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Abstract
The brown planthopper (BPH) is the leading cause of insect damage to rice plants. It has caused
profound losses in rice production since the late 1970’s and continues to be a major pest problem.
Therefore, there is an urgent need to discover new BPH resistance genes to ensure the successful
production of rice. Here, a new BPH resistance source provided by SeedWorks International Pvt. Ltd.,
SWD10, was used for this purpose. A total of 232 F2 progenies were genotyped with 216 polymorphic
markers. Results revealed two dominant QTLs located on the short and long arms of chromosome 4.
These QTLs are referred to as BPH41 and BPH42, respectively. BPH resistance mechanism test revealed
that antibiosis and antixenosis mechanisms both play a role in BPH resistance conferred by these two
QTLs. To further reduce the size of each QTL, 14,368 recombinant lines were screened, and the QTLs
were delimited between markers SWRm_01617 and SWRm_01522 for BPH41, and SWRm_01695 and
SWRm_00328 for BPH42. Additionally, using RNA-seq data of lines containing the QTLs, we further
shortlisted four and three gene candidates for BPH41 and BPH42, respectively. Differential gene
expression analysis of lines containing the QTLs suggested that SWD10 BPH resistance is contributed by
the plant’s innate immunity and the candidate genes may be part of the rice innate immunity pathway.
The newly identi�ed QTLs are currently being utilized for breeding BPH resistant rice varieties and
hybrids.

Key Message
We identi�ed two QTLs from a new BPH resistant source and shortlisted seven candidate genes,
potentially contributing to BPH resistance. These QTLs expanded the rice breeder’s toolkit for rice
improvement.

Introduction
The BPH is a major pest plaguing all leading rice growing countries. Not only is the BPH directly causing
damage to the rice plants by feeding on the phloem sap, it is also a vector that transmits other rice
diseases such as grassy stunt virus and rice ragged stunt virus (Jena and Kim 2010). Economic loss
caused by BPH is estimated to be more than 300 million dollars annually (Min et al. 2014). Major BPH
outbreaks have been more frequent post Green Revolution, the BPH is named the ghost of the Green
Revolution (Bottrell and Schoenly 2012) and is arguably the major pest problem for modern rice growers.

Frequent BPH outbreaks can be related to the interplay between three major factors, which are: initial
population, ecosystem vulnerability and stochastic weather conditions (Cheng 2015). In addition, modern
agricultural practices such as heavy use of nitrogen fertilizers in rice farming exacerbates the problem by
improving plant nutritional condition for herbivores, and reducing host plant resistance (Barbour et al.
1991). More recently, BPH nymphs were also observed to mature faster and gravid adult female BPH
were found to lay more eggs in modern agricultural conditions (Lu et al. 2004; Rashid et al. 2017).
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Another facet of modern agriculture is the use of crop protection chemicals. Crop protection chemicals
are the most commonly used method to address insect infestation. In 2011, India used a total of 36,100
tons of insecticides to control the damage from insects, this corresponds to almost 65% of the total
pesticides used in the country based on records (Devi et al. 2017). However, Speci�cally for BPH control,
insecticides have been reported to be ineffective (Heong et al. 2015). In fact, after �rst wave of major BPH
outbreaks in the 1970s, researchers discovered that the use of insecticides have exacerbated BPH
outbreaks, which lead to the introduction of the integrated pest management (IPM) strategy. However, the
IPM strategy was unable to control BPH outbreaks due to lack of consistent government intervention and
di�culty to implement across large areas over long periods of time (Pimentel and Peshin 2014).
Thereafter, farmers have consistently relied on using crop protection chemicals for BPH control leading to
another wave of major BPH outbreaks in the early 2000s (Wang et al. 2008; Gorman et al. 2008).

The ineffective control of BPH due to the factors above lead to a growing awareness for a need to
develop resistant/tolerant genotypes against BPH. The logical approach to BPH control would be to use
host-plant resistance. Therefore, identi�cation and deployment of new genes for BPH resistance in
modern high yielding genotypes is an important strategy to reduce the pest damage.

