters like chlorophyll content or nitrogen level may show a positive association with susceptibility (Omori et al., 1983). Path coefficient analysis helps to partition these correlations into direct and indirect effects, providing insights into the relative contribution of each trait toward overall resistance expression (Sree et al., 1994).
In molecular studies, QTL mapping and marker-trait association analyses are performed to identify genomic regions controlling resistance-related traits. QTLs linked to key resistance parameters—such as dead heart percentage, trichome density, and seedling vigor—are validated across environments and genetic backgrounds to ensure their stability and usefulness in marker-assisted breeding (Aruna et al., 2011; Satish et al., 2009). Integration of statistical, morphological, biochemical, and molecular data provides a comprehensive understanding of the genetic basis of resistance to shoot fly and stem borer in sorghum. This integrative approach aids breeders in selecting superior lines with multiple resistance mechanisms, enhancing the development of durable pest-resistant cultivars 
Conclusion
Understanding the mechanisms of resistance to shoot fly and stem borer in sorghum requires a holistic approach that integrates morphological, biochemical, and molecular studies with field screening techniques. Morphological traits such as leaf glossiness, trichome density, and seedling vigor play a crucial role in imparting resistance, while biochemical compounds like phenols, tannins, and silica further strengthen plant defense mechanisms. Recent advances in molecular breeding have enabled the identification of stable QTLs and resistance-linked markers, paving the way for the development of improved sorghum cultivars through marker-assisted selection and gene pyramiding. Integration of these markers with conventional screening tools, such as the fishmeal and interlard techniques, has enhanced the efficiency and precision of selecting resistant genotypes under field conditions. The progress achieved so far underscores the potential of combining classical breeding with modern genomic and phenotyping tools to accelerate the development of durable, pest-resistant sorghum varieties. However, continuous efforts are needed to validate QTLs across diverse environments, unravel novel resistance genes, and deploy them in breeding pipelines. Strengthening collaborative research and applying genomic-assisted breeding will be key to ensuring sustainable management of shoot fly and stem borer in sorghum and enhancing yield stability under field conditions.
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