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Abstract

:

In Senegal, sorghum ranks third after millet and maize among dryland cereal production and plays a critical role in the daily lives of millions of inhabitants. Yet, the crop’s productivity and profitability are hampered by biotic stresses, including Exserohilum turcicum, causing leaf blight. A total of 101 sorghum accessions collected from Niger and Senegal, SC748-5 and BTx623, were evaluated in three different environments (Kaymor, Kolda, and Ndiaganiao) in Senegal for their reactions against the leaf blight pathogen. The results showed that 11 out of the 101 accessions evaluated exhibited 100% incidence, and the overall mean incidence was 88.4%. Accession N15 had the lowest incidence of 50%. The overall mean severity was 31.6%, while accessions N15, N43, N38, N46, N30, N28, and N23 from Niger recorded the lowest severity levels, ranging from 15.5% to 25.5%. Accession N15 exhibited both low leaf blight incidence and severity, indicating that it may possess genes for resistance to E. turcicum. Also, the accessions evaluated in this study were sequenced. A GWAS identified six novel single-nucleotide polymorphisms (SNPs) associated with an average leaf blight incidence rate. The candidate genes were found in chromosomes 2, 3, 5, 8, and 9. Except for SNP locus S05_48064154, all five SNPs associated with the leaf blight incidence rate were associated with the plant defense and stress responses. In conclusion, the candidate genes identified could offer additional options for enhancing plant resistance against E. turcicum through plant breeding or gene editing.
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1. Introduction


Sorghum (Sorghum bicolor (L.) Moench) is one of the most indispensable and versatile crops in terms of its uses and adaptability, especially in the arid and semi-arid regions of the world, where it plays a critical role in subsistence farming and the daily calorie needs of hundreds of millions of people [1,2,3,4]. In Senegal, sorghum is a vital commodity, food, and feed source for millions of inhabitants, and ranks third behind millet and maize in dryland cereal production [4,5]. In the last 5 years (2017/2018 to 2021/2022), a mean area of planted sorghum of 250,000 ha, as well as 302,000 tons of production, was recorded in Senegal [6]. During the same period, the mean yield in the country was 1.2 tons/ha [6], despite the fact that most of the sorghum crops planted were landraces with low yields; however, some of the advanced/improved varieties developed and released by Institut Sénégalais de Recherches Agricoles/Centre National de Recherches Agronomiques can produce yields of up to 5 tons/ha in experimental stations with high farm inputs [4,7]. Nevertheless, sorghum production and profitability are constrained by biotic stresses in Senegal, including leaf blight, incited by Exserohilum turcicum (Pass,) K. J. Leonard & E. G. Suggs [syn. Helminthosporium turcicum (Pass.)] [8]. The pathogen also infects teosinte, Sudan grass, gamagrass, and johnsongrass, and the infection is most severe under heavy dew and temperatures ranging from 18 to 27 °C [8]. Studies have shown that E. turcicum is host-specific, meaning that the maize isolates of the pathogen are non-pathogenic to sorghum [8,9,10]. The reverse is true, resulting in two host-specific strains: E. turcicum f. sp. zeae attacks maize and E. turcicum f. sp. sorghi incites leaf blight on sorghum [9,10]. The host specificity is reported to be conferred by a single gene in the pathogen, SorA+ in sorghum and ZeaA+ in maize [10]. The leaf blight pathogen can survive on sorghum as mycelia, conidia in plant debris, weed hosts, or chlamydospores without host tissue in the soil [11]. The pathogen can infect both young and old plants, with symptoms characterized by large, elongated, spindle-shaped spots with a straw/grey color, surrounded by pigmented margins, and in older plants, the lesions may have yellowish-to-gray centers with reddish margins [8,11]. Sorghum leaf blight is widely distributed in areas where sorghum is planted, and under severe foliar infection, losses of up to 70% can occur [8,12,13,14]. Prom et al. [15] surveyed 206 sorghum farmers’ production fields in Senegal during the 2019 growing season and noted that 198 fields had leaf blight-infected plants. Resistant sources of the sorghum leaf blight pathogen have been reported. Hepperly and Sotomayor-Ríos [16] evaluated sorghum germplasm in Isabel, Puerto Rico, and identified several sorghum lines, including IS12526, IS12576, IS12606, and IS12638, that possess high levels of resistance. Four lines, Gambella-1107, Seredo, 76Tl#23, and Meko-1, were found to be resistant to E. turcicum f. sp. sorghi when evaluated in two locations in Southern Ethiopia [13].



However, the recent advances made using genomic resources (e.g., molecular markers, genomic mapping software) have made it possible to identify single-nucleotide polymorphisms (SNPs) to locate genes associated with economically important traits such as disease resistance [17]. For instance, Tomar et al. [18] identified eight QTLs associated with spot blotch disease resistance in the wheat genome using 14,063 polymorphic genotyping-by-sequencing markers. A total of 17 QTLs were identified at different genomic locations when wheat cultivars were evaluated in a greenhouse against four pathotypes of the stripe rust pathogen [19], while Liu et al. [20] documented 14 loci associated with stripe rust in multiple locations, as well as 37 loci with a significant association with the disease at all plant developmental stages. Further, Kawicha et al. [21] identified six unique significant SNPs for tomato fusarium wilt resistance located on chromosomes 2, 4, and 7 of the tomato genome. We hypothesized that SNPs associated with the leaf blight response could be identified, and that these SNPs might have a role in host defense. Thus, genome-wide association studies (GWASs) of the incidence and severity of the leaf blight pathogen against Nigerien and Senegalese sorghum germplasms, planted in three environments in Senegal, were conducted.




2. Results


The leaf blight incidence rate across the three locations in the Nigerien and Senegalese accessions was high, with the average rate = 88.4 ± 0.76 (Table 1). The lowest incidence rates were observed in N15, N48, and S17. Likewise, Table 2 depicts the leaf blight severity levels from the highest to the lowest accessions. The accessions with the lowest severity levels are from Niger, including N15, N43, N38, N46, N30, N28, and N23. The highest leaf blight severity (75.5%) was recorded in Kaymor. In contrast, many susceptible accessions were from Senegal.



