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Genotyping and identification of candidate genes for resistance to brown planthopper Nilaparvata lugens (Stal) in traditional rice varieties


ABSTRACT
Identification of new sources of resistance is an important component of crop improvement programs. Analysis of 25 SSR markers associated with BPH resistance genes and QTLs identified PTB 60 (Vaisakh) as having the highest number of resistance genes/QTLs (bph4, BPH7, Bph27, Bph31, Bph32 and qBph4.3). All other genotypes carried at least one resistance gene or QTL. The highly resistant MO 22 (Sreyas) possessed the major resistance gene Bph32 and QTL qBph4.3. The identification of traditional cultivars with multiple R-genes and QTLs offers valuable genetic resources for breeding BPH resistant rice varieties. The resistant accessions identified in this study can serve as donor parents in rice breeding programs aimed at improving BPH resistance.	Comment by user: Add some sentences about, background of the crop, problem of your syudy and at the last implication of your study for the future conclusive recommendation, nor use avbrvations in the abstract
Keywords: Resistance, Nilaparvata lugens, QTL, Molecular markers, R-genes	Comment by user: Use formal way of key wods, not use abrvetions
Introduction
Rice (Oryza sativa L.) is one of the most vital cereal crops in the Asia-Pacific region and serves as the primary food source for nearly four billion people globally. However, throughout its growth cycle, rice production is persistently challenged by pathogens and herbivorous insects, resulting in an estimated annual yield loss of 24–40% (Savary et al., 2000,; Savary et al., 2009). Among the approximately 20 major insect pests affecting paddy rice, the brown planthopper (BPH, Nilaparvata lugens Stål) has emerged as the most destructive in recent decades (Sogawa et al., 2003; Brar et al., 2009). BPH is a migratory, monophagous insect that feeds exclusively on rice. Using its slender, piercing mouthparts, it penetrates plant tissues and extracts phloem sap from the leaf sheath, simultaneously transmitting viral pathogens (Fujita et al., 2013). Severe infestations can cause complete plant wilting and death, a condition known as “hopperburn” (Watanabe et al., 2000). Across Asia, annual economic losses attributed to BPH are estimated to exceed 300 million US dollars (Min et al., 2014).
Currently, BPH control in agricultural systems relies heavily on chemical insecticides. While effective in the short term, excessive pesticide use leads to environmental contamination, food safety risks and rapid development of pesticide resistant BPH populations (Tanaka et al., 2000). Consequently, the development and deployment of BPH resistant rice cultivars represent the most cost effective and environmentally sustainable strategy for long term pest management (Matsmura et al., 2009). Hence, identifying novel BPH resistance genes is crucial for developing durable, locally adapted resistant cultivars. Successful resistance breeding depends on the identification of resistance genes and a thorough understanding of their molecular mechanisms. The resistant donors identified in past few years were Mudgo, Rathu Heenathi, PTB 33, ASD 7, Babawee. Swarnalata, T12, Chin Saba and several introgression lines from wild species (Du et al., 2020; Kim et al., 2022). Currently, in rice, 70 gene loci conferring resistance to brown planthopper (BPH) have been identified. Among these, 64 genes/QTLs have been mapped to chromosomes 1, 2, 3, 4, 6, 8, 10, 11 and 12, with 17 of them being successfully cloned providing valuable resources for marker assisted selection (MAS) in rice breeding (Yan et al., 2023).
