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ABSTRACT 

 

 

The small brown planthopper (SBPH), Laodelphax striatellus (Fallén), is an 

economically important phytophagous species in the family of Delphacidae of Hemiptera. 

It has a wide distribution range from south-east Asia to Siberia and Europe, and attacks 

several important agricultural crops including rice, corn, wheat, oat and barley. SBPH is 

one of the most serious pest insects of rice plants because it transmits the rice stripe virus 

(RSV) in a circulative-propagative manner which typical symptoms include pale and 
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discontinuous yellow stripes, blotches and dead tissue streaks on the leaves. Chemical 

insecticides have been used to this economic pest for several decades. 

Buprofezin is an insect growth regulator (IGR) pesticide which is active against larval 

stages to cause cuticular lesions that result in the disruption of chitin synthesis. Because 

this insecticide has generally been considered to have a good efficacy against the target 

pests while being harmless to beneficial insects, it has been used widely in integrated pest 

management programs especially used in the control of homopteran pests. As buprofezin 

used to control L. striatellus for more than a decade, the buprofezin resistant occurrence of 

L. striatellus was reported recently. 

To survey the responses of SBPH to buprofezin, transcriptome analysis of buprofezin 

treated SBPH had been investigated. 200ppm buprofezin was exposed to 4
th 

instar SBPH 

by the dipping method, and extracted total RNA for RNA-seq by Illumina platform. Total 

of 2 x 26,848,684 and 2 x 27,310,742 of 101 base paired-end raw reads were obtained 

from buprofezin treated SBPH and control samples, respectively. The cDNA library 

containing 23,817 contigs was constructed by Trinity de novo assembler and 

TransDecoder ORF finder. The quality filtered raw reads from experimental and control 

SBPH were subjected to the library with Bowtie2 and eXpress computer programs to 

obtain the differential gene expression profile. Following analysis revealed that 170 and 

144 contigs were down- and up-regulated over five-folds in the buprofezin treated 

samples, respectively. GO (gene ontology) enrichment analysis were subjected to study 

the changes of gene expression profile. Total of 9 GO terms showed differential 

expression under buprofezin treatment. These transcriptome and gene expression 
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profiling date will provide important information for future studies of molecular biology 

and physiology of L. striatellus.   

To develop an alternative pest control strategy, six buprofezin-specific genes selected by 

differential expressed genes from RNA-seq of buprofezin-treated L. striatellus were 

synthesized to dsRNAs, and applied to L. striatellus to assess the insecticidal efficacy. Two 

and three of those dsRNAs showed moderated and substantial insecticidal activity up to 60% 

of mortality in 7 days post treatment, respectively. These results demonstrated the potential 

of gene screening strategy for the development of RNAi-based pest management program. 

RNA interference (RNAi) was not only suggested as a promising strategy for controlling 

insect pests, but also affects the transmission of plant pathogens of insects. To disturb 

transmission of the RSV in SBPH by using RNAi pathway, we chose nine genes highly 

expressed in RSV-viruliferous SBPH by transcriptome sequencing. These SBPH-derived 

dsRNAs were applied to the insects indirectly through xylem of rice leaves by irrigation. 

qPCR result demonstrated that three out of eight SBPH-derived dsRNAs successfully 

reduced the replication of RSV in viruliferous SBPH in dose-dependent manner, 

suggesting that these three dsRNAs could suppress replication of RSV and provide a new 

tool for RSV control strategy. 

In summary, an effective high-throughput NGS method largely broadens the target 

selection of specific RNAi genes from the non-model pest L.striatellus. It may lead to 

new strategy in designing the RNAi-based technology against SBPH damage and rice 

stripe virus transmission by L.striatellus.  

 



 

iv 

 

Key words：Rice stripe virus, Laodelphax striatellus, buprofezin, RNA-seq, RNA 

interference, double-stranded RNA 

Student number: 2013-23877 

  



 

v 

 

CONTENTS 

ABSTRACT ........................................................................................................................ i 

CONTENTS ....................................................................................................................... v 

LIST OF TABLES ........................................................................................................... ix 

LIST OF FIGURES .......................................................................................................... x 

LITERATURE REVIEW ............................................................................................... xii 

1. Basic biology of Laodelphax striatellus .............................................................. xii 

2. General characteristics of Rice Stripe Virus ................................................... xiv 

3. RNA-Sequencing ................................................................................................. xv 

4. RNA interference ............................................................................................... xvi 

CHAPTER 1. The transcriptomic responses of small brown planthopper, Laodelphax 

striatellus upon buprofezin treatement ............................................................................ 1 

ABSTRACT ................................................................................................................... 1 

1. INTRODUCTION ..................................................................................................... 3 

2. MATERIALS AND METHODS ............................................................................. 7 

2.1 Insect rearing and buprofezin treatment .......................................................... 7 

2.2 RNA extraction .................................................................................................... 7 

2.3 cDNA synthesis, sequencing and data analysis of RNA-Seq ........................... 8 

2.4 Validation of sequencing result by qPCR ....................................................... 10 

3. RESULTS ................................................................................................................ 12 



 

vi 

 

3.1 Illumina sequencing .......................................................................................... 12 

3.2 Characterization of the de novo assembled in silico cDNA library of L. 

striatellus .................................................................................................................. 14 

3.3 Analysis of differentially expressed genes upon buprofezin treatment ........ 17 

3.4 Validation of the sequencing results by qPCR ............................................... 22 

4. DISSCUSSION ........................................................................................................ 24 

CHAPTER 2. RNA interference for insecticidal activity in Small Brown Planthopper, 

Laodelphax striatellus by using dsRNAs targeting buprofezin-specific genes ........... 28 

ABSTRACT ................................................................................................................. 28 

1. INTRODUCTION ................................................................................................... 29 

2. MATERIALS AND METHODS ........................................................................... 32 

2.1 Selection of genes for RNAi .............................................................................. 32 

2.2 Total RNA extraction and target gene cloning ............................................... 32 

2.3 dsRNA synthesis ................................................................................................ 33 

2.4 Delivery of dsRNA to L. striatellus and Insect bioassay ................................. 36 

2.5 Quantitative PCR analysis of knock down ..................................................... 37 

3. RESULT ................................................................................................................... 40 

3.1 Selection of genes for RNAi .............................................................................. 40 

3.2 The confirmation of synthesized dsRNA ......................................................... 43 

3.3 Silencing of candidate genes in L. striatellus ingested buprofezin-specific 

dsRNAs ..................................................................................................................... 43 



 

vii 

 

3.4 Silencing of buprofezin-specific genes by dsRNA causing increased 

mortality ................................................................................................................... 47 

4. DISSCUSSION ........................................................................................................ 56 

CHAPTER 3. Silencing of rice stripe virus in Laodelphax striatellus......................... 62 

using SBPH-derived double-stranded RNAs ................................................................ 62 

Abstract ........................................................................................................................ 62 

1. Introduction ............................................................................................................. 64 

2. Materials and methods ........................................................................................... 67 

2.1 Insect culture and inoculation of RSV to non-viruliferous SBPH ................ 67 

2.2 Target gene design from SBPH genes ............................................................. 67 

2.3 Total RNA extraction and target gene cloning ............................................... 69 

2.4 dsRNA synthesis and quantification ................................................................ 71 

2.5 Delivery of dsRNA via O. sativa leaves ............................................................ 71 

2.6 Assessment of gene knockdown ....................................................................... 72 

3. Result ........................................................................................................................ 74 

3.1 Establishment of RSV-viruliferous SBPH ...................................................... 74 

3.2 Selection of the up-regulated genes in RSV-viruliferous SBPH for dsRNA 

synthesis ................................................................................................................... 76 

3.3 Validation of the sequencing results by qPCR ............................................... 76 

3.4 Detection of gene knockdown by feeding dsRNA ........................................... 82 



 

viii 

 

3.5 Reduced replication of RSV in L. striatellus ingested SBPH-derived  

dsRNAs ..................................................................................................................... 84 

4. DISSCUSSION ........................................................................................................ 89 

LITERATURE CITED ................................................................................................... 94 

ABSTRACT IN KOREAN ........................................................................................... 114 

ACKNOWLEDGEMENTS .......................................................................................... 118 

 

  



 

ix 

 

LIST OF TABLES 

Table 1. Oligonucleotide sequences used for quantitative real-time PCR. ................. 11 

Table 2. Summary of the Illumina sequencing. ............................................................ 13 

Table 3. Summary of differentially expressed contigs under buprofezin treatments.19 

Table 4. Gene ontology enrichment analysis of differentially expressed gene groups 

under buprofezin treatment. .......................................................................................... 20 

Table 5. Primer information for RT-PCR of candidate dsRNA .................................. 35 

Table 6. Primer used in qPCR ........................................................................................ 39 

Table 7. The list of down-regulated genes upon buprofezin treatment. ..................... 41 

Table 8. The list of selected buprofezin-specific genes upon buprofezin treatment. . 42 

