
 

Vaccines 2020, 8, 608; doi:10.3390/vaccines8040608 www.mdpi.com/journal/vaccines 

Article 

Multiple Genome Wide Association Mapping Models 

Identify Quantitative Trait Nucleotides for Brown 

Planthopper (Nilaparvata lugens) Resistance in 

MAGIC Indica Population of Rice 
Vanisri Satturu 1,*, Jhansi Lakshmi Vattikuti 2, Durga Sai J 1, Arvind Kumar 3,  

Rakesh Kumar Singh 4,5, Srinivas Prasad M 2, Hein Zaw 4,6, Mona Liza Jubay 4, Lakkakula Satish 7, 

Abhishek Rathore 8, Sreedhar Mulinti 9, Ishwarya Lakshmi VG 1, Animikha Chakraborty 10  

and Nepolean Thirunavukkarasu 10 

1 Institute of Biotechnology, Professor Jayashankar Telangana State Agricultural University, Rajendranagar, 

Hyderabad 500030, India; jdurgasai@gmail.com (D.S.J.); velamuriishwarya@gmail.com (I.L.V.) 
2 Entomology and Pathology Division, Indian Institute of Rice Research (ICAR-IIRR), Rajendranagar, 

Hyderabad 500030, India; jhansidrr@yahoo.co.in (J.L.V.); msprasad@gmail.com (S.P.M.) 
3 Plant Breeding Division, International Rice Research Institute (IRRI)-South Asia Hub (SAH), Patancheru, 

Hyderabad 502324, India; a.kumar@irri.org 
4 Plant Breeding Division, International Rice Research Institute (IRRI), Metro Manila 1226, Philippines; 

r.singh@biosaline.org.ae (R.K.S.); heinzawagri@gmail.com (H.Z.); m.jubay@irri.org (M.L.J.) 
5 Plant Breeding Division, International Center for Biosaline Agriculture, Academic City A,  

Dubai 14660, UAE 
6 Department of Agriculture, Plant Biotechnology Center, Shwe Nanthar, Mingalardon Township,  

Yangon 11021, Myanmar 
7 Department of Biotechnology Engineering, Ben-Gurion University of the Negev, Beer Sheva 84105, Israel; 

lsatish@post.bgu.ac.il 
8 Agriculture Statistics Division, International Crops Research for the Semi-Arid Tropics (ICRISAT), 

Patancheru, Hyderabad 502324, India; reach2abhi@gmail.com 
9 MFPI-Quality Control Lab, Professor Jayashankar Telangana State Agricultural University, Rajendranagar, 

Hyderabad 500030, India; mulisree1969@gmail.com 
10 Plant Breeding Division, Indian Institute of Millets Research (ICAR-IIMR), Rajendranagar,  

Hyderabad 500030, India; chakrabortyanimikha@gmail.com (A.C.); tnepolean@gmail.com (N.T.) 

* Correspondence: vanisreedhar1994@gmail.com; Tel.: +91-8186945838 

Received: 17 September 2020; Accepted: 8 October 2020; Published: 14 October 2020 

Abstract: Brown planthopper (BPH), one of the most important pests of the rice (Oryza sativa) crop, 

becomes catastrophic under severe infestations and causes up to 60% yield loss. The highly 

disastrous BPH biotype in the Indian sub-continent is Biotype 4, which also known as the South 

Asian Biotype. Though many resistance genes were mapped until now, the utility of the resistance 

genes in the breeding programs is limited due to the breakdown of resistance and emergence of 

new biotypes. Hence, to identify the resistance genes for this economically important pest, we have 

used a multi-parent advanced generation intercross (MAGIC) panel consisting of 391 lines 

developed from eight indica founder parents. The panel was phenotyped at the controlled 

conditions for two consecutive years. A set of 27,041 cured polymorphic single nucleotide 

polymorphism (SNPs) and across-year phenotypic data were used for the identification of 

marker–trait associations. Genome-wide association analysis was performed to find out consistent 

associations by employing four single and two multi-locus models. Sixty-one SNPs were 

consistently detected by all six models. A set of 190 significant marker-associations identified by 

fixed and random model circulating probability unification (FarmCPU) were considered for 
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searching resistance candidate genes. The highest number of annotated genes were found in 

chromosome 6 followed by 5 and 1. Ninety-two annotated genes identified across chromosomes of 

which 13 genes are associated BPH resistance including NB-ARC (nucleotide binding in APAF-1, R 

gene products, and CED-4) domain-containing protein, NHL repeat-containing protein, LRR 

containing protein, and WRKY70. The significant SNPs and resistant lines identified from our 

study could be used for an accelerated breeding program to develop new BPH resistant cultivars. 

Keywords: association mapping; brown planthopper resistance; MAGIC; monophagous pest; 

QTNs; rice; SNPs 

 

1. Introduction 

Brown planthopper (BPH) (Nilaparvata lugens (Stål)), an outbreak-prone insect pest, causes 

heavy yield loss in rice (Oryza sativa) production ecologies. It has become a serious economic threat 

to rice production in several parts of Asia including India due to the rampant use of nitrogenous 

fertilizers and prophylactic insecticide applications. The famine death of one million people due to a 

severe attack of BPH was reported in Japan during 1732 [1]. The first and most severe outbreak of 

BPH with considerable economic damage in India was observed during 1973–1974, which had 

resulted in damage of almost 50,000 ha of rice crop [2,3]. Outbreaks of BPH were continued 

thereafter up to 1983 in different states and it attained number one pest status from 2007–2008 

onwards due to its widespread outbreaks in India [4]. 

BPH is a monophagous pest. The mode of damage is a combination of two ways: 1. by laying 

egg masses in the midrib of the leaf sheath and blade thus blocking the xylem and phloem, and 2. 

continuously sucking sap from the phloem so that leaves become completely dry. This kind of 

symptom is commonly known as “hopper burn” since it visually creates a burning effect in the field 

but leads to total crop failure. All life forms—nymphs and adults—are capable of damaging the 

plant in all growth stages [5]. The infested plants are prone to secondary infection by sooty mold due 

to the excretion of honeydew by BPH. It is the carrier of grassy stunt and ragged stunt viral diseases 

[6]. 

Resistant rice cultivars with different stress tolerance systems reveal distinct resistant 

phenotypic characters to BPH, and consequently, its succession diversifies BPH populations [7]. So 

far, four known BPH biotypes were found [8,9] in rice ecologies. Biotype 1 belongs to East and 

Southeast Asia; Biotype 2, a dominant one, originated in Indonesia and Vietnam; Biotype 3 

originated in the International Rice Research Institute (IRRI) laboratory [10]; and Biotype 4 is 

exclusive to the Indian subcontinent [11]. To date, about 38 Bph, 14 White-backed brown 

planthopper (WBph), 34 Small brown planthopper (SBph) resistance genes and about 100 

quantitative trait locus (QTLs) were identified from indica sps., and other wild species of rice [11–16]. 

Though resistant cultivars have been developed and released for BPH such as IR26, IR36 and IR50, 

the evolution of new biotypes and breakdown of resistance are quite common in the improved 

cultivars. Resistance could be broken down when the resistance is governed by a single gene [17]. 

The heavy application of pesticides in rice cultivation also leads to pest resurgence, thus causing 

serious crop damage as well as the hazardous effects of pesticides on the grains. All these factors 

urged researchers to search for new resistant genetic and genomic resources for BPH. 

