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Abstract
The brown planthopper (Nilaparvata lugens Stål, BPH) is one of the most destructive rice pests
worldwide. GXU202 is a germplasm of common wild rice (Oryza ru�pogon Griff. ) with high resistance to
the BPH. In this study, the genetic analysis indicated that the BPH resistant phenotype of GXU202 is
controlled by a major gene. Through the combination and comparison of QTL linkage and BSA-seq
analyses, a novel gene locus BPH41 conferring BPH resistance was identi�ed, which has been �nely
mapped to a 114-kb region delimited by D01031 and W1 on chromosome 4. The markers D01031 and
D01045 showed high accuracy in predicting resistant phenotypes to BPH, suggesting their reliability for
marker-assisted selection of BPH41 in breeding for BPH resistant rice varieties. The present identi�cation
of BPH41 will establish a foundation for further map-based cloning and functional characterization of
the gene.

1. Introduction
Rice (Oryza sativa L.) is one of the most important staple food crops and plays an important role in
agricultural production. Brown planthopper (BPH; Nilaparvata lugens Stål ) is a devastating pest of rice
prevalent across Asia (Normile 2008). They damage the rice plants by sucking the sap from phloem and
also cause the infection of viruses, such as grassy stunt virus and ragged stunt virus(Zheng et al. 2020).
Heavy BPH infestation leads to complete drying of rice plants and the occurrence of ‘hopper burn’ that
causes severe yield losses during rice production(Backus et al. 2005). Over the long term, to reduce the
application of pesticide that can result in environmental pollution, high cost, pest resurgence, and
stronger pathogen strain virulence(Frisvold 2019), and subsequently utilizing BPH resistance genes to
develop resistant cultivars is the most promising strategy in the management of BPH(Bisht et al. 2019).
To this end, the exploitation of genes or genetic loci conferring BPH resistance from different germplasm
resources could facilitate breeding programs for resistant rice varieties. Previous studies have indicated
that the genetic basis of BPH resistance is complex, in which both major and minor resistance genes with
complementary or additive effects, as well as environmental interactions are involved(Zheng et al. 2020).

To date, 40 BPH resistance genes have been identi�ed from cultivated and wild species of rice(Akanksha
et al. 2019). Among them, at least thirteen genes are clustered in two distinct regions of chromosome
4(Hu et al. 2016). This phenomenon is consistent with the pattern of R genes, which are usually
distributed on chromosomes in clusters(Mizuno et al. 2020). Speci�cally, �ve of them (Bph6, bph16,
bph18, BPH27, Bph27(t) and Bph34) distribute on the long arm of chromosome 4(Guo et al. 2018;
Hirabayashi et al. 1998; Fujita et al. 2013; Huang et al. 2013; He et al. 2013; Kumar et al. 2018); as well,
eight genes (Bph3, Bph12, Bph15, Bph17, Bph20, Bph30, Bph33, and BPH36) and four QTLs (QBph4,
QBph4.2, QBph4.3 and QBph4.4 ) distribute on the short arm of chromosome 4(Liu et al. 2015; Qiu et al.
2012; Lv et al. 2014; Sun et al. 2005; Rahman et al. 2009; Wang et al. 2018; Hu et al. 2018; Li et al. 2019;
Hu et al. 2015; Kamolsukyeunyong et al. 2019; Mohanty et al. 2017).
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Wild rice species have abundant genetic diversity for studying the genetic basis of resistance phenotype
to BPH(Hu et al. 2016). Previous studies have identi�ed 24 BPH resistance genes/QTLs in 7 wild rice
species with different genome types. Of which, bph20(t), bph21(t), bph22(t), bph23(t), Bph27, Bph29,
BPH35 and BPH36 were derived from O. ru�pogon with the AA genome(Yang et al. 2012; Hou et al. 2011;
Huang et al. 2013; Wang et al. 2015; ZHANG et al. 2020; Li et al. 2019); Bph34, bph39, and bph40 were
derived from O. nivara with the AA genome(Kumar et al. 2018; Akanksha et al. 2019); bph11, bph16,
Bph14, Bph15, and QBph4.1 were iderived from O. o�cinalis with the CC genome(Sharma et al. 2003;
Hirabayashi et al. 1998; Du et al. 2009; Lv et al. 2014; Hu et al. 2015); Bph13 derived from O. eichingeri or
O. o�cinalis in two different research(Liu et al. 2001; Renganayaki et al. 2002); Bph12 was derived from
O. latifolia with the CCDD genome(Qiu et al. 2012); Bph20 and Bph21 were derived from O. minuta with
the CCDD genome(Rahman et al. 2009); Bph10, Bph18, and QBph4.2 were derived from O. australiensis
with the EE genome(Ishii et al. 1994; Ji et al. 2016; Hu et al. 2015). Therefore, identifying more BPH-
resistance genes/QTLs from wild rice species is of great signi�cance in rice breeding practice.