Table 9. Primer information of candidate dsRNA reducing RSV. .............................. 70 

Table 10. Primer sequences used for qPCR. ................................................................. 73 

Table 11. The list of selected up-regulated genes in RSV-viruliferous SBPH ............ 78 

Table 12. The transcription patten of selected genes from reported paper ............... 79 

Table 13. List of eight selected genes for dsRNA synthesis to suppress RSV 

replication in SBPH......................................................................................................... 81 

 



 

x 

 

LIST OF FIGURES 

Fig. 1. Length distributions of the de novo assembled cDNA library of L. striatellus.15 

Fig. 2. Gene ontology classification of L. striatellus cDNA library. ............................. 16 

Fig. 3. Functional clustering based on Gene Ontology of genes. ................................. 21 

Fig. 4. Validation of the Illumina sequencing result by qPCR. ................................... 23 

Fig. 5. Agarose gel confirmation of synthesized dsRNA. ............................................. 45 

Fig. 6. Silencing of candidate genes in L. striatellus ingested buprofezin-specific 

dsRNAs. ............................................................................................................................ 46 

Fig. 7. The mortality of L. striatellus at 7 days post treatment of single 

buprofezin-specific dsRNA treatment. .......................................................................... 49 

Fig. 8. The mortality of L. striatellus at 7 days post treatment of dsRNA cocktail 

containing five buprofezin-specific dsRNA. .................................................................. 50 

Fig. 9. The mortality of L. striatellus at 7 days post treatment of dsRNA cocktail 

containing three buprofezin-specific dsRNA. ............................................................... 51 

Fig. 10. The mortality of L. striatellus at 7 days post treatment of dose-dependent 

buprofezin-specific dsRNA treatment. .......................................................................... 52 

Fig. 11. The mortality of L. striatellus at 7 days post treatment of dose-dependent 

buprofezin-specific dsRNA cocktail treatment. ............................................................ 53 



 

xi 

 

Fig. 12. The mortality of L. striatellus at 72 h treatment upon dose-dependent 

concentration buprofezin by dipping method. ............................................................. 54 

Fig. 13. The mortality of the L. striatellus at 72 h treatment under buprofezin-specific 

dsRNA cocktail treatment after buprofezin dipping treated previously. ................... 55 

Fig. 14. RSV confirmation of L. striatellus by RT-PCR analysis. ................................ 75 

Fig. 15. Validation of the Illumina sequencing result by qPCR in RSV-viruliferous 

(RVL) and Non-viruliferous (NVL) SBPH. .................................................................. 80 

Fig. 16. Silencing of candidate genes of L. striatellus ingested SBPH-derived dsRNAs.

 ........................................................................................................................................... 83 

Fig. 17. Suppression of RSV replication in RSV-viruliferous SBPH ingested with 

SBPH-derived dsRNAs. .................................................................................................. 86 

Fig. 18. Suppression of RSV replication in RSV-viruliferous SBPH ingested with 

selected SBPH-derived dsRNAs. .................................................................................... 87 

Fig. 19. Dose-dependent suppression of RSV replication in RSV-viruliferous SBPH 

ingested with selected SBPH-derived dsRNAs. ............................................................ 88 

  



 

xii 

 

LITERATURE REVIEW 

 

1. Basic biology of Laodelphax striatellus 

 

Laodelphax striatellus (Fallén) (small brown planthopper, SBPH), Nilaparvata lugens 

(Stål) (brown planthopper, BPH), and Sogatella furcifera (Horvath) (whitebacked 

planthopper, WBPH) have become major pests successively in the rice-growing areas of 

Asia and extensive studies have been carried out to develop control programs since the 

1960s. 

The small brown planthopper, Laodelphax striatellus (Fallén) (Hemiptera:Delphacidae) 

is one of the most important pests that causes virus disease to rice paddy fields by 

transmitting the plant-pathogenic virus. It is known to transmit viruses to over 80 host 

plants. For this reason, controlling the rice stripe virus is almost impossible since the 

virus can survive at many different hosts even after all the rice get harvested. SBPH is 

mainly found in the Northeast Asian countries such as China, Japan, Taiwan and Korea 

and is considered as a most economic pest in the rice field. 

The SBPH is dimorphic, with fully winged 'macropterous' and truncate-winged 

'brachypterous' forms. The macropterous forms can migrate when the insect faces a lack 

of food or inconvenient circumstances. Once the SBPH settles down on the rice, they 

produce the next generation in which almost all female insects develop as brachypters and 

males as macropters. Adults usually mate on the day of emergence, and the females 
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usually lay eggs from the day following mating. Brachypterous females lay 300 to 350 

eggs, while macropterous females lay fewer eggs. Eggs hatch in about six to nine days. 

The newly hatched nymphs are cottony white, and turn purple brown within an hour; they 

feed on the plant sap, and undergo five instars to become adults.  

The SBPH overwinter in fourth instar nymph in the soil, root of wheat, stubble, fallen 

leaves, weeds and other places. The length of the life cycle is variable; only one 

generation per year in northern countries while up to 5 generations have been reported in 

southern countries. They can overwinter in Korea and often come flying from abroad. 

The eggs hatch in about 7-10 days and then live as nymphs for eighteen to twenty days. 

After the five instars they become adults and can live for 20 to 25 days. The SBPH 

normally produces five generations per year. The first generation starts from the middle 

of March which has overwintered. The second generation is the most important for pest 

control since it moves out from wheat field to the early rice paddy field which is very 

susceptible to pathogens. This generation is responsible the outbreaks of SBPH. The forth 

instar nymph of fifth generation begins to overwinter in November. 

The body size of adult females and males are approximately 3.6-3.8 mm and 3.4-3.6 

mm in length, respectively. The body of adult SBPH is black to dark-brown, and the 

coloration varies with season. The mesonotum is black to dark-brown, as well as the 

pterostigma on the fore wings, and the areas between the carinae of the frons are deep 

black. The head is lemon yellow, and most of the compound eyes are black but often red 

while a stemma is dark-reddish.  
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2. General characteristics of Rice Stripe Virus 

 

Rice stripe virus (RSV) causes a severe disease of rice in Asian countries and mainly 

occurs from mid-May to early June. RSV is a plant pathogenic virus of the genus 

Tenuivirus. Other members of this genera are Maize stripe virus, Rice hoja blanca virus, 

and Iranian wheat stripe virus. The Tenuivirus causes diseases in their host plants with 

typical symptoms of chlorotic stripes on the affected leaves, and the infected rice plants 

produce no grain when they are inoculated earlier than the leaf stage.  

The genome of RSV comprises four species of segmented single-stranded RNA 

genome of RNA1, 2, 3 and 4 according to the size of each RNA molecule (Hibino 1985, 

Ishikawa 1989). The largest segment RNA1 encodes a 336.8 kDa protein which is 

thought to be a RNA dependent RNA polymerase (Toriyama 1994). RNA2 encodes 94 

kDa glycoprotein and NS2 (Takahashi 1993), RNA3 encodes NS2 and CP (Zhu 1991), 

and RNA4 encodes SP and NS4 (Zhu 1992). RNA1 is negative-sense single strand while 

RNA2, 3, and 4 are ambisense in their coding strategy (Takahashi 1993). 

Hemipteran insect have predominant features that allow the efficient virus transmission. 

The distinct feature of these insects is that they have piercing-sucking mouthparts which 

include a needle-like stylet bundle compounding of two maxillary and two mandibular 

stylets. The two maxillary stylets are interlocked and form two canals. While the wider 

food canal takes up plant sap into the cibarium, the esophagus, and the rest of the 

alimentary canal, the narrower salivary canal delivers saliva with the virus into the 

feeding puncture in the plant tissues.      
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There are four described mechanisms of insect transmission of plant-pathogenic 

viruses; nonpersistent, persistent-circulative, persistent-propagative, and semipersistent. 

While in nonpersistent transmission, insects can inoculate the virus into plants for only a 

few minutes after the acquisition and the insect loses the virus within a few minutes and 

upon molting. In persistent transmission, vector insects can inoculate the acquired virus 

for much longer periods from days to week, transmitting the virus after molting and often 

for their entire lifespan. The SBPH transmits the RSV in a persistent-propagative manner 

which means the viruses are often transmitted to the vector’s progeny through the 

infection of the embryos or germ cells in the female insects (Sylvester 1980). Also, 

evidences have revealed that amorphous or filamentous inclusions of RSV genes exist in 

most of the insect tissues (Zhang 2010) by detection of RSV gene products by light 

microscopy. Moreover, it has been confirmed that RSV particles which exist in follicular 

cells of the ovarioles can be transmitted from female adults to their progeny via eggs 

(Liang 2005).    

 

3. RNA-Sequencing 

 

After completed the human genome project in 2003, sequencing technology has been 

rapidly changed. The automated Sanger method is considered as a ‘first-generation’ 

technology, and newer methods are referred to as Next generation sequencing (NGS). 

