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Abstract The brown planthopper (BPH) is a potent

pest of rice in Asia and Southeast Asia. Host resistance

has been found to be the most suitable alternative to

manage the insect. But varietal resistance has been

found to be short-lived. There has been a constant

search for alternate resistance genes. We developed an

F8 recombinant inbred population for the BPH resis-

tance gene in Salkathi, an indica landrace from

Odisha, India. Phenotyping of RILs against the BPH

population at Cuttack, Odisha showed continuous

skewed variation with four peaks at 2.1–3.0, 4.1–5.0,

6.1–7.0 and 8.1–9.0 SES score, suggesting the

involvement of quantitative loci for resistance to

BPH in Salkathi. Mapping showed the presence of two

QTLs on the short arm of chromosome 4. One QTL,

with phenotype variance of 37.02% is located between

the markers RM551 and RM335. The other QTL, with

phenotype variance of 7.1% is located between

markers RM335 and RM5633. The two QTLs have

been designated as qBph4.3 and qBph4.4. QBph4.3

seems to be a novel QTL associated with BPH

resistance. We have successfully transferred qBph4.3

and qBph4.4 into two elite rice cultivars, Pusa 44 and

Samba Mahsuri. Fine mapping of the identified QTLs

may lead to a successful transfer of QTLs into other

elite germplasm backgrounds.
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Introduction

Brown planthopper (Nilaparvata lugens Stal) is one of

the most destructive insect pests in rice-growing areas

of Asia and Southeast Asia. Both adults and nymphs of

the insect feed on rice sheaths by sucking sap from

phloem. All the growth stages of rice plant in the field

are vulnerable to BPH. Mild infestations by the insects

lead to yellowing of leaves, reduction in plant height,

growth, vigor, number of productive tillers and grain

filling. Heavy infestations cause complete drying and

death of plants, a condition known as ‘‘hopperburn’’

(Sogawa 1982; Watanabe and Kitagawa 2000; Ali et al.

2012). BPH also transmits rice tungro, grassy stunt and

rugged stunt virus (Ling et al. 1978; Khush 1979; Hibino

1989, 1996; Khush and Brar 1991; Rivera et al. 1996;

Normile 2008). The habitat of the insect, rapid multi-

plication, high mobility and survival against selection

forces has made this insect a threat to rice cultivars. BPH

control by using of chemical pesticides is not efficient. It

is environmentally hazardous coupled with the resur-

gence of the insect. Cultivation of resistant varieties is
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the most feasible alternative to manage the insect

(Sogawa 1982; Hirabayashi and Ogawa 1995; Wu

et al. 2005). Since 1960s, several devastating outbreaks

have been reported in China, Vietnam, Philippines,

Indonesia, Thailand, Japan, Korea, India, Bangladesh

and Malaysia (Heong 2010). In 2005 and 2006, China

reported a yield loss of 2.7 million tons of rice due to

direct damage by BPH (Pathak 1972; Dyck and Thomas

1979; Sogawa 1982; Holt et al. 1996; Gunathilagaraj and

Ganesh Kumar 1997; Heong 2010). Hopperburn has

been reported regularly from several states of India,

namely Kerala, Bihar, Chhattisgarh, Manipur, Andhra

Pradesh, Karnataka, Tamil Nadu, West Bengal, Punjab,

Odisha and Uttar Pradesh (Das et al. 1973; Chatterjee

1978; Gangrade et al. 1978; Dhaliwal and Singh 1983;

Rizvi and Singh 1983; Sidde Gowda and Gubbaiah

2011; Basanth et al. 2013). Cultivation of resistant

varieties is the most economic, effective and environ-

mentally safe for management of BPH (Sogawa 1982;

Hirabayashi and Ogawa 1995; Wu et al. 2005).

Systematic breeding programs initiated during the

late 1960s have led to the identification of several donors

in both landraces and wild species of rice. Currently,

more than thirty major genes have been identified for

BPH resistance from diverse cultivated and wild species

of rice using classical genetics and molecular approaches

(Jena and Kim 2010; Fujita and Kohli 2013; Wu et al.

2014; Wang et al. 2015). Fourteen resistance genes have

been identified from six wild rice species, O. officinalis,

O. australiensis, O. rufipogon, O. eichingeri, O. latifolia

and O. minuta, while the rest 16 genes have been

identified from cultivated rice (Jena and Kim 2010;

Cheng et al. 2013; Fujita and Kohli 2013; Huang et al.

2013; Wu et al. 2014). Five genes, Bph14, Bph26, Bph3,

bph29 and Bph18 have been cloned and found to encode

coiled-coil nucleotide-binding site and leucine-rich

repeat (CC-NBS-LRR) protein, CC-NBS-LRR protein,

plasma membrane-localized lectin receptor kinases, B3

DNA-binding domain protein and CC-NBS-NBS-LRR

protein, respectively (Du et al. 2009; Tamura et al. 2014;

Liu et al. 2015; Wang et al. 2015; Ji et al. 2016).

Breeding resistant rice varieties with some of the

major resistance genes were successful (Khush 1989).

