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Use of Bacillus amyloliquefaciens in management of sorghum foliar diseases 


Abstract
Sorghum (Sorghum bicolor (L.) Moench) being a hardy crop is commonly affected by fungal pathogens that reduce their potentiality in curbing human hunger. In an attempt to identify a sustainable management approach, an experiment was set Randomized complete block design under a split plot arrangement in two sites (Kibos and Sega) during the long rains and the short rains season where sorghum varieties formed the main plots while treatments formed the sub plots each replicated thrice. Assessments of foliar disease prevalence were done using severity scales throughout the cropping season. Three sorghum diseases such as Sorghum anthracnose, leaf blight and leaf spot were found prevalent in both sites under the two seasons. In terms of severities, Anthracnose disease was the most severe followed by leaf spot and leaf blight was the least severe. Treatments of seeds with Bacillus amyloliquefaciens bacteria was the most efficient in managing all the sorghum foliar diseases identified. Serena variety was found to be the most resistant to anthracnose diseases while Nyadundo 1 and N57 was the most resistant to leaf spot disease. These results points out ability of Bacillus amyloliquefaciens bacterium in management of sorghum foliar diseases and also the existence of resistant varieties that can be adopted by farmers to ensure maximum sorghum yields.
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1.0 Introduction 
Sorghum (Sorghum bicolor (L.) Moench) is a drought resilient crop that is ranked fifth as an important crop in the world. Global production of sorghum stands at 61.0 million metric tonnes while in Africa, production stands at around 925 Kg per hectare which is below the potential projected in the experimental plots. In Kenya, sorghum production is mostly done for consumption as food, feed and for industrial processing and its production is concentrated in the Nyanza, Western and the Coastal regions. Despite the availability of a ready market to the Kenyan sorghum, which is provided by Kenya breweries limited as well as the local consumers, there is still a deficit of about a half of the demanded quantities especially with the current shift towards climate smart agriculture (Njinju et al., 2022). 

As one of the staple food in Kenya, sorghum is underutilized and its production is mainly concentrated in the hand of the small scale farmers. In terms of nutritional compositions, sorghum is well known for its high level of iron and zinc and thus is mainly utilized in making finished products as syrup, starch, wax, alcohol, dextrose agar, gluten feeds and edible oils (Muui et al., 2013). Traditionally, sorghum serves as an important constituent in ugali, pilau, ugali and fermented or non fermented porridge. Despite its significant importance, sorghum is still underutilized and has been attributed to several factors brought about by a biotic stresses, socio economic stresses as well as biotic stresses (Kebeney et al., 2014). Fungal foliar diseases are the major biotic stresses in sorghum that not only reduces yield but also affects the quality of the final produce (Sharma et al., 2015). 
Sorghum loose smut diseases can result to almost 100% on susceptible varieties, on the other hand, sorghum blight, leaf spot and anthracnose diseases forms the major component of foliar diseases and can result to about 70-80% losses in yield (White et al., 2012) in an attempt to contain these stresses, A number of measures have been proposed to manage sorghum fungal diseases, including the adoption of healthy and disease-free seeds, the removal of alternate host plants, use of fungicides and field sanitations. However, these measures have become less efficient over the years and these calls for the adoption of not only a long term solution but also a sustainable management approach as a route towards increasing sorghum production. 
The present study focused on screening the selected sorghum varieties for their resistance to sorghum foliar diseases, assessing the potential effects of a bio control agent Bacillus amyloliquefaciens bacterium in controlling the incidences of foliar diseases of sorghum under different environments and also during different seasons. Moreover, the response of different varieties under these treatments was also evaluated. This widens knowledge on the benefits of microbial communities in not only improving the plant growth but also in suppressing plant diseases. The use of biological agents is an environmentally friendly approach, cost effective and also can suit integrated disease management system. 
2.0 Materials and methods
2.1 Selection of treatments and planting materials
Sorghum lines namely: N57, N68, Nyadundo 1, Serena and Nyadundo 2 were sourced from McKnight foundation crop improvement project and were used in this study. These varieties were screened for foliar disease severities under different treatment applications. Bacillus amyloliquefaciens was used as a bio control under different application methods. Seed dressing and fertilizer mixing with the bacterium was the methods under test with a fungicide as a positive check and a control as a negative check. 
2.2 Site of experiment and site characteristics
Field experiment was set at KALRO Kibos research farm located in Kisumu County within the coordinates latitude 0o 05` S and longitude 34o 48` E. This area receives rainfall of 1180 mm annually and is situated at an altitude of 1130 meters above the sea level. Long rains are experienced from March to June whereas the short rains from Mid-August to November. Temperatures in this area range from 21 oC to 35 oC (Juma et al., 2018). Sega farm was the second site for this experiment which is located along the Kisumu-Busia road. It lies between latitude 0o 3’ North and longitude 34o 25` East. Long rains are experienced from March to June whereas the short rains are experienced during Early September to November. The soils are red loam and acidic with average pH levels of 4.7. This area receives up to 2000 mm rainfall per year. These sites were found to be the best for this experiment since they are the major sorghum growing regions of Kenya and thus the hot spot areas for major foliar diseases of sorghum representing the major sorghum growing zones of Kenya (Munguti et al., 2021).
2.3 Inoculum preparation and planting design
Bacillus amyloliquefaciens was cultured on conical flasks in Potato Dextrose Broth (PDB) and kept on a shaker at the rate of 180 rpm for 24 hours at 28 oC as described by (Chemitei et al., 2019). Sorghum seeds were sterilized using sodium hypochlorite at 1 % for 4 - 5 minutes and rinsed with distilled water four times. This was done to ensure that the traces of sterilizing agent were completely removed. For each kilogram of seed, 300 ml of Inoculum was applied and thoroughly mixed ensuring that all the seeds were immersed and left to stand for five minutes. These seeds were put on trays and under a shade for a day and then put on khaki bags to be used for planting (Gleń-Karolczyk et al., 2021). A field experiment was set in a Randomized complete block design with varieties as the main plots and treatments as the sub plots replicated thrice. Similar experiment was done two different sites Sega and Kibos during both short and the long rains seasons.