Multi-parent advanced generation intercross (MAGIC) is developed by several generations of 

inter-mating of multiple founder parents [18]. Increased recombination events in the MAGIC 

developmental process result in increased mapping resolution and eliminate the effects of 

population sub-structures [19]. MAGIC has been successfully used to map QTLs in rice [20]. In rice, 

IRRI developed four MAGIC populations using sub-species-specific founders or a combination of 

founders, namely, MAGIC indica, japonica MAGIC, MAGIC indica plus, and Global MAGIC [21,22] to 

map multiple traits. 
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So far, no previous report is available for BPH resistance through the genome-wide association 

mapping (GWAS) approach in rice using high-density single nucleotide polymorphisms (SNPs). 

Here, we used a MAGIC indica population to identify the marker–trait associations through multiple 

GWAS models for BPH resistance using high-resolution SNP data. Six GWAS models were 

employed for the identification of significant SNPs and the results of the models were compared. 

The GWAS approach identified quantitative trait nucleotides (QTNs) associated with resistance 

genes and the results are discussed with reference to their utility in the rice breeding programmes. 

2. Materials and Methods  

2.1. Plant Material 

The MAGIC indica population, hereafter called the RiMi panel, used in this study was 

developed at IRRI, Manila, Philippines [21]. The population development was initiated by crossing 8 

elite indica founders, namely, Fedearroz 50, SANHUANGZHAN-2, IR64633-87-2-2-3-3 (PSBRc82), 

IR4630-22-2-5-1-3, IR45427-2B-2-2B-1-1, Samba Mahsuri +Sub1, IR77298-14-1-2-10 and 

IR77186-122-2-2-3 (PSBRc 158) in a half-diallel mating design. A set of 28 F1s were selected to 

develop 210 4-way crosses by avoiding duplicate crosses. The 4-way crosses were intermated two 

times and further selfed continuously until the S11 stage (Figure 1). A set of 1361 MAGIC lines were 

finally derived from the selfed population [22]. Of these, a sub-set of 391 randomly selected lines was 

used in the present experiment (Table S1). 

 

Figure 1. Development of the multi-parent advanced generation intercross indica (RiMi) population 

using eight indica founder lines. 

2.2. Phenotyping, Scoring and Data Analysis 

The Standard Seed box Screening Technique (SSST) [23] was used to screen the RiMi panel for 

BPH resistance in the glass-house facility at ICAR—the Indian Institute of Rice Research, 

Hyderabad, during the rainy seasons of 2016 and 2017 in an augmented complete block design. SSST 

is a rapid and efficient method to screen a large set of rice genotypes for the identification of 
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field-resistant cultivars in the greenhouse [24,25]. A commonly used susceptible line, Taichung 

Native 1 (TN1), was used for the mass rearing of insects [10,23]. Adults were initially collected from 

the rice fields and the pure colony was maintained in the greenhouse at 30 °C ± 50 °C temperature, 

and 60 ± 5% relative humidity, which was congenial for the mass multiplication of BPH. The females 

were released on the 60-day-old potted plants placed in 70 × 75 cm oviposition cages. Plants with egg 

masses were selected and kept in different cages for nymphal emergence and the second to third 

instar nymphs were collected for infestation on the RiMi panel. 

Around 15 sprouted seeds in each of the 391 RiMi panel lines were seeded in a standard seed 

tray with a size of 60L × 45W × 10H cm, which was filled with fertilizer-enriched puddled soil. In 

each tray, 20 MAGIC lines were sown by keeping two genotypes per row with an inter-line spacing 

of 3 cm. Susceptible check TN1 was covered in the borders and the resistant checks PTB33 and 

RP2068 were used in the middle rows of the seed tray. The trays with three-day-old seedlings were 

placed in big plastic trays containing water of 5 cm depth. The phenotyping was started by 

introducing six to eight second to third instar nymphs into 12 days-old seedlings [25]. The 

infestation was scored on a 0 to 9 scale [26] when 90% of the TN1 seedlings were succumbed. The 

augmented block design was conducted with two replications in 10 blocks containing 40 RiMi lines 

in all the blocks except in one with 31 RiMi lines per replication. Data on three checks (Two resistant 

and one susceptible) was recorded from every second tray considering the genotypes planted in 

two trays as one block. The material was evaluated in the augmented block design. The recorded 

data was subjected to analysis of variance using the R package “augmented RCBD” [27,28]. 

2.3. Genotyping and SNP Calling in GBS Pipeline 

The MAGIC panel was genotyped by the Genotyping-By-Sequencing (GBS) approach [29] 

through Illumina HiSeq. The raw GBS data files (raw genotype files are available at 

http://snpseek.irri.org/_download.zul) were curated by GBS pipeline using Tassel 3.0.169 [30] by 

filtering at <30% missing and 0.05 minor allele frequency (MAF) [22]. A set of 27,041 SNPs identified 

in the subset of the 391 RiMi lines were considered for the present experiment. 

2.4. Genome-Wide Association Analysis 

The curated 27,041 SNPs and BPH phenotypic data of the RiMi panel were used for GWAS 

analysis using genetic association and prediction integrated tools (GAPIT) developed by [31]. GWAS 

was performed excluding founders, considering the MAGIC lines as unrelated individuals, since 

MAGIC population has a negligible population structure [21,32]. Four single-locus models such as 

the general linear model (GLM) [33], mixed linear model (MLM) [34,35], compressed mixed linear 

model (CMLM) [36] and settlement of MLM under progressively exclusive relationship (SUPER) 

[37], and two multi-locus models such as the multi locus mixed model (MLMM) [38] and fixed and 

random model circulating probability unification (FarmCPU) [36], were engaged to identify the 

marker–trait association. Bonferroni correction was applied to modify the threshold value and to 

control the false positive rate (FDR) in four single-locus GWAS. The results from all six models were 

compared to find out the consistency and repeatability of the associations. SNPs obtained by 

FarmCPU were considered for the candidate gene search for BPH resistance. 

3. Results and Discussion 

Plants are challenged by numerous herbivorous insects invade their natural environment. In 

consequence, they express diverse substantial and induced defense mechanisms, safeguarding 

themselves from herbivore attacks [39]. The first BPH resistant rice cultivar is IR26, followed by IR36 

and IR50, which are improved by the IRRI. A number of QTNs against BPH in rice have been 

reported in this study. BPH is the most destructive monophagous, phloem sap-sucking insect, 

throughout Asia, causing significant yield losses to the rice crop [40,41]. BPH causes an annual 

estimated economic loss of more than 300 million USD in rice production ecologies of Asia [41,42]. 
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So far, around 38 genes were mapped for BPH by several experiments through biparental 

mapping approaches. Almost 80% of the resistance genes were mapped in four major clusters on the 

rice genome using the mapping populations of indica and other wild species. Chromosome 4 has 12 

genes that are clustered in three regions (Bph30 and Bph33 in a 0.91–0.97 Mb region between markers 

H99 and H101; Bph3/17, Bph12, Bph15, Bph20(t), and bph22(t) in a 4.1–8.9 Mb region between markers 

RM8212 and B44; and Bph6, bph18(t), Bph27, Bph27(t), and Bph34 in a 19.1–25.0 Mb region between 

markers RM16846 and RM6506), chromosome 12 L has eight genes (Bph1, bph2, bph7, Bph9, Bph10, 

Bph18, Bph21 and Bph26) that are clustered together in a 19.1–24.4 Mb region between markers 

RM7102 and B122, five genes are on chromosome 6S (Bph3/ Bph32bph4, Bph22, Bph25 and bph29 ) in a 

0.2–1.7 Mb region between markers S00310 and RM8101, and chromosome 3 has five genes (Bph13 

and bph19(t) on 3S [37], and Bph11, Bph14, and Bph31 3 L) [43–48]. 