Despite these advances, rice varieties carrying a single BPH resistance gene often lose effectiveness rapidly due to the insect’s high adaptive capacity and the emergence of new biotypes (Jena et al., 2010). For instance, IR26, the first BPH resistant variety containing the Bph1 gene released by the International Rice Research Institute (IRRI) in 1973, became susceptible within two years following the appearance of BPH biotype II (Khush, 1977). Similarly, IR36 and other varieties carrying bph2 released in 1976, were overcome by newly evolved BPH populations shortly thereafter (Alam and Cohen, 1998). These examples highlight the urgent need to discover novel, broad spectrum BPH resistance genes and incorporate them into rice cultivars to achieve durable resistance against evolving BPH populations. Traditional rice varieties represent a critical genetic reservoir, harboring traits like resistance to diseases and pests. Molecular markers have shown considerable promise in identifying genetic diversity and relationships among crop species, facilitating the management of plant genetic resources (Xu et al., 2004). A wide range of SSR markers has been recognized in rice, with over 25,000 molecular markers developed (Park et al., 2020). The integration of molecular marker technologies has enabled the discovery of numerous insect resistant genes and quantitative trait loci (QTLs) in rice, which have been mapped through the analysis of phenotypic and genotypic differences across various populations (Chen et al., 2020). Investigating both the genotypic and phenotypic resistance of traditional rice germplasm to BPH is becoming increasingly essential to meet the growing demand for higher rice yields while delivering economic advantages to farmers.
In the present study, we identified BPH resistance genes from traditional landraces and ruling varietiues of Kerala which may be new sources of resistance. Collectively, our findings reveal new BPH resistance genes and demonstrate their potential as a valuable genetic resource for BPH resistant rice breeding programs.
Materials and methods
Isolation of genomic DNA 
Healthy and fresh leaf samples were collected from 25–30-day old seedlings of test entries. DNA was isolated following modified Cetyltrimethylammonium bromide (C-TAB) method (Murray and Thompson, 1980; Doyle and Doyle, 1987; Ginwal and Mittal, 2010).  The quality and quantity of isolated DNA was assessed using JENWAY Genovo- Nano Nanodrop Spectrophotometer and agarose gel electrophoresis using 0.8 per cent agarose solution. 
Selection of molecular markers used in the study 
Twenty five microsatellite (SSR) markers distributed across 1, 2, 3, 4, 6, 10 and 12 chromosomes of rice genome selected from the Gramene database (www.gramene.org) were used in the study. The primers synthesized by Sigma Aldrich Chemical Pvt. Ltd. Bangalore were used in the study. The list of primers used are given in Table 1. 
PCR amplification of DNA 
The extracted DNA was diluted using nuclease free water or 1X TE buffer to produce 100 µl, with 50 ng/µl of DNA per sample. Primers, both forward and reverse were individually diluted with nuclease free water or 1X TE buffer in 1;4 dilution. The PCR amplification was carried out using Eppendorf Mastercycler® Nexus gradient PCR machine in a 0.2ml flat cap PCR tube containing 10µl volume of mix including 2µl genomic DNA (50 ng), 1.5µl 10X Taq assay buffer, 1.5µl dNTP mix (200 µM), 1µl MgCl2 (25 mM), 0.3µl Taq DNA polymerase (1U), 1µl forward primer, 1µl reverse primer, 1.7µl autoclaved distilled water. Thermocycler was programmed for one cycle of Initial denaturation at 94°C for 5min, 35 cycles each of denaturation at 94°C for 30s, primer annealing at 55°C to 62°C for 30s, primer extension at 72°C for 1min, one cycle of final extension at 72°C for 7min, Hold at 94°C for ꝏ. The amplification products were checked for reproducibility by repeating the process twice for each primer. The PCR amplified products were resolved on a 2 per cent agarose gel at 90 volts for 1 to 2 hours using a 100 bp DNA ladder as a molecular size marker. The gel was then documented using BioRad Gel Documentation system using Image LabTM Software version 6.1 for proper visualization of bands. 