QTL mapping is a fundamental approach for understanding the genetic inheritance of phenotypic
variation. It is wildly utilized in map-based cloning of candidate genes for QTLs and can provide valuable
markers for marker-assisted selection (MAS) in crop breeding(Gupta et al. 2019). This conventional
approach involves in developing the genetic population with segregating phenotype of target traits and
requires to identify hundreds of polymorphic markers to genotype a large number of individuals derived
from the biparental cross. Thus, it is a time-consuming and laborious process and therefore has become
a bottleneck for traditional QTL mapping studies. The combination of bulked segregant analysis with
whole-genome sequencing (BSA-seq) can used to facilitate the mapping of qualitative trait that is
controlled by a major gene, and has been successfully applied for the rapid identi�cation of important
agronomical traits in many crop plants(Nguyen et al. 2019), such as rice, maize, wheat, barley, soybean,
potato, groundnut, and sorghum(Abe et al. 2012; Klein et al. 2018; Navarro-Escalante et al. 2020; Jia et al.
2017; Song et al. 2017; Kaminski et al. 2016; Pandey et al. 2017; Han et al. 2015).

In rice, BSA-seq has been successfully applied for identifying genes conferring resistance to biotic and
abiotic stresses. Wu et al. (2019) mapped the genes related with the partial blast resistance between 1.52
and 4.32 Mb on chromosome 6. Liang et al.(2020) identi�ed a pi21 locus conferring basal blast
resistance between 18.90–22.10 Mb on chromosome 4. Sun et al. (2018) identi�ed a cold-tolerant locus
between 21.84–23.65 Mb on chromosome 6. Tao et al. (2018) identi�ed a aluminum toxicity tolerance
gene between 4.72-4.87 Mb on chromosome 2.Therefore, it is also a promising approach for the
identi�cation of BPH resistance gene.

In the present study, we focused on the identi�cation of the gene conferring BPH resistance in a common
wild rice germplasm GXU202 through a combination of conventional QTL mapping and the BSA-seq
approach via linkage analysis. This study aimed to (1) discover new resistance gene loci associated with
BPH resistance using BSA strategy; (2) validate the loci through conventional QTL mapping and perform
comparison between both methods to evaluate their reliability; (3) propose the candidate genes based on

https://pubmed.ncbi.nlm.nih.gov/32245192/
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the genome annotation; and (4) develop reliable markers to facilitate MAS in BPH-resistance breeding
programs.

2. Materials And Methods
2.1. Plant materials, mapping population, and backcrossing generations development

GXU202 (accession number) is a germplasm of common wild rice (O. ru�pogon Griff.) collected from
Guangxi Province, China, and maintained in Guangxi University with high resistance to BPH infestation.
9311 is an indica rice variety that is widely cultivated in Southern China and that is highly susceptible to
BPH. GXU202 was crossed with 9311, and the resulting F1 individuals were self-crossed twice to obtain
the F2 individuals and F2:3 lines that were used as materials for screening BPH resistance lines. The
obtained resistance lines were subsequently used for QTL mapping and BSA sequencing analysis. The
highly resistant-F3 individuals (score 0-3) were selected to be continuously backcrossed with 9311 to
generate BC2F1 populations. The BC2F1 individuals were self-fertilized twice to obtain BC2F2:3 lines, which
were selected for phenotypic evaluation and genotyping analysis to verify of the accuracy of the
mapping. All the plants were grown in the experimental paddy �eld (Nanning, 22.85°N, 108.26°E) located
in Guangxi University, Nanning, Guangxi, China.

 2.2. Evaluation of BPH resistance

The BPH insects were captured from rice �eld in Nanning, Guangxi province, China, and reared on the
susceptible indica rice variety Taichung Native 1 (TN1) plants to produce enough nymphs for infestation
in cages (50×50×100 cm) surrounded with light-transmitting �ne nylon mesh. The cages and seedlings
were maintained in a greenhouse under natural daylight at 26–32℃ condition. The standard seedbox
screening test (SSST) was performed on the F2:3 families to evaluate the level of BPH resistance. Each
mesh-covered tray (58×38×9 cm) �lled with �eld mud (~5 cm deep) was averagely planted 11 rows,
including two rows of the resistant (GXU202) and susceptible (9311) parental lines. Each row was
planted 20-25 plants of one family. At third-leaf stage (approximately 15 days after sowing), the
seedlings were infested with second- or third-instar BPH nymphs at an average level of �ve insects per
seedling and covered with light-transmitting �ne nylon-net mesh enclosure (52×32×45 cm). When all of
susceptible control seedlings were wilted (scored as 9), the BPH resistance of each individual seedling
was assessed according to the rating scale proposed by the International Rice Research Institute (IRRI
1988) (0, no damage; 1, very slight damage; 3, �rst and second leaves partially yellowing; 5 = pronounced
yellowing and stunting; 7 = mostly wilting, the plant still alive; 9 = the plant completely wilted or died).