Controlling the pest becomes ineffective since surface spray of pesticides could not reach the 

base of the infestation point. The rampant use of chemicals results in the development of resistance 

against many insecticides and the evolution of new biotypes. Recently, [41] reported that the 

excessive use of nitrogen fertilizers in the agricultural fields has an adverse impact on the 

environment, is valuable, and can advance the pest herbivores. The development of durable 

resistant varieties is not only an efficient measure to manage the pests, but also to conserve the 

ecological balance and safety. The BPH population in India, referred to as the South Asian biotype 

(Biotype 4), is more virulent than those in Southeast Asia (Biotype 2 and 3) [49,50]. Resistance genes 

identified for the Indian biotype are very few and are unable to offer broad-spectrum resistance. 

Here, a high-density SNP genotyped MAGIC population was used to improve the resolution of the 

trait association as well as to find the causal genes for resistance. 

3.1. Response to Infestation 

Screening at the seedling stage is an effective high-throughput method for the rapid and 

efficient screening of large germplasms as field screening offers inconsistent results due to improper 

control over the experimentation. A major difficulty in the screening of rice genotypes for BPH 

tolerance under field conditions is the lack of efficient screening techniques, problems associated 

with biotype selection, and environmental factors on the uniform density of the insect population. In 

SSST-based screening, a reliable phenotyping technique, phenotyping was done when all the TN1 

(susceptible check) seedlings were dead. The infestation of the RiMI lines was scored on a 0 to 9 scale 

[26]. The scale of 0 to 3, 3 to 5, 5 to 7 and 7 to 9 were scored as resistant, moderately resistant, 

moderately susceptible, and susceptible, respectively. The results of the analysis of variance are 

shown in Table 1. The RiMi panel exhibited a broader variation for a phenotypic score in both the 

years. The ANOVA revealed a significant mean sum of squares for different sources of variation 

except for block (eliminating treatments). Frequency distribution-based adjusted mean values are 

represented in Figure 2. There was a significant skewness towards susceptibility, since the majority 

of the lines in the panel recorded a 7 to 9 score. This could be attributed to the fact that most of the 

RiMi lines were segregated for susceptibility. Twenty-three lines recorded a <5.0 score consistently 

in both of the seasons. TN1 showed complete susceptibility (9 score) whereas resistant checks PTB33 

and RP2068 showed scores of less than two and three, respectively. 

Table 1. Analysis of variance and mean sum of squares of augmented block design for brown 

planthopper scoring of the 391RiMi panel. 

Source df 2016 2017 Mean Over Years 

Treatment (ignoring blocks) 393 4.07 ** 4.47 ** 4.30 ** 

Treatment: Check 2 172.43 ** 182.1 ** 178.53 ** 

Treatment: Test vs. Check 1 313.6 0 ** 318.46 ** 318.45 ** 

Treatment: Test 390 2.42 ** 2.76 ** 2.60 ** 

Block (eliminating treatments) 9 0.08 ns 0.08 ns 0.09 ns 

Residuals 18 0.21 0.10 0.09 

** Significance at 1% probability level (p value = 0.001). df: degrees of freedom. 
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Figure 2. Histogram representation of frequency distribution of adjusted BPH scoring values of the 

RiMi panel. Top panel showing the performance of the checks as coloured lines in the histogram. 

BPH resistance scores in both the years revealed a significant variation available for insect 

response in the RiMi panel (Table S2). Lines MIB_4393, MIB_3693, MIB_4077 and MIB_4570 were 

identified as the best lines for BPH resistance, since the score was less than two, which was 

equivalent to best check PTB33. Eight RiMi lines, MIB_4370, MIB_3850, MIB_4208, MIB_4241, 

MIB_4619, MIB_3409, MIB_4134 and MIB_4286, showed a similar response as that of the resistant 

check RP 2068. Eleven lines were found to be moderately resistant to BPH with the score of <5.0. 

Moderate susceptibility was recorded by 84 lines. A total of 191 and 93 RiMi lines showed 

susceptible (score 7) and highly susceptible (score 9) reaction towards BPH incidence. 

Though 38 genes were reported for Biotype 4 from landraces and wild species [44,49,51], 

resistance was very low and donors were inferior in agronomic and quality traits. The popular BPH 

resistance sources, PTB33 (Bph2 and Bph3 donor) and Rathu Heenati (Bph3 and Bph17 donor), are 

agronomically inferior, hence identification of superior segregants with farmers’ preferred slender 

grain in the recombinant programme is always a challenge. 

The 391 RiMi lines used in the study were selected for superior agronomic and grain quality 

traits with BPH resistance. Better combinations of segregants for these traits were achieved in the 

resultant population since MAGIC provides more rounds of recombination by its design and makes 

it possible to break genetic drag and leads to novel genetic rearrangements with greater genetic 

diversity [32,52,53]. 

Among the RiMi lines, the identified MIB_4393, MIB_3693, MIB_4077, and MIB_4570, which are 

similar to PTB33 in resistance, could be used as new sources of resistance for developing varieties 

without genetic drag in the breeding programmes. 

3.2. Marker and Covariates 

A total of 27,041 polymorphic SNPs developed in the RiMi panel were used in this experiment. 

The SNP set with the MAF = 0.05 and with <30% missing data, was distributed across 12 

chromosomes, with an average of 2253 SNPs per chromosome. The highest number of SNPs was 

detected on chromosome 1 (3495 SNPs) and the lowest on chromosome 9 (1386 SNPs). The grouping 

pattern of the RiMi panel was inferred using principal component analysis (PCA). The RiMi panel 

explained the uniform distribution of alleles without any population structure (Figure 3). Principal 

components that explained up to 50% of the total variation were included in the GWAS models to 

correct any uneven allele frequencies. Kinship matrices built in the respective association mapping 

models were used for the additional correction of false positives. 



Vaccines 2020, 8, 608 7 of 16 

 

 

Figure 3. 3D scatter plot of principal component analysis for single nucleotide polymorphisms data 

of the RiMi panel. 

3.3. Identification of SNPs 

MAGIC populations developed in several crops including rice serve as potential genetic 

resources for the identification of QTLs. In the global MAGIC population of rice, 38 and 34 QTLs for 

yield and grain quality traits were identified through GWAS and interval mapping, respectively 

[20]. GWAS analysis was conducted using mixed linear models in the MAGIC indica plus population 

of rice, and 57 significant genomic regions for agronomic and bio-fortification traits were detected 

[54]. 

Here, we conducted the GWAS analysis in the MAGIC population using four single-locus 

models (GLM, MLM, CMLM and SUPER) and two multi-locus models (MLMM and Farm CPU) to 

identify the common SNPs associated with BPH resistance (Figure S1). Each model has its own 

characteristics in terms of statistical power, selection of covariates, grouping of markers, 

computational power, ability to control false positives and the ability to include true associations, 

and so on [55]. Considering these factors and the trait complexity, we wanted to engage all these 

models to find out the marker–trait association, and the results from the different models are 

compared. 

We considered the p value <10−3 to identify significant SNPs across models and, using this 

threshold, a total of 248 associated SNPs that were significant for BPH resistance were detected for 

the mean BPH data. These SNPs were distributed on chromosomes 1, 2, 4, 5, 6, 7, 10, 11, and 12. The 

order of SNPs detected by various models is as follows: GLM (213), Farm CPU (190), MLMM (167), 

SUPER (162), MLM (91) and CMLM (80) (Table S3). 