Currently, approximately 40 BPH resistance QTLs or genes have been identi�ed. Many of these QTLs or
genes are concentrated on chromosomes 4, 6 and 12. However, only 11 BPH resistant genes were cloned.
These cloned QTLs are BPH1/9, BPH3, BPH6, BPH14, BPH18, BPH29 and BPH32. Three cloned genes,
BPH1/9, BPH18 and BPH32, are located on chromosome 12, two cloned genes, BPH6 and BPH3, are
located on chromosome 4, and one cloned gene each on chromosomes 6 and 3, viz., BPH29 and BPH14,
respectively (Du et al. 2009; Jena and Kim 2010; Liu et al. 2015; Tamura et al. 2015; Wang et al. 2015;
Zhao et al. 2016; Ren et al. 2016; Guo et al. 2018). Despite many BPH genes / QTLs discovered, some
BPH resistance genes have started to break down due to high selection pressure. For example, the �rst
discovered BPH QTLs, BPH1 and BPH2 were reported to have broken down in many Asian countries as
early as the 1970s (Feuer 1976). Coupled with the breaking down of genes, and the interaction between
BPH resistance QTLs with BPH biotypes, breeders only have a limited set of deployable BPH resistance
genes/ QTLs to improve BPH resistance in rice. Therefore, it is imperative to discover more sources of
BPH QTLs or genes in rice to improve BPH resistance and to ensure food security and farmer income.

In this study, we attempted to identify a new BPH resistance source using lines supplied by SeedWorks
International Pvt. Ltd. The aim of this study is broken down into four parts: 1) to identify and delimit the
QTLs that contribute to BPH resistance from the rice line SWD10, 2) to identify potential gene candidates
of the QTLs, 3) to understand the BPH resistance mechanisms contributed by the QTLs and 4) to
determine if SWD10 is a new source of BPH resistance.

Materials And Methods
Plant materials
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All O. sativa lines of SWR66, SWD10 and its progenies, �xed lines of PTB33 (IRGC 19325), TN-1 (IRGC
38845), AC-1613 (IRGC 10638), Kolayal (IRGC 36295), Poliyal (IRGC 36352), Swarnalata (IRGC
33964) and Balamawee (IRGC 40777) were kindly provided by SeedWorks International Pvt. Ltd. The 232
individuals used for the F2 mapping population were created by crossing the susceptible parent, SWR66,
with the resistant parent, SWD10.  Recombinant lines containing different recombination fragments of
the QTLs were selected from the initial F2 population. These lines were further selfed or backcrossed into
SWR66 to generate advanced generations of F3 to F6, BC1F1 to BC1F4 and BC2F1 to BC2F4 individuals. A
total of 14,368 recombinant lines were screened to delimit the QTLs.

Insect materials

BPH were collected from the rice �elds in Rajahmundry, Andhra Pradesh State, India and were maintained
by rearing in BPH cages. Adult gravid female hoppers were collected and transferred onto pre-cleaned
potted plants of TN-1 inside oviposition cages. Every two years, the BPH were mixed with newly caught
BPH from the rice �elds in Rajahmundry, India to maintain virulence. 

Phenotyping, antixenosis and antibiosis tests

Phenotyping was done at the seedling stage in the greenhouse following the International Rice Research
Institute (IRRI) standardized procedures described earlier (Heinrichs, 1985; Kabis and Khush, 1988). The
antixenosis and antiboisis tests were carried out using a tray setup previously described (Heinrichs, 1985)
with modi�cations. Genotypes used for the antixenosis and antibiosis test were 1) susceptible parent
SWR66, 2) resistant parent SWD10, 3) individuals containing QTL1, and 4) individuals containing QTL2,
5) individuals containing both QTL1 and QTL2, 6) resistant check PTB33 and 7) susceptible check TN-1. 

For the antixenosis mechanism test, a tray containing genotypes mentioned above was prepared for each
replicate. Each genotype is referred to as a hill. Approximately ten BPH nymphs were released on each
hill. The number of nymphs on each hill were counted at 3 h, 24 h, 48 h and 72 h post infestation. The
experiment was conducted in four replicates.

Two antibiosis tests were conducted, 1) the nymph survival test and 2) the population growth test. The
nymph survival test was carried out by releasing 10 nymphs in each pot, each containing one plant. The
number of surviving nymphs were calculated 20 days post infestation. The experiment was conducted in
ten replicates.

The population growth test was conducted by placing two pairs of adult BPH in each pot containing three
plants. Each pot only contained one genotype. The number of F1 nymphs that emerged were counted 25
days post insect infestation. The experiment was conducted in �ve replicates. 