2.4 Data collection, analysis and presentation of results
Foliar disease severity data were scored on all the foliar diseases of sorghum upon appearance of early symptoms and throughout the plant cycle. Disease incidence was expressed as the percentage of infected plants as a factor of the total plants in the plot assessed from which, disease severity was scored using a scale of 1 -5 where score 1 represented plants with no symptoms of any foliar diseases while score 5 represented plants with about 51 – 100% foliar disease incidences. These values were used to determine the host status ratings on a scale of 1-5 describing their abilities to resist the foliar fungal disease attack.
Disease severity data were scored using different scales depending on the disease identified. For instance; anthracnose and leaf blight diseases were scored using a scale of 1-5 as described by (Thakur et al., 2010), where; 1- no visible symptoms, 2- (1-10%) leaf area covered by the disease, (11-25%) leaf area covered by the disease, 4 - (26-50%) of the leaf area covered by the disease and 5- (51-100%) leaf area covered by the disease. However, for the leaf spot disease, a scale of 1-5 was used as described by (G.n & D.b, 1984), where (1) - No visible symptoms, (2)- 1 or more diseased sheath per plant at 25 -50 %, (3)- 1 or 2 diseased sheaths per plant at 51 -100 %, (4)- 3 or more diseased sheaths per plant at 25 – 50 % and (5)- All diseased sheath at 100 %.
Data collected was subjected to analysis of Variance (ANOVA) at 5 % level of significance using GenStat Release 16.1, VSN International Ltd. The mean differences were separated using Duncan Multiple Range Test (DMRT). These results were presented in form of table of means, line graphs with error bars (standard error of means), figures and plates demonstrating the effects of treatments and additive effects of genotypes as well as their combined effects on foliar disease severities and plant performance.

3.0 Results and discussion
3.1 Identification and description of sorghum foliar diseases
Foliar fungal diseases of sorghum where described and identified as follows: Anthracnose disease was characterized by small red colored spots that appears on both sides of the leaf. The centre of the spot is normally white colored and surrounded by red, purple or brown margin. When diagnosed closely, numerous small black dots like acervuli are seen on the white surface of these lesions (Koima et al., 2023). Leaf spot disease was characterized by small reddish-brown water-soaked leaf spots sometimes with a narrow pale green halo. They were enlarged, became dark red, and were tended to elongate in a direction parallel to the veins (Heo et al., 1999). Leaf blight disease on the other hand was characterized by reddish-purple or tan spots that coalesce to form large lesions (Beshir et al., 2015).
3.2 Effects of Bacillus amyloliquefaciens on incidences and severities of sorghum foliar diseases
During the long rains and the short rains seasons, three fungal diseases were identified such as Anthracnose, leaf blight and leaf spot diseases. Anthracnose disease was found to be most prevalent in both sites while leaf spot disease was the least prevalent regardless of site characteristics. In terms of site, anthracnose disease was highest in Kibos which was the same case as leaf spot while for leaf blight, severity was more intense in Sega. Control in all the sites displayed a higher disease incidence for all foliar diseases identified. In overall observations, site factors did not affect treatment performance during the long rainy seasons.