We have identified a maximum of 213 SNPs by employing the GLM model mapped on 

chromosomes 1, 2, 4, 5, 6, 7, 10 and 12. GLM detected the highest number of associations since it is 

the less stringent model among all, and hence, it is prone to detect more false positives. Both the 

MLM and CMLM methods identified the lowest number of SNPs (91 and 80, respectively) compared 

to other models. CMLM is an improvised MLM procedure by way of grouping the markers while a 

generating kinship relationship that could have reduced SNP associations over MLM. Among the 

single locus models used in this study, SUPER was the only method that could identify the 

marker–trait associations on chromosome 11 in addition to chromosomes 1, 2, 4, 5, 6, 7, 10, and 12. 
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SUPER uses a subset of markers to compute the kinship, hence the statistical power is improved 

over MLM [37]. 

The MLMM is one of the multi-locus models, and it uses forward selection and backward 

elimination of SNPs based on heritable variance. This method identified 167 marker-trait 

associations that are distributed over chromosomes 1, 2, 4, 5, 6, and 10. Farm CPU is an improvised 

approach by combining the advantages of MLLM and SUPER to achieve better statistical power and 

computational efficiency [55]. A total of 190 SNPs were identified through FarmCPU, of which 190, 

78, 69, 138, and 136 were co-mapped with GLM, MLM, CMLM, MLMM, and SUPER, respectively. In 

total, 58 common SNPs on chromosome 1 (7 SNPs), 2 (1 SNPs), 4 (1 SNPs), 5 (11 SNPs), 6 (36 SNPs) 

and 10 (2 SNPs) were mapped across models (Table 2). 

Table 2. Total number and Common Single Nucleotide Polymorphisms mapped across 

Genome-Wide Association Mapping models. 

Chromosome GLM MLM CMLM SUPER Farm CPU MLMM Common SNPs 

1 28 12 8 30 20 26 

S1_12742211, S1_13273091, S1_13274423, 

S1_13365703, S1_13374131, S1_13374151, 

S1_13424589 

2 21 1 5 13 20 13 S2_34796411 

4 13 2 1 11 11 4 S4_4571354 

5 40 14 14 39 39 40 

S5_23256042, S5_23257107, S5_23257108, 

S5_23279024, S5_23279042, S5_23287785, 

S5_23303726, S5_2330752, S5_23310970, 

S5_23312204, S5_23314218 

6 90 49 40 60 88 61 

S6_6769492, S6_6769526, S6_6769533, 

S6_7646336, S6_8850552, S6_8851568, 

S6_8870236, S6_8876540, S6_8876586, 

S6_8876606, S6_8876610, S6_8886408, 

S6_8886434, S6_8914643, S6_8914650, 

S6_8914651, S6_8914671, S6_8914769, 

S6_8917185, S6_8917933, S6_8917936, 

S6_8917962, S6_8921200, S6_8921201, 

S6_8932488, S6_8956202, S6_8962742, 

S6_8962796, S6_8975500, S6_8977107, 

S6_8977116, S6_8977156, S6_8977190, 

S6_9003844, S6_9003866, S6_9004225 

7 6 - - 1 5 - - 

10 8 9 8 2 7 19 S10_18127881, S10_18145180 

11 - - - 2 - - - 

12 7 4 4 4 - 4 - 

Total 213 91 80 162 190 167  

Since FarmCPU is the comprehensive model among all, we considered the results obtained by 

FarmCPU for identification of resistance genes associated with the SNPs. The identified 190 

significant SNP loci located on chromosomes 1 (20 SNPs), 2 (20 SNPs), 4 (11 SNPs), 5 (39 SNPs), 6 (88 

SNPs), 7 (5 SNPs) and 10 (7 SNPs) were used for searching genes in their vicinity (Figure 4). The 

Manhattan plots and QQ plots for BPH resistance during 2016, 2017 and for the mean over years 

from FarmCPU are presented in Figure 5. Manhattan plots and QQ plots of GWAS for the other five 

models are submitted as Supplementary Figure S2. 
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Figure 4. Distribution of significant SNPs on 12 rice chromosomes identified by FarmCPU. 

 

Figure 5. (A) Circular-Manhattan plot; (B) Quantile–quantile (QQ) plots of Farm CPU showing the 

significant SNP associations (p < 0.001) with BPH resistance for the two test years and across years. In 

the panel A, 1–12 indicate chromosome numbers. 

Four important SNP clusters were identified on chromosome 1 and 2, where 20 SNPs were 

distributed in these regions (Table S3). One cluster was located in the 12 to 14.5 Mb region on the 

short arm of chromosome 1 and three clusters were located in the 1 to 2 Mb, 7.5 to 8.5 Mb and 34 to 

35.5 Mb regions on both the short and long arms of chromosome 2. Significant SNPs identified on a 

long arm of chromosome 2 were mapped near (approximately 2 Mb regions away from) the Bph13 (t) 

gene reported in O. eichingeri [56] (Figure 4). 

Eleven significant SNPs that were identified at the 3 to 5.5 Mb region on the short arm of the 

chromosome 4 were also co-localized with Qbph4, Bph17 [57] and Bph12 [58]. Co-localization of the 
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significant SNPs in the vicinity of the identified resistance gene locations such as Bph13 explained the 

fact that the founder lines are directly or indirectly descended from any one of those wild species 

[59]. 

Two regions with 39 SNPs spanning a region 0.7 to 1.1 Mb (short arm) and 23.0 to 24.0 Mb (long 

arm) were identified on chromosome 5. It is to be noted that the long arm of chromosome 5 was 

earlier mapped for Qbph5 [60], indicating the importance of this region for searching resistance 

gene(s). 

Chromosome 6 showed one major cluster of SNPs on short arm from 6.0 to 9.0 Mb with 86 

SNPs. Bph32 was identified and located 4 Mb away from this region [61]. Five SNPs were clustered 

on chromosome 7 at a physical distance from 10 to 19.5 Mb and seven closely located SNPs mapped 

on the short arm of chromosome 10 from the 18 to 19 Mb region. Qbph7 [62] mapped on the long 

arm of chromosome 7 was found within the identified SNP cluster. 

3.4. Identification for Candidate Genes for Resistance Based on SNPs 

The genes associated with BPH resistance were extracted from the annotated gene search in the 

Rice Genome Annotation Project (Michigan State University Rice Genome Annotation Project 

(MSU-RAP) database (Osa1) Release 7), to identify the novel candidate genes. The results are given 

in table S4. The search produced 92 annotated genes associated with 189 Quantitative Trait 

Nucleotides (QTNs). Chromosome 6 mapped the greatest number of genes (39) followed by 

chromosome 5 (18 genes) and chromosome 1 (12 genes). Among the 39 genes on chromosome 6, nine 

were found to have a defense-related functional mechanism (Table 3). Genes LOC_Os06g11010, 

LOC_Os06g12160, LOC_Os06g12360, LOC_Os06g12610, LOC_Os06g12870, LOC_Os06g13600, 

LOC_Os06g14510, LOC_Os06g15750 and LOC_Os06g15820 represent stress responsive proteins, 

eukaryotic aspartyl protease domain containing protein, AAA-type ATPase family protein, 

pentatricopeptide, auxin efflux carrier component, leaf senescence related protein, HEAT repeat 

family protein, glucose-6-phosphate isomerase, NB-ARC domain containing protein, and NHL 

repeat-containing protein, respectively. Twenty-one casual QTNs (S6_5759360, S6_6513819, 

S6_6514012, S6_6697070, S6_6869009, S6_7045328, S6_7045355, S6_7531094, S6_7531433, S6_7531437, 

S6_7538495, S6_8153078, S6_8932488, S6_8977107, S6_8977116, S6_8977156, S6_8977190, S6_8977712, 

S6_8977949, S6_8977972, and S6_8982135) were associated with these genes. A gene 

LOC_Os06g18600 associated with S7_10995384 was also found to encode a stress responsive gene 

OsFBL37-F-box domain and LRR containing protein. Bph9, Bph18 and Bph26 on chromosome 12 

[63–65] and Bph14 on chromosome 3 [43] were identified to encode proteins, namely, coiled-coil, 

nucleotide-binding-site and leucine-rich repeat (CC-NBS-LRR). 