The resistance score of each F2 individual was inferred from the average resistance score of the
seedlings in the corresponding F2:3 families. The test was conducted three times, and the average
resistance score of each F2 lines was used in subsequent analysis.

2.3. Sample Collection, Construction of Mixed Pools and DNA Extraction
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Fresh leaves of “GXU202”, “9311”, and the F2 individuals were collected at the tillering stage. Genomic
DNA was extracted from the leaves for genotyping and QTL analysis. The pools were generated by
respectively mixing equal amounts of DNA of 30 extreme resistant (resistance score 0~4.0) F2 individuals
and of 30 extreme susceptible (resistance score 8.0~9.0) F2 individuals for library construction and whole
genome sequencing. The total genomic DNA was isolated from the leaf tissues using the
cetyltrimethylammonium bromide (CTAB) method(Murray and Thompson 1980). The quality and
quantity of isolated DNA were determined using a NanoDrop 2000 Spectrophotometer (Thermo Scienti�c,
Wilmington, DE, USA), and the �nal concentration was adjusted to 80 ng∙μL-1.

2.4. Whole Genome Resequencing and Data processing

DNA samples of the two parents and the two pools, were prepared for library construction, which were
named R01 (GXU202), R02 (9311), R03 (resistant pool) and R04 (susceptible pool), respectively. After
quality inspection, DNAs of four samples (R01, R02, R03, and R04) were randomly broken into 350-bp
fragments by ultrasonication; the fragments were then subjected to end repair, addition of nucleotide (A)
overhangs, ligation with sequencing adapters, and ampli�cation by PCR. The puri�ed products were used
to construct a library for whole genome resequencing using the Illumina HiSeq platform. Whole genome
resequencing was conducted by Biomarker Technologies (Beijing, China).

To get high-quality reads for subsequent information analysis, the raw data (raw reads) of fasta format
was �rst processed through a series of quality control (QC) procedures to remove low quality paired
reads. QC standards were carried out as follows: (1) removing the reads with adapter; (2) removing pair
end reads with ≥ 10% unidenti�ed nucleotides (N); (3) removing reads with > 50% bases having Qphred
quality < 10. Clean reads of each sample were aligned to the reference genome of O. sativa L. ssp. indica
cv. 9311 (ftp://ftp.ensemblgenomes.org/pub/plants/release-45/fasta/oryza_indica/dna/) using the
Burrows-Wheeler Aligner (BWA) software(Li and Durbin 2009). Based on the mapping results of the clean
reads, the tool of Mark Duplicate in Picard (https://sourceforge.net/projects/ picard/) was used to
eliminate PCR duplication. After pretreatment of local realignment and base recalibrationSingle-
nucleotide polymorphism (SNP) and Small InDel calling was performed by using the Genome Analysis
Toolkit (GATK) software to increase SNP/Small InDel calling accuracy(McKenna et al. 2010).

2.5. Association analysis of SNPs and Indels

To identify candidate genomic region responsible for BPH resistance, the association analysis of SNPs
was conducted by Euclidean Distance (ED) and SNP-index algorithm, respectively(Hill et al. 2013). Before
the association analysis, to obtain high quality and reliable SNP sites, SNPs were excluded from the two
bulk sequences according to the following criteria: (1) with multiple genotypes; (2) read depth < 4; (3)
genotypes were the same between the pools; and (4) the dominant mixed pool gene does not come from
dominant parents.

The ED between the allele frequencies at each SNP site in the R- and S-pools was calculated using the
following equation:
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Each letter (A, C, G, T) indicates the frequency of the corresponding DNA nucleotide. Xmut and XWT

represent the frequency of X base in mutant and wild type bulk, respectively. To eliminate the background
noise, the �fth power of the original ED value was regarded as a correlation value. The correlation
threshold for the signi�cance of marker–trait associations was set at median + 3SD of the DISTANCE-
�tted values. The genome regions at which the DISTANCE-�tted values exceeded the threshold were
designated as candidate regions associated with resistance to BPH.

Another association analysis was performed using SNP-index method, which is indicated by ∆(SNP-
index) through �nding signi�cant differences in genotype frequency between the R- and S-pools. SNP-
index and delta SNP-index were performed using the method based on the depth information generated
in variants calling. The ∆(SNP-index) was calculated as follows: Δ(SNP-index) = SNP-index (extreme
resistant) -SNP-index (extreme susceptible)= Maa/(Maa+Paa) - Mab/( Mab+Pab),where Maa indicates
the depth of the aa population derived from 9311; Paa indicates the depth of the aa population derived
from GXU202; Mab indicates the depth of the ab population derived from 9311; Pab indicates the depth
of the ab population derived from GXU202. In order to eliminate false positive sites, the ∆(SNP-index)
data were of the SNPs on the same chromosome �tted using DISTANCE method(Fekih et al. 2013). The
stronger the correlation between SNP and traits, the closer the Δ(SNP-index) value is to 1, and SNPs with
Δ(SNP-index) higher than the threshold were regarded as a target region that might be underlying BPH
resistance of rice. ED and ∆SNP-index values were plotted, and the intersections between candidate
regions identi�ed using the two methods were designated as candidate regions associated with BPH
resistance.