3.3 Effects of treatments and varieties on sorghum foliar diseases
Generally, anthracnose disease recorded the highest incidence and severity followed by leaf blight disease and finally leaf spot disease. In terms of treatment performance, treatment of seeds with bacterium recorded the lowest incidence and severities of the identified sorghum foliar diseases followed by mixing fertilizer with the fungicide and dressing seeds with the fungicide. Planting sorghum seeds without any treatment recorded high incidences of all the three foliar diseases thus proving bacterium to be effective in managing sorghum foliar diseases.
Dressing seeds with bacterium, significantly reduced anthracnose disease severity on the other hand, mixing fertilizers with the bacterium had similar potentials as treatment of seeds with a fungicide.
Notable differences were observed between treatments with bacterium and those with no treatments as more leaf blight disease incidences and severities were recorded under control. Among the treatments, applying the bacterium to the sorghum seeds appeared to be relatively efficient in reducing leaf blight disease incidence and severity. However, for sorghum leaf spot disease, severity was significantly reduced by the treatments even though these treatments did not show a significant difference in their performance (Figure 1).
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: Incidences and severities of sorghum foliar disease; Anthracnose (a), Leaf blight (b) and Leaf spot (c) diseases following application of treatments such as mixing fertilizer with 
bacterium (T1), dressing seeds with the bacterium (T2), control without any treatment (T3) and dressing seeds with fungicide (T4) under field conditions
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In terms of response of varieties, Serena recorded the least severity to Anthracnose disease which was not significantly different from Nyadundo 1, Nyadundo 2, N57 and N68. For leaf blight disease all varieties responded similarly in their tolerance abilities except for Nyadundo 2 variety which appeared to be more susceptible to leaf blight disease since it recorded slightly higher disease severity. N68 and Nyadundo 2 recorded the least severity levels to leaf spot disease while Serena, Nyadundo 1 and N57 had similar responses which as slightly higher. Mean disease severities across all the varieties were not significantly different from each other and this implies that varieties did not influence the disease incidences and severities.
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: Incidences and severities of sorghum foliar disease; Anthracnose (a), Leaf blight (b) and Leaf spot (c) diseases on different sorghum varieties such as; N57, N68, Serena, Nyadundo 1 and Nyadundo
 2 under field conditions
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When displayed phenotypically, severity was highest under control treatments across all the foliar diseases identified. Seed dressing with the bacterium significantly reduced disease severity across all the three diseases bacterium compared to other treatments (Plate 1).
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4.0 Discussion
Study conducted in Kibos recorded a higher incidence of sorghum foliar diseases. This is due to site factors such as high inoculums reservoirs as well as site factors in which the fungal pathogens may have adapted to over the years. Consequently, soil characteristics such as phosphorus status affects disease development and may have been the reasons for the observed differences (Nyambok, 2014). During the short rains disease severity was higher than during the short rains season, this could be attributed to the fact that moisture is needed for infection to occur but for disease progress, favourable temperatures are responsible for reproduction resulting to more colonization tissues (Gadoury et al., 2012). Bacillus amyloliquefaciens is a beneficial bacterium that suppressed the incidences of foliar diseases. This bacterium releases secondary metabolites that acts antagonistically against foliar fungal pathogens (Abdallah et al., 2019). The suppression of pathogens, primarily fungus, occurs through an interaction mechanism whereby the continual suppression of pathogens requires the presence of live bacteria. It was discovered that magnesium ions neutralized the anti-fungal substances produced by the bacteria (Raza et al., 2008).
Sorghum foliar diseases are seed borne in nature and treatment of seeds with a control agent will reduce inoculums levels for disease infection and may have been the reasons for the observed results following seed dressing with the Bacillus amyloliquefaciens. Fungicides are known to suppress fungal pathogen from causing diseases infections by acting against fungal pathogens growth and development through inhibition of respiration (Paul et al., 2001). Different sorghum varieties performed differently in each site and responded differently to disease infections. Varied genetic capabilities are responsible for the observed differences (Khan et al., 2010). Bacillus amyloliquefaciens improved plant growth and development. This is because the bacterium plays a key role in root colonization and nutrient uptakes as well as moderating the soil pH for plant growth. They act by improving soil physical, chemical and biological characters. Plant growth promoting bacteria colonizes the roots and forms a network of hyphae that promotes nutrient uptake (Sendek et al., 2019).