But, the resistance was short-lived because of adaptation

of the BPH population to resistant varieties harboring

any one of major genes (Gallagher et al. 1994). Four

biotypes have been recorded in BPH of which biotype4

is prevalent in the Indian subcontinent (Heinrichs 1986).

The short-lived resistance offered by major genes in

different elite cultivars suggested that quantitative

resistance to BPH could be the most appropriate solution

for the resolution of the issue (Bosque-Perez and

Buddenhagen 1992). The complex genetic basis of

quantitative resistance, greater variability in virulence

pattern of BPH insect population, and non-reproducibil-

ity of molecular markers across diverse genetic back-

grounds are the limiting factors for the application of

molecular markers in breeding programs. Thus, there is

a need to identify effective resistance genes/QTLs from

diverse sources, characterize them genetically and

develop reliable tightly linked molecular markers for

their introgression through marker-assisted backcross

breeding (MABB) into popular rice varieties. Many

quantitative trait loci (QTLs) associated with BPH

resistance have been discovered in landraces and wild

rice, and mapped to different chromosomes 1, 2, 3, 4, 6,

7, 8, 10 and 12 (Alam and Cohen 1998; Huang et al.

2001; Su et al. 2002; Ramalingam et al. 2003; Ren et al.

2004; Liu et al. 2009; Jena and Kim 2010; Fujita and

Kohli 2013). With the advent of new genomics tools,

availability of ideal mapping populations and reliable

phenotyping techniques, it has become possible to look

for genes involved in complex traits.

BPH resistance had always been of great challenge

for breeders and biotechnologies as the resistance is not

durable due to adaptability and the broader range of

biotypes infestation. The short-lived resistance offered

by the major genes in different elite cultivars and the

fact that the quantitative resistance can be the most

appropriate solution to resolve the issue. New sources

of genetic resistance are necessary to increase bases of

resistance. In continuation to the above theory, the

objectives were carried out to search the quantitative

resistance offered by the indica cultivar Salkathi.

Salkathi is a local indica rice cultivar of Odisha, India

and found to be highly resistant to BPH in different

parts of India (Anonymous 2007). The resistance in

Salkathi is due to antixenesis and antibiosis. It also

shows moderate levels of field tolerance to yellow stem

borer at reproductive stage (Visalakshmi et al. 2014).

Materials and methods

Plants and insects

The brown planthopper (BPH) population prevalent at

Cuttack, Odisha, India was used in the experiment.
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The insects were reared and maintained on the

susceptible cultivar TN1 in the Pest Genomics green

house of the Division of Crop Protection, Central Rice

Research Institute, Cuttack, Odisha, India. The BPH

insects in India are categorized as biotype 4 (Khush

1984). The plant material consisted of the rice cultivar

Salkathi (highly resistant) and TN1 (highly suscepti-

ble) to BPH population at Cuttack and F8 recombinant

inbred lines of the cross TN1/Salkathi, developed by

the single-seed-descent method.

Phenotyping of RIL population

Mass rearing and maintenance of pure culture of BPH

BPH insects were collected from the rice fields of

Central Rice Research Institute, Cuttack, Odisha,

India. Collected insects were mass reared on the

susceptible rice cultivar TN1 following the method of

Heinrichs et al. (1985).

Standard seed box screening test

Three hundred RILs were evaluated for their reaction

to BPH along with the parents TN1 and Salkathi

following Standard Seed Box Screening Test method

of Jena et al. (2006a, b) with suitable modification.

Twenty plants of each RIL line were raised in plastic

trays flanked on either side by a line of Salkathi and

TN1. Ten days after sowing, seedlings were infested

with 2nd instar nymphs at a density of 10–12 nymphs

per seedling in insect-proof cages (45 cm 9 45 cm 9

60 cm). The seedlings were observed daily for damage

by BPH. The reaction of each RIL was authentic when

all seedlings of TN1 in the tray died. Damage scoring

was done according to SES (IRRI) (Heinrichs et al.

1985; SES, IRRI 1988). Mean values of resistance

scores/damage severity scores were used for analysis.

The complete randomized design was followed with

three replications.

Genotyping of RIL

Genomic DNA was isolated from 3 to 4 g young leaf

tissues following cetyl trimethyl ammonium bromide

(CTAB) method (Murray and Thompson 1980). The

extracted genomic DNA samples were then dissolved

in TE buffer (10 mM Tris base, 1 mM EDTA) and

stored at -20 �C for further analysis. Quality and

quantity of DNA of each sample were checked by

agarose gel electrophoresis and spectrophotometer.