SNP genotyping

DNA was extracted and puri�ed using the sbeadex puri�cation kit and recommendations by LGC
Genomics, UK. SNP genotyping was performed using the KASP genotyping chemistry on puri�ed DNA. All
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SNP markers used in the experiments were developed by Straits Biotech Pte. Ltd. The resulting plate
reader results were imported into the KrakenTM software for scoring and visualization, Biosearch
Technologies, LGC.

Genetic map construction and QTL mapping

Statistical analysis for both genetic map construction and QTL mapping was carried out using the R/qtl
package. First the genetic map of polymorphic markers for the population SWR66 X SWD10 was
determined using the onemap package (Margarido et al., 2007). The genetic distances between individual
markers based on the genotypes of the F2 population was calculated based on the Kosambi mapping
function. A mapmaker �le containing both genotypes and phenotypes of each individual F2 was used as
input for the R/qtl package.

QTL mapping was done using the R/qtl package (Broman et al., 2003). Three QTL mapping algorithms,
expectation-maximization (EM) algorithm, extended Haley Knott Regression (eHK) and the multiple
imputation algorithm (imp), were utilized and compared. Permutation test with 1000 iterations were
conducted for each algorithm to estimate the threshold LOD value and the maximum LOD threshold
among all three algorithms was used as the LOD threshold. Furthermore, effect and interaction of each
detected QTL was estimated using the full model of .

Whole genome resequencing of parental lines

Whole genome re-sequencing was conducted for both SWR66 and SWD10. DNA extraction of fresh
young leaf tissues from a two-week-old plant was done using the DNeasyâ Plant Mini Kit (Qiagen,
Germany). The library prep and subsequent whole genome re-sequencing experiment was outsourced to
Axil Scienti�c Pte. Ltd.  Samples were sequenced with a sequencing depth of 30X using the Hiseq 4000.
The resulting fastq �les were aligned to the reference genome of R498 (Du et al. 2017). The SNP calling
criteria was based on Q30 greater than 90% and read depth of at least 100X. The resulting variant call
format (VCF) output �le was used to �lter out SNPs that are located within the QTL regions.

RNA-seq

four genotypes were utilized for this experiment: 1) SWR66, 2) SWD10, 3) BC2F2 individuals containing
BPH41 and, 4) BC2F2 individuals containing BPH42. For each genotype, a two-week-old seedling was

planted in a pot per replicate. The seedling was infested with ten 2nd to 3rd instar nymphs and each pot
was covered with Mylar sheets. Approximately 2 cm of rice seedling stems above the water was collected
at the 0 h and 24 h post infestation. The experiments were designed to start at different times but ended
at the same time. The experiment was conducted with three biological replicates in a greenhouse which
was maintained at a temperature between the ranges of 25°C to 30°C and relative humidity of 70% to
80%.
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RNA samples were submitted to the Genome Institute of Singapore (GIS) for library preparation, RNA-seq
and subsequent bioinformatic analysis for differential gene expression (DEG) studies. The resulting fastq
�les were aligned to the reference genome of O. sativa ssp. indica ShuHui R498 (Du et al. 2017) and the
corresponding version 3 gene annotation �le. STARR aligner was used to map RNA-seq sequences to the
reference rice genome (Dobin et al. 2013). Subsequent analysis for DEG was performed with
DESeq2 (Love et al. 2014). Genes with total read counts of less than 20 across all samples were removed
from the DESeq2 analysis. 

Additionally, gene ontology (GO) term analysis for DEG was conducted using the TopGO R
package (Alexa and Rahnenfuhrer 2019). DEGs between time points for each genotype were �ltered
based on the following criteria: p-value less than 0.001 and absolute log2 fold change of greater than 2.
Filtered DEGs were used for GO analysis based on GO terms downloaded from the O.
sativa ssp. indica R498 v3 annotation �le (Du et al. 2017). 

KEGG pathway analysis was also conducted using the KOBAS software (Xie et al. 2011). The fasta
sequences of DEG with the same criteria used in the GO term analysis were obtained using seqtk
(https://github.com/lh3/seqtk). Subsequently, the resulting fasta �le was used as input against the O.
sativa ssp. japonica RefSeq database to generate signi�cant KEGG pathways.

qRT-PCR

Three biological replicates per genotype were obtained using three separate individuals. Each genotype
was subjected to a time course experiment identical to the RNA-seq experiment. qRT-PCR was carried out
using three technical replicates per genotype for each timepoint. cDNA was synthesized from RNA
according to the recommended protocol for Maxima First Strand cDNA Synthesis Kit for qRT-PCR, with
dsDNase (Thermo Scienti�c, United States). The qRT-PCR reaction was prepared according to the
recommended KAPA SYBR® Fast qPCR Master Mix (Roche, Switzerland). The gene, LOC_Os03g13170,
encoding for ubiquitin was used as a housekeeping gene (Pabuayon et al. 2016). Relative quantity of
RNA for each gene was calculated using SWR66 at 0 h as the reference. Student’s t test was used to
calculate signi�cance of relative RNA quantities between genotypes.