The mean leaf blight incidence rate and severity were calculated based on three different locations: Kaymor, Kolda, and Ndiaganiao. The mean incidence rate in Kolda (mean ± S.E.= 75 ± 1.5) was statistically lower than the other two locations (Kaymor = 96.2 ± 12.8 and Ndiaganiao = 96 ± 13.6 for mean ± S.E.) (Figure 1). Ndiaganiao showed a significantly high severity level (mean ± S.E. = 39.7 ± 0.6) compared to Kaymor ( Mean ± S.E. = 27.9 ± 0.8) and Kolda (mean ± S.E. = 26.3 ± 0.6).



Pearson’s correlation indicates a clear positive correlation between the leaf blight incidence rate and severity (Figure 2). As described in Figure 1, many accessions in Ndiaganiao showed the highest incidence rate and severity level.



A PCA plot (Figure 3) and a dendrogram (Figure 4) generated based on SNP data agreed that four major groups exist among the Nigerien and Senegalese accessions. Figure 4 shows multiple accessions from the two countries that merge and form a group (blue).



Figure 5 and Table 3 show the top SNPs passing the Bonferroni threshold, identified from the GWAS, and their associated genes for the leaf blight incidence rate. Based on the leaf blight severity level, the GWAS did not generate any SNP locus that passed the Bonferroni threshold. Six SNPs were found to be statistically significant. The LD heatmaps in Figure 6 show SNP locus S09_38670567 and an LD around the locus, indicating a low LD.




3. Discussion


E. turcicum is an important pathogen of sorghum, causing sorghum leaf blight [8,17]. Figure 7 shows leaf blight-infected sorghum leaves characterized by long elliptical reddish-purple or yellowish-tan lesions. A survey of 206 sorghum farmers’ fields in seven regions across Senegal during the 2019 growing season revealed that leaf blight was the most prevalent disease. Similarly, a total of 122 sorghum farmers’ fields surveyed across the same seven regions in Senegal during the 2022 growing season recorded a 100% prevalence of leaf blight [22]. Among the accessions evaluated against the leaf blight pathogen, N15 from Niger exhibited the lowest incidence and severity, indicating that this accession may possess resistance genes to E. turcicum. One sorghum line, “Hageen Durra”, was found to be resistant to leaf blight when evaluated in Central Sudan [12]. In India, many accessions, such as IS 13870, IS 18758, and IS 19670, exhibited high to moderate levels of resistance to leaf blight when evaluated in the field [23]. In this study, top SNPs passing the Bonferroni threshold, identified from the GWAS and their associated genes for a leaf blight incidence rate, were noted. However, based on the leaf blight severity level, the GWAS did not generate any SNP locus that passed the Bonferroni threshold. In a recent study, a transcriptional analysis revealed that rhamnogalacturonate lyase, plantacyanin, and zinc finger were expressed over a 70-fold change when inoculated with E. turcicum in sorghum [10]. In a maize GWAS study, multiple genes associated with SANT, WRKY, inositol-pentakis-phosphate 2-kinase, potassium uptake protein TrkA, and 4′phosphopante theinyl transferase were listed as top candidates against E. turcicum [24]. Lipps et al. [25] used two sorghum recombinant-inbred-line (RIL) populations for resistance to E. turcicum and identified a total of six quantitative trait loci (QTLs) across the two populations. In this study, we examined E. turcicum resistance to over one hundred accessions originally collected from Niger and Senegal and evaluated in three locations in Senegal. The accessions tested in Ndiaganiao showed high incidence and severity levels, indicating that Ndiaganiao provided a favorable environment for E. turcicum infection. Among the accessions, the lowest incidence rates were observed in N15, N48, and S17, while several accessions, including N15, N43, N38, N46, N30, N28, and N23, exhibited the lowest severity levels. As expected, the correlation test proved a clear positive correlation between the two traits.



A GWAS identified six novel SNPs associated with an average incidence rate. Sobic.009G099450, a gene annotated as a zinc finger, was 22,641 bp away from the top SNP locus S09_38670567. As the SNP locus is in the LD with other SNPs in 2.2 Mb (SNPs in pairwise r2 > 0.3 with the significant SNP marker S09_38670567 span a 2.21 Mb region, while SNPs in pairwise r2 > 0.5 span 194 bp), it is unsurprising that the nearest annotated gene is 22,641 bp away from the SNP. Zing-finger-related SNPs were identified as top candidates in sorghum against fungal pathogens such as the Senegalese and sorghum mini-core collection [26,27,28]. CCHC-type zinc-finger proteins play key roles in both abiotic and biotic stress responses and plant growth and development [29]. S03_67084062 was closely located to the homeobox-leucine zipper (HD-ZIP) protein. Homeodomain leucine zipper proteins are plant-specific transcription factors that contain a homeodomain and a leucine zipper domain and are highly associated with abiotic stress [30]. Gene silencing (S08_9250700) is one of the critical defense mechanisms that protect plants from pathogens, and it controls the sequence-specific regulation of gene expression [31]. The closest annotated gene from S09_5849212 is associated with Acyl-CoA dehydrogenase 4, Peroxisomal. The biosynthesis of jasmonic acid in plant peroxisomes requires the action of acyl-coenzyme A oxidase [32]. The nearest gene of SNP locus S02_37426140 is the MYB/SANT-like DNA-binding domain. MYB transcription factor genes are well known to be involved in controlling various processes, like responses to biotic and abiotic stresses, development, differentiation, metabolism, and defense [33]. Except for SNP locus S05_48064154, all five SNPs associated with a leaf blight incidence rate were associated with plant defense and stress responses.