From 2007, term of NGS has been used. NGS technologies revolutionized genomics and 

their effects are becoming increasingly widespread. The use of NGS over the past five 
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years has revolutionized the discovery of microorganism (Liu 2011) and the technology 

allows saving the money and time. NGS not only changed the sequencing technology 

conveniently but also made a new platform of genome research. 

Recently, the development of next generation sequencing (NGS) technologies provides 

a powerful alternative strategy for transcriptome analysis. The NGS technologies such as 

454 GS FLX (Roche), Genome Analyzer (Illumina) and AB SOLiD (ABI) were 

developed to derive not only an accurate and quantitative measure of individual gene 

expression, but also to discover novel transcribed regions and the alternative splice events. 

On all three of the platforms, genomic DNA or cDNA fragments are sequenced through 

massively parallel DNA-sequencing approach, producing large numbers of relatively 

short reads of tags (Wang 2009). Read lengths range from 30-100bp for Illumina GA and 

ABI SOLiD to 200-500 bp for GS FLX. Although these systems were significantly 

different in the approached used to produce massive amounts of sequences, these 

platforms were similar to rely on the work flow for the production and analysis of 

sequencing libraries.  

In sequencing reaction, NGS technologies exploit light emitted when the correct base 

matches the template being sequenced at every sequencing cycle. In each cycle, the flow 

cell is imaged in the number of non-overlapping regions. NGS technologies have an 

impressive application in a wide variety of fields such as solving practical challenges in 

medicine, engineering, agriculture and ecology (Ansorge 2009). 

 

4. RNA interference  
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Nearly 10 years ago, Fire described a process in which the application of exogenous 

dsRNA silenced the homolog endogenous mRNA in the worm Caenorhabditis elegans 

and called it RNA interference (RNAi) (Fire 1998). Although new for animals, the 

technique was already described as ‘post-transcriptional gene silencing’ in plants and as 

‘quelling’ in fungi. Moreover, those three techniques appeared to be remarkably well 

conserved in several eukaryotes (Fire 2007). RNAi soon proved to be very promising in 

several research fields: in genomics for gene function determination and gene knockdown 

in eukaryotes and in medicine to control cancers and viral disease.  

The mechanism of cell-autonomous RNAi is best known: dsRNA is cleaved by an 

RNase III, often called Dicer, into 21–25 bp short interfering RNA duplexes (siRNA). 

These siRNAs are incorporated in the RNA induced silencing complex (RISC); after 

discarding the passenger strand, the RISC will bind to a homolog mRNA, cutting it and 

thereby hindering translation. A number of factors determine whether a strong silencing 

effect can be achieved. First, dsRNA has to be taken up into the target cell in order to 

elicit a response. Second, this dsRNA must be processed by the RNAi machinery within 

the cell, eventually creating secondary 20–25 bp siRNA molecules that can act as triggers 

for sequence specific enzymatic degradation of endogenous mRNA.  

The dsRNA is delivered either by injection or by feeding insects. It has been reported 

that in several insect orders the gene can be knocked down by dsRNA injection 

(Tomoyasu and Denell 2004, Dong and Friedrich 2005, Martín 2006, Mutti 2006), but 

injection is not applicable to control pest insects in the field. Since then, it was reported in 
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a few insect species that dsRNA can be integrated in artificial diets and results in target 

gene knockdown (Araujo 2006, Turner 2006). In addition, two research papers indicate 

that transgenic crops can produce dsRNAs to protect the plant against insect feeding 

damage (Mao 2007). However, this technique is relatively complex and premature in 

terms of practical application in pest insect control. Thus, a more convenient way should 

be explored before dsRNA can be used as insecticides. 

Regarding the optimal target gene selection, taking advantage of the known genes and 

cDNA library screening were the main ways up to now (Araujo 2006, Turner 2006, Baum 

2007, Whyard 2009). Herein, the selection of target genes from the considered pest 

insects is still a major challenge. A high throughput screening system of RNAi target 

genes will be more appreciated when RNAi-based pest insect control can be taken in 

consideration. Recent results suggest that the next-generation sequencing (NGS) 

technologies allow directly sequencing the cDNA generated from RNA-seq (Haas and 

Zody 2010). This new method for analyzing RNA-seq data enables the de novo 

reconstruction of the transcriptome for a non-model organism (Kahvejian 2008) and can 

be used in RNAi target genes screening (Wang 2011). 
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CHAPTER 1. The transcriptomic responses of small brown 

planthopper, Laodelphax striatellus upon buprofezin treatement 

 

ABSTRACT 

 

The small brown planthopper (SBPH), Laodelphax striatellus (Fallén), is one of the 

most serious pest insects of rice plants because it transmits the rice stripe virus (RSV) 

which often causes significant reduction of yield in the rice field. buprofezin is an insect 

growth regulator (IGR) pesticide which is active against larval stages to cause cuticular 

lesions that result in the disruption of chitin synthesis. Because this insecticide has 

generally been considered to have a good efficacy against the target pests while being 

harmless to beneficial insects, it has been used widely in integrated pest management 

programs. 

To survey the responses of SBPH to buprofezin, 200ppm buprofezin was exposed to 4
th
 

instar SBPH by the dipping method, and extracted total RNA for RNA-seq by Illumina 

platform. Total of 2 x 26,848,684 and 2 x 27,310,742 of 101 base paired-end raw reads 

were obtained from buprofezin treated SBPH and control samples, respectively. The cDNA 
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library containing 23,817 contigs was constructed by Trinity de novo assembler and 

TransDecoder ORF finder. The quality filtered raw reads from experimental and control 

SBPH were subjected to the library with Bowtie2 and eXpress computer programs to 

obtain the differential gene expression profile. Following analysis revealed that 175 and 

144 contigs were down- and up-regulated over five-folds in the buprofezin treated samples, 

respectively. GO (gene ontology) enrichment analysis were subjected to study the changes 

of gene expression profile. Total of 9 GO terms showed differential expression under 

buprofezin treatment. These transcriptome and gene expression profiling dates will 

provide important information for future studies of molecular biology and physiology of L. 

striatellus.   

 

Key words: RNA-seq, Laodelphax striatellus, buprofezin  
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1. INTRODUCTION 

The small brown planthopper (SBPH), Laodelphax striatellus (Fallén), is an 

economically important phytophagous species in the family of Delphacidae of Hemiptera. 

It has a wide distribution range from south-east Asia to Siberia and Europe, and attacks 

several important agricultural crops including rice, corn, wheat, oat and barley. The 

damage is inflicted not only by direct feeding but also by transmitting several plant viruses 

such as rice stripe virus which causes chlorotic stripes or necrotic streaks on leaves, and 

premature wilting (Toriyama 1986, Hibino 1996, Falk and Tsai 1998). Although in Korea 

SBPH overwinters as the native species, recent studies revealed that SBPH is also a 

migratory pest. SBPH can migrate from one place to another place within China, as well as 

from China to Japan and Korea (Otuka 2010, Kim 2011).  

Insect growth regulators (IGRs) are specific to target insects and display relatively low 

toxicities towards non-target species compared to other chemical insecticides. 

Commercially available IGRs have been divided into three main types depending on their 

mode of action (Pener and Dhadialla 2012). The first group is known as the juvenile 

hormone agonists (JHAs) which mimic juvenile hormone (JH) activity and fatally disrupt 

the endocrine system (Slama 1971). The second group consists of the ecdysone agonists 

and antagonists which interfere the action of molting hormone and hinder normal 
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development. The third group consists chitin synthesis inhibitors which are the common 

IGR insecticides against planthoppers (De Cock and Degheele 1998). In third group, 

buprofezin is especially used in the control of homopteran pests, such as L. striatellus. Its 

mode of action is not fully understood, although the primary effect is active against larval 

developmental stages, causing cuticular lesions that result from the disruption of chitin 

synthesis (Uchida 1985). Against N. lugens, efficient nymphcidal activity of buprofezin 

has been found even at a concentration of less than 1 ppm (ASAI 1983). Because this 

insecticide has generally been considered to have a good efficacy against the target pests 

while being harmless to beneficial insects, it has been used widely in integrated pest 

management (IPM) programs (Nagata 1986). 

In recent years, the next-generation high-throughput RNA-sequencing techniques have 

been developed dramatically and improved the efficiency of discovering genes (Ansorge 

2009). The Illumina sequencing makes possible the mapping of short reads to individual 

gene sequences, and thus the quantification of overall gene expression levels is possible by 

counting the number of tagged short reads. Therefore, the Illumina sequencing technology 

expanded its applications to genome and transcriptome sequencing, gene identification, 

annotation, and tagging of the mapped genes for quantitative analyses especially for 
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non-model species whose genome sequence is not available (Velculescu 1995, Mardis 

2008, Wang 2009).  

This new method for analyzing RNA-seq data has been used for L. striatellus for over 10 

years. Transcriptome analysis between viruliferous and naive L. striatellus was reported 

(Zhang 2010, Lee 2013). Differentially responsive genes of the L. striatellus to low and 

high temperatures were analyzed using comparative genomics (Huang 2017). 