Results

Identi�cation of new BPH resistant QTLs
An F2 population consisting of 232 individuals was generated by crossing the resistant donor, SWD10,
with a susceptible parent, SWR66. To ensure the results from this study are relevant to the rice breeding
programs in India, the F2 population was screened with BPH population (Biotype 4) was collected from
the rice �elds of Rajahmundry, India, a BPH hotspot. The average phenotype scores of the F3 progenies
derived from individual F2 lines were used as the phenotype scores for each F2 individual. A skewed
normal distribution of the average phenotypic scores was observed (Figure S1). There were more

https://github.com/lh3/seqtk
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susceptible F2:F3 genotypes compared to resistant phenotypes. Also, there were no genotypes that were
as resistant as SWD10. Based on the skewed distribution of the phenotypic scores and number of
resistant lines observed, we postulate that there are more than one QTL contributing to BPH resistance
from the SWD10 resistant line.

QTL mapping was carried out using the average phenotype scores of 232 F2 individuals, and their
respective genotypes were generated using 216 polymorphic single nucleotide polymorphic (SNP)
markers spanning across all 12 chromosomes of rice. Three separate QTL mapping algorithms:
expectation maximization algorithm (EM), extended Haley Knott regression (eHK) and multiple
imputation method (imp) were used for this purpose. All three algorithms detected two QTLs (BPH41 and
BPH42) located on chromosome 4 with maximum LOD values of 12.30 and 11.08, respectively. These
QTLs were named as BPH41 and BPH42 (Figure 1a). The sizes of the QTLs straddling the QTL peaks are
approximately 6.0 million bp and 6.3 million bp, and the markers closest to the QTL peaks are
SWRm_01636 and SWRm_00328 for BPH41 and BPH42, respectively.

An effect plot was generated for the markers closest to the peak for each QTL to understand the
contribution of each QTL on BPH resistance. Using the marker closest to the QTL peak, the presence of a
homozygous SWD10 genotype for the marker SWRm_01636 increases BPH resistance of the plant
containing BPH41 from a susceptible score of 7.3 to a moderately resistant score of 5.0 (Figure 1b). A
homozygous SWD10 genotype at marker SWRm_00328 behaves similarly to SWRm_01636 by increasing
BPH resistance of the plant containing BPH42 to a score of 5.5 (Figure 1c). The contributions to
resistance phenotype by BPH41 and BPH42 are 23.6% and 20.6%, respectively (Table 1).

Table 1
QTLs detected for SWR66 X SWD10 F2 mapping

population

  LOD %var p-value (F)

BPH41 12.30 23.596 9.99e-15***

BPH42 11.08 20.591 5.68e-13***

Signi�cant codes: 0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1

Delimiting Qtl Size Of Bph41 And Bph42
BPH41 and BPH42 are both located on chromosome 4 and are genetically linked. The genetic distance
between the closest markers delimiting the QTL regions for BPH41 and BPH42 is 17.56 cM (Data S1). To
further verify and delimit the QTLs, recombinant lines containing only BPH41 or BPH42 were generated. A
total of 14,368 plants from advanced generations of F3 to F6, BC1F1 to BC1F4 and BC2F1 to BC2F4 were
screened using SNP markers to separate the two QTLs and to generate recombinant lines for each QTL.
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Concurrently, whole genome resequencing was conducted on both SWR66 and SWD10 to identify
polymorphic SNP markers between the parents. The polymorphic SNPs saturating both QTL regions were
converted into KASPar assays to genotype the advanced generation lines (Figure 2a).

