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			Abstract | Cotton (Gossypium hirsutum L.) belongs to Malvaceae family that is cultivated as a source of fiber for raw material of textile industries. Cotton leaf blackening (Sooty mould) is causing huge losses mainly in cotton growing areas of Punjab, Pakistan and a very minute research work was performed on this disease. This research was planned to identify the causes of cotton leaf blackening and its suitable control measures. During survey symptomatic leaves and whitefly were collected from the diseased fields. The plants grown under controlled conditions in a completely randomized design (CRD) were inoculated with fungi and whitefly in 4 groups i.e., T1= Control, T2= Fungal spores, T3= Whitefly, T4= both fungal spores and whitefly with 3 replications of each treatment. The pathogenicity trial indicated a major synergistic effect of fungi and whitefly because the plant group inoculated jointly showed maximum disease symptoms i.e. more than 90%. The plant group inoculated with fungi and whitefly alone was stood 2nd and 3rd for the symptom development in that order. Under in-vitro studies, all fungicides effectively reduced the growth of fungi and their efficacy increased with concentration. There was maximum fungal growth reduction due to fungicides at highest does (150 ppm) followed by 100 ppm and 50 ppm. Amistar Top was the most effective fungicide by restricting fungal growth upto 95% followed by Ready Super, Miravis, Electus Super and Pyrazole Super. The causal organism for cotton leaf blackening was identified as Alternaria macrospora, and sooty mould growth was increased due to whitefly infestation.
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			Introduction

			The economic system of Pakistan is mainly based on agriculture, which has a significant contribution in national income with 19.2% share in GDP and 70% workforce engagement (GOP, 2021). Cotton (Gossypium hirsutum L.) is the most valuable cash crop that is grown on a large area worldwide and its production in Pakistan was 4.5 Million Metric Tons (USDA, 2020).

			Biotic stresses: The dual threat of whitefly and fungal pathogens

			Although cotton is an economically important crop, however its quantitative yield and quality of the fiber is badly affected by numerous biotic and abiotic interruptions (Aini et al., 2022). The major yield losses of cotton crop are attributed to pests and diseases which are almost 30% (Tarazi et al., 2019). One of the emerging biotic constraints for cotton production is blackening disease that significantly hinders with photosynthetic frequency and efficiency that contributes towards lowering the yield and quality of the produce (Rodriguez et al., 2021). Cotton leaf blackening is caused by a necrotrophic fungus Alternaria macrospora that infects the leaves aggressively. The affected plants depicts dark brown to black necrotic lesions on older leaves which after merging cause leaf drop and ultimately lowering plant vitality (Broughton et al., 2021). This disease is not prevalent in many parts of the world as compared to other major cotton diseases; however, it’s an emerging threat in cotton crop with more than 15% incidence and species of Alternaria are associated with it (Omyma et al., 2019). A significant genetic diversity was found in isolates of the main causal organism A. macrospora when subjected to molecular characterization using ITS and SSR primers suggetsing evoultion and variablity in pathogen (Sampathkumar and Raghavendra, 2024). The blackening disease intensity increased when the cotton crop was infested with whitefly as it releases honeydew on the backside of the leaves during phloem feeding which later on covered with fungal growth and cause sooty mold. Whitefly infestation weaken the plant that becomes vulnerable to other fungal infections like Alternaria macrospora (Safdar et al., 2019). The honeydew functions as a growth medium for sooty mould growth that blackens leaf surfaces, rigorously impairs photosynthesis and reduces yield quality and quantity (Faiza et al., 2015). A. macrospora has dark pigments and filamentous colony and it thrives best in hot and dry environment making it a suitable pathogen for cotton (Omyma et al., 2019). 

			Current management strategies and knowledge gaps

			Blackening disease being a synergistic combination of fungus and whitefly is mostly managed by neonicotinoids, organophosphates, and insect growth regulators (Wang et al., 2017). Whitefly Bemisia tabaci develop resistance against the synthetic insecticides making it a challenge to control blackening disease (Sparks and Nauen, 2015). The detection, identification, diagnosis and management of synergistic blackening disease have been studied very rare that necessitates handling this emerging threat. 

			Keeping in view the above mention features and management strategies, the current study was planned with these objectives.