Molecular weight analysis and identification of genes
The gel profiles of all SSR markers were observed and scored for further analysis. Utilizing Image LabTM Software version 6.1, the molecular weights were analysed. The position of the amplicon and its molecular weight were evaluated and compared to the known molecular weight of the marker (100 bp). The existence of that particular gene in a test entry was assumed to be positive from the presence of amplicon of the expected size for the linked marker. 








	Table 1. Microsatellite (SSR) markers used in the study


	Sl. No.
	Marker
	Chr. No.
	BPH resistance gene
	Nucleotide Sequence (5’ to 3’)

	Annealing temperature (0C)
	Expected amplicon size (bp)
	Reference

	1.
	RM488
	1
	Bph33(t)
	F- CAGCTAGGGTTTTGAGGCTG
R- TAGCAACAACCAGCGTATGC
	55
	177
	Naik et al. (2018)

	2.
	RM302
	1
	Bph37
	F- TGCAGGTAGAAACTTGAAGC
R- AGTGGATGTTAGGTGTAACAGG
	55
	156
	Yang et al. (2019)

	3.
	RM240
	2
	Bph13
	F- CCTTAATGGGTAGTGTGCAC
R- TGTAACCATTCCTTCCATCC
	55
	132
	Liu et al. (2001)

	4.
	RM231
	3
	Qbph3.1
	F- CCAGATTATTTCCTGAGGTC
R- CACTTGCATAGTTCTGCATTG
	55
	182
	Shabanimofrad et al. (2016)

	5.
	RM2334
	3
	Bph31
	F- CATGCATCTGATCTGATTAT
R- TGTGAAGAGTACAAGTAGGG
	57
	155
	Prahalada et al. (2017)

	6.
	RM307
	4
	Qbph4
	F- GTACTACCGACCTACCGTTCAC
R- CTGCTATGCATGAACTGCTC
	55
	174
	Hu et al. (2015b)

	7.
	RM8213
	4
	Bph17
	F- AGCCCAGTGATACAAAGATG
R- GCGAGGAGATACCAAGAAAG
	55
	177
	Sun et al. (2005) 

	8.
	RM401
	4
	Bph17
	F- TGGAACAGATAGGGTGTAAGGG
R- CCGTTCACAACACTATACAAGC
	58
	283
	Sun et al. (2005)
Vang et al. (2020)

	9.
	RM551
	4
	qBph4.3
	F- AGCCCAGACTAGCATGATTG
R- GAAGGCGAGAAGGATCACAG
	58
	192
	Mohanty et al. (2017)

	10.
	RM16766
	4
	Bph36
	F- AGGATGGTAGGTTGCGTCTGTGG
R- CACTTCTCTCCTCGTGCACTTTCC
	59
	99
	Li et al. (2019)

	11.
	RM16853
	4
	Bph27
	F- CTCCCATCCTTCATTTCATCTCG
R- CTTTCTGCAAGACACTGCAAACG
	62
	169
	Huang et al. (2013)

	12.
	RM16994
	4
	Bph34

	F- TGGCAGTACACACTACAGTACATGC
R- AGAGGGAGGAGAGAAAGGAAGG
	60
	238
	Kumar et al. (2018)

	13.
	RM540
	6
	bph20(t)
	F- GCCTTCTGGCTCATTTATGC
R-  CTAGGCCTGCCAGATTGAAC
	55
	172
	Yang et al. (2012)

	14.
	RM586
	6
	Bph3, bph4
	F- ACCTCGCGTTATTAGGTACCC
R-  GAGATACGCCAACGAGATACC
	55
	271
	Jairin et al. (2010)

	15.
	RM588
	6
	Bph3, bph4
	F- TCTTGCTGTGCTGTTAGTGTACG
R- GCAGGACATAAATACTAGGCATGG
	57
	126
	Jairin et al. (2007); Nguyen et al. (2019)

	16.
	RM589
	6
	Bph3, bph4
	F- GTGGCTTAACCACATGAGAAACTA
R- CCTCACATCATTAGGTGGCAATCG
	55
	186
	Jairin et al. (2007); Jairin et al. (2010)