The association analysis of small InDels was also conducted by Euclidean Distance (ED) and InDel-index
algorithm, respectively, following the same method as that of SNPs(Singh et al. 2017). Finally, the
overlapping regions of the candidate regions based on SNP and indel association analysis, were
designated as the �nal candidate intervals.

2.6. Genotyping, Genetic Map Construction, and QTL Analysis

According to the result of preliminary mapping identi�ed through BSA-seq, we chose chromosome 4 to
develop the genetic linkage map using GXU202/9311 F2 population. A total of 310 simple sequence
repeat (SSR) markers and the insertion/deletion (InDel) markers distributed across chromosome 4 of the
rice genome were obtained from GRAMENE database (https://archive.gramene.org/markers/microsat/).
The molecular markers were initially screened for polymorphism between GXU202 and 9311 for QTL
mapping analysis to detect the gene locus for BPH in GXU202. The sequences of the polymorphic
markers are listed in Table S9.

The selected polymorphic markers were used to genotype the 255 individuals of the F2 population. QTL
analysis was performed with the inclusive composite interval mapping (ICIM) using the BIP (QTL
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mapping in the biparental populations) functionality of QTL IciMapping 4.1(Meng et al.
2015). LOD thresholds were calculated with 1,000 permutation tests (P < 0.05) and used to declare a
putative QTL. 

PCR reactions were in a �nal volume of 10 µL with PCR mixture included 1 μL template DNA (60 ng·µL 1),
5 μL 2× Taq Master Mix, 0.5 μL each of the forward and reverse primers (10 μM), and 3 μL ddH2O. The
PCR was performed in a T100™ thermal cycler (Bio-Rad, USA) as following program: initial denaturation
at 95°C for 5 min; 35 cycles of denaturation at 95°C for 30 s, annealing at 56-62°C (for different markers)
for 30 s and extension at 72°C for 30 s; and a �nal extension step at 72°C for 5 min. The ampli�ed
products were detected by agarose gel electrophoresis with a concentration of 1.5% or polyacrylamide gel
electrophoresis (PAGE) with a concentration of 8%.

3. Results
3.1. Phenotyping of BPH resistance

In our previous evaluations, the common wild rice germplasm GXU202 with high resistance to BPH was
observed under natural nursery conditions (data not shown). According to the identi�cation criteria of
BPH in the seedling bulk test, we evaluated the resistance potential of GXU202, 9311, and F2 populations
derived from the cross GXU202/9311. After infestation for 15 days, GXU202 exhibited high resistance to
the BPH insects, which was scored to be level 2.5 (Fig. 1a,b). In contrast, rice variety 9311 was highly
susceptible to BPH, which was scored to be a level of 9.0 (Fig. 1a,b). These results indicated that GXU202
possesses high resistance to BPH. A total of 255 F2:3 families of GXU202 × 9311 were infested with BPH
and scored at 15 dpi. In the F2 population, BPH-resistance scores showed a continuous range from 2.5 to
9.0, with a valley between 7.0 and 7.9 in the distribution curve (Fig. 1d). Such a distribution indicates the
involvement of a major gene and minor QTLs in the segregation of BPH resistance in this population.

Based on the BPH resistance phenotypic scoring, the 255 F2 individuals could be grouped as: 62
individuals with score 0-4.9 were regarded as resistant groups, 128 individuals with score 5-7.9 were
moderate susceptible groups, and 65 individuals with score 8-9 were classi�ed to highly susceptible
groups. The F2 populations with the phenotype of resistant, moderate susceptible, and highly susceptible
presented a segregation ratio of 62:128:65, which �ts well with a 1:2:1 segregation model

The result indicated that the inheritance of BPH resistance in the study is affect by a single Mendelian
gene that is derived from wild rice GXU202. It was tentatively designated as BPH41. For the BSA-seq
analysis, 30 extremely resistant F2 lines (resistance score 2.5-4.0) and 30 extremely susceptible F2 lines
(resistance score 8.9-9.0) were selected and bulked as the R pool and S pool, respectively.