Six hundred ninety-eight SSR markers (http://www.

gramene.org) distributed over 12 rice chromosomes

were used to identify polymorphic markers between

parents. Polymerase chain reaction (PCR) was per-

formed in 20 ll reaction volume containing 40 ng of

genomic DNA of parents, 5 pico moles each of for-

ward and reverse primers, 1X PCR buffer [75 mM

Tris–HCl (pH9.0), 50 mM KCl, 20 mM (NH4)2SO4],

200 lM dNTP mix (MBI Fermentas, Lithuania,

USA), 2 mM of MgCl2 and 1U of Taq polymerase

(Biotools, Spain). Amplification was carried out in a

thermal cycler (Lark Cycler, England). The thermal

cycler profile was initial denaturation at 94 �C for

4 min followed by 35 cycles of denaturation at 94 �C
for 1 min, annealing at 55–60 �C (depending upon the

Tm value of primer) for 1 min and extension at 72 �C
for 2 min with a final extension of 5 min at 72 �C. The

amplified PCR products were separated by elec-

trophoresis in 2.5–3.0% agarose gel containing

ethidium bromide (EtBr) and visualized under UV

using gel imaging system (FluorchemTm 5500 Inno-

tech, USA). The size of amplified bands was deter-

mined using Alphaease software (Alpha Innotech,

USA). Ninety-two SSR markers, polymorphic

between parents were used to genotype the 300 RILs

for the construction of linkage map.

Construction of linkage map and detection

of QTLs for BPH resistance

The linkage groups and the marker order were deter-

mined using integrated QTL software, IcMapping,

Version4.0 (http://www.isbreeding.net). Kosambi map-

ping function was used to convert the recombination

frequency to genetic distance in centi-Morgan (cM).

The inclusive composite interval additive mapping

(ICIM-ADD) program in integrated QTL software,

IcMapping, Version4.0 was used to identify QTLs

associated with BPH resistance (Li et al. 2010, 2012;

Meng et al. 2015). In the first step of ICIM-ADD, a

probability value for entering variables (PIN) of 0.001

was used to select the significant markers. One-dimen-

sional scanning of the whole genome was carried out

with mapping parameters of 1 cM and a threshold LOD

score of 2.5 in order to identify significant QTLs.

Additive effects and the percentage of phenotypic

variance (PVE) explained by individual QTL were
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estimated. Two-dimensional interval mapping was

conducted to detect epistatic interactions between QTLs

using inclusive composite interval mapping of digenic

epistatic QTL program (ICIM-EPI).

Validation of QTLs, qBph4.3 and qBph4.4

in breeding lines

The promising resistant breeding lines CR 3006-8-2

(Pusa 44/Salkathi) and CR 3005-230-5 (Samba Mah-

suri/Salkathi) were developed in the background of

elite susceptible rice cultivars Pusa 44 and Samba

Mahsuri, respectively through conventional breeding

and validated for resistance QTLs, qBph4.3 and

qBph4.4. The genomes of Salkathi, TN1, Pusa 44,

Samba Mahsuri, CR 3006-8-2 and CR 3005-230-5

were PCR amplified with the primers specific for

flanking linked microsatellite locus RM335, RM551

and RM5633. The amplified PCR products were

separated by electrophoresis in 2.5% agarose gel

containing ethidium bromide (EtBr) and visualized

under UV using gel imaging system (FluorchemTm

5500 Innotech, USA).

Results

Phenotyping of parents and RIL mapping

population for BPH resistance

The susceptible parent TN1 showed the mean seedling

death of 100% (SES 9) on 6th–7th days of exposure to

BPH nymphs while resistant parent Salkathi expressed

strong resistance with a mean seedling death of 5.1%

(SES 1). Mean resistance scores of 300 RILs ranged

from 0.3 to 9.0 with continuous variation skewed

towards both the parents having four peaks at 2.1–3.0,

4.1–5.0, 6.1–7.0 and 8.1–9.0 SES (Fig. 1). Twenty

RILs showed mean resistance score of 0–1.0 like

Salkathi while 104 RILs showed mean resistance score

of 8.1–9.0 like TN1. An RIL line was classified as

resistant if mean resistance score was B5.0 and as

susceptible if mean resistance score was[5.0. A total

of 122 RILs were found to be resistant whereas 178

RILs were susceptible. The v2 test showed that the

segregation of susceptible plants to resistant plants in

RILs fitted into 9:7 ratio (v2 value: 1.56, P\ 0.1),

indicating the involvement of two genes/QTLs in

controlling resistance to BPH.

Genotyping of RIL mapping population

A total of 698 microsatellite primers were used to find

polymorphism between resistant parent, Salkathi and

susceptible parent, TN1. Out of which ninety-two

(13.18%) primers generated polymorphic markers

between TN1 and Salkathi. The genotypic analysis

of RILs with 92 markers indicated that 50.62% were

Salkathi alleles while 47.62% were TN1 alleles. The

overall heterozygosity and missing data were found to

be 1.63 and 0.13%, respectively.

Linkage map construction, identification of QTLs

and epistatic interactions for BPH resistance

The linkage map was constructed using 92 markers.

Sixteen linkage groups comprising of 75 markers were

formed. The linkage map covered 1251.78 cM involv-

ing ten of the twelve chromosomes with an average

marker interval of 17.30 cM (Table 1). The QTL

analysis using Inclusive Composite Interval Mapping

(ICIM) showed the presence of two QTLs on the short

arm of chromosome 4 with LOD scores of 34.2 and

4.61, respectively. These QTLs were designated as

qBph4.3 and qBph4.4. The QTL qBph4.3 was mapped

to the telomeric region of the short arm of chromo-

some 4 between microsatellite markers RM551

(0.177 Mb) and RM335 (0.688 Mb) with 1.42 and

0.56 cM distance from RM551 to RM335, respec-

tively. It explained 37.02% of the phenotypic variance.

qBph4.4 was mapped between RM335 (0.688 Mb)

and RM5633 (13.07 Mb) with 12.46 and 8.23 cM

distance from RM335 to RM5633, respectively. It

explained PVE of 7.1%. Both the QTLs have negative
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Fig. 1 Frequency distribution of BPH resistance scores among

RILs developed from the cross TN1/Salkathi. The mean

resistance scores of Salkathi and TN1 were indicated by arrows
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additive effects of -1.75 and -0.77, respectively in

contributing to BPH resistance (Table 2, Figs. 2, 3).