Organ-specific transcriptomes of the alimentary canal and salivary gland were analyzed in 

viruliferous and naive L. striatellus (Zhao 2016). The transcriptomic responses of L. 

striatellus upon juvenile hormone agonist and antagonist treatment have been reported 

(Fang 2017). Also, microRNA profiles of L. striatellus using the small RNA libraries 

derived from virus free and rice black-streaked dwarf virus infected insects were examined 

(Li 2015). 

Buprofezin-resistant strain of L. striatellus has been sequenced (Zhang 2012), however, 

the differentially expressed genes of buprofezin-treated L. striatellus have not been 

reported. In this study, to investigate the impact of buprofezin in molecular level, the 

Illumina sequencing technology was employed to sequence the transcriptome of L. 

striatellus under buprofezin treatment, and construct a reference in silico cDNA sequences 

by de novo assembly (Grabherr 2011). For differential gene expression study, the in silico 
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cDNA library was constructed by Tirinity de novo assembler. The expression levels of each 

gene were quantified by Bowtie2 and eXpress programs, and then subjected to gene 

ontology (GO) enrichment analysis to study the changes of gene expression profile. 
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2. MATERIALS AND METHODS 

 

2.1 Insect rearing and buprofezin treatment 

The L. striatellus was collected from the healthy rice (Oryza sativa) field and reared in 

the laboratory on 2–3 cm tall rice seedlings in glass vessels under a light:dark cycle of 16:8 

h at 26 °C, and transferred to fresh seedlings every 10–14 days to assure sufficient nutrition. 

The chemical buprofezin was purchased from SigmaAldrich (N98%, purity, St. Louis, MO, 

USA). For the insecticide treatment, dipping solutions of 200 ppm buprofezin was 

prepared in DDW with 0.05% polyvinyl alcohol; and fourth instar nymphs of L. striatellus 

were dipped for 30 seconds. After dipping, water was removed with paper towel and 

treated nymphs were cultured in plastic tubes containing four rice stems with moistened 

cottons to wrap the rice roots, and the test tubes were maintained at the previously 

described rearing condition. The control sample was treated with DDW containing 0.05% 

polyvinyl alcohol only. 

 

2.2 RNA extraction  

To conduct the transcriptome sequencing of L. striatellus upon buprofezin treatment, 

total RNA samples were isolated at 6 h post treatment by using Qiazol lysis reagent 
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(Qiagen, Germany) according to the manufacturer's protocol. Twenty individuals of 

buprofezin treated 4th instar nymphs were pooled and homogenized in 1 ml of Qiazol 

reagent, and added 0.2 ml of chloroform. After vortexing, the sample tube was centrifuged 

at 12,000 g, the supernatant was transferred to a new tube, and added 0.5 ml of isopropanol 

for RNA precipitation. The RNA was washed with 75% ethanol and resolved in 

nuclease-free water, and stored −80 °C for sequencing. 

 

2.3 cDNA synthesis, sequencing and data analysis of RNA-Seq 

The mRNA in the total RNA was converted into a library which was suitable for cluster 

generation by TruSeq RNA sample preparation kit. The first step was purifying the mRNA 

molecules by using poly-T attached magnetic beads followed by fragmentation. The 

cleaved fragments were reverse transcribed with random primers, subjected to second 

strand cDNA synthesis using DNA polymerase I and RNase H. These cDNA fragments 

were subjected to the end repair process, the addition of a single dATP, and ligation of the 

sequencing adapters. The products were then purified and enriched with PCR to create the 

final cDNA library. Finally the cDNA library of 250–300 bp insert was subjected to 

Illumina HiSeq 2000 sequencing platform for RNA-Seq to obtain 101 bases of paired-end 

sequences.  
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Because the genome or reference gene sequences of L. striatellus are not available at this 

moment, de novo assembly of the Illumina short read sequences was performed to 

construct the reference cDNA sequences based on the previously reported method (Fang 

2017). Series of computational processes were performed on a workstation computer 

running 64-bit Linux OS with Intel i7 CPU and 128GB of main memory. The raw reads 

from RNA-Seq of each sample were pooled and filtered by using NGS QC toolkit (Patel 

and Jain 2012) to remove low quality (Q-score>30) reads. The filtered clean reads were 

subjected to Trinity de novo assembler v2.4 program (Grabherr 2011) to generate contigs 

longer than 200 bp. The Trimmomatic (Bolger 2014) command line option of the Trinity 

program was also applied to remove adapter and artifact sequences from the 

quality-filtered short reads.  

The standalone version of TransDecoder program which was previously introduced 

with Trinity program (Haas and Papanicolaou 2016) was used to predict protein-coding 

sequences. Subsequently, the CD-HIT-EST (Li 2015) program was used to cluster 

homologous sequences with default parameters to merge highly homologous contigs 

(identity>95%) to construct final version of in silico cDNA library.  

The short reads of each sample were then mapped to the cDNA library by using Bowtie2 

program (Langmead and Salzberg 2012) followed by eXpress program (Roberts and 



 

10 

 

Pachter 2013) to compare the differential expression of each gene between control and 

buprofezin treated samples. And the cDNA library was also searched with the BLAST2GO 

program for BLASTX, Gene ontology and KEGG pathway analysis (Conesa 2005). 

 

2.4 Validation of sequencing result by qPCR 

To validate the RNA-Seq data with Hiseq 2000 system, the gene expression levels of 

each transcriptome measured by eXpress software were compared with those of qPCR. 

One μg of total RNA was reverse transcribed to cDNA with the QuantiTeck® Reverse 

Transcription Kit (Qiagen) according to the manufacturer’s instructions. qPCR was 

conducted by using QuantiTect reverse transcription kit (Qiagen, Germany), EvaGreen 

qPCR Mastermix (Applied Biological Materials Inc., Canada), and CFX96™Real-Time 

system (Bio-Rad, USA) according to the manufacturers' instructions. The PCR 

amplification profile was 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s, 58 °C 

for 15 s, and 72 °C for 30 s. The ADP ribosylation factor (ARF) was used as a reference 

gene for the calculation of fold change. The relative transcription levels were calculated by 

using the 2
−ΔCt

 method (Pfaffl 2001). The qPCR primer sequences of arbitrarily selected 

genes which were used for validation of NGS results are described in Table 1. 
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Table 1. Oligonucleotide sequences used for quantitative real-time PCR. 
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3. RESULTS 

 

3.1 Illumina sequencing 

The buprofezin treated L. striatellus nymphs showed approximately 80% of mortality at 

48 h post treatment. For total RNA extraction, the nymphs were collected at 48 h post 

treatment when most of the nymphs were viable. The total RNA from control and 

buprofezin treated nymphs were subjected to Illumina HiSeq 2000 sequencer to obtain 

27,301,742 and 26,848,684 bp of raw reads, respectively. By using NGS QC Tool kit, low 

quality sequence reads were filtered, and the percentage of the clean reads were 98.74% 

and 95.44%, respectively. The detailed transcriptome sequencing results of each sample 

was summarized in Table 2. The raw Illumina sequencing results were submitted to 

NABIC (National Agricultural Biotechnology Information Center, Rural Development 

Administration, Korea) NGS SRA database and the accession numbers for the 

transcriptome sequences of buprofezin treated and control sample are NN-3355 and 

NN-3350, respectively. 
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Table 2. Summary of the Illumina sequencing. 
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3.2 Characterization of the de novo assembled in silico cDNA library of L. striatellus 

Total of 194,199 contigs were initially obtained by Trinity program from the 54,150,426 

of pooled, paired-end clean reads of all the samples, and the final version of in silico cDNA 

library which contains 23,817 contigs (average length = 1,063 bp, N50 length = 1,461 bp) 

was obtained by using TransDecoder and CD-HIT-EST program. The length distributions 

of the L. striatellus contigs were showed in Fig.1. For gene ontology annotation, the 23,817 

contigs were subjected to Blast2GO to obtain GO annotations showed in Fig.2. Total of 

18,482 contigs were matched known functions after BLAST.  
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Fig.1. Length distributions of the de novo assembled cDNA library of L. striatellus. The length distribution of contigs was counted from 1kb to 

24kb with an interval of every 1 kilobase. 
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Fig.2 Gene ontology classification of L. striatellus cDNA library. Out of 23,817 contig sequences in the in silico cNDA library, total of 12,046 

sequences were assigned to functional GO terms in each of the three main categories by alignment to GO terms: biological process, cellular 

component, and molecular function. The Y-axis indicates the number of contig sequences mapped to the GO terms 
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3.3 Analysis of differentially expressed genes upon buprofezin treatment 

The total RNA samples were extracted from viable nymphs at 8 h post treatment, 

therefore, it was considered that those samples reflect the onset of sublethal dose effect of 

the buprofezin. The gene expression levels of each sample were quantified by mapping of 

the Illumina short reads to the in silico cDNA library by Bowtie2 program. The level of 

gene expression was converted to FPKM (fragments per kilobase of exon model per 

million fragments mapped) value by eXpress program to show 9,346 and 10,619 of the 

genes were down- and up-regulated under buprofezin treatment (Table 3). In the 9,346 of 

down-regulated genes, total of 20, 150, and 1242 genes were down-regulated over 10, 5-10, 

and 2-5 fold, respectively. In the 10,619 up-regulated genes, total of 19, 125, and 1515 

genes were up-regulated over 10, 5-10, and 2-5 fold under buprofezin treatment, 

respectively. The genes which showed lower than two-fold change were considered that 

the expression level did not change significantly.  