BPH phenotyping was conducted on 249 selected recombinant lines from the advanced generations.
Recombinant individuals generated from lineages giving consistent phenotype scores across multiple
generations were used to delimit the QTL regions. An average phenotype score of less than 5.5 was used
as a cutoff for resistant lines (Figure 5a). The cutoff was based on the results of the effect plots of from
the QTL mapping of BPH41 and BPH42 and on the average phenotype scores observed in the initial QTL
mapping population. The average scores were 5.28 and 5.59 for lines containing BPH41 and BPH42,
respectively. To determine the susceptible lines, the cutoff value of more than 7.0 was used and this was
decided based on the standard scoring method published from IRRI (Heinrichs et al. 1985; Kabis and
Khush 1988).

Results indicate that the QTLs were located between markers SWRm_01617 and SWRm_01522 for
BPH41, and SWRm_01695 and SWRm_00328 for BPH42 (Figure 2b, c). The QTLs of BPH41 and BPH42
were re�ned from 6.0 million base pairs to 0.54 million base pairs and 6.3 million base pairs to 1.28
million base pairs, respectively. Furthermore, genetic locations of both delimited QTLs were compared to
the R498 genome in an attempt to identify potential gene candidates. There are 47 and 162 annotated
genes within the delimited regions of BPH41 and BPH42, respectively (Data S2, S3).

Despite screening many plants to delimit the QTLs, the delimited region remained fairly large and there
were numerous genes within each QTL. Therefore, we employed a different method to further shortlist
potential gene candidates conferring BPH resistance.

Identi�cation Of Potential Gene Candidates
We employed an RNA-seq approach to further narrow down candidate genes for each QTL. A two-week-
old susceptible and resistant parent along with BC2F2 lines containing either BPH41 or BPH42 in the
susceptible parent background were used to identify differentially expressed genes (DEGs) related to BPH
resistance.

First, we compared the DEGs between SWD10 and SWR66 at 0 h after BPH release. A total of 1158 DEGs
between SWR66 and SWD10 (Figure 3a) were identi�ed. A GO term and KEGG pathway analysis on the
1158 DEGs identi�ed only a handful of biological process (Table 2). The lack of statistically signi�cant
GO terms and KEGG pathways re�ected the low number of functionally annotated genes from the pool of
1158 DEGs in SWD10. As there were many DEGs in SWD10 when compared to SWR66 before BPH
infestation, this was the �rst indication that when challenged with BPH SWD10 responds differently from
SWR66.
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Table 2
Enriched GO terms and KEGG Pathways between SWD10 and SWR66 at 0 h.

GO.ID Term SWD10

GO:0006468 protein phosphorylation 3.50E-
12

GO:0009772 photosynthetic electron transport in photosystem II 3.00E-
03

GO:0006974 cellular response to DNA damage stimulus 2.20E-
02

GO:0010112 regulation of systemic acquired resistance 2.30E-
02

GO:0031146 SCF-dependent proteasomal ubiquitin-dependent protein catabolic
process

2.70E-
02

GO:0015986 ATP synthesis coupled proton transport 3.90E-
02

GO:0000910 cytokinesis 3.90E-
02

KEGG.ID Term SWD10

osa01212 Fatty acid metabolism 4.64E-
02

To further understand the differences between the responses of SWD10 and SWR66 against BPH, we
compared the DEGs between both plants at timepoints of 0 h (baseline) with 6 h and 24 h after
infestation. Comparing 0 h and 6 h post infestation, only one and two DEGs were identi�ed for SWD10
and SWR66, respectively (Figure S3a). For the timepoints between 0 h and 24 h, the number of DEGs
identi�ed were six and 414 for SWD10 and SWR66, respectively, with two overlapping genes (Figure S3b).
These results suggested that the reaction towards BPH infestation produced a stronger response 24 h
post infestation. While SWR66 is more sensitive towards BPH infestation, SWD10 resistance towards
BPH seems to be conferred by being insensitive towards BPH infestation. Based on the low number of
DEGs identi�ed in SWD10 after BPH infestation, we postulated that resistance towards BPH in this
genotype may be due to genes that are already expressed in the resting state of SWD10.