The haplotype analysis for RM551, RM335 and

RM5633 markers revealed the statistical significance

of these markers to be linked with resistance QTLs

qBph4.3 and qBph4.4. The Chi square values for

phenotypes (resistant and susceptible) and haplotypes

(A, B and H) of all the three markers were highly

significant (P\ 0.01). Hence, in accordance with the

null hypothesis, the markers are linked with the

resistance QTLs qBph4.3 and qBph4.4 (Table 3). The

Chi square values for resistant and susceptible haplo-

types for all the three linked markers were non-

significant ((P[ 0.05) indicating that haplotypes are

segregating at 1:1 ratio in RIL mapping population. In

addition to the main effect, the significant additive

digenic epistatic interaction was identified between

two genomic positions on chromosome 4 (LG8) at

marker intervals RM551-RM518 (qBph4.3, position

10 cM) and RM335-RM5633 (qBph4.4, position

35 cM). 69.01% phenotypic variance was contributed

for BPH resistance by an epistatic interaction between

two QTLs qBph4.3 and qBph4.4 with LOD score of

6.93 (Table 4, Fig. 4).

Validation of QTLs qBph4.3 and qBph4.4 in elite

breeding lines

The resistance specific allele of 115 bp was amplified

by RM335 in resistant parent Salkathi and promising

resistant breeding lines CR 3006-8-2 and CR

3005-230-5, while susceptible specific allele of

150 bp was amplified in susceptible genotypes

TN1and recurrent parents Pusa 44 and Samba Mah-

suri. RM551 amplified resistance specific allele of

215 bp in resistant genotypes Salkathi, CR 3006-8-2

and CR 3005-230-5, while susceptible specific allele

of 165 bp was amplified in susceptible genotypes

Table 1 Polymorphic markers and linkage groups corresponding to different rice chromosomes

Chrom# Total

no. of

SSR

No. of

polymorphic

SSR

Markers used for linkage map skeleton constructiona No. of

unlinked

markers

Linkage

groups

Length

(cM)b

1 56 10 RM6515- RM495- RM84- RM220 ^ RM562- RM9-

RM212- RM302- RM582- RM488

0 LG1,

LG2

177.51

2 48 11 RM485- RM154- RM211- RM279 ^ RM263- RM573-

RM318- RM6

3 LG3,

LG4

72.28

3 175 21 RM 231- RM545- RM218- RM232- RM7- RM 251-

RM203- RM411-RM8208-RM6329- RM5809- RM

15848 ^ RM15861- RM15855 ^ RM16019 - RM16049-

RM15879 - RM565- RM570- RM6712-RM514

0 LG5,

LG6,

LG7

357.96

4 156 11 RM518- RM551- RM335- RM5633- RM401- RM307-

RM8213^RM252- RM470- RM17088

1 LG8,

LG9

169.53

5 30 4 RM592- RM169- RM440 1 LG10 78.19

6 36 6 RM 3353- RM469- RM586 3 LG11 37.48

7 23 1 RM432 1 – 0

8 57 12 RM6429- RM22565-RM152- RM310- RM547- RM3215-

RM8243- RM223- RM210

3 LG12 227.53

9 24 1 RM105 1 – 0

10 18 2 RM 474- RM216 0 LG13 28.72

11 54 9 RM332- RM441- RM287- RM536- RM202 ^ RM224-

RM144

2 LG14

LG15

109.64

12 21 4 RM 235-RM 17 2 LG16 38.62

TOTAL 698 92 Average marker density = 17.30 cM 17 1297.46

a Microsatellite loci orders are from short arm (left) to long arm (right). Disconnected loci under the linkage criteria of 50 cM are

indicated using ‘‘^’’
b Kosambi mapping function was used to estimate marker distances, LG-Linkage group
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TN1, Pusa 44 and Samba Mahsuri. RM5633 amplified

resistance specific allele of 250 bp in resistant geno-

types Salkathi, CR 3006-8-2 and CR 3005-230-5,

while susceptible specific allele of 190 bp was ampli-

fied in susceptible genotypes TN1, Pusa 44 and Samba

Mahsuri. This indicated that the QTLs qBph4.3 and

qBph4.4 of Salkathi were contributing resistance to

BPH in the promising resistant breeding lines CR

3006-8-2 and CR 3005-230-5 developed in the

background of Pusa 44 and Samba Mahsuri, respec-

tively (Fig. 5).