For GO annotation, the genes which responded to the buprofezin treatment were 

categorized into six groups. The first three groups were genes down-regulated over 2-5, 

5-10, and 10 fold under buprofezin treatement, respectively, and other three groups were 

the up-regulated genes in the same way. The significantly enriched biological processes 

were identified as those with FDR<0.05. Total five gene ontology groups which were 
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anatomical structure development (GO:0048856), developmental process (GO:0032502), 

single-organism developmental process (GO:0044767), multicellular organism 

development (GO:0007275) and single-multicellular organism process (GO:0044707) 

were highly affected by buprofezin in the up-regulated over 5-10 fold difference group. 

Total four gene ontology groups which were transmembrane receptor activity 

(GO:0099600), receptor activity (GO:0004872), molecular transducer activity 

(GO:0060089) and G-protein coupled receptor activity (GO:0004930) were highly 

affected by buprofezin in up-regulated over 2-5 fold difference group (Table 4). Moreover 

results showed that in up-regulated over 5-10 fold group, 5 GO terms were approximately 

over-enriched than reference set, 4 GO terms in 2-5 up-regulated group were 

approximately over-enriched than reference set (Fig.3). These results may reflect that these 

nine GO terms pivotally controlled by buprofezin treatment.  
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Table 3. Summary of differentially expressed contigs under buprofezin treatments. 
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Table 4. Gene ontology enrichment analysis of differentially expressed gene groups 

under buprofezin treatment. 
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B 

 

 

            

 

Fig.3. Functional clustering based on Gene Ontology of genes. Functional clustering based on Gene Ontology of genes that show significant 

differences are indicated for up-regulated over 5-10 fold differentially expressed genes under buprofezin treatment (A), and 2-5 fold differentially 

expressed genes (B). Percent of enriched sequences in test set and reference set were recorded respectivel
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3.4 Validation of the sequencing results by qPCR 

Six down-regulated genes under buprofezin treatment were selected to validate the 

Illumina sequencing result. The transcription level of the six contigs were calculated by 

qPCR with 2
−ΔCt

 method, and compared with those of Illumina sequencing result in FPKM 

value. All qPCR results were in good accordance with the Illumina sequencing result 

expect the contig 59719. The qPCR result of 56615, 57447 and 57884 demonstrated that 

the transcription level of those three contigs were in good accordance with the sequence 

analysis result. Although the other three contigs including 39860, 55234 and 59719 had 

difference results in the value of fold difference, the down-regulated trend under 

buprofezin treatment was the same (Fig.4).  
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Fig.4. Validation of the Illumina sequencing result by qPCR. The transcription levels of 

arbitrarily selected six genes were analyzed by qPCR to verify the Illumina sequencing 

result. Transcription levels of the six genes were calculated by qPCR with 2 
– ΔCT

 method 

and compared with those FPKM values of Illumina sequencing, respectively. The 

transcription levels of each gene measured by qPCR and sequencing methods were in 

agreement.  
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4. DISSCUSSION 

L. striatellus is one of the most problematic insect pests of rice in Asia. Although the 

ecological and physiological studies on L. striatellus have been extensively conducted, 

genomic information for L. striatellus is currently unavailable, and therefore, 

transcriptome and expression profiling data for this species are needed as an important 

resource to better understand the biological mechanisms of L. striatellus. In this study, we 

focused on the differentially expressed genes under buprofezin treatment and established 

an in silico cDNA library by Illumina sequencing of L. striatellus transcriptome which is 

believed to provide a valuable draft or reference gene sequences and important information 

for future studies of molecular biology and buprofezin-resistant mechanism of L. 

striatellus. 

Although total of 194,199 contigs were initially obtained by Trinity program from the 

54,150,426 of pooled, paired-end clean reads of all the samples, and the final version of in 

silico cDNA library only contains 23,817 contigs which were coding RNA genes. And the 

shortest and longest contigs of the final cDNA library were 297 bp and 23,796 bp, 

respectively. Non-coding RNAs also play the important roles in gene regulation at the level 

of chromatin modification, transcription and post-transcriptional processing (Mercer 2009). 
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The non-coding RNA sequences of L. striatellus were excluded from the analyses this time, 

however, the possible roles of non-coding RNAs need to in investigate in further study. 

The previously reported L. striatellus cDNA database contained 41,492 unigenes and 

only 6,873 (16.6%) unigenes have significant matches with BLASTX search against the 

NCBI-NR database (Zhang 2010) while 18,482 (77.6%) contigs of our cDNA library were 

matched with sequences of known functions. From another study, 53,553 unigenes with a 

mean size of 388 bp were obtained and half of these genes had an annotation with matches 

in the NCBI database of Nilaparvata lugens (Bao 2012). The reason that other studies 

reported more numbers of contigs possibly that those libraries included singleton 

sequences while ours did not.  

The Illumina sequencing is getting popular as a tool for gene expression study, and GO 

enrichment analysis provides a tool for interpretation of the high throughput data to 

expression profiles of functional set of genes. To investigate the effect buprofezin, the 

genes which showed over two fold difference were categorized into six groups (Table 4). 

The results showed that total of nine, the majority of the differentially expressed GO terms 

in this study were up-regulated by buprofezin treatment (Fig.3). Among the nine GO terms, 

four GO terms which were anatomical structure development (GO:0048856), 

developmental process (GO:0032502), single-organism developmental process 
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(GO:0044767), multicellular organism development (GO:0007275), were related to the 

development function may on account of the 4
th
 instar L. striatellus samples which were 

supposed to molt from nymph to adult, the effect of buprofezin may expresses its action at 

the time of molting as a chitin synthesis inhibitor (De Cock and Degheele 1998). Four 

molecular function GO terms which were transmembrane receptor activity (GO:0099600), 

receptor activity (GO:0004872), molecular transducer activity (GO:0060089) and 

G-protein coupled receptor activity (GO:0004930) were highly expressed in buprofezin 

treated L. striatellus than reference set that suggested buprofezin may affect the elemental 

activities of a gene product at the molecular level, such as binding or catalysis. Therefore 

the data of GO enrichment could provide a number of related contigs under buprofezin 

treated.  

Useful and excellent agricultural pesticides have been developed in the past 50 years. 

However, the efficiency in finding new major compounds through biological screening has 

decreased. Insecticidal target molecules are mostly related to the nerve or neuron and some 

to the respiratory machinery or cuticle formation. Chemicals acting on other targets are 

quite limited. So genome studies in insects appear to contribute to finding unexplored 

target genes which possibly cause insecticidal activity when their expressions and 

functions were disrupted. Our transcriptome and gene expression profiling data greatly 
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enriched the current L .striatellus database and will contribute to research with respect to 

the identification of novel genes, chemical targets, developmental process and IGR 

pesticide resistance mechanism. 
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CHAPTER 2. RNA interference for insecticidal activity in Small 

Brown Planthopper, Laodelphax striatellus by using dsRNAs 

targeting buprofezin-specific genes 

 

ABSTRACT 

The small brown planthopper, Laodelphax striatellus, is one of the most serious pest 

insects of rice plants. buprofezin has been used to control L. striatellus for more than a 

decade; however, the occurrence of buprofezin resistant L. striatellus was reported recently. 

To develop an alternative pest control strategy, RNA-seq of buprofezin-treated L. 

striatellus was performed to screen the buprofezin-specific genes for RNA interference 

(RNAi). Six genes were selected for dsRNA synthesis, and applied to L. striatellus to 

assess the insecticidal efficacy. Two and three of those dsRNAs showed moderated and 

substantial insecticidal activity up to 60% of mortality in 7 days post treatment, 

respectively. These results demonstrated the potential of gene screening strategy for 

development of the RNAi-based pest management program. 

 

Key words: Laodelphax striatellus, buprofezin, RNA-seq, RNA-interference 
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1. INTRODUCTION 

Chemical insecticides are used worldwide for controlling agricultural insect pests. 

Despite the numerous benefits that could come from the usage of pesticides, the risk of 

environmental contamination and effects to human health remains a major concern. These 

chemicals can enter the environment via various routes, such as spraying activities, soil 

seepage and water contamination. Moreover, the persistent nature and high toxicity of 

these pesticides can be detrimental to public health when exposed (Kim 2017), either 

through consumption, dermal contact or inhalation. Also overuse of insecticides has often 

led to the development of resistance against most active compounds in targeted insect pests, 

though resistance levels tend to vary with the kind of insecticides (Roush and McKenzie 

1987, Denholm and Rowland 1992, Lenormand 1999, Denholm 2002). 