Based on the above inference, we looked at the subset of the DEGs expressed at 0 h between the resistant
genotypes to identify potential gene targets for BPH41 and BPH42. A total of 37 DEGs common between
BPH41 and SWD10, and 30 DEGs common between BPH42 and SWD10, were of interest (Figure 3a).
Gene expression pro�les of the DEGs located within the QTLs were matched against the gene expression
pro�les of the same genes in SWD10 and SWR66 at 0 h. DEGs that exhibited a similar gene expression
pro�le to SWD10 but with an opposite gene expression pro�le to SWR66 were shortlisted as potential
gene candidates. Based on the above criteria, we narrowed down four and three genes within the QTLs as
potential gene candidates for BPH41 and BPH42, respectively (Figure 3b-h). For each BPH QTL, a leucine



Page 10/22

rich repeat (LRR) domain containing gene was identi�ed. Gene expression pro�les for the candidate
genes were veri�ed with qRT-PCR (Figure S2). Five genes re�ected the same gene expression levels as the
RNA-seq data. The remaining two genes could not be veri�ed due to the failure to design speci�c primers
and the presence of high GC content within the gene sequences.

Bph Resistance Mechanisms Of Bph41 And Bph42
Antibiosis and antixenosis tests were carried out to determine the resistance mechanisms conferred by
BPH41 and BPH42. The antibiosis test was conducted to determine if the QTLs confer resistance by
mortally affecting the BPH that were feeding on the plant, whereas the antixenosis test was used to
determine if the resistance was conferred by deterring the BPH to rest on the plant.

Results from the nymph survival antibiosis test showed that the number of surviving nymphs for lines
containing BPH41 and BPH42 individually, and BPH41 and BPH42 in combination, were signi�cantly
lower when compared to the susceptible parent. However, when compared to SWD10, the introgression
lines were signi�cantly less resistant (Figure 4a). In the population growth antibiosis test, similar results
to the nymph survival test were observed (Figure 4b).

In the antixenosis test, the antixenosis mechanism against BPH infestation gradually takes effect over
time and was clearly visible after 48 h. Lines containing BPH41 and BPH42 individually showed
signi�cantly lower number of BPH on the plants at 48 h post infestation compared to SWR66. However,
when compared to the resistant donor, SWD10, the antixenosis effect of the individual QTLs were less
effective. The number of nymphs at 48 h post-infestation on the genotype containing both BPH41 and
BPH42 in combination were comparable to that of SWD10 (Figure 4c). This observation indicates that
BPH41 and BPH42 provide an additive antixenosis mechanism by deterring the BPH to rest on the rice
plant.

Phenotype and genotype comparison of published QTLs and dominance test

To identify if the newly mapped QTLs are the same as previously published QTLs, the physical positions
of BPH41 and BPH42 were compared to previously mapped QTLs. The sequences of markers delimiting
the regions from previously mapped QTLs on chromosome 4 were used to BLAST against the R498
genome and compared with the location of BPH41 and BPH42 using the same reference genome. The
mapped region of BPH41 coincided with BPH30 which was identi�ed from AC-1613 (Wang et al. 2018)
and BPH33 from Kolayal and Poliyal (Hu et al. 2018). BPH42 overlaps with the �ne mapped region of
BPH6 from Swarnalata (Guo et al. 2018), BPH27(t) from Balamawee (He et al. 2013) and BPH34 from
IRGC 104646 (Kumar et al., 2018). BPH3, BPH27 and bph18(t) are also located on chromosome 4,
however these QTLs are not within the same mapped location as BPH41 or BPH42, therefore, genotypes
carrying these QTLs were not used in this experiment (Jairin et al. 2006; Huang et al. 2013; Ji et al. 2016).
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All the genotypes mentioned above except for IRGC 104646 (which we were unable to obtain) were
phenotyped for BPH resistance. All lines with previously mapped QTLs were either more resistant or more
susceptible compared to the lines carrying BPH41 and BPH42 individually. BPH30 from AC-1613 and
BPH33 from Kolayal and Poliyal were more resistant compared to BPH41 alone, with average phenotype
scores of 1.20, 3.03 and 3.34, respectively. BPH41 has an average score of 5.28. BPH6 from Swarnalata
and BPH27(t) from Balamawee were susceptible compared to BPH42 alone, with average scores of 8.67
and 9.00, respectively. BPH42 has an average score of 5.59 (Figure 5a).

Furthermore, phenotyping results also indicate that BPH41 and BPH42 are both dominant QTLs, because
the heterozygous genotypes of BPH41 and BPH42 individually exhibited resistance scores that were
comparable to their homozygous counterparts (Figure 5a, b). SWD10 was also signi�cantly more
resistant than BPH41, BPH42 and BPH41+BPH42.

