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Abstract 
The brown planthopper (BPH), Nilaparvata lugens (Stål), is the most impor-
tant insect pest of rice in Asia. Host plant resistance is one of the strategies 
currently used to control BPH. The resistant rice cultivar Rathu Heenati (RH) 
carrying the BPH3 gene (recently renamed as “BPH32”) remains effective de-
spite more than 30 years of deployment. RH has been determined to be resis-
tant against BPH at all growth stages. However, we observed that BPH could 
feed on panicles but not on the leaf sheaths of RH. The resistance gene BPH32 
was introduced into KDML105 through marker-assisted selection, and the in-
trogression line UBN03078 was developed. This rice line was used to observe 
the patterns of target gene’s regulation. A low-level expression of BPH32 on 
panicles has been hypothesized to cause susceptibility in UBN03078 at the 
heading stage. Findings from our gene expression analysis support the hypo-
thesis that the resistance gene was down regulated in the uppermost inter-
nodes compared with the leaf sheaths of the heading rice plant. This pheno-
menon may allow BPH to feed on the panicles of the resistant plants, but this 
requires further investigation. 
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1. Introduction 

The brown planthopper, Nilaparvata lugens (Stål) (Hemiptera: Delphacidae) is 
the most important insect pest of rice production in Asia. Host-plant resistance 
strategy has been widely used for controlling BPH throughout Asia. Numerous 
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resistant varieties have been developed and released to farmers [1]. This strategy 
can lead to a reduction in insecticide usage and environmental pollution. How-
ever, BPH populations under resistance pressures can indeed adapt and survive 
well on the resistant plants, and a new biotype of the BPH population arises [2]. 
The occurrence of the new virulent biotypes has been a serious problem in using 
resistant rice varieties. Several resistant varieties carrying a single gene (BPH1 
and BPH2) have lost their resistance to BPH. An effective strategy to overcome 
this rapid breakdown of resistance genes is to identify broad-spectrum BPH re-
sistance genes or pyramid the BPH resistance genes to develop varieties with 
durable resistance against BPH. 

The Sri Lankan traditional rice variety ‘Rathu Heenati’ (RH) and the Indian 
landrace ‘PTB33’ carrying a major BPH3 gene for BPH resistance [3] have been 
used in rice breeding programs for over three decades. The BPH3 gene confers 
broad-spectrum resistance against BPH populations in Thailand [4]. The chro-
mosomal location of BPH3 from RH and PTB33 has been reported on the short 
arm of chromosome 6 [4]. The BPH resistance locus has been widely used in 
BPH resistance breeding via marker-assisted selection (MAS) [5] [6] [7] [8]. Re-
cently, the BPH3 gene was identified and renamed as BPH32 [9] to avoid confu-
sion with the cloned BPH3 cluster genes located on the short arm of chromo-
some 4 [10]. The BPH32 encodes a short consensus repeat domain-containing 
protein that confers an antibiosis resistance to BPH and is localized in the plas-
ma membrane. This gene is highly expressed in the leaf sheaths but poorly ex-
pressed in the panicles of rice plants [9]. Jairin et al. [11] reported that the resis-
tant cultivars RH and PTB33 were highly resistant to BPH at the vegetative stage 
(seedling to maximum tillering stages) of heavy BPH infestation, but showed 
susceptibility at the reproductive stage. BPH can feed on the phloem sap of the 
uppermost internode after elongation at the heading stage until the plants die. 
This phenomenon has not yet been verified. 

The mechanism of plant resistance to phloem sap-feeding insects has been 
reported to involve the balance of the amino acid composition of the phloem sap 
[12] [13]. The remobilization of nitrogen in the rice panicles can increase the to-
tal free amino acids in the phloem sap [14] [15], which may affect BPH resis-
tance. However, so far, there is no evidence to support and prove this hypothe-
sis. Although the mechanism of losing resistance at the heading stage is not well 
understood, it has been hypothesized that the resistance gene BPH32 may be 
poorly expressed in the uppermost internodes of heading rice plants [11]. To ve-
rify that the low-level expression of BPH32 causes the loss of resistance in the 
uppermost internode, an introgression line UBN03078-101-342-4-1-141 
(UBN03078) carrying BPH32 from RH [6] was used for gene expression analysis 
in this study. The results from our study will provide a starting point for future 
studies aimed at understanding the factors or mechanisms that depress the ex-
pression of the BPH32 gene in rice panicle. Furthermore, the results will provide 
useful information for the deployment of BPH resistance genes and development 
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of a screening method for BPH resistance in rice at the heading stage. 