Conclusion
This study established four foliar fungal diseases affecting sorghum production in Sega and Kibos sites of western Kenya namely: Anthracnose disease, leaf blight disease, leaf spot disease and covered kernel disease which varied in their intensities based on season and site. Additionally, among the sorghum genotypes screened Serena was found to be susceptible to all the foliar diseases of sorghum while N57 and Nyadundo 1 were the most tolerant. It was also concluded that anthracnose disease was more prevalent in Kibos than in Sega sites. Treatment of seeds with Bacillus amyloliquefaciens bacterium significantly suppressed disease incidence in both study sites. Sorghum foliar diseases were more severe during the short rains than during the long rains.


[bookmark: _Hlk209008097][bookmark: _Hlk204003461][bookmark: _Hlk209007716]Disclaimer (Artificial intelligence)
Author(s) hereby declare that NO generative AI technologies such as Large Language Models (ChatGPT, COPILOT, etc.) and text-to-image generators have been used during the writing or editing of this manuscript. 
[bookmark: _GoBack]References
Abdallah, N. A. O., Ahlan, A. R., & Abdullah, O. A. (2019). The role of quality factors on learning management systems adoption from instructors’ perspectives. 7(2).
Beshir, H. M., Walley, F. L., Bueckert, R., & Tar’an, B. (2015). Response of Snap Bean Cultivars to Rhizobium Inoculation under Dryland Agriculture in Ethiopia. Agronomy, 5(3), Article 3. https://doi.org/10.3390/agronomy5030291
Chemitei, K., Makumba, B., Mwamburi, L., & Ochuodho, J. (2019). Bio-Control of Net-Blotch and Scald Pathogens of Barley Using Paenibacillus Polymyxa KAI245 Isolated from Sorghum Rhizosphere in Western Kenya. 7, 28–36. https://doi.org/10.12691/ajmr-7-1-5
Gadoury, D. M., Wakefield, L. M., Cadle-Davidson, L., Dry, I. B., & Seem, R. C. (2012). Effects of Prior Vegetative Growth, Inoculum Density, Light, and Mating on Conidiation of Erysiphe necator. Phytopathology®, 102(1), 65–72. https://doi.org/10.1094/PHYTO-03-11-0085
Gleń-Karolczyk, K., Boligłowa, E., Gospodarek, J., Antonkiewicz, J., & Luty, L. (2021). Effect of Seed Dressing and Soil Chemical Properties on Communities of Microorganisms Associated with Pre-Emergence Damping-Off of Broad Bean Seedlings. Agronomy, 11(9), Article 9. https://doi.org/10.3390/agronomy11091889
G.n, O., & D.b, M. (1984). Leaf sheath blights of Sorghum bicolor caused by Sclerotium rolfsii and Gloeocercospora sorghi in South Texas [Identification of susceptible and resistant cultivars]. Phytopathology, 74. https://agris.fao.org/search/en/providers/123819/records/6473620f08fd68d5460483ea
Heo, W. D., Lee, S. H., Kim, M. C., Kim, J. C., Chung, W. S., Chun, H. J., Lee, K. J., Park, C. Y., Park, H. C., Choi, J. Y., & Cho, M. J. (1999). Involvement of specific calmodulin isoforms in salicylic acid-independent activation of plant disease resistance responses. Proceedings of the National Academy of Sciences, 96(2), 766–771. https://doi.org/10.1073/pnas.96.2.766
Juma, A. E., Musyimi, Prof. D., & Opande, G. (2018). Antagonistic Potential Of Selected Fungal And Bacterial Isolates From Rhizosphere Of Sugarcane Variety Co 421 Against Sporisorium Scitamineum In Kibos, Kisumu County, Kenya. https://doi.org/10.15192/PSCP.ASR.2018.23.1.715
Kebeney, S. J., Msanya, B. M., Semoka, J. M. R., Ngetich, W. K., & Kipkoech, A. K. (2014). Socioeconomic Factors and Soil Fertility Management Practices Affecting Sorghum Production in Western Kenya: A Case Study of Busia County. Journal of Experimental Agriculture International, 5(1), Article 1.