	17.
	RM190
	6
	Bph3, bph4
	F- GCTACAAATAGCCACCCACACC
R- CAACACAAGCAGAGAAGTGAAGC
	60
	124
	Jairin et al. (2007)

	18.
	RM217
	6
	bph4
	F- ATCGCAGCAATGCCTCGT
R- GGGTGTGAACAAAGACAC
	55
	133
	Kawaguchi et al. (2001)

	19.
	RM435
	6
	bph20(t)
	F- ATTACGTGCATGTCTGGCTG
R- CGTACCTGACCATGCATCTG
	55
	166
	Yang et al. (2012)

	20.
	RM19291
	6
	Bph32
	F- CACTTGCACGTGTCCTCTGTACG
R- GTGTTTCAGTTCACCTTGCATCG
	55
	146
	Ren et al. (2016)

	21.
	RM484
	10
	qBph10
	F- TCTCCCTCCTCACCATTGTC
R- TGCTGCCCTCTCTCTCTCTC
	59
	299
	Sun et al. (2005)

	22.
	RM313
	12
	BPH7
	F- TGCTACAAGTGTTCTTCAGGAC 
R- GCTCACCTTTTGTGTTCCAC
	55
	111
	Qiu et al. (2014)

	23.
	RM3448
	12
	BPH7
	F- CTTCCTCCTTCCTCCTCCTC
R- CACGTGACACGTACACCCTC
	55
	163
	Qiu et al. (2014)

	24.
	RM273
	4
	bph18(t)
	F- GAAGCCGTCGTGAAGTTACC
R- GTTTCCTACCTGATCGCGAC
	58
	207
	Li et al. (2006)

	25.
	RM3331
	12
	Bph21
	F- CCTCCTCCATGAGCTAATGC
R- AGGAGGAGCGGATTTCTCTC
	58
	129
	Vignesh et al. (2023)









Results and discussion
Molecular profiling of the genotypes including resistant check PTB 33 and susceptible check TN1 was done using 25 R-gene/QTL linked SSR markers. The R-genes (15 Nos.) and QTLs (4 Nos.) profiled for included Bph3, bph4, BPH7, Bph13, Bph17, bph18(t), bph20(t), Bph21, Bph27, Bph31, Bph32, Bph33, Bph34, Bph36, Bph37, Qbph3.1, Qbph4, qBph4.3 and qBph10. 
The study revealed that PTB 60 (Vaisakh) possessed maximum number of R-genes/ QTLs (6 Nos.) viz., bph4, BPH7, Bph27, Bph31, Bph32 and qBph4.3. The other genotypes were found to possess at least one R-gene or a QTL (Table 2). Except for QTL qBph4.3, no R-genes/ QTLs were recorded in the susceptible check TN1, PTB 54 (Karuna), Kurumbaali,  PTB 57 (Swetha), Odiyan, Pattambi Thekkan, Chenkazhama, Ponmani Sub-1, Athira and Undachemban. The highly resistant genotype reported in our phenotypic study MO 22 (Sreyas) was found to possess a major gene Bph32 and a minor QTL qBph4.3, Four accessions possessed five genes, 13 accessions with four genes, 31 accessions possessed three genes and 21 accessions had two genes. However, amplification with only one primer doesn`t confirm the presence of gene. Hence, they can be confirmed by genotyping with more primers linked to the respective genes.
The fifteen resistant genes and four QTLs identified in the present study lends evidence to the observation that traditional rice genotypes are rich repositories of resistance genes. The above findings are correlated by Anant et al. (2021a), who had reported existence of genes for BPH resistance in landraces and wild relatives. Two markers viz., RM16766 and RM 435 linked to Bph36 and bph20(t) proved to be monomorphic, while the others (23 Nos.) proved to be polymorphic. Marker RM2334 linked to R-gene Bph31 registered the maximum number of alleles (11 Nos.), proving to be the most powerful in detecting Bph31 locus diversity among the population studied. This marker was earlier reported to be tightly linked to BPH31 by Prahlada et al. (2017). The SSR markers RM190, RM589 and RM588 revealed the presence of the R-gene Bph3 in ten entries viz., PTB 33, Kunyukunju, Chembavu, PTB 52 (Aiswarya), PTB 55 (Harsha), Thonnuran, Thovaan, Karuthalikannan, Cheruvellari, Undachemban. As evident in the present study, Cheng et al. (2021) also detected the presence of R-gene Bph3 in PTB 33 employing marker RM589 on chromosome 6.
Both MO 22 (Sreyas), the genotype found to be highly resistant to BPH and the resistant check PTB 33, were found to possess Bph32 gene linked to RM19291 marker. A considerable number of genotypes profiled (38 Nos.) were found to contain this gene. Previous findings by Ren et al. (2016) who mapped Bph32 gene in the rice variety PTB 33 on the short arm of chromosome 6 in the interval between the markers RM19291 and RM8072 and the study by and Babu et al. (2022) supports the present study.
Moderately resistant genotypes Thonnuran, susceptible Kunyukunju, Chembavu, PTB 52 (Aiswarya), PTB 55 (Harsha), Thovaan, Karuthalikannan, Cheruvellari and Undachemban were also found to possess R-gene Bph3. Bph3 confers broad spectrum resistance to BPH but may not show resistance in some varieties due to variability in their genetic background (Kumar et al., 2020). Multiple R-genes were detected in moderately resistant genotype Vaisakh. Other moderately resistant entries were also found to possess at least two R-genes/QTLs with the exception of African Goodday which had only Bph34. According to Xiao et al. (2016), the susceptibility may be due to incomplete dominance of the genes. 
Conclusions
This study underscores the significant genetic diversity in rice accessions for resistance to brown planthopper (BPH). The evaluation of rice accessions revealed promising candidates for BPH resistance. Notably, MO 22 (Sreyas) demonstrated strong resistance, while PTB 60 (Vaisakh) was identified as carrying multiple resistance genes and QTLs, offering substantial genetic potential for future breeding programs. The use of SSR markers further enhanced the understanding of the genetic basis of BPH resistance, with high levels of polymorphism indicating valuable genetic diversity. This study highlights the importance of traditional rice cultivars, rich in resistance genes, as a vital resource for enhancing BPH resistance in rice breeding, ensuring improved crop protection and food security.
 Table 2. Distribution of R-genes/QTL`s in rice genotypes 
	Sl. No.
	Genotype
	No. of genes
	Genes