2. Materials and Methods 
2.1. Plant Materials 

An introgression line UBN03078 was developed through successive introgres-
sion backcrossing (BC3) and MAS with a single introgressed segment [6]. The 
BPH resistance gene BPH32 from RH, the Sri Lankan landrace rice, was intro-
gressed to KDML105 (KD), the aromatic rice known as Jasmine rice. The donor 
parent, RH, is highly resistant to BPH whereas the recurrent parent, KD, is ex-
tremely susceptible to BPH. RH, KD, PTB33, and TN1 were used for the evalua-
tion of BPH resistance bioassays. UBN03078 carrying BPH32 was used for gene 
expression analysis. 

2.2. Insect Strain 

A BPH population from a single colony was collected from the outbreak rice 
field in Ubon Ratchathani province, Thailand in 2016. The BPH strain was reared 
on seedlings of rice variety TN1 and maintained in the laboratory at 26˚C ± 2˚C 
under a 14L:10D photoperiod. The BPH strain was maintained in a laboratory 
colony for more than ten generations before being employed for BPH bioassays. 

2.3. Evaluation of BPH Resistance 

For evaluating the BPH resistance of rice varieties and lines at the vegetative and 
heading stages, three phenotypic experiments were conducted including the 
standard seedbox screening test (SSST) [16], modified mass adult plant screen-
ing test (MAST) [11], and honeydew excretion test (HET) [17] [18]. 

The SSST was used to measure the levels of resistance of RH, KD, UBN03078, 
and TN1, at the seedling stage under greenhouse conditions. The pre-germinated 
seeds of the test lines were sown 5 cm apart in 20 cm rows in seedboxes. The 
susceptible control, TN1, was sown randomly in all seed boxes. Seven to ten days 
after sowing, the seedlings were infested with second- and third-instar nymphs 
of BPH at ten to twenty nymphs per seedling. When all TN1 plants had died, the 
degrees of seedling damage in the varieties or lines were recorded. Each experi-
ment was replicated three times. The test lines were graded using the Standard 
Evaluation System (SES) for Rice (0 = no damage; 1 = very slight damage; 3 = 
first and second leaves partially yellowing; 5 = pronounced yellowing and stunt-
ing; 7 = mostly wilting, the plant still alive; and 9 = the plant completely wilted 
or dead) [19]. 

The MAST was used to evaluate the BPH resistance of seedling-stage to head-
ing-stage plants. Seeds of the test lines were individually sown at a spacing of 10 
× 20 cm with approximately 20 to 30 seeds in each row (10 × 20 cm) in 7 × 24 m2 
plots. Twenty-five days after sowing, the seedlings were infested with third- and 
fourth-instar nymphs of BPH at ten nymphs per seedling. We let the insects 
feed, mate, lay eggs and hatch freely. After infestation at 30, 40 and 50 days, and 
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at the heading stage, all test lines were evaluated and recorded as resistant or 
susceptible based on the degree of damage (Scale 1 - 9). 

The HET for a measure of BPH feeding rate was conducted to determine the 
phenotypic reaction of the rice plants to BPH feeding using a parafilm sachet 
method [18]. At the vegetative stage, 30-day-old seedlings were infested with a 
newly emerged brachypterous female (1-day-old adult). The newly emerged 
BPH was released into the parafilm sachet and attached to the lower part of the 
seedling (Figure 1(a)) and kept in the laboratory at 26˚C ± 2˚C under a light re-
gime of 14/10-h light/dark. At the heading stage, twenty-day-old seedlings of 
RH, KD, and UBN03078 were transplanted in 30-cm-diameter pots at the den-
sity of one seedling per pot. At the heading stage, the rice plants were moved to a 
temperature control room. The leaf sheath of lowest leaf, node, the leaf sheath of 
flag leaf, and panicle neck of each plant were separately infested with a newly 
emerged adult female BPH. Before and two days after infestation, the weights of 
parafilm sachets were measured using a 0.01-mg sensitivity balance (ME204, 
Mettler Toledo). Resistant or susceptible plants were defined by the quantity of 
honeydew. The amount of honeydew of the BPH from each plant that was lower 
and greater than 10 mg was classified as resistant and susceptible, respectively. 