L. striatellus is an economically important phytophagous species in the family of 

Delphacidae of Hemiptera (Zhang 2010). Besides injuring rice plants (Oryza sativa) by 

sap-sucking with its piercing-sucking mouthparts, L. striatellus also acts as the most 

important vector of rice stripe virus (RSV, belonging to Tenuivirus) in a persistent and 

propagative manner (Ramirez and Haenni 1994). Several factors are associated with the 
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population dynamics of SBPH, and these include changes in the agro-ecosystem, crop 

rotation, climate change, and pesticide application (Yamamura 2006, Jing 2015). 

Buprofezin is an IGR with activity against many insect pests. It acts by the inhibition of 

chitin synthesis, and has been used as insecticide for more than 20 years. As with many 

other chemical insecticides, widespread applications of buprofezin have resulted in high 

level resistance in natural populations of insect pests, such as N. lugens (Wang 2008) and B. 

tabaci (Cahill 1996). Also many field populations of L. striatellus also show resistance to 

buprofezin (Gao 2008, Wang 2008). In previous studies, a buprofezin-resistant strain of L. 

striatellus through many generations of selection on a susceptible line was established to 

investigate the mechanism underlying buprofezin resistance and found that the 

detoxification enzyme, cytochrome P450 monooxygenases (P450s), and 

NADPH-cytochrome P450 reductase (CPR) contributed to the buprofezin resistance 

(Zhang 2012, Zhang 2016). 

RNA interference (RNAi) refers to double-stranded RNA (dsRNA) mediated gene 

silencing (Fire 1998). Since its discovery, it has been widely used in insect genetic research. 

Recently, a new hot point is to find a feasible way to use RNAi as an alternative method for 

practical application as insecticides (Huvenne and Smagghe 2010). In this aspect, two 

major technologies are considered as the most important, namely, a simple delivery system 
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and a high throughput screening method of optimal RNAi target genes, especially in those 

pests lacking any genome or transcriptome sequence information (Wang 2011). It has been 

reported the gene in planthoppers can be knocked down by dsRNA injection (Xue 2013), 

feeding of artificial diets containing dsRNA (Wan 2014) and transcribing dsRNA (Zha 

2011) in planthoppers. Recent researches suggest that the NGS technologies allow directly 

sequencing the cDNA generated from messenger RNA (RNA-seq) (Wang 2009). This new 

method for analyzing RNA-seq data enables the de novo reconstruction of the 

transcriptome for a nonmodel organism (Kahvejian 2008), and also has led to novel 

opportunities to be used in RNAi target gene screening. 

In chapter 1, the Illumina sequencing technology was employed to analyze the 

differential gene expression between buprofezin treated L. stratellus and control L. 

striatellus to select the genes down-regulated by buprofezin. Presumably, these genes are 

responsible to the IGR effect of buprofezin, and potential target of RNAi because 

down-regulation of these genes can possibly cause insecticidal activity to mimic the 

mechanism of buprofezin. In this study, the insecticidal activities of the selected dsRNAs 

targeting buprofezin-specific genes were investigated by feeding of dsRNA to L. striatellus 

through the rice plant irrigated with dsRNA solution. 
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2. MATERIALS AND METHODS 

 

2.1 Selection of genes for RNAi 

In chapter 1, by Illumina sequencing, we got the differential expressed genes of L. 

striatellus under buprofezin treated. Total of 57 contigs were down-regulated over two fold 

under buprofezin treatment and all the FPKM of these control sample contigs were over 

100. Then these 57 contigs were subjected to BLAST search to NCBI database to select the 

candidate genes for RNAi in the next experiment. 

  

2.2 Total RNA extraction and target gene cloning 

Total RNA was extracted using Qiazol lysis reagent (Qiagen Ltd., Crawley, UK) 

according to the manufacturer’s instructions. The procedure is the same as described in 

Chapter 1. 

The total RNA extracted from L. striatellus was then used for cDNA synthesis with 

QuantiTect Reverse Transcription Kit (Qiagen Ltd.,Crawley, UK). Briefly, 1μg of each 

RNA was incubated for 2 min at 42°C with gDNA wipeout buffer and RNase-free water 

to eliminate gDNA. The total RNA without gDNA then were added Quantiscript Reverse 

Transcriptase and RT buffer and incubated for 15min at 42°C for activation of reverse 
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transcriptase. For the last step, the entire reverse-transcription reactions were incubated 

95°C for 3min to inactivate reverse transcriptase. With the synthesized cDNA, target 

genes were amplified with a set of primers added T7 promoter sequences (Table 5) 

through PCR reaction. Amplified products were visualized in 0.8% agarose gels and then 

ligated into pGEM-T easy vector (PROMEGA, USA) and then transformed into TOP10 

competent E.coli cells. After 12h incubation the plasmids were purified by using QIAprep 

Spin Miniprep Kit (Qiagen Ltd., Crawley, UK) and confirmed by nucleotide sequencing. 

 

2.3 dsRNA synthesis  

Nucleotide sequence of the candidate genes for dsRNA treatment were applied to the 

BLOCK-iT
TM 

RNAi Designer (https://rnaidesigner.thermofisher.com/rnaiexpress) to 

predict the candidate siRNA sites, and dsRNA sequences were designed to include at least 

three putative siRNA sites. Single-strand cDNAs of the target genes were synthesized from 

total RNA of the L. striatellus using the QuantiTect Reverse Transcription Kit (QIAGEN, 

Germany) according to manufacturer’s instructions, and the target genes were amplified 

with a set of primers including T7 promoter sequence (5'-TAATACGACTCACTATAG-3') 

at 5'-end (Table 5). By using the amplified product as template, dsRNAs for the target 
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genes were produced by Genolution Phamaceuticals (Korea). The molecular size of each 

synthesized dsRNA was confirmed on a 1.8% agarose gel. 
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Table 5. Primer information for RT-PCR of candidate dsRNA 

 

＊T7 sequence: TAATACGACTCACTATAG  
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2.4 Delivery of dsRNA to L. striatellus and Insect bioassay 

Fifteen 4
th
 instar nymphs of L. striatellus were ingested with dsRNA by using 

rice-mediated feeding RNAi method according to previously report described (An 2017). 

Briefly, a feeding chamber was fabricated by assembling 15-ml conical tube (Fisher 

Scientific, USA) with the hole on top of the tube to provide air and a 10-μl tip was placed 

into the hole to prevent L. striatellus from escaping the tube. Parafilm Mfilm (Bemis, USA) 

was placed to seal gap between 15-ml tube and tube cap consisting feeding chamber to 

make a reservoir for holding dsRNA solution.  

For screening the mortality of L. striatellus under buprofezin-specific dsRNA treatment, 

the six dsRNAs with 250 ng/μl of final concentration in 10% of sucrose solution were 

respectively delivered to nymphs. To investigate the combinational mortality effects of 

buprofezin-specific dsRNAs, the dsRNA cocktails containing all of the candidate dsRNAs 

or except one each designated minus with equal 250 ng/μl final concentration were 

respectively delivered to nymphs. To measure the dose-dependent mortality of L. 

striatellus under dsRNA treatment, 30, 60, 120, 180 and 250 ng/μl concentration of each 

dsRNA or dsRNA cocktails were treated to nymphs. The dsRNA-treated rice leaves 

infested with L. striatellus in the feeding chamber were placed in growth chamber at 28°C, 
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80% relative humidity, and 16:8h (light:dark) photoperiod. All insecticidal dsRNA tests 

were observed for 7 days persistently. 

 To examine synergistic insecticidal activity of buprofezin-specific dsRNA and 

buprofezin, 0.2, 2, 5, 10, 20 and 200 ppm buprofezin was respectively dipped to L. 

stiratellus reared on the healthy rice, the mortality was recorded at 72 h post treatment. On 

other side, the same buprofezin treated L. striatellus were reared on the dsRNA treated rice 

and mortality was recorded at 72 h post treatment. Mortality studies consisting of two 

biological replicates and two technical replicates each was analyzed with the program 

package SPSS (SPSS, 2001). Scheffe’s post hoc tests were used to identify groups that 

differed. Effects were considered significant at the P<0.05 level. 

 

2.5 Quantitative PCR analysis of knock down 

The L. striatellus fed on dsRNA-treated rice leaves were collected after 48h for RNA 

extraction using the same method mentioned before. Complementary DNA was 

synthesized with oligo-d(T) primer using QuantiTect Reverse Transcription Kit (QIAGEN, 

Germany). Quantitative PCR was conducted using the EvaGreen qPCR Master Mix 

(Applied Biological Materials, Canada) and a CFX96
TM

 Real-Time System (BIO-RAD, 

USA) according to the manufacturer’s instructions. The cycling profile used for qPCR was 
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as follows: a preheating step for enzyme activation at 95°C for 10 min, followed by 40 

cycles of 95°C for 15 sec, 55°C for 15 sec and 72°C for 30 sec. The ADP ribosylation 

factor (ARF) was used as a reference gene. The relative transcription levels were 

calculated using the 2
-ΔCt

 method (Pfaffl 2001). The primers used for qPCR are listed in 

Table 6. 