Table 3. Quantitative Trait Nucleotides (QTNs) and associated genes identified with 

defense-responsive mechanisms. 

S. No. Gene locus ID Chromosome QTNs Putative Function 

1 
LOC_Os01g24

690 
1 S1_13898444 

60S ribosomal protein L23A, putative, 

expressed, response to abiotic 

stimulus, response to stress 

2 
LOC_Os05g39

590 
5 

S5_23249078, S5_23249119, 

S5_23249125, S5_23249237, 

S5_23249605 

AP2 domain containing protein, 

expressed 

3 
LOC_Os05g39

720 
5 

S5_23310970, S5_23312204, 

S5_23314218 
WRKY70, expressed 

4 
LOC_Os06g11

010 
6 S6_5759360 

Eukaryotic aspartyl protease domain 

containing protein, expressed 

5 
LOC_Os06g12

160.1 
6 S6_6513819, S6_6514012 

AAA-type ATPase family protein, 

putative, expressed 

6 
LOC_Os06g12

360.1 
6 S6_6697070 Pentatricopeptide, putative, expressed 

7 
LOC_Os06g12

610.1 
6 S6_6869009 

Auxin efflux carrier component, 

putative, expressed 
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8 
LOC_Os06g12

870.1 
6 S6_7045328, S6_7045355 

Leaf senescence related protein, 

putative, expressed 

9 
LOC_Os06g13

600.1 
6 

S6_7531094, S6_7531433, 

S6_7531437, S6_7538495 

HEAT repeat family protein, putative, 

expressed 

10 
LOC_Os06g14

510.3 
6 S6_8153078 

Glucose-6-phosphate isomerase, 

putative, expressed 

11 
LOC_Os06g15

750 
6 S6_8932488 

NB-ARC domain containing protein, 

expressed 

12 
LOC_Os06g15

820.1 
6 

S6_8977107, S6_8977116, 

S6_8977156, S6_8977190, 

S6_8977712, S6_8977949, 

S6_8977972, S6_8982135 

NHL repeat-containing protein, 

putative, expressed 

13 
LOC_Os07g18

600 
7 S7_10995384 

OsFBL37-F-box domain and LRR 

containing protein, expressed 

On chromosome 5, eight significant QTNs, S5_23249078, S5_23249119, S5_23249125, 

S5_23249237, S5_23249605, S5_23310970, S5_23312204 and S5_23314218 are mapped in the genic 

locations of LOC_Os05g39590 and LOC_Os05g39720 encoding AP2 domain containing protein and 

WRKY70. These two transcription factors are involved in a stress tolerant mechanism that could 

contribute to BPH resistance. The AP2 (APETALA2)/EREBP (Ethylene-Responsive Element-Binding 

Protein) family has an important regulatory function in environmental stress tolerance, that 

regulates diverse processes of plant development and metabolism. It mainly regulates ABA 

dependent or ABA independent stress responsive pathways and is also known to be involved in 

biotic stress response through the Jasmonic acid pathway and in abiotic stress response through the 

ABA biosynthetic pathway [66]. WRKY, a class of TF, is involved in plant stress responses including 

biotic stresses [67]. A class of WRKY, known as OsWRKY13, mediated the gene regulation through 

Salicylate and Jasmonate-dependent signaling pathways in rice disease resistance [68]. The Bph14 

resistance gene is associated with WRKY46 and WRKY72 by protecting them from degradation, thus 

providing resistance [69]. The above-mentioned WRKY TFs provide BPF resistance by 

over-expressing the RLCK281 and callose synthase genes. 

A gene LOC_Os01g24690 is associated with QTN S1_13898444 among 12 annotated genes 

identified on chromosome 1, encoding 60S ribosomal protein L23A. Ribosomal proteins have 

multiple functions and differentially regulate at the time of stress conditions [70]. The higher 

expression of ribosomal proteins is important for the proper functioning of several house-keeping 

genes during the stress conditions [71] and the QTN associated with such proteins could be useful 

for BPH resistance. 

Allelic status of the significant QTNs that contribute to resistance in the agronomically superior 

RiMi lines (MIB_4393, MIB_3693, MIB_4077 and MIB_4570) are presented in Table 4. These lines 

could be used as new sources of resistance in the breeding programs as well as to explore 

downstream genes in genetic studies. 
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Table 4. Allelic status of the significant QTNs that are contributing to resistance in the agronomically 

superior RiMi lines (MIB_4393, MIB_3693, MIB_4077 and MIB_4570). 

S. No Chromosome  SNP Position Allelic Status Putative Function 

1 5 23249125 C AP2 domain containing protein, expressed 

2 6 5759360 T 
Eukaryotic aspartyl protease domain 

containing protein, expressed 

3 6 6513819 T AAA-type ATPase family protein,  

putative, expressed 4 6 6514012 G 

5 6 6697070 T Pentatricopeptide, putative, expressed 

6 6 6869009 G 
auxin efflux carrier component,  

putative, expressed 

7 6 7045328 C Leaf senescence related protein,  

putative, expressed 8 6 7045355 G 

9 6 7531094 C HEAT repeat family protein,  

putative, expressed 10 6 7538495 G 

11 6 8153078 G 
Glucose-6-phosphate isomerase,  

putative, expressed 

12 7 10995384 C 
OsFBL37 - F-box domain and LRR containing 

protein, expressed 

4. Conclusions 

Over the past few years, substantial developments have been made in rice molecular breeding 

for high yield, biotic and abiotic stress tolerance, and grain quality, etc. Molecular breeding for BPH 

pest resistance in rice was, however, constrained because of the complexity of interrelatedness 

among BPH and rice. BPH is one of the most economically important insect pests of rice. Severe 

infestation in high-input rice ecologies results in major yield loss in susceptible varieties. Host-plant 

resistance is the best way to protect the environment and preserve the ecological balance of rice 

growing areas. The MAGIC panel identified 59 common SNPs on different rice chromosomes 

through six association mapping models. The gene search associated with QTNs revealed 13 stress 

tolerance genes that would play a significant role in BPH resistance. The 31 significant QTNs 

associated with the resistance genes could be used in accelerated marker-assisted breeding to 

develop BPH resistant varieties. Identified BPH resistant lines could be directly used in varietal 

release programs based on their agronomic performance and used as donors for BPH resistance to 

develop new resistant cultivars. 

Supplementary Materials: The following are available online at www.mdpi.com/2076-393X/8/4/608/s1, Figure 

S1: Graphic representation of physical locations of the common SNPs for BPH resistance identified using single 

and multi-locus models on all chromosomes, Figure S2: Manhattan plots and Quantile–quantile (QQ) plots of 

different models for the two test years and across years, Table S1: Pedigree details of 391 R-MI population, 

Table S2: BPH resistance scores of 391 R-MI population across years, Table S3: SNP trait associations identified 

by different single and multi-locus GWAS models, Table S4: List of candidate genes (defense related genes) 

identified in the associated QTN regions. 

Author Contributions: V.S., J.L.V., planned and designed the research; V.S., J.L.V., S.P.M., D.S.J. and I.L.V.G. 

conducted the experiments; A.K., R.K.S., H.Z. and M.L.J. contributed material and G.B.S. data; N.T., V.S., L.S., 

A.R. and A.C. analyzed the data; V.S. prepared the original draft; N.T., V.S., S.M. and L.S. critically reviewed 

and edited the manuscript; and N.T. provided overall guidance for the manuscript preparation. All authors 

have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Acknowledgments: We are grateful to R K Singh and Arvind Kumar for sharing MAGIC material and GBS 

data. The authors would also like to acknowledge Jayashankar Telangana of State Agriculture University, 

Hyderabad for the financial support to conduct the experiment. 