2.4. RNA Isolation and RT-PCR Analysis 

Twenty-day-old seedlings of UBN03078 were transplanted into 30-cm-diameter 
pots. At the heading stage, the plant pots were transferred to the laboratory. The 
leaf sheath of the flag leaf and the panicle of each variety were infested with 20 
BPHs inside a 2 cm diameter glass tube. The leaf sheaths and panicles of each 
plant were collected and frozen immediately in liquid nitrogen at 0, 2, 8, 24 and 
48 h after infestation and kept at −40˚C before RNA extraction. All treatments, 
each with four biological replicates, were terminated at the same time. Total RNA 
was extracted using an RNeasy Plant mini kit (Qiagen) according to the manu-
facturer’s instructions. The concentration of each RNA sample was measured 

 

 
Figure 1. Evaluation of the brown planthopper feeding rate using the parafilm sachet 
method (a). Honeydew excretion of BPH feeding on seedlings of Rathu Heenati (Rathu), 
UBN03078-101-342-4-1-141 (UBN03078), KDML105 and TN1 at leaf sheaths (b). **P < 
0.01. One-way ANOVA was used to generate the P value. 
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using NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). The 
integrity of RNA samples was also assessed by agarose gel electrophoresis. Total 
RNA (50 ng) was then converted into first-strand cDNA using an Applied Bio-
systems™ High-Capacity cDNA Reverse Transcription Kit following the manu-
facturer’s instructions. The semi-quantitative RT-PCR analysis was performed to 
assess the expression levels of the resistance gene BPH32. The constitutively ex-
pressed actin gene was amplified as an internal control from rice leaf sheaths and 
panicles. The specific primers used in RT-PCR for BPH32 and actin genes [9] 
were as follows: 5'-TGGGTTCCGGTGGACCTGGG-3' (BPH32 forward), 
5'-GGACGTTGACCCTC-GCCGTG-3' (BPH32 reverse) and 5'-GACGGAGCG 
TGGTTACTCATTC-3' (actin forward), 5'-GACCTCAGGGCAGCGGAAA-3' 
(actin reverse). The PCR reactions were carried out for 5 min at 94˚C, followed 
by 35 cycles of 30 s at 95˚C, 30 s at 55˚C, 30 s at 72˚C and a final extension of 10 
min at 72˚C. The PCR products were run on the QIAxcel capillary electrophore-
sis platform (Qiagen) and visualized on QIAxcelScreenGel software v1.0.2.0 
(Qiagen). The ratio of the target band density to the actin band was used to 
represent the relative expression level of the target gene. 

3. Results 
3.1. Evaluation for BPH Resistance 

BPH resistance evaluations at the vegetative and reproductive stages were con-
ducted in the greenhouse. RH and UBN03078 expressed strong resistance 
against the Ubon Ratchathani BPH colony at the vegetative stage (seedling to 
tillering stages) of heavy BPH infestation, whereas KD and TN1 were highly 
susceptible to the BPH colony (Table 1). At the heading stage, RH and 
UBN03078 were susceptible when BPH moved to feed on the panicles and pa-
nicle necks until the plants died (Figures 2(a)-(c), Table 1). The result indicated 
that RH and the introgression lines were susceptible to BPH at the flowering 
stage, and BPH can feed and grow well on the panicle of the resistant plants car-
rying BPH32 (Figure 2). We also observed that BPH could feed on any part of 
the uppermost internode (from node to panicle), which was not wrapped by the 
flag leaf sheath (Figure 2). 
 
Table 1. The reaction of the rice line/varieties to the brown planthopper. The evaluation 
was conducted in the green house in wet season 2016. 

Cultivar 30 DAI 40 DAI 50 DAI Heading stage 

Rathu Heenati R R R S 

UBN03078 R R R S 

KDML105 S S S S 

TN1 S S S S 

DAI = Days after infestation; Average damage scores: 1.0 - 4.0 = resistant (R), 7.0 - 9.0 = susceptible (S). 
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Figure 2. The nymphs and adults brown planthopper can feed on the panicles, panicle 
neck (a-b) and the last node bears the panicle (d) at the heading stage of resistant varie-
ties. The feeding of BPH causes the unfilled grains and the rice plants die (c, e). 