Discussion
The rice chromosome 4 harbours 12 reported QTLs, making up three major clusters of BPH QTLs. Two of
these clusters are located on the short arm and one cluster on the long arm of chromosome 4. Only two
BPH resistance genes within these QTL clusters have been cloned, namely, BPH3 (Liu et al. 2015) and
BPH6 (Guo et al. 2018). The physical locations of BPH41 and BPH42 coincided with two major QTL
clusters harbouring �ve reported QTLs. These QTLs are BPH6, BPH27, BPH30, BPH33, and BPH34.
Phenotype results of the genotypes carrying these QTLs compared to lines containing individual BPH41
and BPH42 are different. Therefore, preliminary phenotypic observations indicate that BPH41 is either a
new QTL or contains genes that are allelic to the previously published BPH30 or BPH33. On the other
hand, BPH42 is phenotypically different when compared to BPH6 and BPH27, but we are unable to
conclude that BPH42 is different from BPH34 due to the unavailability of the IRGC 104646 genotype. A
more comprehensive con�rmation could be carried out by comparing the phenotypic reactions for all
QTLs against the same genetic background, however more time is needed to generate these genotypes.

BPH41 and BPH42 also contribute equally and independently to provide resistance towards BPH
infestation and are dominant QTLs. Despite similar phenotype scores observed for each QTL individually,
some differences were detected when the reaction towards different resistance mechanisms were
considered. Results from the antixenosis and antibiosis tests indicated that both mechanisms
contributed similar resistance levels towards BPH when BPH41 and BPH42 were considered individually.
However, additive effects of BPH41 and BPH42 were observed for the antixenosis mechanism. The
antixenosis effect of BPH41 in combination with BPH42 is comparable to the original donor parent,
SWD10. We postulate that the additive antixenosis effect provides additional protection to the plant and
it may be the reason for two similar effect BPH QTLs occurring in the same genotype.

Our attempt to �ne map BPH41 and BPH42 by breaking the linkage between the QTLs and identifying
recombinant genotypes resulted in screening over 14,368 plants. Through this process, we were able to
delimit the QTLs to approximately 540,000 bp and 1,280,000 bp for BPH41 and BPH42, respectively. To
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further narrow down the potential gene candidates in these QTLs, we looked at the number of annotated
genes within the delimited regions. There are 47 and 162 genes annotated genes in BPH41 and BPH42,
respectively. Based on the number of annotated genes observed, we could not effectively shortlist the
gene candidates. Therefore, we attempted to use the RNA-seq method to further shortlist gene candidates
in the QTLs.

By comparing expression pro�les generated using RNA-seq for the resistant and susceptible lines, we
discovered that, SWD10 may potentially be expressing genes that contribute to BPH resistance before
BPH infestation and by being unresponsive to BPH feeding. This observation is in contrast to the DEG
pro�le of SWR66 over time. Subsequently, seven candidate genes that may be involved in BPH resistance
contributed by BPH41 and BPH42 were shortlisted by comparing and matching the expression pro�les of
the identi�ed DEGs against the expression pro�le of the resistant and susceptible parent at 0 h post BPH
infestation. Since the genes that were shortlisted are expressed before BPH infestation, we postulate that
the gene candidates for BPH41 and BPH42 may be part of the plant innate immunity.

For each QTL, an LRR domain containing gene was identi�ed as a prime gene candidate. This is because
LRR domain containing genes are known to be involved in disease resistance. Many cloned BPH
resistance genes, such as BPH1/9, BPH14 and BPH29 are LRR domain containing genes (Jena et al.
2006; Du et al. 2009; Tamura et al. 2015; Zhao et al. 2016; Guo et al. 2018). Another gene of interest is the
G-patch domain containing gene identi�ed in the region of BPH41. The G-patch domain is mostly
associated with RNA processing and is suggested to be a RNA-binding domain mediating RNA-protein
interaction (Mitchell et al. 2019). In Arabidopsis thaliana, a known G-patch domain containing protein,
MOS2, was reported to be involved in the innate immunity against a virulent bacterial pathogen by being
critical component in the LRR mediated resistance pathway (Zhang et al. 2005). To further con�rm the
�ndings and to understand the BPH resistance mechanisms contributed by BPH41 and BPH42 in rice,
detailed functional studies on the shortlisted genes are required.

Furthermore, the resistant donor, SWD10, consistently demonstrated superior resistance towards BPH
when compared to the lines containing BPH41 and BPH42 alone or in combination. Based on our
�ndings, we strongly postulate that SWD10 contains multiple BPH resistance genes that may have a
smaller but signi�cant effect on BPH resistance. To identify these QTLs, a larger mapping population or
other methods with higher marker density such as bulked segregant analysis (BSA) may be needed.