3.2. DNA Resequencing for BSA analysis

https://link.springer.com/article/10.1007/s00122-010-1413-7#Fig1
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The whole genome resequencing data were generated from resistant parents (GXU202, abbreviate as
R01), susceptible parent (9311, abbreviate as R02), the extreme resistant bulk (abbreviate as R03) and the
extreme susceptible bulk (abbreviate as R04) (Table 1). A total of 63.85 G bp raw data was generated and
were �nally obtained a 63.25 G bp of clean data after quality control and data �ltering. The clean reads of
each sample were 54.86 million for R01, 58.42 million for R02, 40.74 million for R03, and 57.07 million
for R04, with high quality (90.88% < Q30 < 91.62%) and stable GC content (42.74% < GC < 45.44%) (Table
1). The high-quality clean reads were aligned to the genome of 9311. There were 99.83%, 99.76%, 99.83%,
and 99.95% reads for R01, R02, R03, and R04 that could be properly mapped to 88.33%, 95.55%, 88.3%,
and 45.93% of the reference genomic sequence, respectively (Table 1). Unfortunately, the mapping rate of
susceptible pool (R04) is abnormally low, which may be attributed to the sampling strategy. The sampling
timepoint coincided with the outbreak of planthoppers in the �eld, the F2 individuals proved to be highly
susceptible in later experiment were inevitably infested by BPH and contaminated by microbes, which
might be a possible reason that led to the low mapping rate of susceptible pool. However, the data can
still be reliable for subsequent analysis because of the following reasons. The average genome coverage
depth of the mapped reads of R01, R02, R03, and R04 samples are 35-, 41-, 26-, and 18-fold, respectively
(Table 2). More than ten high-quality clean reads from R01, R02, R03, and R04 samples can cover 85.34%,
88.78%, 88.1%, and 83.27% of reference bases, respectively(Table 2, Fig. S1, S2). The SNPs and InDels
were su�ciently and uniformly distributed throughout the whole genome, and the coverage depth was
evenly distributed on chromosomes, indicating the �ne sequencing randomness (Table 2, Fig. 2, Fig. S2).
For R04, the percentage of reference bases with a coverage depth of 1 fold, 5 folds, and 10 folds reached
96.76%, 91.6%, and 83.27%, respectively(Table 2). As a result, these data can be used for subsequent
SNP/InDel detection and analysis.

Table 1. Summary of data generated by sequencing and reads mapped to reference genome.

Sample Raw Reads Clean High-Quality Reads

Reads
Counts

Reads Counts
Rate %

Bases Counts
 (bp)

GC
Content

 (%)

Q30
Rate 
 (%)

Mapped
 (%)

Properly
mapped 

 (%)

R01 54,951,130 54,859,002 99.83  16435059806 43.64 91.62 96.76 88.33

R02 58,565,961 58,423,701 99.76  17505340320 42.74 91.33 98.35 95.55

R03 40,806,339 40,738,099 99.83  12204672398 43.78 91.27 93.69 88.3

R04 57,096,295 57,065,729 99.95  17100679492 45.44 90.88 48.35 45.93

Total 211419725 211086531 99.84  63245752016        

 
Table 2.  Summary of coverage depth and coverage ratio with different depth of the 9311
genome by the mapped reads
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SampleAverage DepthPercentage of Reference Bases with Different Coverage Depth

Coverage≥ 1X(%) Coverage≥5X(%) Coverage≥10X(%)

R01 35 92.17 88.6 85.34

R02 41 92.67 90.32 88.78

R03 26 96.52 92.72 88.1

R04 18 96.76 91.6 83.27

 
3.3. SNP and Short InDel Polymorphism Pro�ling and Identi�cation of Candidate Region for BPH
resistance

Based on the uniquely mapped reads, SNPs and indels between samples and reference were called and
identi�ed. In total, 2,440,152 SNPs, including 91,582 nonsynonymous coding SNPs, and 512,846 small
InDels were detected on 12 chromosomes between the parental lines (R01 vs. R02). Between the two
extreme bulks (R03 vs. R04), we detected 812,866 SNPs, including 28,304 nonsynonymous coding SNPs,
and 171,431 small InDels (Table S1, 2; Fig. S3). The Venn diagrams indicated the relationships among
R01, R02, R03, and R04 based on the identi�ed SNPs and InDels (Fig. S3), in which the four samples
shared 107278 SNP and 55337 InDel loci, respectively.

Before the association analysis, the SNP and InDel were �ltered and resulted in 749,031 SNP sites and
137,651 InDel sites high-quality and credible data,. To determine the candidate regions for BPH
resistance, the correlation value was calculated and plotted using the Euclidean distance (ED) algorithm
and SNP/InDel-index algorithm. As expected, the plot of ED value of SNPs and small InDels showed an
obvious peak at the same interval on chromosome 4, respectively. Therefore the candidate regions were
detected, within which the SNP/InDel sites have higher ED value than the threshold (Fig. 2a, b; Fig. S4).
For the SNP/InDel-index method, the candidate regions detected according to higher Δ(SNP-/InDel index)
value than the threshold (con�dence interval > 99%). The detected candidate regions were mapped on the
same range that was detected by ED algorithm (Fig. 3c,d; Fig. S4).