3.2. Honeydew Excretion Analysis 

The parafilm sachet method (Figure 1(a)), which was developed for determin-
ing the feeding rate of BPH, was used to evaluate the resistance of rice varieties 
at the seedling and heading stages. At the seedling stage, the mean values of the 
honeydew quantity excreted by the adult females BPH on RH, UBN03078, KD, 
and TN1 (n = 10) were 3.5 ± 3.4, 1.5 ± 1.2, 50.4 ± 22.3, and 43.5 ± 14.3 (mg ± 
s.e.), respectively (Figure 1(b)). Based on the quantity of honeydew, RH and 
UBN03078 were resistant to the BPH at the seedling stage, whereas KD and TN1 
were susceptible. At the heading stage, four parts of rice plants including the leaf 
sheath of the lowest leaf (LLS), uppermost or the last node (UN), the leaf sheath 
of the flag leaf (FLS), and the panicle neck (PN) were infested with the adult fe-
male BPHs (Figure 3). The mean values of honeydew excreted by the BPH of 
each rice variety and each part of rice plants were significantly different (Figure 
3). The volume of honeydew from leaf sheaths of resistant plants (RH and 
UBN03078) was lower than 10 mg, however, the amount of honeydew collected 
from the node and panicle neck was greater than 10 mg of the resistant plants. 
Large amounts of honeydew were collected from all parts of the susceptible plant 
(KD). The result indicated that BPH cannot feed on leaf sheaths of the resistant 
rice varieties carrying BPH32, but can normally feed on any part of the upper-
most internode, which was not wrapped by the leaf sheaths (Figure 2, Figure 3). 
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Figure 3. Locations for honeydew droplet collecting on rice panicle neck (PN), flag leaf 
sheath (FLS), node (ND), and leaf sheath of the lowest leave (LLS) and the average 
amount of honeydew excretions from individual female brown planthopper on Rathu 
Heenati, UBN03078-101-342-4-1-141, and KDML105 at the heading stage. **P < 0.01. 
One-way ANOVA was used to generate the P value. 

 
We confirmed this result by evaluating BPH resistance of RH, UBN03078, and 

KD at the heading stage using honeydew test again, and the same result was ve-
rified. The BPH could feed on the panicle neck but could not feed on flag leaf 
sheath of the resistant plants, while the BPH could feed on the panicle neck and 
leaf sheath of KD, a highly susceptible variety (Figure 4). The mean values of the 
honeydew quantity excreted by BPH on the panicles of RH, UBN03078, and KD 
(n = 15) were 38.0 ± 16.6, 40.1 ± 15.0, and 39.6 ± 19.1 (mg ± s.e.), respectively, 
while on the flag leaf sheath were 1.2 ± 2.4, 0.2 ± 0.3, and 35.1 ± 9.6 (mg ± s.e.), 
respectively (Figure 4). The result showed that the amount of the honeydew 
from the panicles of resistant and susceptible rice varieties was not significantly 
different. Conversely, the amounts of honeydew from flag leaf sheaths were sig-
nificantly different among resistant and susceptible varieties. We have evaluated 
some BPH resistant varieties such as PTB33, RD49, PSL2, and Babawee for BPH 
resistance at the heading stage by allowing BPH to feed on flag leaf sheath and 
panicle neck using the parafilm sachet method. We found that BPH could not 
feed on the leaf sheath but the panicle neck as RH, and UBN03078 (data not 
shown). 

3.3. Expression Analysis of BPH32 

To reveal the molecular mechanism of BPH resistance in UBN03078, we ex-
amined the expression of the BPH32 gene. Total RNA was isolated from flag leaf 
sheath and panicle (without spikelets) of UBN03078 at 0, 2, 8, 24 and 48 h after 
infestation. Although the amount of total RNA isolated from the panicle was 
significantly higher than in the leaf sheath, the mean level of expression of 
BPH32 gene of the leaf sheath was greater than the panicle (Figure 5(b)). It may 
indicate that the mRNA level of BPH32 gene that was quantified by reverse  
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Figure 4. Honeydew excretions of BPH feeding on panicle necks and flag leaf sheaths of 
Rathu Heenati, UBN03078-101-342-4-1-141, and KDML105 at the heading stage. **P < 
0.01. One-way ANOVA was used to generate the P value. 

 

 
Figure 5. Glass tubes were used for brown planthopper infestation on leaf sheaths and 
panicles. Almost all brown planthoppers fed only on panicle of UBN03078, while they fed 
equally on the flag leaf sheath and the panicle in KDML105 (a). The average relative ex-
pression of resistance gene BPH32 in panicles and leaf sheaths of UBN03078-101-342- 
4-1-141 (b). Semi-quantitative RT-PCR analysis of BPH32 and actin genes in panicle and 
leaf sheath of UBN03078 at 0, 2, 8, 24 and 48 h after infestations (c-d). 