Among the top candidate genes, Sobic.008G070700 and Sobic.009G057200 were available for the predicted protein network nodes (Figure 8). Sobic.008G070700 was associated with RNA polymerases, translation initiation factor 2c, and small RNA 2′-o-methyltransferase. Sobic.009G057200 was linked to 3-ketoacyl-CoA thiolase 2, enoyl-coa hydratase, acyl-coenzyme an oxidase 2, malonate-semialdehyde dehydrogenase, peroxisomal fatty acid, dihydrolipoamide acetyltransferase, and glyoxysomal fatty acid. Among the genes linked to our candidates, Arabidopsis 3-ketoacyl-CoA thiolase 2 is involved in abscisic acid (ABA) signal transduction, which plays a major role in plant defense [34]. In Magnaporthe oryzae, methylmalonate-semialdehyde dehydrogenase regulates conidiation, polarized germination, and pathogenesis [35]. Peroxisomal fatty acid β-oxidation is reported to negatively impact plant survival under salt stress [36]. Another study concluded that peroxisomal-CoA synthetase is involved in fatty acid β-oxidation and pathogenicity in rice blast fungi [37]. Likewise, many genes linked to our top candidate genes through network nodes are also associated with plant stress and defense responses, indicating the importance of the identified genes in this study. Overall, limited GWAS work has been conducted on sorghum leaf blight, compared to Northern corn leaf blight (NCLB) in Maize [24,25,37,38]. A GWAS on NCLB caused by Setosphaeria turcica (perfect stage of E. turcicum) identified 22 SNPs significantly associated with NCLB in three tropical maize germplasm mapping panels [38]. Zhang et al. [17] detected 113 unique candidate genes in sorghum lines evaluated against E. turcicum, and when these genes were compared to those found in NCLB in maize, they concluded that they play a role in resistance to both crops. Using a GWAS on NCLB in maize, 81 genes were revealed, and 12 of these genes were shown to play a role in plant defense [24]. Recently, Lipps et al. [25] detected six QTLs across two sorghum recombinant inbred line populations when evaluated for resistance against the leaf blight pathogen. All these GWAS on sorghum and maize against E. turcicum will continue to enhance our knowledge of the resistance mechanisms in these two economically important crops, thereby increasing our food security globally.




4. Materials and Methods


Study area: The research fields were established in Senegal, West Africa, during the 2022 growing season. Senegal is located between latitudes 12°30′ and 16°30′ N and longitudes 11°30′ and 17°30′ W, with the drier northern part lying in the Sahelian zone and the southern part with more rain in the Sudanian zone [39]. The three fields were in Kaymor (13°58′33.7″ N and 15°05′03.2″ W) in the Kaolack region, Kolda (12°51′14.7″ N and 14°48′15.4″ W) in the Kolda region, and Ndiaganiao (14°35′58.7″ N and 16°44′10.7″ W) in the Thies region. The annual rainfall is 752 mm in Kaolack, 1072 mm in Kolda, and 377 mm in Thies, while the minimum and maximum temperatures range from 25 to 35 °C, 24 to 35 °C, and 23 to 33 °C, respectively [15]. These sites were selected because of their history of a high incidence of leaf blight, ranging from 88% to 100% [15,22]. A total of 120 sorghum accessions with bright non-diseased seeds were randomly collected from farmers′ fields in Niger and Senegal, and with SC748-5 and BTx623 were planted in these three different environments. Seeds of each accession were planted in 1.8 m rows with 0.8 m row spacing in each field environment. The accessions were planted in a randomized complete block design, and each accession was replicated thrice. The fields were kept weed-free with occasional hand-hoeing. Plants were evaluated for leaf blight incidence at the soft-to-early-hard-dough stage of development. The leaf blight incidence was based on the formula below [14,15]:


  I n c i d e n c e =   N u m b e r   o f   p l a n t s   w i t h   t h e   d i s e a s e   i n   a   r o w   T o t a l   n u m b e r   o f   p l a n t s   i n   a   r o w   × 100  











Disease severity scale: The severity scale was previously described by Prom et al. [14] and spanned from 0 to 11 with mid-points, where 1 = 5.5, 2 = 15.5, 3 = 25.5, 4 = 35.5, 5 = 45.5, 6 = 55.5, 7 = 65.5, 8 = 75.5, 9 = 85.5, 10 = 95.5, and 11 = 100, used to calculate the mean severity.



Statistical Analysis: Student’s t-test for all possible comparisons was performed across the population with JMP Pro 15 (SAS Institute, Cary, NC, USA). In addition, the incidence rate and severity were compared across the three experimental locations using Student’s t-test in JMP Pro 15. A Pearson correlation coefficient was computed to test the correlation between the incidence rate and severity of the disease as well.