Materials generated from this study can be directly applied in rice breeding programs. These materials
can be used to better understand the types of BPH resistance genes and how they interact with each
other in cultivated rice. Using the information generated from these materials, breeders will be able to
decide on which combinations of BPH resistance genes to include in their breeding programs. In
summary, the newly identi�ed QTLs and information gathered from this study have expanded the
currently available toolkit for breeding better BPH resistant rice varieties.
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Figure 1

QTL mapping and effect plots of SWR66 x SWD10 F2 mapping population. a) QTL mapping results of F2
mapping population. Results of three algorithms used are indicated with red (EM algorithm), blue
(extended Haley Knott Regression) and black (multiple imputation) lines. The grey line indicates the LOD
threshold value of 4.6. Two major QTLs are identi�ed on chromosome 4. The highest peak is designated
as BPH41 (LOD = 12.30), and the second peak is designated as BPH42 (LOD = 11.08). b-c) Effect plots of
markers SWRm_01636 and SWRm_00328. These markers are located closest to the peak for BPH41 and
BPH42, respectively. AA, AB and BB represent homozygous susceptible, heterozygous and homozygous
resistant genotype, respectively. The BPH scores on the y-axis are the mean phenotype scores for each
genotype (mean ± s.e; n= 232).
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Figure 2

Fine mapping of BPH41 and BPH42. a) Overview of polymorphic markers and their respective genetic
distance on chromosome 4. The delimited QTLs for BPH41 and BPH42 are indicated with red boxes. b-c)
key recombinant lines used for delimiting BPH41 and BPH42. Six recombinant lines are illustrated for
each QTL. The average phenotype for each recombinant lines and the parents are indicated on the right
of each genotype (mean ±s.e; n= 60). Solid boxes re�ect the homozygous resistant genotype, open boxes
re�ect homozygous susceptible genotype and striped boxes re�ect unknown genotype.
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Figure 3

Venn diagram of genotypes against SWR66 at 0 h and boxplots of potential gene candidates for BPH41
and BPH42. All genotypes are lines containing the respective QTLs in the SWR66 background except
parental and control lines. a) Venn diagram illustrating the number of differentially expressed genes
compared to SWR66 for SWD10, BPH41 and BPH42 genotypes at 0 h. The cut-off values used to identify
DEGs of interest are, p-value < 0.001 and absolute log2 fold change >2. b-h) boxplot of normalized count
values for seven shortlisted genes in BPH41 and BPH42 QTLs. Normalized gene counts for three
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timepoints, 0 h, 6 h and 24 h and four genotypes are illustrated. Boxplots b-e) are gene candidates
located within BPH41 and boxplots f-h) are gene candidates located within BPH42.

Figure 4

Antibiosis and antixenosis resistance mechanism test results. All genotypes are lines containing the
respective QTLs in the SWR66 background except parental and control lines. a) Results for nymph
survival antibiosis test. The number on the y-axis indicates the mean number of nymphs that survived in
the antibiosis nymph survival test 20 days post BPH infestation (mean ± s.e; n = 10). b) Results for
population growth antibiosis. The number on the y-axis indicates the mean number of F1 nymphs that
emerged after 35 days post BPH infestation (mean ± s.e; n = 5). c) Results for antixenosis test. The
number on the y-axis indicates the mean number of nymphs that remain on each genotype, counted at 3
h, 24 h, 48 h and 72 h post BPH infestation (mean ± s.e; n=4). Black “*” indicate genotypes that are
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signi�cantly different compared to SWR66. Green “*” indicate genotypes that are signi�cantly different
compared to SWD10. * p-value <0.05, ** p-value <0.01, *** p-value <0.001.

Figure 5

BPH resistance phenotype scores for genotypes used in this study. a) solid and striped bars indicate
homozygous and heterozygous genotypes, respectively. Coloured bars are parent genotypes and
genotypes carrying BPH41 and BPH42 that have been used throughout the study. Grey bars are
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genotypes that were previously reported containing QTLs in the BPH41 and BPH42 region. Values on the
y-axis are mean phenotype scores (mean ± s.e; n = 60). b) Images representing average BPH resistance
phenotype for all genotypes used in this study.
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