	Resistant check
	PTB 33
	2
	Bph3, Bph32

	Susceptible check
	TN1
	1
	qBph4.3

	1
	Chenkazhama 
	1
	qBph4.3

	2
	Kunjukunju 
	3
	Bph34, BPH7, qBph4.3.

	3
	Chembavu 
	3
	Bph34, BPH7, qBph4.3

	4
	Aruvakari 
	4
	Bph3, BPH7, Bph32, qBph4.3

	5
	Aryankayama
	4
	BPH7, Bph32, Bph34, qBph4.3

	6
	Rakthasali 
	3
	Bph21, Bph32, qBph4.3

	7
	Thavalakannan 
	4
	BPH7, Bph21, Bph34, qBph4.3

	8
	Kalladiaryan 
	3
	Bph32, Bph34, qBph4.3

	9
	Kurumbaali
	1
	Qbph4.3

	10
	Adukkan
	3
	Bph27, Bph34, qBph4.3

	11
	Chuvanamodan 
	2
	Bph27, Bph34

	12
	Karuthadukkan 
	3
	BPH7, Bph27, Qbph6

	13
	Thottacheera 
	5
	BPH7, Bph21, Bph32, Qbph4, qBph4.3

	14
	Karuthamodan
	4
	bph4, Bph27, qBph4.3, Qbph6

	15
	Karanavara
	5
	bph4, BPH7, Bph27, Bph32, qBph4.3

	16
	Arimodan
	3
	bph4, BPH7, Bph27

	17
	African Goodday
	1
	Bph34

	18
	PTB 34 (Annapurna)
	4
	Bph27, Bph34, Qbph3.1, qBph4.3

	19
	PTB 52 (Aiswarya)
	3
	Bph17, Bph27, qBph4.3

	20
	PTB 55 (Harsha)
	3
	Bph27, Qbph3.1, qBph4.3

	21
	PTB 56 (Varsha)
	2
	BPH7, qBph4.3

	22
	PTB 45 (Matta Triveni)
	3
	Bph21, Bph32, qBph4.3

	23
	PTB 60 (Vaisakh)
	6
	bph4, BPH7, Bph27, Bph31, Bph32, qBph4.3

	24
	PTB 50 (Kanchana)
	2
	Bph32, qBph4.3

	25
	Jyothi
	3
	Bph17, Bph32, qBph4.3

	26
	Japan Violet 
	4
	Bph27, Bph32, Qbph3.1, qBph4.3

	27
	Aryan 
	2
	Bph27, Qbph3.1

	28
	Kuruva 
	3
	BPH7, Qbph3.1, qBph4.3

	29
	Veluthacheera 
	2
	Qbph3.1, qBph4.3

	30
	Njavara 
	3
	BPH7, Bph21, Qbph3.1

	31
	PTB 43 (Swarna Prabha)
	3
	bph4, BPH7, Bph4.3

	32
	Vellathondi 
	2
	BPH7, Bph4.3,

	33	Comment by user: Make title at each separet pages
	Veluthanavara
	2
	Bph21, Bph32

	34
	Thonnuran 
	2
	Bph27, Bph4.3

	35
	Ponmani Sub-1
	1
	qBph4.3

	36
	Thovaan 
	3
	Bph3, Bph32, qBph4.3,

	37
	Karuthalikannan 
	2
	Bph3, Bph32

	38
	Mullankuruva 
	2
	Bph3, bph4

	39
	Cherupunja 
	2
	Bph3, qBph4.3

	40
	Chettiviruppu
	2
	Bph3, qBph4.3

	41
	PTB 62 (KAU Supzriya)
	4
	BPH7, Bph32, Bph34, qBph4.3

	42
	PTB 61 (Akshaya)
	3