GWAS


DNA extraction of fresh sorghum leaves sampled from 120 genotypes from Niger and Senegal (60 from each country) was conducted using either a NucleoSpin Plant II kit (Macherey-Nagel, ref. 740770) or a modified 2% Cethyl Trimethyl Ammonium Bromide (CTAB) method [40,41]. The DNA was then purified using 7.5 M ammonium acetate and isopropanol. The OD ratios (260/230, 260/280) were checked using a SpectraMax® QuickDrop™ Micro Volume spectrophotometer (Molecular Devices), and the samples were run on a 1% agarose gel stained with ethidium bromide for quality control. The Genomics and Bioinformatics Service performed the sequencing at Texas A&M (TxGen, 1500 Research Pkwy Suite 250, College Station, TX 77845, USA) using an Illumina NovaSeq 6000 (2.6X average coverage). All the samples were repurified before library preparation. The sequencing raw data were processed using the GATK (Genome Analysis Tool Kit) best practices for variant calling, implemented in the DRAGEN platform (Illumina, San Diego, CA, USA). The sequences were aligned against Sorghum bicolor v3.1.1, available at Phytozome (https://phytozome-next.jgi.doe.gov/info/Sbicolor_v3_1_1, accessed on 17 October 2023), as the reference genome for SNP calling. The calls were filtered using the following parameters: minimum coverage depth = 3 and minimum genotype quality = 9 on a Phred scale. The resulting variants were then filtered to only accept SNPs with a minimum minor allele frequency of 0.05 and a maximum rate of missing data of 0.5. Variant filtration was performed using bcf tools. The SNP data were finally inputted using Beagle (Beagle 8.7e1.jar). The output was split by chromosome in a VCF format and contained over 5 × 103 SNPs. PLINK v1.9 [42] was used for the VCF file conversions and a random selection of 50,000 SNPs from the genotypic data. An analysis of the population structure was performed in R studio v1.4.1717 [43], using the FactoMineR v2.8 [44] and Factoextra v1.0.7 [45] packages for a principal component analysis (PCA) and k-means clustering with the average silhouette method. For the validation and assignment of the accessions to genetic groups, a dendrogram was generated using SNPRelate v1.28.0 and gdsfmt v1.30.0 [46] and visualized with ggtree v3.2.1 [44]. The linkage disequilibrium (LD) of a local variant around the statistically significant SNP was plotted using LDheatmap v1.0-6 [47]. For the GWAS, we utilized GEMMA v0.98.3 [48]. Association tests were performed using a univariate linear mixed model, accounting for the relatedness matrix as a covariate term and employing the Wald test for determining statistical significance. To generate phenotype and genotype distribution, we utilized the software package vcf2gwas v0.8.3 [49]. Top candidate SNPs that surpassed the Bonferroni test were tracked to identify their exact location using the reference sorghum genome sequence, version 3.1.1, accessed through the JGI Phytozome 13 website. All available predicted protein network nodes from the top candidate genes were searched through the STRING database version 11.5 website (https://string-db.org/, accessed on 17 October 2023).





5. Conclusions


In Senegal, sorghum ranks third after millet and maize among dryland cereal production, while in Niger, sorghum ranks second to pearl millet in cereal production [4,5,50]. In both countries, sorghum plays a critical role in the daily lives of hundreds of millions of inhabitants for human food, drinks, baked food, animal feed, commercial ventures, building materials, and other uses. An increase in sorghum production will be critical in ensuring food security, especially in semi-tropical and tropical countries, including these two countries, due to the expected increase in global population and the impact of climate change. A robust and integrated management of sorghum diseases such as leaf blight and pests are components that must be addressed to realize the goal of increasing production by 2050, and any information that contributes to our understanding of the host–pathogen interaction will be of value. This work is significant because it suggests that the N15, N48, and S17 lines identified may be excellent sources for use in breeding for leaf blight resistance in both countries. In addition, the candidate genes identified in this study are anticipated to offer additional options for enhancing plant resistance against fungal pathogens through plant breeding or gene editing. Finally, the utilization of GWAS on sorghum accessions is one way to identify loci (SNPs) associated with leaf blight resistance, incited by E. turcicum, a widespread and devastating disease in West Africa, which is essential for breeding strategies aimed at predicting germplasm with disease resistance and high-yielding germplasm to ensure future food security in the region.







Author Contributions


Conceptualization, L.K.P., C.W.M., M.P.S. and C.D.; methodology, L.K.P. and C.W.M.; formal analysis, L.K.P., J.R.B., E.J.S.A. and C.F.; investigation, L.K.P., M.P.S. and C.D.; resources, C.W.M.; data curation, L.K.P.; writing—original draft, L.K.P., E.J.S.A. and J.R.B.; writing—review and editing, all authors. All authors have read and agreed to the published version of the manuscript.




Funding


This research (CRIS # 3091-22000-040-000-D) was supported in part by the U.S. Department of Agricultural Research Service. The USDA is an equal opportunity provider and employer. This research was made possible with the support of the American people provided to the Feed the Future Innovation Lab for Collaborative Research on Sorghum and Millet through the United States Agency for International Development (USAID). The contents are the sole responsibility of the authors and do not necessarily reflect the views of the USAID or the United States Government. Program activities are funded by the United States Agency for International Development (USAID) under Cooperative Agreement No. AID-OAA-A-13-00047.




Data Availability Statement


The data presented in this study are available upon reasonable request from the authors L.K. and C.W.M.




Acknowledgments


The authors are grateful to Mohamed Sall, Souleymane Bodian, and the rest of the staff at Centre National de Recherches Agronomiques de Bambey, BP 53, Bambey, Senegal, West Africa, for their technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Frederiksen, R.; Odvody, G. Compendium of Sorghum Diseases, 2nd ed.; American Phytopathological Society (APS Press): St. Paul, MN, USA, 2000; ISBN 978-0-89054-240-8. [Google Scholar]

	



Upadhyaya, H.D.; Reddy, K.N.; Vetriventhan, M.; Ahmed, M.I.; Krishna, G.M.; Reddy, M.T.; Singh, S.K. Sorghum germplasm from West and Central Africa maintained in the ICRISAT genebank: Status, gaps, and diversity. Crop J. 2017, 5, 518–532. [Google Scholar] [CrossRef]

	



Mundia, C.W.; Secchi, S.; Akamani, K.; Wang, G. A Regional Comparison of Factors Affecting Global Sorghum Production: The Case of North America, Asia and Africa’s Sahel. Sustainability 2019, 11, 2135. [Google Scholar] [CrossRef]

	



Fall, R.; Cissé, M.; Sarr, F.; Kane, A.; Diatta, C.; Diouf, M. Production and use sorghum: A literature review. J. Nutr. Health Food Sci. 2016, 4, 1–4. [Google Scholar]

	



Ndiaye, M.; Adam, M.; Ganyo, K.K.; Guissé, A.; Cissé, N.; Muller, B. Genotype-Environment Interaction: Trade-Offs between the Agronomic Performance and Stability of Dual-Purpose Sorghum (Sorghum bicolor L. Moench) Genotypes in Senegal. Agronomy 2019, 9, 867. [Google Scholar] [CrossRef]

	



USDA. World Agricultural Production, Foreign Agricultural Service Circular Series. Available online: https://apps.fas.usda.gov/psdonline/circulars/production.pdf (accessed on 8 March 2023).