 
transcription-PCR was low in the panicle and high in the leaf sheath. 
Semi-quantitative RT-PCR analysis showed that BPH32 displayed differential 
expression patterns in response to BPH infestation between leaf sheaths and pa-
nicles of the resistant line UBN03078. Expression analysis revealed that BPH32 
carried by UBN03078 was highly and stably expressed in the leaf sheaths (Figure 
5(c)). This result confirmed that BPH32 is a stable BPH resistance gene and 
provides a valuable gene for rice resistant against BPH at the vegetative stage. 
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However, low-level expression of BPH32 was observed in the rice panicles at the 
heading stage (Figure 5(c), Figure 5(d)). The repression of the gene might allow 
BPH to feed on the uppermost internode of the resistant plants. We forced the 
BPHs to feed on the leaf sheath and panicle of resistant (UBN03078) and sus-
ceptible (KD) plants. We found that most BPH fed only on the panicle of the re-
sistant plants but fed equally on both flag leaf sheath and panicle in susceptible 
plants (Figure 5(a)). 

4. Discussion 

Currently, there has been remarkable progress in the genomic studies of BPH 
resistance in rice. Some BPH resistance genes were detected in rice germplasms 
and used in breeding programs throughout Asia [1] [6] [7]. The understanding 
of the molecular basis of resistance to BPH was greatly advanced with the clon-
ing and characterization of several BPH resistance genes. Among these, a broad 
spectrum BPH32 gene originally derived from PTB33 and RH has been exten-
sively studied and introgressed into numerous commercial rice varieties with 
desirable backgrounds [6] [8]. New rice varieties with BPH resistance have been 
developed and introduced to farmers [1]. The BPH32 gene is still used in rice 
breeding programs [20], and the functional DNA markers of this gene have been 
developed for MAS [21]. 

BPH32 which encloses a unique short consensus repeat domain protein and is 
located in the plasma membrane, has been reported to inhibit BPH feeding [9]. 
The structure and function of the BPH32 protein conferring BPH resistance may 
be different between susceptible and resistant plants. Real-time PCR analysis 
showed that BPH32 was expressed in all investigated tissues at the flowering 
stage, and its expression level was the highest in leaf sheaths followed by leaf 
blades, culms, and roots but not the panicle [9]. The result of our study was con-
sistent with previous studies that showed high BPH32 expression in the leaf 
sheaths but a poor expression in the uppermost internode at heading stage of the 
same plant. As expected, BPH can feed on any part of the uppermost internode 
which emerges beyond the leaf sheaths but cannot feed on the leaf sheaths of re-
sistant plants. When we removed the flag leaf sheath wrapping the last inter-
node, we observed that BPH could feed and excrete a large amount of honeydew. 
This occurrence has previously been reported in rice varieties carrying the BPH32 
gene [11]. There are some factors, currently unknown, which influence the loss 
of resistance or repress the expression of the resistance gene during flowering. 
We believe that the loss of resistance in UBN03078 (also in RH and PTB33) 
might be due to the low-level expression of resistance genes in the uppermost 
internode at the heading stage. Before and after BPH infestation, the average ex-
pression level of BPH32 constantly remained high in the leaf sheath tissue indi-
cating that the gene function may not be induced by the BPH infestation. 

The outbreaks of BPH in rice fields have frequently been observed at the 
heading stage. It is necessary to identify the genotype resistant to BPH at the 
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heading stage for use as a genetic resource to develop resistant varieties. It is also 
necessary to develop a screening method for the evaluation of BPH resistance at 
the heading stage in rice germplasm. Recently, twenty-five near-isogenic lines 
(NILs) carrying ten BPH resistance genes and their pyramids were developed in 
the background of the indica variety IR24 [21]. The NILs will be useful as new 
genetic resources for BPH resistance breeding. Therefore, it is interesting to 
know the NILs that will confer resistance against BPH at the flowering stage. 
Moreover, further studies are needed to clarify the factors or mechanisms that 
depress the expression of the BPH32 gene in the uppermost internode of the re-
sistant plants. 

5. Conclusion 

The resistance gene BPH32 from RH and PTB33 has been used in rice breeding 
programs in Thailand for over three decades. This gene confers broad-spectrum 
resistance against BPH populations in Thailand. The results from this study re-
vealed that BPH could not feed on leaf sheaths of resistant varieties carrying 
BPH32, but it could feed on the uppermost internodes that elongate and emerge 
from the flag leaf sheath during the flowering period. The expression analysis of 
BPH32 gene revealed that losing of resistance at the heading stage may be due to 
the low-level expression of BPH32 in the introgression line. This finding pro-
vides new insights into BPH resistance at the flowering time. It will provide use-
ful information to deploy BPH resistance genes, develop novel BPH resistant va-
rieties and improve the screening method for BPH resistance at the heading stage. 
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