In detail, according to polymorphic SNPs, one candidate region covering 11.47 Mb on chromosome 4
were obtained based on the threshold value of 0.32 using ED algorithm (Fig. 3a; Table S4), and four
candidate regions on chromosome 4 were detected based on the Δ(SNP-index) value at a con�dence
interval higher than 0.99 (Fig. 3c; Table S4). Four candidate regions were overlapped based on the results
of the two analysis methods. The regions were located on chromosome 4 ranged from 4.51cM to 7.54cM,
covering a total length of 1.71 Mb with 98 annotated genes (Table S5).

The same methods were used to analyze the polymorphic small InDels. Similarly, one candidate region
covering 11.44 Mb on chromosome 4 was obtained based on the threshold value of 0.33 using ED
algorithm (Fig. 3b; Table S6), and �ve candidate regions on chromosome 4 were obtained based on the
Δ(InDel-index) value at a con�dence interval higher than 0.99 (Fig. 3d; Table S7). Five candidate regions
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were overlapped based on the results of the two analysis methods. The regions were located on
chromosome 4 ranged from 3.52cM to 8.40cM, covering a total length of 3.70 Mb with 224 annotated
genes (Table S8).

Finally, taking overlapping targeted regions from the SNP and InDel association analysis into account, 4
tightly successive regions spanning 4.51~7.54 Mb on chromosome 4 for BPH resistance were identi�ed.
A total length of 1.71-Mb region with 98 annotated genes was regarded as a candidate region for
the BPH41 locus (Table 3).

Table 3. The detailed positions of the candidate regions for BPH resistance based on the ED
and SNP/InDel index analysis.

Chromosome_IDStart End Size (Mb)Gene_Number

4 4510000 4840000 0.33 19

4 4910000 4930000 0.02 5

4 5010000 5790000 0.78 50

4 6960000 7540000 0.58 24

Total - - - 98

 

3.4. Con�rmation of the detected Regions by Conventional genetic Mapping of chromosome 4

To validate the candidate region identi�ed by BSA-seq, a genetic linkage map of chromosome 4 was
constructed. A total of 310 SSR markers distributed across chromosome 4 were used to assess the
polymorphism between the resistant parent (GXU202) and susceptible parent (9311). As a result, 23
polymorphic SSR markers evenly distributed on chromosome 4 were selected. The primer sequences for
these markers are shown in Table S9. They were used to genotype the total 255 individuals of the F2

population for QTL analysis. Then, a genetic map spanning 34.58 cM of chromosome 4 was generated
using QTL IciMapping 4.0 to identify BPH resistance QTL(s) based on resistance score (Fig. 1d). The
average marker interval of the genetic map was 1.50 cM, and the maximum distance of interval is 2.49
cM (Table S9). The order of the markers on the map is consistent with the physical order of the markers
on chromosome 4 of 9311. As expected, a signi�cant QTL peak was detected at 5.25 cM of chromosome
4, which is located in the interval of marker D01031(4.233Mb) and D01045(5.384Mb) (Fig. 3a). The locus
had a highest LOD score of 15.10 and accounted for 25.41% of the phenotypic variation of BPH
resistance, which is consistent with the results identi�ed by BSA sequencing. Thus, it is considered more
likely to harbour the BPH41 locus than other regions.

Another QTL was detected at 11.25 cM of chromosome 4 �anked by marker D01079 and D01089
explained the phenotypic variance were 7.43 (Fig. 3a), which might had minor effect in the response to
BPH.

3.5. Fine mapping of BPH41
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The preliminary mapping region of BPH41 partially overlapped with another BPH resistance gene BPH12,
which located in an interval spanning 5.21-5.66 cM on the short arm of chromosome 4(Qiu et al. 2012).
To further identify the exact location of BPH41, the genotypes of randomly chosed 541 BC2F2 seedlings
developped from the cross of GXU202 and 9311 were screened using SSR markers D01031 and D01045,
resulting in the identi�cation of 9 recombinants. Besides, more SSR markers were developed in the
interval �anked by D01031 and D01045, and three polymorphic markers were obtained, named W1, W2
and W3. Together with D01031 and D01045, these �ve markers were surveyed to assay the genotype of
the 9 recombinants for �ne mapping of BPH41.

At the same time, the 9 recombinants and the two parental lines were also surveyed in the seedling bulk
test for resistance to BPH insects. Lines L1 and L2 were homozygous for 9311 alleles at D01031 and W2,
which were con�rmed to be susceptible to BPH. In contrast, Lines L8 and L9 were homozygous for
GXU202 alleles at D01031 and W2, which showed a high level of resistance to the BPH, with an average
resistance score of 4.9 and 4.6, respectively. Lines L3, L4, L5, L6 and L7 were heterozygous at D01031
and W2, which had moderate resistance to the BPH and scored 7.4, 7.1, 7.0, 6.7 and 6.4, respectively(Fig.
3b,c). Thus, based on the analysis of the genotypes and resistance scores of the 9 recombinants, BPH41
locus was localized in the region delimited by D01031 and W2(Fig. 3c,d).