	



Diatta, C. Development of Sorghum [Sorghum bicolor (L.) Moench] for Resistance to Grain Mold in Senegal. Ph.D. Thesis, University of Ghana, Legon, Ghana, 2019. [Google Scholar]

	



Bergquist, R. Leaf Blight. In Compendium of Sorghum Diseases, 2nd ed.; Frederiksen, R.A., Odvody, G.N., Eds.; The American Phytopathological Society: St. Paul, MN, USA, 2000; pp. 9–10. ISBN 978-0-89054-240-8. [Google Scholar]

	



El-Naggar, A.A.A. Occurrence of Exserohilum turcicum f. sp. sorghi, the causal organism of sorghum leaf blight in Upper Egypt. J. Plant Prot. Path. 2012, 3, 337–346. [Google Scholar]

	



Adhikari, P.; Mideros, S.X.; Jamann, T.M. Differential regulation of maize and sorghum orthologs in response to the fungal pathogen Exserohilum turcicum. Front. Plant Sci. 2021, 12, 675208. [Google Scholar] [CrossRef]

	



Durga, K.K. Leaf blight Exserohilum turcicum (pass.) of sorghum—A Review. Agric. Rev. 2002, 23, 175–184. [Google Scholar]

	



Beshir, M.M.; Ahmed, N.E.; Mukhtar, A.; Babiker, I.H.; Rubaihayo, P.; Okori, P. Prevalence and severity of sorghum leaf blight in the sorghum growing areas of Central Sudan. Wudpecker J. Agric. Res. 2015, 4, 54–60. [Google Scholar]

	



Tesema, M.L.; Mengesha, G.G.; Dojamo, T.S.; Takiso, S.M. Response of sorghum genotypes for turcicum leaf blight [Exserohilum turcicum (Pass.) Leonard & Suggs] and agronomic performances in Southern Ethiopia. Int. J. Sci. Res. Arch. 2022, 5, 77–95. [Google Scholar]

	



Prom, L.K.; Adamou, H.; Bibata, A.O.; Issa, K.; Abdoulkadri, A.A.; Oumarou, O.H.; Adamou, B.; Fall, C.; Magill, C. Incidence, severity, and prevalence of sorghum diseases in the major production regions in Niger. J. Plant Stud. 2023, 12, 48–59. [Google Scholar] [CrossRef]

	



Prom, L.K.; Sarr, M.P.; Diatta, C.; Ngom, A.; Aïdara, O.; Cissé, N.; Magill, C. The occurrence and distribution of sorghum diseases in major production regions of Senegal, West Africa. Plant Pathol. J. 2021, 20, 1–10. [Google Scholar] [CrossRef]

	



Hepperly, P.R.; Sotomayor-Ríos, A. New sorghum leaf blight resistance sources: Identification, description and reactions of F1 hybrids. J. Agric. Univ. P. R. 1987, 71, 293–299. [Google Scholar]

	



Zhang, X.; Fernandes, S.B.; Kaiser, C.; Adhikari, P.; Brown, P.J.; Mideros, S.X.; Jamann, T.M. Conserved defense responses between maize and sorghum to Exserohilum turcicum. BMC Plant. Biol. 2020, 20, 67. [Google Scholar] [CrossRef] [PubMed]

	



Tomar, V.; Singh, D.; Guriqbal Singh, D.G.; Singh, R.P.; Poland, J.; Joshi, A.K.; Singh, P.K.; Bhati, K.P.; Kumar, S.; Rahman, M.; et al. New QTLs for spot blotch disease resistance in wheat (Triticum aestivum L.) using genome-wide association mapping. Front. Genet. 2021, 11, 613217. [Google Scholar] [CrossRef] [PubMed]

	



Pradhan, A.K.; Kumar, S.; Singh, A.K.; Budhlakoti, N.; Mishra, D.C.; Chauhan, D.; Mittal, S.; Grover, M.; Kumar, S.; Gangwar, O.P.; et al. Identification of QTLs/defense genes effective at seedling stage against prevailing races of wheat stripe rust in India. Front. Genet. 2020, 11, 572975. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Maccaferri, M.; Chen, X.; Laghetti, G.; Pignone, D.; Pumphrey, M.; Tuberosa, R. Genome-wide association mapping reveals a rich genetic architecture of stripe rust resistance loci in emmer wheat (Triticum turgidum ssp. dicoccum). Theor. Appl. Genet. 2017, 130, 2249–2270. [Google Scholar] [CrossRef] [PubMed]

	



Kawicha, P.; Tongyoo, P.; Wongpakdee, S.; Rattanapolsan, L.; Duangjit, J.; Chunwongse, J.; Suwor, P.; Sangdee, A.; Thanyasiriwat, T. Genome-wide association study revealed genetic loci for resistance to fusarium wilt in tomato germplasm. Crop Breed. Appl. Biotechnol. 2023, 23, e43532311. [Google Scholar] [CrossRef]

	



Prom, L.K.; Sarr, M.P.; Diatta, C.; Sall, M.; Bodian, S.; Fall, C.; Dorego, G.S.; Magill, C. A survey of the major sorghum production regions for foliar and panicle diseases during the 2022 growing season in Senegal. Am. J. Plant Sci. 2023, 14, 829–844. [Google Scholar] [CrossRef]

	



Mathur, K.; Thakur, R.P.; Reddy, B.V.S. Leaf Blight. In Screening Techniques for Sorghum Diseases, 1st ed.; Information Bulletin No. 76; Thakur, R.P., Reddy, B.V.S., Mathur, K., Eds.; International Crops Research Institute for the Semi-Arid Tropics: Patancheru, India, 2007; p. 92. ISBN 978-92-9066-504-5. [Google Scholar]

	



Ding, J.; Ali, F.; Chen, G.; Li, H.; Mahuku, G.; Yang, N.; Narro, L.; Magorokosho, C.; Makumbi, D.; Yan, J. Genome-wide association mapping reveals novel sources of resistance to northern corn leaf blight in maize. BMC Plant Biol. 2015, 15, 206. [Google Scholar] [CrossRef]