Discussion

Resistance in rice is governed by many traits of BPH

like host preference, egg mortality, nymphal survival,

oviposition, feeding rate, developmental period, adult

Table 2 QTLs identified for resistance to BPH in the RIL population derived from the cross TN1 and Salkathi

QTL Marker

intervala
Chrom# QTL position

(cM)

Distance from closest

marker (cM

LOD

score

Phenotypic

variance (PVE %)

Additive

effectb

qBph4.3 RM551-

RM335
4 (LG8) 18.0 0.56 34.2 37.02 -1.75

qBph4.4 RM335-

RM5633
4 (LG8) 31.0 8.23 4.61 7.10 -0.77

a Bold letter shows closest marker to QTL
b Negative values of additive effect indicate that the resistance allele was inherited from Salkathi

Fig. 2 One-dimensional scanning of whole genome for iden-

tification of QTLs associated with BPH resistance using

integrated QTL IcMapping software. Upper half shows position

of QTLs on linkage group8 (chromosome 4) with LOD score

while lower half shows additive effects of QTLs. Two peaks

corresponding to two QTLs were identified on LG8 (chromo-

some 4)
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longevity, population builds up and functional impair-

ment of the host (Soundararajan et al. 2004). Previous

studies have enhanced the understanding of BPH

resistance/tolerance. The complex nature of resistance

has indicated the involvement of several loci or

multiple gene families controlling resistance against

BPH.

Mass screening at seedling stage using bulk seed

box screening test is fast, easy and well adopted for

screening of a large number of rice germplasm

accessions, breeding lines, and mapping populations.

Such large-scale evaluation, where insects are offered

a free choice of plant materials has been found to be

authentic in screening of mapping population for

resistance/susceptibility. Using the screening method-

ology, molecular genotyping and mapping, we iden-

tified two QTLs for resistance in Salkathi. Sun et al.

(2007) used 147 F3 families for resistance in Col.5 and

found continuous distribution ranging from SES

scores of 1.0 to 9.0 with three peaks at 1, 5 and 8.

They identified two major QTLs associated with BPH

resistance on chromosomes 2 and 6 contributing 29.4

and 46.2% phenotypic variance, respectively. Hou

et al. (2011) used 303 F2:3 families of the cross 93-11/

WB01 (introgression line from Oryza rufipogon) and

identified two QTLs bph22(t) and bph23(t). This F2:3

families showed a continuous distribution, ranging

from resistance score of 2.6 to 9.0 with two peaks at

7.0 and 9.0. Hu et al. (2015a) observed seedling

resistance scores after 10 days of infestation for the

188 F2:3 families derived from the cross between

susceptible variety Zhenshan97 and resistant intro-

gression line IR65482-17-511-5-7(derived from O.

australiensis), and found continuous variation of

resistance with two peaks at mean SES scores of 3.5

and 5.5. One major and one minor QTL were identified

by ICIM using IcMapping QTL software. These QTLs

explained 41.38 and 4.11% of the phenotypic variation

in BPH resistance, respectively. Hu et al. (2015b)

found mean resistance scores in seedlings of 166

BC1F3 which was developed from susceptible cultivar

Zhenshan97 and resistance introgression line

IR02W101. The score ranged from 1.0 to 9.0, with

continuous variation having two peaks around 3.5 and

5 at 10 days after infestation, and 5 and 9 at 12 at

12 days after infestation. Two QTLs QBph3 and

Qbph4 were identified at 12 DAI on chromosomes 3

and 4, respectively by composite interval mapping

qBph4.3

qBph4.4

Fig. 3 Location of two BPH resistance QTLs qBph4.3 and

qBph4.4 on linkage group8 (chromosome 4). Left side of graph

shows SSR markers and their positions in cM. LG8 represents

short arm of chromosome 4(LG8). Right side of graph shows

two peaks corresponding QTLs qBph4.3 and qBph4.4 with LOD

score of 34.2 and 4.61, respectively
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using WinCarto 2.0 QTL software. These QTLs

explained 27.59 and 35.43%, respectively. Three less

effective QTLs were detected in addition to QBph3

and Qbph4 at 10DAI on chromosomes 6, 7 and 9, and

they collectively explained 23.57% of phenotypic

variation.

Ninety-two (13.18%) out of 698 microsatellite loci

showed polymorphism between Salkathi and TN1.

Santhanalakshmi et al. (2010) detected 10% polymor-

phism between indica parents PTB33 and TN1 using

6% polyacrylamide gel while mapping QTLs associ-

ated with BPH resistance in PTB33. Hu et al. (2015b)

observed 14% polymorphism between Zhensan97 and

IR6582-17-511-5-7 using 4% polyacrylamide gel.

However, higher polymorphism was detected when

indica and japonica parents were used for mapping of

genes, bph2 (28% between ASD7 and C418; Sun et al.

2006), Bph9 (34% between Kaharamana and 02428;

Su et al. 2006), Bph12 (37.1% between B14 and TN1;

Yang et al. 2002), Bph17 (32.5% between Rathu

Heenati and 02428; Sun et al. 2005), and QTLs,

QBph2, QBph6 and QBph4.2 (33.6% between Col 5T

and 02428; Sun et al. 2007). The 13.18% polymor-

phism observed by us was probably sufficient to map

as both parents are indica.