 

  



 

39 

 

Table 6. Primer used in qPCR 
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3. RESULT 

 

3.1 Selection of genes for RNAi  

Considering the FPKM value and the down-regulation under buprofezin, the 

information of top 20 genes which have lowest ratio of buprofezin to control were listed 

in Table 7. According to the ratio of buprofezin and Control, five buprofezin-specific 

contigs with the minimum ratio were selected to synthesize dsRNA. Because buprofezin 

is a chitin synthesis inhibitor insecticide, comp59719 predicted code chitin synthase was 

also selected to synthesize dsRNA. And these six selected buprofezin-specific contigs 

were renamed to 39860, 55234, 56615, 57447, 57884 and 59719 listed in the Table 8.
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Table 7. The list of down-regulated genes upon buprofezin 

treatment. 
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Table 8. The list of selected buprofezin-specific genes upon buprofezin treatment. 
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3.2 The confirmation of synthesized dsRNA 

 The synthesized dsRNA of 39680, 55234, 56615, 57447, 57884 and 59719 were 

confirmed on a 1.8% agarose gel. ds39680, ds55234, ds56615, ds57447, ds57884 and 

ds59719 yielded expected product of 452bp, 607bp, 657bp, 551bp. 628bp and 550bp, 

respectively. As a result of this gel electrophoresis, the synthesized dsRNA were confirmed 

(Fig.5). 

 

3.3 Silencing of candidate genes in L. striatellus ingested buprofezin-specific dsRNAs 

By feeding RNAi system, silencing of the six selected genes upon Burprofezin-specific 

dsRNAs treated and dsGFP treated L. striatellus were confirmed by using qPCR. As show 

in Fig.6, the expression of six selected genes was all decreased at 48 h under 250 ng/μl 

Burprofezin-specific dsRNA treatments. Four of buprofezin-specific genes, 55234, 57447, 

57884 and 59719, their relative transcription levels were reduced over 50% compared to 

those of dsGFP treatment. The other two genes, 39860 and 56615, their relative 

transcription levels were only reduced to 30% compared to dsGFP treatment. Although 

the value of FPKM was related to the gene transcription level, not all the genes showed 

the same trend. The FPKM of gene56615 was not the highest, but the related 
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transcription level was the highest. The FPKM ratio of gene59719 was 0.93, but the 

relative transcription level was reduced over 50% under ds59719 treatment.  
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Fig. 5. Agarose gel confirmation of synthesized dsRNA. ds39680, ds55234, ds56615, 

ds57447, ds57884 and ds59719 yielded expected product of 452bp, 607bp, 657bp, 551bp. 

628bp and 550bp. M, 1kb DNA ladder. 
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Fig. 6. Silencing of candidate genes in L. striatellus ingested buprofezin-specific 

dsRNAs. Fifteen 4th instar nymphs of L. striatellus were fed on rice leaves steeped in 

dsGFP (Genolution Phamaceuticals,Korea) or six buprofezin-specific dsRNAs for 48 h. 

Relative transcription levels of six buprofezin-specific genes in L. striatellus were 

measured by qPCR. All assays were performed in triplicates and different letters above 

error bars (indicating ± standard deviations) indicate a significant difference by Scheffe’s 

post hoc tests (P < 0.05)



 

47 

 

3.4 Silencing of buprofezin-specific genes by dsRNA causing increased mortality 

Six dsRNAs targeting buprofezin-specific genes were supplied ad libitum to L. 

striatellus for seven days. The L. striatellus treatment with ds39860 did not show 

significant difference of mortality compared to that of dsGFP or negative control. 

However, the other five dsRNAs showed significant impact on nymphal mortality. 

Especially, ds56615, ds57447 and ds59719 showed significantly higher mortality than the 

others at the same concentrations of 250 ng/μl (Fig.7). Moreover, the L. striatellus treated 

with dsRNA cocktails containing all five of ds55234, ds56615, ds57447, ds57884 and 

ds59719 or four of those except one each designated minus with the equal 250 ng/μl final 

concentration showed that ds56615, ds57447 and ds59719 had higher mortality than 

ds55234 and ds57884 (Fig.8). Then dsRNA cocktails containing all three of the selected 

-ds56615, ds57447 and ds59719 or two of those except one each designated minus with 

the equal 250 ng/μl final concentration were delivered to L. striatellus, and the mortality 

results did not show significant differences between these three dsRNA treatment (Fig. 

9). 

To confirm the dose-dependent mortality of L. striatellus under ds56615, ds57447 and 

ds59719 treatment, 30, 60, 120 and 180 ng/μl concentration dsRNAs were treated to L. 

striatellus. The result showed the mortality was increased with higher concentration of 
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dsRNA treatment and especially ds56615 of 180 ng/μl concentration caused over 40% 

mortality higher than the other two dsRNAs (Fig. 10). Also the dsRNA cocktail containing 

ds56615, ds57447 and ds59719 was supposed to have dose-dependent mortality of L. 

striatellus from 0 to 250 ng/μl concentration treatments (Fig. 11), and there was no 

significant difference between 180 ng/μl and 250 ng/μl dsRNA treatment.  

Synergistic insecticidal activity of buprofezin-specific dsRNAs and buprofezin were 

also surveyed. buprofezin insecticide experiment showed L. striatellus reached 70% 

mortality when treated with 200 ppm and only 40% mortality under 5 ppm chemical 

treatments (Fig.12). However, the mortalities of L. striatellus pretreated with low 

concentrations of buprofezin followed by feeding of dsRNA cocktail were up to 80%. 

Treatment of 0.2ppm buprofezin did not show insecticidal effect to L. striatellus, however, 

treatment with dsRNA cocktail containing buprofezin-specific dsRNAs was able to cause 

approximately 30% of mortality (Fig. 13). Only the treatment with 5 ppm buprofezin and 

dsRNA cocktail was able to reach 80% mortality, which was 40% higher than that of 

buprofezin only treatment.  
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Fig. 7. The mortality of L. striatellus at 7 days post treatment of single 

buprofezin-specific dsRNA treatment. Each group of fourth instar nymphs was 

continuously supplied ad libitum with rice seedlings irrigated with 250 ng/μl of each 

dsRNA. All assays were performed in triplicates and different letters above error bars 

(indicating ± standard deviations) indicated a significant difference by Scheffe’s post hoc 

tests (P < 0.05). (NT= Negative control) 
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Fig. 8. The mortality of L. striatellus at 7 days post treatment of dsRNA cocktail 

containing five buprofezin-specific dsRNA. Each group of 4
th
 instar nymphs were 

continuously supplied ad libitum with rice seedlings irrigated with 250 ng/μl of dsRNA 

cocktail. The dsRNA cocktails containing all of the five dsRNAs or four dsRNAs except 

one each designated with minus sign under equal concentration. All assays were 

performed in triplicates and different letters above error bars (indicating ± standard 

deviations) indicated a significant difference by Scheffe’s post hoc tests (P < 0.05). (NT= 

Negative control) 
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Fig. 9. The mortality of L. striatellus at 7 days post treatment of dsRNA cocktail 

containing three buprofezin-specific dsRNA. Each group of fourth instar nymphs were 

continuously supplied ad libitum with rice seedlings irrigated with 250 ng/μl of dsRNA 

cocktail. The dsRNA cocktails containing all of the three dsRNAs or two dsRNAs except 

one each designated with minus sign under equal concentration. All assays were performed 

in triplicates and different letters above error bars (indicating ± standard deviations) 

indicated a significant difference by Scheffe’s post hoc tests (P < 0.05). (NT= Negative 

control)  
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Fig. 10. The mortality of L. striatellus at 7 days post treatment of dose-dependent 

buprofezin-specific dsRNA treatment. Each group of fourth instar nymphs was 

continuously supplied ad libitum with rice seedlings irrigated with dose-dependent dsRNA. 

All assays were performed in triplicates and different letters above error bars (indicating ± 

standard deviations) indicated a significant difference by Scheffe’s post hoc tests (P < 0.05). 