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or 

financial relationships that could be construed as a potential conflict of interest. The authors declare no conflict 

of interest. 



Vaccines 2020, 8, 608 13 of 16 

 

References 

1. Suenaga, H.; Nakatsuka, K. Studies on forecasting of the occurrence of leafhoppers in the paddy field. The 

First Special Research Report on the Disease and Insect Forecasting; Promotion Office, Ministry of Agriculture 

and Forestry: Tokyo, Japan; 1958, p. 468. 

2. Koya, V.K.M. Brown hopper, the destructive pest. Kurukshetra 1974, 22, 13. 

3. Nalinakumari, T.; Mammen, K.V. Biology of the brown planthopper Nilaparvata lugens (Stål.) 

(Delphacidae, Hemiptera). Agric. Res. J. Kerala 1975, 13, 53–54. 

4. Jena, M.; Adak, T.; Sahu, R.K.; Somnath, S.; Pokhare.; Berliner, J. Integrated management of Brown 

PlantHopper (BPH). Published by The Director, for the Central Rice Research Institute, Cuttak, India. 

CRRI Technol. Bull. 2015, 111. 

5. Catindig, J.L.A.; Arida, G.S.; Baehaki, S.E.; Bentur, J.S.; Cuong, L.Q.; Norowi, M. Situation of planthoppers 

in Asia. In Planthoppers: New Threats to the Sustainability of Intensive Rice Production Systems in Asia; Heong, 

K.L., Hardy, B., Eds.; International Rice Research Institute: Los Baños, CA, USA, 2009; pp. 191–220. 

6. Cabauatan, P.Q.; Cabunagan, R.C.; Ryong Choi, I. Rice viruses transmitted by the brown planthopper 

Nilaparvata lugens Stål. In Planthoppers: New Threats to the Sustainability of Intensive Rice Production Systems in 

Asia; Heong, K.L., Hardy, B., Eds.; International Rice Research Institute: Los Baños, Philippines, 2009; pp. 

357–368. 

7. Pan, Y.; Huang, L.; Song, S.; Hu, M.; Chang, S.; Lv, Q.; Li, Y.; Wang, T.; Ouyang, X.; Fu, X. Identification of 

brown planthopper resistance gene Bph32 in the progeny of a rice dominant genic male sterile recurrent 

population using genome-wide association study and RNA-seq analysis. Mol. Breed. 2019, 39, 72, 

doi:10.1007/s11032-019-0973-8. 

8. Khush, G.S.; Karim, A.N.; Angeles, E.R. Genetics of resistance of rice cultivar ARC 10550 to Bangladesh 

brown planthopper biotype. J Genet. 1985, 64, 121–125, doi:10.1007/BF02931140. 

9. Brar, D.S.; Virk, P.S.; Jena, K.K.; Khush, G.S. Breeding for resistance to planthoppers in rice. In 

Planthoppers: New Threats to the Sustainability of Intensive Rice Production Systems in Asia; Heong, K.L., Hardy, 

B., Eds.; International Rice Research Institute: Los Baños, Philippines, 2009; pp. 401–428. 

10. Pathak, M.D.; Khush, G.S. Studies of varietal resistance in Rice to the Brown planthopper at the 

International Rice Research Institute. In Brown Planthopper: Threat to Rice Production in Asia; International 

Rice Research Institute: Manila, Philippines, 1979; pp. 285–301. 

11. Prahalada, G.D.; Shivakumar, N.; Lohithaswa, H.C.; Sidde Gowda, D.K.; Ramkumar, G.; Kim, S.R.; 

Ramachandra, C.; Hittalmani, S.; Mohapatra, T.; Jena, K.K. Identification and fine mapping of a new gene, 

BPH31 conferring resistance to brown planthopper biotype 4 of India to improve rice, Oryza sativa L. Rice 

2017, 10, 41. 

12. Balachiranjeevi, C.H.; Prahalada, G.D.; Mahender, A.; Jamaloddin, M.D.; Sevilla, M.A.L.; Marfori-Nazarea, 

C.M. Identification of a novel locus, BPH38(t), conferring resistance to brown planthopper (Nilaparvata 

lugens Stal.) using early backcross population in rice (Oryza sativa L.). Euphytica 2019, 215, 

doi:10.1007/s10681-019-2506-2(012). 

13. Yang, M.; Cheng, L.; Yan, L. Mapping and characterization of a quantitative trait locus resistance to the 

brown planthopper in the rice variety IR64. Hereditas 2019, 156, 22, doi:10.1186/s41065-019-0098-4. 

14. Kumar, K.; Sarao, P.S.; Bhatia, D.; Neelam, K.; Kaur, A.; Mangat, G.S. High-resolution genetic mapping of 

a novel brown planthopper resistance locus, Bph34 in Oryza sativa L X Oryza nivara (Sharma & Shastry) 

derived inter-specific F2 population. Theor. Appl. Genet. 2018, 131, 1163–1171, 

doi:10.1007/s00122-018-3069-7. 

15. Naik, S.B.; Divya, D.; Sahu, N.; Sundaram, R.M.; Sarao, P.S.; Singh, K. A new gene Bph33(t) conferring 

resistance to brown planthopper (BPH), Nilaparvata lugens (Stal) in rice line RP2068-18-3-5. Euphytica 2018, 

214, 53, doi:10.1007/s10681-018-2131-5. 

16. Guo, J.P.; Xu, C.X.; Wu, D.; Zhao, Y.; Qiu, Y.; Wang, X. Bph6 encodes an exocyst localized protein and 

confers broad resistance to planthoppers in rice. Nat. Genet. 2018, 50, 297–306, 

doi:10.1038/s41588-018-0039-6. 

17. Jena, K.K.; Kim, S.M. Current status of brown planthopper (BPH) resistance and genetics. Rice 2010, 3, 

161–171, doi:10.1007/s12284-010-9050-y. 



Vaccines 2020, 8, 608 14 of 16 

 

18. Kover, P.X.; Valdar, W.; Trakalo, J.; Scarcelli, N.; Ehrenreich, I.M.; Purugganan MD. A multi parent 

advanced generation inter-cross to fine-map quantitative traits in Arabidopsis thaliana. PLoS Genet. 2009, 5, 

e1000551, doi:0.1371/ journal.pgen. 1000551. 

19. Huang, B.E.; Verbyla, K.L.; Verbyla, A.P.; Raghavan, C.; Singh, V.K.; Gaur, P. MAGIC populations in 

crops: Current status and future prospects. Theor. Appl. Genet. 2015, 128, 999–1017, 

doi:10.1007/s00122-015-2506-0. 

20. Zaw, H.; Raghavan, C.; Pocsedio, A.; Swamy, B.P.M.; Jubay, M.L.; Singh, R.K. Exploring genetic 

architecture of grain yield and quality traits in a 16-way indica by japonica rice MAGIC global population. 

Sci. Rep. 2019, 9, 19605, doi:10.1038/s41598-019-55357-7. 

21. Bandillo, N.; Raghavan, C.; Muyco, P.A.; Sevilla, M.A.L.; Lobina, I.T.; Ermita, C.J.D. Multi-parent 

advanced generation inter-cross (MAGIC) populations in rice: Progress and potential for genetics research 

and breeding. Rice 2013, 6, 1–15, doi:10.1186/1939-8433-6-11. 