Previous studies indicated that the BPH resistance

genes are clustered in specific regions of rice chro-

mosomes and closely linked to each other similar

disease resistance genes (Jena and Kim 2010; Cheng

et al. 2013). Interestingly, about half of the BPH

resistance genes were identified and mapped to

chromosomes 4 and 12 despite their different origins.

Eight genes, Bph3 (Zhiyong et al. 2004; Liu et al.

2014), Bph6 (Qiu et al. 2010), Bph12 (Yang et al.

2002), Bph15 (Yang et al. 2004), bph16 (Hirabayashi

et al. 1998), Bph17 (Sun et al. 2005), Bph20 (Rahman

et al. 2009) and Bph27 (Huang et al. 2013) were

mapped to chromosome 4 while other eight genes,

Bph1 (Kim and Sohn 2005), bph2 (Sun et al. 2006),

Bph9 (Su et al. 2006), Bph10 (Nguyen and Bui 2003),

Bph18 (Jena et al. 2006a, b), bph19 (Chen et al. 2006),

Bph21 (Rahman et al. 2009) and Bph26 (Yara et al.

2010) were mapped to chromosome 12, suggesting

that these two chromosomes harbor hot-spots for BPH

resistance genes. The Bph6 gene was identified in the

cultivar Swarnalata between SSR markers RM5742

and RM6997 (21.1–21.38 Mb) (Qiu et al. 2010). Two

genes, Bph3 and Bph17(Qbph4) were identified in the

landrace Rathu Heenati of Sri Lanka, and mapped onT
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chromosome 4 between markers HJ16 and J417(6.94,

6.97 Mb), and RM8213-RM5953 (4.44–9.38 Mb),

respectively (Sun et al. 2005; Liu et al. 2014). Five

genes Bph12, Bph15, bph16, Bph20, and Bph27 were

mapped to region on chromosome 4 flanked by

markers RM1305-RM16459 (5.21–5.66 Mb), RG1-

RG2(6.57–6.7 Mb), G271-R93 (20.17–21.15 Mb),

MS10-RM5953(8.5–9.38 Mb), and RM16846-

RM16853(18.94–19.03 Mb), respectively (Hirabaya-

shi et al. 1998; Yang et al. 2004; Rahman et al. 2009;

Huang et al. 2013). Hu et al. (2015a) identified a major

QTL, qBph4.2 on chromosome 4 between RM261 and

Table 4 Digenic epistatic interaction between QTLs identified for BPH resistance in the RIL population derived from the cross TN1

and Salkathi

QTL (marker

interval)a
Chrom# and QTL

Position (cM)

QTL (marker

interval)a
Chrom# and QTL

position (cM)

LOD

score

Phenotypic

variance (PVE

%)

Add1b Add2b Add1by

Add2b

qBph4.3

(RM518-

RM551)

4(LG8) 10.0 qBph4.4

(RM335-

RM5633)

4(LG8) 35.0 6.93 69.01 -1.44 -1.20 -0.88

69.01% of phenotypic variance to BPH resistance is contributed by additive by additive epistatic interaction between two QTLs

qBph4.3 and qBph4.4
a Bold letter shows closest marker to QTL
b Negative values of additive effect indicate that the resistance alleles were inherited from Salkathi

qBph4.4

qBph4.3

Fig. 4 Cyclic graph showing location of epistatic QTLs

qBph4.3 and qBph4.4. The two-dimensional interval mapping

using ICIM- EPI program of QTL IciMapping software

identified significant additive epistatic interaction between two

marker intervals RM551-RM518 (qBph4.3, position 10 cM)

and RM335-RM5633 (qBph4.4, position 35 cM) on chromo-

some 4 (LG8) with LOD score of 6.9 contributing 69.01%

phenotypic variance towards resistance to BPH. The genetic

linkage map is shown as a colorized circle. The parts with

different colors on circle are represented as linkage groups and

are arranged from LG1 to LG16. Two circles on LG8

(chromosome 4) with different color indicate the position and

additive effect of two epistatic QTLs qBph4.3 and qBph4.4

involved in BPH resistance. The connecting line (red color)

indicates significant epistatic interaction between QTLs with

LOD values of 6.9
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Xc4-27 (6.57–6.9 Mb). Hu et al. (2015b) identified

and fine mapped a major QTL Qbph4 on chromosome

4 in the introgression line, IR02W101 derived from O.

officinalis. It was delimited to a 360 kb region between

markers P16 and Xc4-27 (6.7–6.9 Mb), and it

explained 35.42% phenotypic variation for the trait.

Hence, five genes, Bph12, Bph15, Bph17, Bph3,

Bph20 and two QTLs, qBph4.2, Qbph4, are closely

linked and distributed in a narrow region between

RM8213 and RM5953.