	BPH7, Bph27, qBph4.3

	43
	MO 23 (Pournami)
	2
	Bph32, qBph4.3

	44
	PTB 47 (Neeraja)
	5
	Bph3, Bph27, Bph32, Qbph3.1, qBph4.3

	45
	PTB 57 (Swetha)
	1
	qBph4.3

	46
	PTB 54 (Karuna)
	1
	qBph4.3

	47
	KAU Manu Varna
	4
	Bph3, BPH7, Bph32, qBph4.3

	48
	Manuratna
	4
	BPH7, Bph32, Qbph3.1, qBph4.3

	49
	Karumbaayan 
	3
	BPH7, Bph32, qBph4.3,

	50
	Kullan Palthondi
	4
	BPH7, Bph32, Bph34, qBph4.3,

	51
	PTB 51 (Athira)
	1
	qBph4.3

	52
	MO 22 (Sreyas)
	2
	Bph32, qBph4.3

	53
	MO 16 (Uma)
	2
	Bph32, qBph4.3

	54
	Ponnaryan
	2
	Bph32, qBph4.3

	55
	Kuttadan 
	2
	Bph32, qBph4.3

	56
	Mundon
	3
	Bph3, Bph32, qBph4.3

	57
	 ISM
	4
	Bph27, Bph32, Qbph3.1, qBph4.3

	58
	Krishnakamodh
	5
	Bph32, Bph33, Bph34, qBph4.3

	59
	Mattachamban
	3
	Bph3, Bph27, Bph4.3

	60
	Vellamunda 
	3
	Bph3, Bph32, qBph4.3

	61
	Vellari
	3
	Bph27, Qbph4, qBph4.3

	62
	Orkayama 
	3
	BPH7, Bph27, qBph4.3

	63
	Mallikuruva 
	2
	BPH7, qBph4.3,

	64
	Cheruvellari 
	2
	BPH7, qBph4.3

	65
	Jaya
	4
	BPH7, Bph27, Qbph4, qBph4.3,

	66
	Biryanicheera
	3
	BPH7, Bph32, qBph4.3

	67
	Chuvanna Chitteni
	3
	Bph32, Qbph4, qBph4.3

	68
	Chettadi 
	4
	Bph3, Bph32, Qbph4, qBph4.3,

	69
	Neycheera
	3
	Bph3, Bph32, qBph4.3

	70
	Okanpuncha
	3
	BPH7, Bph32, Qbph4

	71
	Odiyan
	1
	qBph4.3

	72
	Kottampalarikayama 
	2
	Bph3, qBph4.3

	73
	Pattambi Thekkan
	1
	qBph4.3

	74
	Chitteni 
	3
	Bph31, Bph32, qBph4.3

	75
	Hraswa
	2
	Bph3, qBph4.3

	76
	Chenthondi 
	3
	Bph31, Bph32, qBph4.3

	77
	Jeerakasala
	3
	Bph3, Bph32, qBph4.3,

	78
	Nadankurva 
	3
	Bph31, Bph32, qBph4.3

	79
	Kavunginpoothala (Late)
	3
	Bph31, Bph32, qBph4.3

	80
	Undachemban
	1
	qBph4.3
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Fig 1. Gel electrophoresis profile of 82 rice genotypes using primer RM586 (Bph3). L - 100bp ladder; B - Blank; R - Resistant check (PTB 33); S - Susceptible check (TN1); The number 1-80 indicates the genotypes
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