	



Lipps, S.; Rooney, W.L.; Mideros, S.X.; Jamann, T.M. Identification of quantitative trait loci for sorghum leaf blight resistance. Crop Sci. 2022, 62, 1550–1558. [Google Scholar] [CrossRef]

	



Ahn, E.; Prom, L.K.; Hu, Z.; Odvody, G.; Magill, C. Genome-wide association analysis for response of Senegalese sorghum accessions to Texas isolates of anthracnose. Plant. Genome 2021, 14, e20097. [Google Scholar] [CrossRef] [PubMed]

	



Ahn, E.; Prom, L.K.; Magill, C. Multi-trait genome-wide association studies of sorghum bicolor regarding resistance to anthracnose, downy mildew, grain mold and head smut. Pathogens 2023, 12, 779. [Google Scholar] [CrossRef] [PubMed]

	



Cuevas, H.E.; Fermin-Pérez, R.A.; Prom, L.K.; Cooper, E.A.; Rooney, W.L. Genome-wide association mapping of grain mold resistance in the US Sorghum Association Panel. Plant Genome 2019, 12, 180070. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.; Pei, Z.; Peng, L.; Qin, Q.; Duan, Y.; Liu, H.; Chen, X.; Zheng, L.; Luo, C.; Huang, J. Genome-Wide Identification and Functional Characterization of CCHC-Type Zinc Finger Genes in Ustilaginoidea virens. J. Fungi 2021, 7, 947. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Yang, Z.; Zhang, Y.; Guo, J.; Liu, L.; Wang, C.; Wang, B.; Han, G. The roles of HD-ZIP proteins in plant abiotic stress tolerance. Front. Plant. Sci. 2022, 13, 1027071. [Google Scholar] [CrossRef]

	



Muhammad, T.; Zhang, F.; Zhang, Y.; Liang, Y. RNA Interference: A Natural Immune System of Plants to Counteract Biotic Stressors. Cells 2019, 8, 38. [Google Scholar] [CrossRef]

	



Schilmiller, A.L.; Koo, A.J.K.; Howe, G.A. Functional diversification of acyl-coenzyme a oxidases in jasmonic acid biosynthesis and action. Plant Physiol. 2007, 143, 812–824. [Google Scholar] [CrossRef]

	



Ambawat, S.; Sharma, P.; Yadav, N.R.; Yadav, R.C. MYB transcription factor genes as regulators for plant responses: An overview. Physiol. Mol. Biol. Plants 2013, 19, 307–321. [Google Scholar] [CrossRef]

	



Jiang, T.; Zhang, X.-F.; Wang, X.-F.; Zhang, D.-P. Arabidopsis 3-Ketoacyl-CoA Thiolase-2 (KAT2), an Enzyme of Fatty Acid β-Oxidation, is Involved in ABA Signal Transduction. Plant Cell Physiol. 2011, 52, 528–538. [Google Scholar] [CrossRef]

	



Norvienyeku, J.; Zhong, Z.; Lin, L.; Dang, X.; Chen, M.; Lin, X.; Zhang, H.; Anjago, W.M.; Lin, L.; Abdul, W.; et al. Methylmalonate-semialdehyde dehydrogenase mediated metabolite homeostasis essentially regulate conidiation, polarized germination and pathogenesis in Magnaporthe oryzae. Environ. Microbiol. 2017, 19, 4256–4277. [Google Scholar] [CrossRef]

	



Yu, L.; Fan, J.; Xu, C. Peroxisomal fatty acid β-oxidation negatively impacts plant survival under salt stress. Plant Signal. Behav. 2019, 14, 1561121. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, T.; Li, Y.-N.; Li, X.; Gu, W.; Moeketsi, E.K.; Zhou, R.; Zheng, X.; Zhang, Z.; Zhang, H. The peroxisomal-CoA synthetase MoPcs60 is important for fatty acid metabolism and infectious growth of the rice blast fungus. Front. Plant Sci. 2022, 12, 811041. [Google Scholar] [CrossRef]

	



Rashid, Z.; Sofi, M.; Harlapur, S.I.; Kachapur, R.M.; Dar, Z.A.; Singh, P.K.; Zaidi, P.H.; Vivek, B.S.; Nair, S.K. Genome-wide association studies in tropical maize germplasm reveal novel and known genomic regions for resistance to Northern corn leaf blight. Sci. Rep. 2020, 10, 21949. [Google Scholar] [CrossRef] [PubMed]

	



Fall, S.; Niyogi, D.; Semazzi, F.H.M. Analysis of mean climate conditions in Senegal (1971–98). Earth Interact. 2006, 10, 1–40. [Google Scholar] [CrossRef]

	



Kale, S.S.; Kadu, T.P.; Chavan, N.R.; Chavan, N.S. Rapid and efficient method of genomic dna extraction from sweet sorghum [Sorghum bicolor (L.)] using leaf tissue. Int. J. Chem. Stud. 2020, 8, 1166–1169. [Google Scholar]

	



Doyle, J.J.; Doyle, J. A rapid DNA isolation procedure for small quantities of Fresh leaf tissue. Phytochem. Bull. 1987, 19, 11–15. [Google Scholar]

	



Chang, C.C.; Chow, C.C.; Tellier, L.C.; Vattikuti, S.; Purcell, S.M.; Lee, J.J. Second-generation PLINK: Rising to the challenge of larger and richer datasets. Gigascience 2015, 4, 7. [Google Scholar] [CrossRef]

	



RStudio Team. RStudio: Integrated Development for R. RStudio; PBC: Boston, MA, USA, 2022; Available online: http://www.rstudio.com/ (accessed on 15 April 2023).

	



Husson, F.; Josse, J.; Lê, S. FactoMineR: An R Package for Multivariate Analysis. J. Stat. Softw. 2008, 25, 1–18. [Google Scholar]

	



Kassambara, A.; Mundt, F. Factoextra: Extract and Visualize the Results of Multivariate Data Analyses. R Package Version 1.4.1717. 2021. Available online: https://cran.r-project.org/package=factoextra (accessed on 15 April 2023).