The present study revealed that BPH resistance in

the landrace Salkathi is controlled by two QTLs

qBph4.3, and qBph4.4. The qBph4.3 explained

37.02% of the phenotypic variance and thus it is a

major QTL. The other locus qBph4.4 explaining 7.1%

of the phenotypic variance is a minor QTL. The

qBph4.3 was mapped to the telomeric region on the

short arm of chromosome 4 between the SSR markers

RM551 (0.177 Mb) and RM335 (0.688 Mb) with 1.42

and 0.56 cM distance from RM551 to RM335,

respectively. No gene or QTL for BPH resistance

has been mapped to this region. Hence, qBph4.3

appears to be novel BPH resistance locus which needs

further confirmation by fine mapping and cloning. The

qBph4.4 was mapped to a region between RM335

(0.688 Mb) and RM5633 (13.07 Mb) with 12.44 and

a (qBph4.3) b (qBph4.3 and qBph4.4)

M 1                                          

c (qBph4.4)

2 3 4 5 6

Fig. 5 PCR amplification with linked microsatellite markers,

a RM551, b RM335 and c RM5633 to validate presence of

QTLs qBph4.3 and qBph4.4 in the promising resistant breeding

lines. Lanes M- Molecular weight marker (50 bp DNA ladder

plus), 1-TN1 (susceptible parent), 2-Salkathi (resistant parent),

3-Pusa 44 (elite susceptible rice variety), 4-CR3006-8-

2(promising resistant breeding line in the background of Pusa

44), 5-Samba Mahsuri (elite susceptible rice variety),

6-CR3005-230-5 (promising resistant breeding line in the

background of Samba Mahsuri). White arrow indicates the

presence of resistant specific band/allele while black arrow

indicates the susceptible specific bands/alleles. a Amplification

of resistant (215 bp) and susceptible (165 bp) alleles by RM551

confirming the presence of QTL qBph4.3 in resistant breeding

lines, b Amplification of resistant (115 bp) and susceptible

(150 bp) alleles by RM335 confirming the presence of QTLs

qBph4.3 and qBph4.4 in resistant breeding lines, cAmplification

of resistant (250 bp) and susceptible (190 bp) alleles by

RM5633 confirming the presence of QTL qBph4.4 in resistant

breeding lines
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8.23 cM distance from RM335 to RM5633, respec-

tively. This QTL region has five major genes namely,

Bph12, Bph15, Bph17, Bph3 and Bph20, and 2 QTLs

qBph4.2 and Qbph4. These genes and QTLs except

Bph3 originated from wild species while Bph3 orig-

inated from Sri Lankan indica landrace, Rathu

Heenati. Further, studies are necessary to know

whether qBph4.4 is different or same as above

mentioned genes/QTLs.

Epistasis is a commonly observed genetic phe-

nomenon. It is an important source of variation of

complex traits, which could maintain additive vari-

ance and therefore assure the long-term genetic gain in

breeding (Lark et al. 1995; Holland et al. 1997; Luo

et al. 2009). Qiao et al. (2008) indicated that epistatic

interactions, as well as major QTLs, should be taken

into consideration for breeding BPH-resistant culti-

vars through MAS. The significant additive epistatic

interaction was identified between QTLs qBph4.3 and

qBph4.4 as high as 69.01% that could play a certain

role in the expression of resistance to BPH. Similar to

our observations, Rahman et al. (2009) observed

significant epistatic interactions between two random

markers bracketing major QTLs, which were desig-

nated as Bph20(t) and Bph21(t). Xu et al. (2002)

identified seven main QTLs and many epistatic QTLs

associated with quantitative resistance to BPH using a

recombinant inbred line population derived from

Teqing and Lemont.

The use of resistant cultivars has proven to be the

most efficient way to reduce economic damage caused

by BPH. The insect appears to be effectively over-

coming single major resistance gene under natural

conditions. Few major resistance genes have been

introduced into elite cultivars through conventional

breeding approaches (Fujita and Kohli 2013; Hu et al.

2016). A number of BPH-resistant varieties with

single resistance gene (i.e., Bph1) were developed and

released, which saved rice production from massive

BPH damage in the field (Khush and Virk 2005; Jena

and Kim 2010). However, the resistance broke down

in 1976 with the development of a new BPH popu-

lation (biotype 2). Varieties with bph2 showing

effective resistance to biotype 2 were then released

and widely grown. In 1981, another BPH population

(biotype 3) capable of overcoming the resistance of

bph2 was detected. Consequently, pyramiding of two

or more major resistance genes and QTLs was

proposed to provide stronger and more durable

resistance in susceptible rice cultivars. Sharma et al.

(2004) reported that the pyramided lines carrying

Bph1 and bph2 genes showed higher resistance than

lines with the only bph2. Hu et al. (2011) introgressed

Bph14 and Bph15 resistance genes into several rice

hybrids. The planting of resistant pyramided hybrids

around conventional susceptible hybrids significantly

reduced the overall BPH population in the field. Myint

et al. (2012) found that the level of BPH resistance in

Bph25/Bph26-NILs was significantly higher than

Bph25-NILs or Bph26-NILs. Qui et al. (2012) found

that the pyramided lines of 9311 and Nipponbare with

Bph6 and Bph12 resistance genes showed less damage

as compared to monogenic lines. Hu et al. (2012)

introgressed Bph14 and Bph15 resistance genes into

Minghui 63 and its derived hybrids. The results

showed that the improved hybrids containing resis-

tance genes showed enhanced resistance. Hu et al.