Khan, S. H., Ahmad, N., Ahmad, F., & Kumar, R. (2010). Naturally occurring organic osmolytes: From cell physiology to disease prevention. IUBMB Life, 62(12), 891–895. https://doi.org/10.1002/iub.406
Koima, I. N., Kilalo, D. C., Orek, C. O., Wagacha, J. M., & Nyaboga, E. N. (2023). Identification and Characterization of Colletotrichum Species Causing Sorghum Anthracnose in Kenya and Screening of Sorghum Germplasm for Resistance to Anthracnose. Journal of Fungi, 9(1), Article 1. https://doi.org/10.3390/jof9010100
Munguti, J., Kirimi, J., Obiero, K., Ogello, E., Sabwa, J., Kyule, D., Liti, D., & Musalia, L. (2021). Critical Aspects of Aquafeed Value Chain in the Kenyan Aquaculture Sector- A Review. Sustainable Agriculture Research, 10, 87. https://doi.org/10.5539/sar.v10n2p87
Muui, C., Muasya, R., & KIrubi, D. (2013). Baseline survey on factors affecting sorghum production and use in eastern Kenya. African Journal of Food, Agriculture, Nutrition and Development, 13, 7339–7342. https://doi.org/10.18697/ajfand.56.11545
Njinju, S., Onyango, J., & Mayoli, R. (2022). Drought-Resilient Climate Smart Sorghum Varieties for Food and Industrial Use in Marginal Frontier Areas of Kenya (pp. 33–44). https://doi.org/10.1007/978-3-030-93262-6_3
Nyambok, L. (2014). MSc. Agricultural Economics dissertation.
Paul S., M., Elemo, K., Aba, D., Onu, I., & Akintayo, I. (2001). Reactions of Sorghum Genotypes to Anthracnose and Grey Leaf Spot Diseases Under Sudan and Sahel Savanna Field Conditions of Nigeria. Journal of Sustainable Agriculture, USA, 18, 105–116. https://doi.org/10.1300/J064v18n02_09
Raza, W., Yang, W., & Shen, Q.-R. (2008). Paenibacillus Polymyxa: Antibiotics, Hydrolytic Enzymes and Hazard Assessment. Journal of Plant Pathology, 90(3), 419–430.
Sendek, A., Karakoç, C., Wagg, C., Domínguez-Begines, J., do Couto, G. M., van der Heijden, M. G. A., Naz, A. A., Lochner, A., Chatzinotas, A., Klotz, S., Gómez-Aparicio, L., & Eisenhauer, N. (2019). Drought modulates interactions between arbuscular mycorrhizal fungal diversity and barley genotype diversity. Scientific Reports, 9(1), 9650. https://doi.org/10.1038/s41598-019-45702-1
Sharma, I., Kumari, N., & Sharma, V. (2015). Sorghum Fungal Diseases. In E. Lichtfouse & A. Goyal (Eds.), Sustainable Agriculture Reviews: Cereals (pp. 141–172). Springer International Publishing. https://doi.org/10.1007/978-3-319-16988-0_7
Thakur, A. K., Rath, S., Roychowdhury, S., & Uphoff, N. (2010). Comparative Performance of Rice with System of Rice Intensification (SRI) and Conventional Management using Different Plant Spacings. Journal of Agronomy and Crop Science, 196(2), 146–159. https://doi.org/10.1111/j.1439-037X.2009.00406.x
White, J. A., Ryley, M. J., George, D. L., Kong, G. A., & White, S. C. (2012). Yield losses in grain sorghum due to rust infection. Australasian Plant Pathology, 41(1), 85–91. https://doi.org/10.1007/s13313-011-0093-3



image1.emf
3.5

2.5

 T4 

1.5

 T3   T2   T1 

3.0

1.0

4.0

2.0

 

 


image2.emf
2.5

 T4 

1.5

 T3 

0.5

 T2   T1 

2.0

1.0

 

 


image3.emf
1.0

4.5

3.5

2.5

 T4 

1.5

 T3   T2   T1 

3.0

4.0

2.0

 

 


image4.emf
3.5

 Serena 

2.5

 Nyadundo 2 

1.5

 Nyadundo 1   N68   N57 

4.0

3.0

1.0

2.0

 

 


image5.emf
4.0

3.0

 Serena 

2.0

 Nyadundo 2 

1.0

 Nyadundo 1   N68   N57 

3.5

2.5

4.5

1.5

 

 


image6.emf
2.5

 Serena 

1.5

 Nyadundo 2 

0.5

 Nyadundo 1   N68   N57 

1.0

2.0

 

 


image7.jpeg
Bacteria dressed B e

Fungicide dressed

Control

bacterium