	



Zheng, X.; Levine, D.; Shen, J.; Gogarten, S.M.; Laurie, C.; Weir, B.S. A High-Performance Computing Toolset for Relatedness and Principal Component Analysis of SNP Data. Bioinformatics 2012, 28, 3326–3328. [Google Scholar] [CrossRef]

	



Shin, J.-H.; Blay, S.; McNeney, B.; Graham, J. LDheatmap: An R Function for Graphical Display of Pairwise Linkage Disequilibria Between Single Nucleotide Polymorphisms. J. Stat. Softw. 2006, 16, 1–9. [Google Scholar] [CrossRef]

	



Zhou, X.; Stephens, M. Genome-wide efficient mixed-model analysis for association studies. Nat. Genet. 2012, 44, 821–824. [Google Scholar] [CrossRef] [PubMed]

	



Vogt, F.; Shirsekar, G.; Weigel, D. vcf2gwas: Python API for comprehensive GWAS analysis using GEMMA. Bioinformatics 2022, 38, 839–840. [Google Scholar] [CrossRef] [PubMed]

	



Prom, L.K.; Haougui, A.; Adamou, I.; Abdoulkadri, A.A.; Karimou, I.; Ali, O.B.; Magill, C. Survey of the prevalence and incidence of foliar and panicle diseases of sorghum across production fields in Niger. Plant Pathol. J. 2020, 19, 106–113. [Google Scholar] [CrossRef]








[image: Plants 12 04010 g001] 





Figure 1. Comparisons of leaf blight incidence rate (blue) and severity level (red) based on three locations. Different letters indicate statistical significance. 
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Figure 2. The correlation between leaf blight incidence rate and severity level. Pearson’s correlation showed a weak positive correlation of 0.22 with p < 0.0001. Different colors indicate surveyed locations in Senegal. 






Figure 2. The correlation between leaf blight incidence rate and severity level. Pearson’s correlation showed a weak positive correlation of 0.22 with p < 0.0001. Different colors indicate surveyed locations in Senegal.



[image: Plants 12 04010 g002]







[image: Plants 12 04010 g003] 





Figure 3. The principal component analysis of the Nigerien and Senegalese sorghum accessions. Four colors indicate different groups (red, green, cyan, and purple). 
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Figure 4. A dendrogram was constructed based on the genotype data of the accessions. Four major genetic groups were shown, indicated by the two main branches and different colors. 
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Figure 5. The genome-wide association for leaf blight incidence rate. Manhattan plot across ten chromosomes is shown with the Bonferroni threshold, indicating that six SNPs are statistically significant. 
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Figure 6. LD heatmaps visualize the LD of SNP locus S09_38670567. The blue stars indicate the exact location of the SNP locus. 
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Figure 7. Sorghum leaves infected with leaf blight. 
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Figure 8. Available predicted protein network nodes of top candidate genes. (a) Sobic.008G070700. (b) Sobic.009G057200. Red beads indicate the candidate genes. Genes lacking annotated functions were shown, but no function was listed right next to each gene. 
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Table 1. The average leaf blight incidence rate across the three locations ordered from high to low. The standard error of the mean is listed next to the average value. Single dots indicate cultivars tested only once.
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	Accessions
	Incidence
	SEM
	Accessions
	Incidence
	SEM





	S47
	100
	0
	S31
	88.14
	7.88



	S42
	100
	0
	N49
	88.14
	7.88



	N5
	100
	0
	N4
	88.13
	6.31



	N7
	100
	.
	N19
	88.13
	10.65



	N9
	100
	0
	S8
	88
	6.77



	S36
	100
	0
	S3
	88
	9.07



	N27
	100
	0
	S1
	88
	4.68



	N36
	100
	0
	N46
	87.89
	5.42



	S19
	100
	0
	N57
	87.14
	8.48



	N43
	100
	0
	N26
	87.13
	8.58



	S52
	100
	0
	S12
	86.86
	8.53



	N30
	99.13
	0.88
	N50
	86.78
	7.70



	S46
	98.33
	1.67
	S55
	86.5
	7.53



	S2
	98.29
	1.71
	S29
	86.44
	6.19



	S27
	98
	1.36
	S14
	86.11
	8.59



	N53
	97.89
	2.11
	S38
	85.75
	7.84



	S4
	96.75
	2.33
	S51
	85.43
	7.18



	S21
	96.67
	3.33
	S37
	85.25
	8.51



	S32
	96.63
	2.31
	N18
	85.13
	7.67



	S40
	96
	2.77
	S23
	85.13
	7.52



	N52
	95.86
	4.14
	N28
	84.29
	10.48



	SC748-5
	95.86
	4.14
	N55
	84.29
	10.33



	S11
	94.71
	3.43
	S39
	83.67
	8.92



	S30
	94.5
	5.5
	N8
	83.63
	10.85



	S58
	94.5
	5.5
	N29
	83.57
	8.55



	N25
	94.44
	3.91
	S20
	82.75
	9.61



	S59
	94.13
	4.24
	S50
	82
	10.21



	S49
	94
	3
	N44
	81.88
	8.68



	S60
	94
	3.98
	S33
	81.29
	12.13



	S57
	93.89
	4.55
	S5
	80.86
	11.69



	N23
	93.44
	5.52
	N39
	80.71
	12.59



	S34
	93.25
	4.44
	N58
	80.13
	9.66



	N54
	93.22
	5.02
	N42
	80
	10.38



	N20
	92.22
	5.21
	N41
	80
	11.55



	S44
	92
	3.98
	S43
	79.86
	11.2



	S18
	92
	5.89
	S6
	79.38
	9.55



	N34
	91.44
	4.76
	N51
	79.22
	9.88



	BTx623
	91.14
	7.06
	N40
	79
	10.83



	S22
	91.11
	8.89
	N6
	78.75
	9.42



	S56
	90.89
	5.33
	S41
	78.5
	16.4



	S48
	90.86
	6.22
	N2
	78.5
	12.84



	S10
	90.38
	5
	N45
	78.13
	11.83



	N24
	90.33
	7.1
	S15
	77.86
	7.95



	S35
	90.25
	5.6
	S45
	77.78
	12.38



	S28
	89.38
	4.2
	N59
	76.5
	9.72



	S16
	89.13
	10.88
	N56
	76.13
	10.89



	S7
	89.13
	6.63
	S13
	75.88
	12.41



	N60
	89
	7.2
	N38
	72.86
	12.58



	S9
	88.89
	7.35
	S17
	70.83
	11.36



	N22
	88.71
	9.44
	N48
	67.5
	12.62



	N3
	88.67
	5.8
	N15
	50
	.