According to the primer sequences information, the physical distance between D01031 and W2 is
estimated to be 114-kb in 9311 genome according to the database of eRice
(http://www.elabcaas.cn/rice/genome_9311.html).

3.6. Validation of SSR marker  for BPH resistance selection

In the QTL analysis, the locus with the highest LOD score was �anked by markers D01031 and D01045
(Table 5; Fig. 4). In parallel with screening for recombinants, the total of 541 BC2F2 individuals derived
from the cross GXU202 × 9311 were also utilized for validation of the e�cacy of D01031 and D01045, in
order to develop effective molecular markers for BPH resistance selection. This was performed by
genotyping the BC2F2 population and the individuals homozygous for the resistant allele were selected to
evaluated for BPH resistance using their corresponding BC2F2:3 lines. For both markers, PCR
ampli�cation yielded clear bands for two parents, homozygous, and heterozygous individuals from the
segregating populations(Fig. S5). As expected, both markers showed high co-segregation with the BPH
reaction. There were 80 homozygous BC2F2 plants among the 541 BC2F2 individuals, including 76
individuals homozygous at both site and 4 recombinants (lines L3, L5, L8 and L9). Except for lines L3
and L5, which were heterozygous at D01031, all the other individuals showed a resistance score of 0-6.9,
which signi�cantly improved compared with the backcross parents 9311. Thus, the accuracy of D01031
and D01045 was 100% and 97.44% in BPH resistance selection, respectively, and can be used for
introgressing BPH41 in the background of 9311.

4. Discussion
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4.1. The integration of BSA-seq and QTL analysis identi�ed a gene locus on Chromosome 4 of GXU202

In rice, the damage caused by BPH is a restriction factor for production. Genetic analysis of BPH
resistance and the identi�cation of resistance genes are important for pest control and prevention.
Common wild rice GXU202 is a highly resistant germplasm to BPH, while indica cultivated rice variety
9311 exhibited obvious susceptibility (Fig. 1). In the current study, a total of 255 F2:3 lines from a cross
between GXU202 and 9311 were constructed to identify the gene locus for BPH resistance. The
segregation ratio of resistant to susceptible individuals (1:3) in F2 populations �tted Mendel’s law of
segregation, indicating that BPH resistance trait in GXU202 was regulated by a major gene.

Based on a monogenic inheritance hypothesis, we combined the BSA-seq and QTL analysis to identify
the gene for BPH resistance in GXU202. Our study revealed a key genetic locus, designated as BPH41 for
BPH resistance at the seedling stage of rice. Through the combination of BSA-seq and QTL analysis,
BPH41 was primarily mapped around at 5.25cM on the short arm of chromosome 4 in the interval
delimiting by the markers D01031(4.233Mb) and D01045(5.384Mb) from an F2 population. In the further
�ne mapping using BC2F2 population, its position �nally delimited to a region �anked by the markers
D01031 and W1, which are approximately 114 kb apart in the 9311 genome.

4.2. BPH41 located in a region clustering several BPH resistance genes

To date, 40 BPH resistance genes have been mapped on rice genome. It has been noted that these BPH-
resistance genes appear to be clustered on rice chromosomes 3, 4, 6, and 12(Hu et al. 2016). At least 8
genes have been mapped to the adjacent or overlapped regions on the short arm of chromosome 4,
including BPH3, BPH12, Bph15, Bph17, Bph20(t), Bph30, Bph33 and Bph36(Liu et al. 2015; Qiu et al.
2012; Lv et al. 2014; Sun et al. 2005; Rahman et al. 2009; Wang et al. 2018; Hu et al. 2018; Li et al. 2019).
Bph41 also occupies this cluster, and roughly 3.3 Mb downstream from the Bph33, and 1.0 Mb upstream
from Bph12. The location of BPH-resistance genetic loci (genes and QTLs) on chromosome 4 supports
the conjecture that the tightly linked loci tend to be present in cluster in the particular regions of
chromosomes , and act in tandem( Mizuno et al. 2020).

4.3. D01031 and D01045 are valuable molecular markers in MAS of BPH41 in breeding programs

In the past few decades, molecular markers have played an important role in target gene location and
marker-assisted selection (MAS) breeding. Identifcation of a tightly linked DNA marker is a prerequisite
for rapidly identify the introgressions of the desired genetic locus. In the result of QTL analysis, two SSR
molecular markers, D01031 and D01045, were tightly linked to the traits. In this study,D01031 and
D01045 showed 100% and 97.44% accuracy in predicting resistance phenotypes to BPH, rescepctively,
proving their potential application the application of in breeding practice like marker-assisted selection
and BPH resistant loci pyramiding for developing of rice cultivars with high BPH resistance.