(2013) pyramided three dominant BPH resistance

Table 5 Performance of rice genotypes against BPH

Sl. no. Genotype Reaction at multi-locational

testings under AICRIP triala
Reaction at CRRI,

Cuttackb

1 Salkathi 1 1

2 TN1 9 9

3 Pusa44 9 9

4 Samba Mahsuri 9 9

5 CR3005-230-5(Samba Mahsuri/Salkathi) 3 1

6 CR3006-8-2 (Pusa 44/Salkathi) 3 1

a Reaction in greenhouse and field screening conditions (DRR Annual Report 2011, Vol.2- Entomology pg-2.12-2.13, DRR Annual

Report 2012, Vol.2-Entomology pg.2.11-2.12)
b Reaction in greenhouse and field screening conditions at CRRI, Cuttack (Personal communication from Dr. M. Jena)
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genes Bph14, Bph15 and Bph18 into elite indica rice

9311 and its hybrids. The results showed an additive

effect of pyramided genes in the order of Bph14/

Bph15/Bph 18 C Bph 14/Bph 15[Bph 15/Bph

18 C Bph 15[Bph 14/Bph 18 C Bph 14 C Bph

18[ none. Hu et al. (2015b) developed eight near-

isogenic lines (NILs) and four pyramided lines (PLs)

containing both Qbph3 and Qbph4 or with Bph14 and

Bph15 in the background of Shenzhen97 and 9311.

The BPH bioassay showed that the PL-QBph3/Qbph4

was the most resistant of the lines. Wang et al. (2016)

pyramided Bph14 and Bph15 resistance genes and

improved the BPH resistance in Huahui938 and its

derived hybrids.

The landrace, Salkathi used in this study carries two

QTLs qBph4.3 and qBph4.4 and is a valuable source of

BPH resistance. These two QTLs may be belonging to

different resistance gene families with different

mechanisms for death response. Cloning of five

resistance genes, Bph14, Bph26, Bph3, bph29 and

Bph18 indicated the existence of different mecha-

nisms for controlling BPH infestation (Du et al. 2009;

Tamura et al. 2014; Liu et al. 2015; Wang et al. 2015;

Ji et al. 2016). The existence of the strong additive

epistatic interaction between two QTLs qBph4.3 and

qBph4.4 is very much impressive enough to use

Salkathi as a donor for developing elite cultivars with

stronger BPH resistance. We have successfully trans-

ferred BPH resistance from Salkathi into two elite

cultivars, Pusa 44 and Samba Mahsuri through con-

ventional back-cross breeding method. The resistant

breeding lines, CR 3006-8-2 (Pusa 44/Salkathi) and

CR 3005-230-5 (Samba Mahsuri/Salkathi) were found

to be promising in the AICRIP trials (Annual Report,

DRR, Annual Report 2012–2013) (Table 5). These

lines were found to carry QTLs qBph4.3 and qBph4.4,

and would be useful for MAS breeding programs.

Further, these breeding lines were also found to be

resistant to white backed planthopper (WBPH), green

leafhopper and gall midge (Annual Report, DRR,

2011). Visalakshmi et al. (2014) screened breeding

lines CR 3006-8-2 and CR3005-230-5 along with

other entries against yellow stem borer under natural

field conditions of Agricultural Research Station,

Ragolu, Srikakulam district of Andhra Pradesh, India

during Kharif 2011 and 2012. These breeding lines

were found to be moderately tolerant to yellow stem

borer at reproductive stage. The presence of BPH

resistance QTLs in these breeding lines was detected

using flanking linked markers RM335 and RM551,

and RM335 and RM5633. Fine mapping of these

resistance loci would identify closely linked markers

for future use in the molecular breeding programs. The

QTLs qBph4.3 and qBph4.4 can be integrated into

multiple resistance breeding programs using MAS.
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Breed Sci 60:639–647

Zhiyong X, Guangxuan TAN, Aiqing YOU, Guangyuan HE,

Chaowen SHE, Lijia LI, Yunchun SONG (2004) Com-

parative physical mapping of rice BAC clones linked to

resistance genesGlh, Bph-3 and xa-5 inOryza sativaL. and

O. granulate Nees et Arn ex Watt. Chin Sci Bull

49:591–596

Euphytica (2017) 213:38 Page 15 of 15 38

123

http://dx.doi.org/10.1186/s12284-016-0126-1

	Identification of novel quantitative trait loci associated with brown planthopper resistance in the rice landrace Salkathi
	Abstract
	Introduction
	Materials and methods
	Plants and insects
	Phenotyping of RIL population
	Mass rearing and maintenance of pure culture of BPH
	Standard seed box screening test

	Genotyping of RIL
	Construction of linkage map and detection of QTLs for BPH resistance
	Validation of QTLs, qBph4.3 and qBph4.4 in breeding lines

	Results
	Phenotyping of parents and RIL mapping population for BPH resistance
	Genotyping of RIL mapping population
	Linkage map construction, identification of QTLs and epistatic interactions for BPH resistance
	Validation of QTLs qBph4.3 and qBph4.4 in elite breeding lines

	Discussion
	Acknowledgements
	Outline placeholder
	Outline placeholder
	Outline placeholder
	Author contribution statement




	References