22. Raghavan, C.; Mauleon, R.; Lacorte, V.; Jubay, M.; Zaw, H.; Bonifacio, J. Approaches in Characterizing 

Genetic Structure and Mapping in a Rice Multi parental Population. G3 Bethesda 2017, 7, 1721–1730, 

doi:10.1534/g3.117.042101. 

23. Heinrichs, E.A.; Medrano, F.G.; Rapusas, H.R. Genetic Evaluation for Insect Resistance in Rice; IRRI: Los 

Baños, Philippines, 1985. 

24. Velusamy, R.; Heinrichs, E.A.; Medrano, F.G. Greenhouse techniques to identify field resistance to the 

brown plant hopper, Nilaparvata lugens (Stål) (Homoptera: Delphacidae), in rice cultivars. Crop Prot. 1986, 

5, 328–333, doi:10.1016/0261-219490112-2. 

25. Horgan, F.G. Mechanisms of resistance: A major gap in understanding planthopper-rice interactions. In 

Planthoppers: New Threats to the Sustainability of Intensive Rice Production Systems in Asia; Heong, K.L., Hardy, 

B., Eds.; International Rice Research Institute: Los Baños, Philippines, 2009; pp. 281–302. 

26. IRRI Standard Evaluation System (SES) for Rice, 5th Ed.; International Rice Research Institute; Manila, 

Philipines, 2013; pp. 38–39. 

27. Federer, W.T. Augmented designs with one-way elimination of heterogeneity. Biometrics 1961, 17, 447–473. 

28. Aravind, J.; MukeshSankar, S.; Wankhede, D.P.; Kaur, V. Augmented RCBD: Analysis of Augmented 

Randomised Complete Block Designs. R Package Version 0.1.2.9000. 2020. Available online: 

https://www.aravind-j.github.io/augmentedRCBD/https://cran.r-project.org/ package=augmentedRCBD 

(accessed on 3 December 2019). 

29. Elshire, R.J.; Glaubitz, J.C.; Sun, Q.; Poland, J.A.; Kawamoto, K.; Buckler, E.S. A robust, simple 

genotyping-by-sequencing (GBS) approach for high diversity species. PLoS ONE 2011, 6, e19379, 

doi:10.1371/journal.pone.0019379. 

30. Glaubitz, J.C.; Casstevens, T.M.; Lu, F.; Harriman, J.; Elshire, R.J.; Sun, Q. TASSEL-GBS: A high capacity 

genotyping by sequencing analysis pipeline. PLoS ONE 2014, 9, e90346, doi:10.1371/journal.pone.0090346. 

31. Lipka, A.E.; Tian, F.; Wang, Q.S.; Peiffer, J.; Li, M.; Bradbury, P.J. GAPIT: Genome association and 

prediction integrated tool. Bioinformatics 2012, 28, 2397–2399, doi:10.1093/bioinformatics/ bts444. 

32. Bossa-Castro, A.M.; Tekete, C.; Raghavan, C.; Delorean, E.E.; Dereeper, A.; Dagno, K. Allelic variation for 

broad-spectrum resistance and susceptibility to bacterial pathogens identified in a rice MAGIC 

population. Plant Biotechnol. J. 2016, 16, 1559–1568, doi:10.1111/pbi.12895. 

33. Price, A.L.; Patterson, N.J.; Plenge, R.M.; Weinblatt, M.E.; Shadick, N.A.; Reich, D. Principal components 

analysis corrects for stratification in genome-wide association studies. Nat. Genet. 2006, 38, 904–909, 

doi:10.1038/ng1847. 

34. Zhang, Y.M.; Mao, Y.; Xie, C.; Smith, H.; Luo, L.; Xu, S. Mapping quantitative trait loci using naturally 

occurring genetic variance among commercial inbred lines of maize (Zea mays L.). Genetics 2005, 169, 

2267–2275, doi:10.1534/genetics.104.033217. 

35. Yu, J.M.; Pressoir, G.; Briggs, W.H.; Bi, I.V.; Yamasaki, M.; Doebley, J.F. A unified mixed-model method 

for association mapping that accounts for multiple levels of relatedness. Nat. Genet. 2006, 38, 203–208, 

doi:10.1038/ng1702. 

36. Zhang, Z.W.; Ersoz, E.; Lai, C.Q.; Todhunter, R.J.; Tiwari, H.K.; Gore, M.A. Mixed linear model approach 

adapted for genome-wide association studies. Nat. Genet. 2010, 42, 355–360, doi:10.1038/ng.546. 

37. Wang, Q.; Tian, F.; Pan, Y.; Buckler, E.S.; Zhang, Z. A super powerful method for genome wide association 

study. PLoS ONE. 2014, 9, e107684, doi:10.1371/journal.pone.0107684. 



Vaccines 2020, 8, 608 15 of 16 

 

38. Segura, V.; Vilhjalmsson, B.J.; Platt, A.; Korte, A.; Seren, U.; Long, Q. An efficient multi-locus mixed-model 

approach for genome-wide association studies in structured populations. Nat. Genet. 2012, 44, 825–830, 

doi:10.1038/ng.2314. 

39. Tan, G.X.; Weng, Q.M.; Ren, X.; Huang, Z.; Zhu, L.L.; He, G.C. Two white backed planthopper resistance 

genes in rice share the same loci with those for brown planthopper resistance. Heredity 2004, 92, 212–217. 

40. Zhang, X.; Mao, K.; Liao, X.; He, B.; Jin, R.; Tang, T.; Wan, H.; Li, J. Fitness cost of nitenpyram resistance in 

the brown planthopper Nilaparvata Lugens. J. Pest Sci. 2018, 91, 1145–1151. 

41. Zhu, P.; Zheng, X.; Xu, H.; Johnson, A.C.; Heong, K.L.; Gurr, G.M.; Lu, Z. Nitrogen fertilization of rice 

plants improves ecological fitness of an entomophagous predator but dampens its impact on prey, the rice 

brown planthopper, Nilaparvata lugens. J. Pest Sci. 2020, 93, 747–755, doi:/10.1007/s10340-019-01174-w. 

42. Wu, S.F.; Zeng, B.; Zheng, C.; Mu, X.C.; Zhang, Y.; Hu, J. The evolution of insecticide resistance in the 

brown planthopper (Nilaparvata lugens Stål) of China in the period 2012–2016. Sci. Rep. 2018, 8, 4586, 

doi:10.1038/s41598-018-22906-5. 

43. Du, B.; Zhang, W.L.; Liu, B.F.; Hu, J.; Wei, Z.; Shi, Z.Y. Identification and characterization of Bph14, a gene 

conferring resistance to brown planthopper in rice. Proc Natl Acad. Sci. USA 2009, 106, 22163–22168, 

doi:10.1073/pnas.0912139106. 

44. Du, B.; Chen, R.; Guo, J.; He, G. Current understanding of the genomic, genetic, and molecular control of 

insect resistance in rice. Mol. Breed. 2020, 40, 24. doi.10.1007/s11032-020-1103-3. 

45. Fujita, D.; Kohli, A.; Horgan, F.G. Rice resistance to planthoppers and leaf hoppers. Crit. Rev. Plant Sci. 

2013, 32, 162–191, doi:10.1080/07352689.2012.735986. 

46. Hu, J.; Xiao, C.; He, Y.Q. Recent progress on the genetics and molecular breeding of brown planthopper 

resistance in rice. Rice 2016, 9, 30, doi:10.1186/s12284- 016-0099-0. 

47. Jing, S.; Zhao, Y.; Du, B.; Chen, R.; Zhu, L.; He, G. Genomics of interaction between the brown planthopper 

and rice. Cur. Opin. Insect Sci. 2017, 19, 82–87, doi:10.1016/j.cois.2017.03.005. 