It is worth noting that, compared to the high resistance of their donor parents in F3 generation (sored 1 or
3), the resistance of the backcross progenies was remaining, but declined. It could be considered that the
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existing of BPH41 can indeed enhance the resistance level of plants, but stronger resistance seem to be
the result of the complex interaction and synergistic effect of BPH41 and other minor QTLs harbored in
GXU202.

4.4. Further research prospective

As a close ancestor of cultivated rice, wild rice species are rich sources of resistance genes against biotic
and abiotic stress, such as cold, pest, pathogen, waterlogging, drought, salt and weed. Previous genetic
studies have identi�ed 24 BPH resistance genes/QTLs in 7 wild rice species(Yang et al. 2012; Hou et al.
2011; Huang et al. 2013; Wang et al. 2015; ZHANG et al. 2020; Li et al. 2019; Kumar et al. 2018; Akanksha
et al. 2019; Sharma et al. 2003; Hirabayashi et al. 1998; Du et al. 2009; Lv et al. 2014; Hu et al. 2015; Liu et
al. 2001; Renganayaki et al. 2002; Qiu et al. 2012; Rahman et al. 2009; Ishii et al. 1994; Ji et al. 2016; Hu
et al. 2015). These genes have an increasingly wide utilization in the breeding work, in order to improve
the BPH resistance of the cultivated rice varieties. In this study, BPH41 was detected in wild rice O.
ru�pogon. The introgression of the fragment containing BPH41 into indica rice variety 9311 enhanced the
BPH resistance.

However, the population carrying the introgression fragments of wild rice species have complex genetic
background. Therefore, in further study of BPH41, more advanced backcrossing lines like recombinant
inbred lines (RILs) and near isogenic lines (NILs) were required to be constructed and applied to further
�ne mapping and cloning the gene underlying BPH resistance. On one hand, �ne mapping of BPH41 with
high resolution can be achieved using these rice lines. On the other hand, these advanced backcrossing
lines are valuable intermediate material in BPH resistance breeding.

The �ndings in this study will facilitate further exploration of BPH41 locus, such as map-based cloning
and, transformation experiments of candidate genes. It will shed light on elucidating the molecular
mechanisms underlying the resistance of BPH41 and the genetic effects between BPH41 and other minor
QTLs.
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Figures

Figure 1
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Resistance phenotypes of GXU202, 9311 and their F2 population to BPH at seedling stage using the
seedling bulk test. (a) Phenotypes of GXU202 and 9311 before infested with BPH; (b) Phenotypes of
GXU202 and 9311 after infested with BPH; (c) Phenotypes of representative resistant and susceptible
F2:3 lines derived from the cross GXU202/9311 after BPH infestation;

Figure 2

The pro�ling of SNPs and small InDels identi�ed by BSA-seq. (a, b) Distribution of Euclidean Distance
(ED) correlation value of SNPs (a) and small InDels (b) across all chromosomes. The X-axis represents
the chromosome name, the colored dots represent the ED value of each SNP and InDel site, the black line
represented the �tted ED value, and the red dotted line represents the signi�cance association threshold.
Higher value suggests a better association effect of the corresponding loci. The value of non-targeted loci
tends to be 0. (c, d) Distribution of Δ(SNP-index) values (c) and Δ(InDel-index) (d) plot across all
chromosomes. The X-axis indicates the chromosome name, and the Y-axis indicates the Δ(SNP/InDel-
index) values. The colored dots represent the calculated Δ(SNP-index)/ Δ(InDel-index) value, and the
black line represents the �tted Δ(SNP-index)/Δ(InDel-index) value. The green line, blue line, and red line
represents the threshold line with a con�dence level of 0.90, 0.95, and 0.99, respectively. The stronger the
asso-ciation between certain SNP and trait, the closer of the Δ (SNP index) to 1.

Figure 3

Genetic mapping of the BPH41 gene. (a) Genetic map of chromosome 4 and QTL mapping of the BPH
resistance in rice. Molecular linkage map and chromosomal locations (unit: cM) of SSR markers on
chromosome 4 are presented along the Y-axis on the left. QTL mapping curve of logarithm odds (LOD)
scores are presented on the abscissa-axis. The red bar rep-resents the QTL locus with the LOD value
above 3. EXP, phenotypic variance explained by the locus. (b) Physical map of marker interval D01031-
D01045 harboring BPH41. (c) Graphical genotypes and resistance phenotypes of the recombinants. The
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black, white and gray bars denote the marker genotypes of GXU202 homozygotes, 9311 homozygotes
and their het-erozygotes, respectively. L1-L9 were the selected recombinants from the BC2F2 population.
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