			
					To survey various cotton fields in Faisalabad, Pakistan to collect disease samples 

					To identify the causes of cotton leaf blackening 

					To check the effects of different fungicides against cotton leaf blackening (sooty mould)

			

			Materials and Methods 

			Survey and sampling

			Samples were collected by conducting various surveys around the cotton growing areas of Faisalabad, Pakistan. Diseased leaves were selected on the basis of characteristic symptoms in sterilized zipper bags for sampling and transportation. 

			Media preparation and pouring

			Potato Dextrose Agar (PDA) media was used for culturing of fungal pathogen (Alternaria macrospora) Potato starch was prepared by taking 250g peeled potato slices and boiled in 500mL of water followed by sieving and added into the flask containing 500mL distilled water, 20g glucose and 20g agar. The volume of flask was made up to 1000mL by adding distilled water, covered with cotton plug and parafilm followed by autoclave. The prepared media was poured into the sterilized petri dishes under laminar flow chamber and were left for cooling.

			Isolation and purification of causal organism

			All the disease samples were stored in the Plant Virology laboratory, Department of Plant Pathology, UAF (Pakistan). The disease-causing pathogen (Alternaria) was isolated by following standard procedure by cutting diseased tissues and sterilize with 70% ethanol followed by consecutive washing with distilled water. Small pieces were placed on the PDA plates aseptically and then incubated for fungal growth. The fungal colonies that were grown on PDA media around small bits, the hyphal tip from each colony were obtained and transfer to further PDA containing Petri plates for purification. These plates having pure culture (Figure 1) were incubated at 26-28 oC.

			Identification on the basis of morphological characters of isolated fungus

			Two weeks old purified fungal cultures were used for slide preparation. Slides were prepared and fungus was identified on the basis of morphological characteristics (colony, colour, spore size and growth pattern) under 40x of light microscope (Plant Pathology lab, UAF). Morphology of isolated fungi was compared with consistent key for identification of specie.
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			Figure 1: (A) Microscopic view of fungal pathogen.

			Collection of whitefly population and its inoculation on healthy plants

			Whitefly population was collected from infected cotton plants with the help of aspirator. Cotton plants were grown in pots in net house Department of Entomology, UAF. Whiteflies were applied on the cotton plants and a population of 5 whiteflies per leave was maintained during treatment period.

			Pathogenicity test

			The cultured fungal spores were introduced on the young healthy cotton plant leaves and disease development was observed. The fungal spores were re-isolated from the inoculated host plants and were identified as being identical to original fungal pathogen or not. The leaves showing blackening symptoms were collected with 24 hours interval. 

			Preparation of fungicides concentrations

			Fungicides (Ready Super, Electus Super, Pyrazole Super, Amistar Top and Miravis) were used against fungal pathogen (Alternaria) and water as a control. Three concentrations (50ppm, 100ppm, 150ppm) of each fungicide were used. Higher concentration of each fungicide was diluted by adding equal volume of distilled water by following serial dilution method. Each tube was labeled with name, date and concentration with permanent marker. 

			In vitro evaluation of different fungicides against isolated fungi

			Evaluation of different fungicides was done against isolated fungi by using poison food technique. Potato Dextrose Agar (PDA) was used for this purpose. The fungicides were diluted by using serial dilution method (parts per million). Different fungicides were used (Figure 3) as a poison against given fungal pathogen (Alternaria) and each fungicide was used at 3 different dilution levels (50ppm, 100ppm, 150ppm). 3 replications of each concentration were used.

			Results

			Impact of fungal spores and whitefly infestation on cotton blackening disease

			The impact of fungal spores and whitefly infestation was checked on the development of blackening disease of cotton. These cotton plants were grown under controlled conditions and significant differences in the impact of both fungal spores and whitefly infestation was assessed by analysis of variance (ANOVA). The ANOVA results showed a statistically significant effect of both inocula (fungi and wf) on the blackening of cotton leaves (F = 12.3, P < 0.01). This indicates that both of the inocula contribute towards disease development (Table 1).

			The specific impact of each inoculation was assessed by using post-hoc analysis (Tukey’s HSD) and it was noted that the maximum blackening development was observed under treatment T4 (both fungus and whitefly) that was 22.8 leaves/plant, followed by T3 (whitefly) 9.26 leaves/plant, T2 (fungus) 6.13 leaves/plant and T1 (Control) 4.1 leave/plant,. The lowest blackening development was observed in T1. The significantly higher blackening development was observed under T4 as compare to all other treatments (Figure 2).