48. Jiang, H.C.; Hu, J.; Li, Z.; Liu, J.; Gao, G.J.; Zhang, Q.L. Evaluation and breeding application of six brown 

planthopper resistance genes in rice maintainer line Jin 23B. Rice 2018, 120181, 22, 

doi:10.1186/s12284-018-0215-4. 

49. Horgan, F.G.; Ramal, A.F.; Bentur, J.S.; Kumar, R.; Bhanu, K.V.; Sarao, P.S. Virulence of brown 

planthopper (Nilaparvata lugens) populations from South and South East Asia against resistant rice 

varieties. Crop. Prot. 2015, 78, 222-231, doi:10.1016/j.cropro.2 015.09.014. 

50. Sogawa, K. Planthopper outbreaks in different paddy ecosystems in Asia: Man-made hopper plagues that 

threatened the green revolution in rice. In Rice Planthoppers: Ecology, Management, Socioeconomics and Policy; 

Heong, K.L., Ed.; Zhejiang University Press: Hangzhou, China; Hangzhou and Springer Science: 

Hangzhou, China; Business Media Dordrecht; Berlin, Germany, 2015; doi:10.1007/978-94-017-9535-7_2. 

51. Deen, R.; Ramesh, K.; Gautam, S.K.; Rao, Y.K.; Lakshmi, V.J.; Viraktamath, B.C. Identification of new gene 

for BPH resistance introgressed from O. rufipogon. Rice Genet. Newsl. 2010, 25, 70–72. 

52. Leung, H.; Raghavan, C.; Zhou, B.; Oliva, R.; Choi, I.R.; Lacorte, V. Allele mining and enhanced genetic 

recombination for rice breeding. Rice 2015, 8, 34, doi:10.1186/s12284-015-0069-y. 

53. Scott, M.F.; Ladejobi, O.; Amer, S.; Bentley, A.R.; Biernaskie, J. Multi-parent populations in crops: A 

toolbox integrating genomics and genetic mapping with breeding. Heredity 2020, 

doi:10.1038/s41437-020-0336-6. 

54. Descalsota, G.I.L.; Swamy, M.; Zaw, H.; Asilo, M.A.I.; Amparado. Genome-wide association mapping in a 

rice magic plus population detects QTLS and genes useful for biofortification. Front. Plant Sci. 2018, 9, 1347. 

55. Liu, X.; Huang, M.; Fan, B.; Buckler, E.S.; Zhang, Z. Iterative usage of fixed and random effect models for 

powerful and efficient genome-wide association studies. PLoS Genet. 2016, 12, e1005767, 

doi:10.1371/journal.pgen.1005767. 

56. Liu, G.Q.; Yan, H.H.; Fu, Q.; Qian, Q.; Zhang, Z.T.; Zhai, W.X. Mapping of a new gene for brown 

planthopper resistance in cultivated rice introgressed from Oryza eichingeri. Chin. Sci. Bull. 2001, 46, 

738–742. 

57. Sun, L.; Su, C.; Wang, C.; Zai, H.; Wan, J. Mapping of a major resistance gene to brown plant hopper in the rice 

cultivar RathuHeenati. Breed. Sci. 2005, 55, 391–396. 

58. Qiu, Y.; Guo, J.; Jing, S.; Zhu, L.; He, G. Development and characterization of japonica rice lines carrying the 

brown plant hopper-resistance genes BPH12 and BPH6. Theor Appl. Genet. 2012, 124, 485–494, 

doi:10.1007/s00122-011-1722-5. 



Vaccines 2020, 8, 608 16 of 16 

 

59. Khush, G.S.; Virk, P.S. IR Varieties and Their Impact; International Rice Research Institute: Manila, 

Philipines, 2005. 

60. Myint, K.K.M.; Fujita, D.; Matsumura, M.; Sonoda, T.; Yoshimura, A.; Yasui, H. Mapping and pyramiding 

of two major genes for resistance to the brown planthopper (Nilaparvata lugens [Stål]) in the rice cultivar 

ADR52. Theor. Appl. Genet. 2012, 124, 495–504, doi:10.1007/s00122-011-1723-4. 

61. Ren, J.; Gao, F.; Wu, X.; Lu, X.; Zeng, L.; Lv, J. Bph32, a novel gene encoding an unknown SCR 

domain-containing protein, confers resistance against the brown planthopper in rice. Sci. Rep. 2016, 6, 

1–14. doi:10.1038/srep37645. 

62. Huang, D.R.; Chen, J.; Lai, F.X.; Liu, G.J.; Zhuang, J.Y. Analysis of quantitative trait loci for resistance to 

brown planthopper in Dongxiang wild rice (Oryza rufipogon Griff.). Acta Agron. Sin. 2012, 38, 210–214, 

doi:10.3724/SP.J.1006.2012. 00210. 

63. Zhao, Y.; Huang, J.; Wang, Z.Z.; Jing, S.L.; Wang, Y.; Ouyang, Y.D. Allelic diversity in an NLR gene BPH9 

enables rice to combat plant hopper variation. Proc. Natl. Acad. Sci. USA 2016, 113, 12850–12855, 

doi:10.1073/PNAS. 1614862113. 

64. Ji, H.; Kim, S.R.; Kim, Y.H.; Suh, J.P.; Park, H.M.; Sreenivasulu, N. Map-based cloning and characterization 

of the BPH18 gene from wild rice conferring resistance to brown planthopper (BPH) insect pest. Sci. Rep. 

2016, 6, 34376, doi:10.1038/srep34376. 

65. Tamura, Y.; Hattori, M.; Yoshioka, H.; Yoshioka, M.; Takahashi, A.; Wu, J.Z. Map based cloning and 

characterization of a brown plant hopper resistance gene BPH 26 from Oryza sativa L. ssp. indica cultivar 

ADR52. Sci. Rep. 2014, 4, 5872, doi:10.1038/srep05872. 

66. Khong, G.N.; Richaud, F.; Coudert, Y.; Pati, P.K.; Santi, C.; Périn, C. Modulating rice stress tolerance by 

transcription factors. Biotech. Gen. Eng. Rev. 2008, 25, 381–404, doi:10.5661/bger-25-381. 

67. Eulgem, T.; Somssich, I.E. Networks of WRKY transcription factors in defense signaling. Curr. Opin. Plant 

Biol. 2007, 10, 366–371, doi:10.1016/j.pbi.2007.04.020. 

68. Qiu, D.; Xiao, J.; Ding, X.; Xiong, M.; Cai, M.; Cao, Y. OsWRKY13 mediates rice disease resistance by 

regulating defense-related genes in salicylate- and jasmonate-dependent signaling. Mol. Plant. Microbe 

Interact. 2007, 20, 492–499, doi:10.1094/MPMI-20-5-0492. 

69. Hu, L.; Wu, Y.; Wu, D.; Rao, W.; Guo, J.; Ma, Y. The coiled-coil and nucleotide binding domains of brown 

planthopper resistance 14 function in signaling and resistance against planthopper in rice. Plant Cell 2017, 

29, 3157–3185, doi:10.1105/tpc.17.00263. 

70. Fromont-Racine, M.; Senger, B.; Saveanu, C.; Fasiolo, F. Ribosome assembly in eukaryotes. Gene 2003, 313, 

17–42, doi:10.1016/S0378-111900629-2. 

71. Ferreira-Cerca, S.; Hurt, E. Cell biology: Arrest by ribosome. Nature 2009, 459, 46–47, doi: 10.1038/459046a. 

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional 

affiliations. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