	S54
	88.66
	7.09
	Average
	88.4
	0.76










 





Table 2. The average leaf blight severity level across the three locations ordered from high to low. The standard error of the mean is listed next to the average value. Single dots indicate cultivars tested only once.
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	Accessions
	Severity
	SEM
	Accessions
	Severity
	SEM





	S32
	41.75
	7.54
	S38
	31.75
	4.98



	S11
	41.21
	2.02
	S47
	31.75
	3.24



	S1
	39.25
	3.24
	S59
	31.75
	3.24



	S31
	38.36
	4.21
	N2
	31.25
	6.96



	S17
	37.17
	1.67
	S2
	31.21
	2.97



	S21
	37.17
	5.43
	S33
	31.21
	6.12



	N58
	36.75
	5.15
	SC748-5
	31.21
	4.81



	S18
	36.75
	3.98
	N3
	31.06
	4.12



	S34
	36.75
	3.98
	N20
	31.06
	4.12



	N40
	35.51
	3.33
	N25
	31.06
	4.44



	N7
	35.5
	.
	N27
	31.06
	5.56



	N42
	35.5
	4.36
	N34
	31.06
	4.12



	S4
	35.5
	3.78
	N51
	31.06
	4.12



	S15
	35.5
	3.78
	S39
	31.06
	4.44



	S35
	35.5
	2.67
	N8
	30.5
	5.35



	S46
	35.5
	6.32
	N36
	30.5
	5.63



	S58
	35.5
	2.58
	N56
	30.5
	3.78



	S56
	34.39
	2.61
	S6
	30.5
	3.78



	N19
	34.26
	5.15
	S8
	30.5
	4.63



	N18
	34.25
	2.95
	S30
	30.5
	5.63



	S23
	34.25
	2.95
	S37
	30.5
	5



	S28
	34.25
	2.95
	S22
	29.94
	4.44



	S5
	34.07
	4.59
	S60
	29.94
	3.77



	S48
	34.07
	5.95
	N29
	29.79
	2.02



	S51
	34.07
	4.59
	N55
	29.79
	2.97



	S41
	33.83
	4.77
	S44
	29.79
	3.69



	S42
	33.83
	6.54
	S52
	29.79
	3.69



	S9
	33.28
	3.64
	N5
	29.25
	5.96



	S40
	33.28
	3.24
	N41
	29.25
	4.6



	S57
	33.28
	3.64
	N9
	28.83
	8.03



	N59
	33
	3.66
	N39
	28.36
	5.22



	S7
	33
	6.75
	N49
	28.36
	5.65



	S20
	33
	3.66
	N52
	28.36
	5.22



	S55
	33
	4.12
	S12
	28.36
	5.22



	N22
	32.64
	3.6
	N6
	28
	5.59



	N38
	32.64
	2.86
	N26
	28
	5.59



	N57
	32.64
	3.6
	N44
	28
	3.66



	S36
	32.64
	5.22
	N24
	27.72
	4.65



	S43
	32.64
	2.86
	S14
	27.72
	3.64



	N50
	32.17
	5.27
	BTx623
	26.86
	3.44



	N53
	32.17
	4.41
	S16
	26.75
	2.27



	N54
	32.17
	3.73
	S49
	26.75
	5.15



	S19
	32.17
	4.08
	S29
	26.61
	3.89



	S27
	32.17
	3.33
	S45
	26
	5.46



	S50
	32.17
	4.08
	N23
	25.5
	5.53



	S54
	32.17
	4.08
	N28
	25.5
	4.88



	N4
	31.75
	4.6
	N30
	25.5
	5



	N45
	31.75
	4.6
	N46
	25.5
	4.41



	N60
	31.75
	4.2
	N48
	24.25
	5.15



	S3
	31.75
	3.75
	N43
	21.21
	3.69



	S10
	31.75
	4.6
	N15
	15.5
	.



	S13
	31.75
	4.2
	Average
	31.57
	0.43










 





Table 3. Annotated genes nearest to the most significant SNPs are associated with leaf blight incidence rate. All six SNPs passed the Bonferroni threshold.
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	Chr
	Location
	Candidate Gene and Function
	Base Pairs
	Allele
	p-Value





	9
	38670567
	Sobic.009G099450

Zinc finger, CCHC-type
	22,641
	Reference: C

Alternate: G
	0.000000007



	3
	67084062
	Sobic.003G351501

Homeobox-leucine zipper protein anthocyaninless2-related
	1083
	Reference: G

Alternate: A
	0.000000017



	8
	9250700
	Sobic.008G070700

Protein suppressor of gene silencing 3

XS domain-containing protein/XS zinc finger domain-containing protein-related
	15,203
	Reference: A

Alternate: T
	0.000000017



	9
	5849212
	Sobic.009G057200

Electron transport oxidoreductase//Acyl-CoA dehydrogenase 4, Peroxisomal
	4543
	Reference: C

Alternate: T
	0.000000031



	5
	48064154
	No annotated gene nearby
	-
	Reference: T

Alternate: A
	0.000000044



	2
	37426140
	Sobic.002G147900

MYB/SANT-like DNA-binding domain
	52,147
	Reference: G

Alternate: A
	0.00000007
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