			Table 1: ANOVA for the development of blackening of cotton.
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							Total

						
							
							11

						
							
							10.124
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			ANOVA revealed a highly significant effect of inoculumn on cotton leaf blackening after (F = 12.3, P < 0.01).
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			Figure 2: Assessment of cotton blackening disease as a result of inoculation by fungi and whitefly.

			Disease development in cotton plants over time

			The potential of inoculum establishment in the host cotton plants grown under controlled conditions was assessed by recording disease development at different time intervals i.e. 4th DAI, 8th DAI, 12th DAI and 16th DAI (Table 2). There was significant progression in disease development in all the inoculations with time. The combined effect of whitefly infestation and fungal inoculation was more than their individual effect.

			Table 2: Cotton blackening disease progression over time.
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							16.5 c

						
					

					
							
							16

						
							
							9.28 d

						
							
							6.22 d

						
							
							22.4 d

						
					

				
			

			Different letters within the same row are significantly different at P < 0.05 according to Tukey’s HSD test.

			Effectiveness of fungicides against cotton blackening disease

			A two way factorial ANOVA was performed to assess the impact of fungicidal treatments and their concentration on the management of cotton blackening disease. The comparison of treated plots with untreated check revealed that all the fungicides were effective in controlling disease, moreover the efficacy was also significantly improved at different concentrations. The two way interaction of fungicides and concentration was significant and positive against the disease (Table 3).

			Table 3: Impact of fungicides on the management of cotton blackening disease.
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			The efficacy of 5 fungicides was assessed against cotton blackening disease and the percent disease reduction was noted. The bar graph is depicting the percent disease reduction on y-axis and the fungicides used on the y-axis (Figure 3). Amistor was the most effective fungicide in controlling disease under field conditions while pyrazole was least effective in that order. Reddy and Miravis were 2nd and 3rd most effective in disease control after Amistor. There was gradual increase in disease reduction with increase in concentration of the fungicides in all the treatments.
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			Figure 3: Efficacy of fungicides against cotton blackening disease.

			Efficacy of fungicides under in-vitro conditions

			The effect of different fungicides were found significant on the growth/mm of Alternaria (F5, 17=19.3; p <0.01). The maximum growth/mm (57mm) of Alternaria after 12th day of treatment applied was observed under control group. The minimum growth/mm (1.3 mm) of Alternaria was observed under 150ppm of Amistor Top, followed by Ready Super (2.1 mm), Miravis (5.4 mm), Electus Super (8.2 mm) and Pyrazole Super (12.3 mm). Statistically no difference of growth/mm was observed under Amistor Top and Ready Super (Figure 4).
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			Figure 4: Parameters for the growth/mm of Alternaria against 150ppm of fungicides (Ready Super, Electus Super, Pyrazole Super, Amistar Top and Miravis) after 12 days of application.

			Discussion

			The present study unveils the details about the etiology and disease control strategies by providing a comprehensive interaction between fungal pathogen, whitefly infestation and their effect on disease intensity. The study hypothesized that whitefly has a significant role in describing the disease development along with fungal invasion. The synergistic effect of whitefly and fungi was significantly higher towards disease development than their individual effect. The reason for pronounced disease intensity was the honey dew secreted by the whiteflies and injuries caused by the insect infestation. A similar finding was provided by (Sain et al., 2021); as there was more than 60% disease intensity in combined infection of whitefly and Alternaria while 45% disease recorded in fungal infection. Another study from Guru Kashi University revealed that American cotton cultivars were more prone to disease development as a result of late sowing and combined infection by whitefly and fungi (Selvaraj et al., 2024). Black and non-parasitic sooty mould is a superficial fungus growth on plant surfaces. There was an interaction between sap-feeding insects and non-parasitic fungi that causes the sooty mold. The temperate and tropical regions are favorable for the development of sooty mold (Scot Nelson, 2008). Pan et al. (2024) presented a lightweight deep learning framework (CDDLite-YOLO model) which was used to detect cotton blackening disease with almost 90% accuracy. The causal organism of cotton blackening disease Alternaria has many isolates with difference in colony texture, conidia dimensions, and level of virulence according to which a variation in disease intensity can be noted (Sampathkumar and Raghavendra, 2024). 

			A significant efficacy of tested fungicides was recorded against the causal organism under laboratory conditions and in reducing the intensity of blackening disease under field conditions. Amistor Top was the most effective among all the tested fungicides as it contains Azoxystrobin which is a QoI (Quinone outside Inhibitor), and inhibits electron transport at the cytochrome bc1 complex to disrupt respiration of mitochondria. Disruption in respiration further limits the germination of fungal spores and the growth of its mycelia (Achilonu et al., 2023). The second component of Amistor Top is difenoconazole, which is a DMI (Demethylation Inhibitor) that compromise the integrity of fungal cell membrane interfering the biosynthesis of ergosterol (Ekabote et al., 2024). There was a significant difference in the performance of Amistor Top and Ready Super fungicides although these have ingredients which share a same mode of action i.e. QoI and DMI. Azoxystrobin in Amistor Top has more translaminar mobility and residual activities as compared with Pyraclostrobin while difenaconazole has deeper penetration. Moreover, Azoxystrobin is highly stable due to its formulation and can tolerate warm and humid environment (Aguiar, 2021). Miravis Duo was also among the effective fungicidal treatments as it contains Pydiflumetofen that acts as SDHI (Succinate Dehydrogenase Inhibitor) and inhibits fungal respiration at a different site from QoIs (Hospital et al., 2023). In Electus Ultra, the inclusion of dimethomorph might diluted the formulation against Alternaria spp. (Yang et al., 2021). 

			It has been observed that fungicides with almost similar active ingredients but different brands gave significantly different results against Alternaria spp. and cotton blackening disease. The efficacy may be affected by the type of adjuvants i.e., surfactants, stickers and penetrants. The other reasons for varied performance of fungicides might be carrier used i.e., water, oil and other solvents; it may be also be affected by particle size, concentration of active ingredients, application timing and quality.

			Conclusions

			Conclusion of present research work regarding the causes of cotton leaf blackening is that the cotton whitefly in association with any fungal (Alternaria) is a main cause of cotton leaf blackening (Sooty mold). The presence of both pathogens is necessory for the sucessful develpoment of this disease. The disease is saprophytic, but it indirectly damage the production of cotton. The crop show least symptoms when treated with only single pathogen like whitefly or fungal spores. Amistor Top and Ready Super gave most significant result against Alternaria in in vivo conditionds. Miravis shown significant result. While Electus Super and Pyrazole Super gave medium to signicicant result. All these fungicides (Amistor Top, Ready Super, Miravis, Electus Super and Pyrazole Super) are recommended against Alternaria and other fungus of same group.
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Abstract | Cotton (Gossypium hirsutum L.) belongs to Malvaceae family that is cultivated as a source of fiber
for raw material of textile industries. Cotton leaf blackening (Sooty mould) is causing huge losses mainly in
cotton growing areas of Punjab, Pakistan and a very minute research work was performed on this disease.
This research was planned to identify the causes of cotton leaf blackening and its suitable control measures.
During survey symptomatic leaves and whitefly were collected from the diseased fields. The plants grown
under controlled conditions in a completely randomized design (CRD) were inoculated with fungi and
whitefly in 4 groups i.e., T,= Control, T = Fungal spores, T' = Whitefly, T = both fungal spores and whitefly
with 3 replications of each treatment. The pathogenicity trial indicated a major synergistic eftect of fungi and
whitefly because the plant group inoculated jointly showed maximum disease symptoms i.e. more than 90%.
The plant group inoculated with fungi and whitefly alone was stood 2™ and 3™ for the symptom development
in that order. Under in-vitro studies, all fungicides effectively reduced the growth of fungi and their efficacy
increased with concentration. There was maximum fungal growth reduction due to fungicides at highest does
(150 ppm) followed by 100 ppm and 50 ppm. Amistar Top was the most effective fungicide by restricting
fungal growth upto 95% followed by Ready Super, Miravis, Electus Super and Pyrazole Super. The causal
organism for cotton leaf blackening was identified as Alternaria macrospora, and sooty mould growth was
increased due to whitefly infestation.
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