(NT= Negative control) 
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Fig. 11. The mortality of L. striatellus at 7 days post treatment of dose-dependent 

buprofezin-specific dsRNA cocktail treatment. Each group of fourth instar nymphs was 

continuously supplied ad libitum with rice seedlings irrigated with dose-dependent dsRNA 

cocktail containing ds56615, ds57447 and ds59719. All assays were performed in 

triplicates and different letters above error bars (indicating ± standard deviations) indicated 

a significant difference by Scheffe’s post hoc tests (P < 0.05).  
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Fig. 12. The mortality of L. striatellus at 72 h treatment upon dose-dependent 

concentration buprofezin by dipping method. All assays were performed in triplicates 

and different letters above error bars (indicating ± standard deviations) indicated a 

significant difference by Scheffe’s post hoc tests (P < 0.05). 
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Fig. 13. The mortality of the L. striatellus at 72 h treatment under buprofezin-specific 

dsRNA cocktail treatment after buprofezin dipping treated previously. The nymphs 

were dipped with buprofezin solution of different concentration by 30 seconds, and then 

reared on the rice seedlings which were cultured in buprofezin-specific dsRNA cocktail or 

dsGFP for negative control at the same concentration of 250 ng/μl. All assays were 

performed in triplicates and different letters above error bars (indicating ± standard 

deviations) indicated a significant difference by Scheffe’s post hoc tests (P < 0.05). 
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4. DISSCUSSION 

Taking advantage of known genes is a simple and effective way to verify RNAi targets, 

but the scope of selection was limited (Bautista 2009, Whyard 2009). RNA-seq is a high 

throughput sequencing technology which does not include any cloning or amplification 

step, and requires less RNA sample, and is not limited to detecting transcripts 

corresponding to existing genomic sequences, thus it is especially suitable for non-model 

organisms (Wang 2009). Therefore, we chose this method to select down-regulated target 

genes under buprofezin treatment for RNAi test to explore potential insecticidal dsRNA in 

this study. Using this method, among the 23817 contigs, 9346 and 10619 genes were 

down- and up- regulated upon buprofezin treatment, respectively. After validation, we 

synthesized six candidate dsRNAs to perform RNAi experiment. They were bacterial 16S 

ribosomal RNA gene of gene39860, cytochrome P450 of gene55234, lipophorin precursor 

of gene56615, endocuticle structural glycoprotein, acyl-CoA desaturase and Chitin 

synthase. 

 Although deep 16S rRNA sequencing was not been analyzed in our experiment, 

gene39680, 16S rRNA was found in differential gene expression analysis. Because any 

RNA fragments containing span exon junctions or polyA sequences could be mapped in 

the same way in RNA-seq process (Wang 2009), and the ratio of gene 39680 reads in 
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whole transcriptome sequencing was very low, so it is possible to find the bacterial 16S 

rRNA gene in the cDNA library. Generally, the 16S rRNA gene has been used as a 

molecular marker enabling the detection of as-yet-uncultured microbes (Weisburg 1991, 

Haynes 2003). Symbionts have been found to contribute to the nutrition, development, 

reproduction, speciation, and defense against natural enemies of their host insects 

(Baumann 2005). There have been reported that the small brown planthopper had the 

diversity of the bacterial microbes and they may associated with different populations and 

specific tissues (Tang 2010). In our experiment, 16S rRNA gene 39860 was 

down-regulated after buprofezin treatment, but ds39860 did not show significant mortality 

to L. striatellus. This result showed that buprofezin might have effect to symbiotic 

microbes in L. striatellus, but silencing of the gene39860 had no effect to survival of L. 

striatellus. Silencing of other five genes 55234, 56615, 57447, 57884, and 59719 all 

caused increased mortality to L. striatellus, and the RNAi experiment using dsRNA 

cocktail demonstrated that ds56615, ds57447, and ds59719 had more significant mortality 

effect to L. striatellus.  

Gene 56615 indicated lipophorin precursor of insects. Lipophorin is the major 

hemolymph lipoprotein, and its main function is to transport lipids throughout the insect 

body, loading dietary lipids in the midgut and delivering them to the sites of their 
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metabolism and storage. In the mosquito, Aedes aegypti, lipophorin was accumulated as a 

yolk protein precursor (Sun 2000). But there have been few studies about lipophorin in 

planthoppers. Silencing of gene 56615 caused decrease synthesis of lipophorin to affect the 

transportation of lipids and possibly resulted in low survival in L. striatellus.  

Endocuticle structural glycoprotein was isolated from the endocuticles of the migratory 

locust Locusta migratoria and the desert locust Schistocerca gregaria, but little is known 

about its function (Jespersen 1994). In our study, silencing of gene57447 caused the 

increase in mortality of SBPH, suggesting that endocuticle structural glycoprotein plays an 

important role in synthesis of which was reported in case of Locusta migratoria (Zhao 

2017).  

Chitin synthase coded by gene59719 was studied intensively in planthoppers. The chitin 

biosynthesis pathway is highly conserved, and the principal enzyme involved in this 

pathway is chitin synthase (CHS), which is responsible for the last step of chitin polymer 

formation (Candy and Kilby 1962). Two types of CHS have been observed in most insects: 

CHSA and CHSB. CHSA is responsible for chitin synthesis in the cuticle, trachea, eggs and 

ovaries, whereas CHSB has been observed in insect midgut epithelial cells in the 

peritrophic matrix (PM) (Merzendorfer 2006). The RNAi of NlCHSA has been shown to 

result in a high mortality and moulting defects in N. lugens nymphs (Wang 2012). Also, in 
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our experiment silencing of gene59719 caused significant mortality to L. striatellus and 

possible reason might be the decreased transcription of chitin synthase which might affect 

molting.  

Among the major enzyme Cytochrome P450 monooxygenases (P450s) was involved in 

conferring resistance to many types of insecticides, and they play roles in the detoxification 

and bioactivation of insecticides in various insecticide-resistant insects, and reported, in N. 

lugens, the mosquito Culex pipiens quinquefasciatus, and the greenhouse whitefly 

Trialeurodes vaporariorum (Westwood) (Hardstone 2010, Bass 2011, Karatolos 2012). In 

L. striatellus, an increase in P450 activity was also found in buprofezin-resistant L. 

striatellus, and one of the 38 P450 genes in L. striatellus was highly overexpressed in the 

burpofezin-resistant strain compared with the susceptible strain (Zhang 2012). In our 

experiment, cytochrome P450 gene55234 was down-regulated under buprofezin treatment 

and also silencing of gene55234 caused reduced mortality to SBPH but it was not 

significant. Gene57884 was 87% similar with the Nilaparvata lugens acyl-CoA Delta(11) 

desaturase-like mRNA. Little is known about acyl-CoA desaturase in planthoppers. And 

gene expression level of fatty acyl-CoA reductase was significantly repressed at high 

temperature that showed to play an essential role in low and high temperatures in 

planthopper species (Huang 2017). Because of our experiment was performed in a 
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controlled laboratory condition, silencing of gene57884 did not show the significant 

decrease mortality in the SBPH. 

 Buprofezin is considered to have low acute toxicity to humans and other mammals and 

has been used widely in integrated pest management programs results in the development 

of resistance in planthoppers. However, recent research indicated that buprofezin could 

perturb the energy metabolism of mouse liver (Ji 2016). Buprofezin residue can be easily 

absorbed by the human body via the oral cavity, the skin and the respiratory tract (Culleres 

2007) and therefore has potentially adverse effects on human health. Our experiment 

provides a new point of view of using this effectual insectcide. Because RNAi was 

recognized as a novel and safe strategy in the fight against important pest organisms 

(Huvenne and Smagghe 2010), buprofezin-specific genes found in our experiment could 

be used control against L. striatellus.  

 In conclusion, our results demonstrate that a direct delivery via host plant is a feasible 

way to introduce dsRNA into the SBPH, which then leads to a down-regulation of gene 

expressions and finally to death of L. striatellus. The three target genes of 56615, 57447 

and 59719 could be utilized for the development of pest-resistant transgenic plants based 

on RNAi. However, some questions still remain to be further investigation, such as in 

which tissues or cells where these genes are silenced and whether the proposed receptor 
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mediated endocytosis and RNAi is relatively complex and premature in terms of practical 

application in pest insect control, so more research should be explored before dsRNA can 

be used as insecticides. Nevertheless, our findings considerably broaden the selection of 

targets for RNAi research from insecticide treatment insects. It may lead to new strategies 

in designing the RNAi-based technology against insect damage. 
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CHAPTER 3. Silencing of rice stripe virus in Laodelphax striatellus  

using SBPH-derived double-stranded RNAs 

 

Abstract 

Rice stripe virus (RSV) is one of the serious plant pathogenic viruses for rice transmitted 

by small brown planthopper (SBPH), Laodalphax striatellus. RNA interference (RNAi) 

was recently suggested as a promising strategy for controlling insect pests, including those 

that serve as important vectors for plant pathogens. To disturb transmission of the RSV in 

SBPH by using RNAi pathway, we chose nine genes highly expressed in RSV-viruliferous 

SBPH by transcriptome sequencing. These SBPH-derived dsRNAs were applied to the 

insects indirectly through xylem of rice leaves by irrigation. qPCR result demonstrated that 

three out of eight SBPH-derived dsRNAs successfully reduced the replication of RSV in 

viruliferous SBPH in dose-dependent manner, suggesting that these four dsRNAs could 

suppress replication of RSV and provide a new tool for RSV control strategy. 
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1. Introduction 

The small brown planthopper, Laodelphax striatellus scattered all around the world is 

one of the sucking insect pests and transmits the rice stripe virus (RSV) in a 

circulative-propagative manner (Toriyama 1986). Once L. striatellus ingests RSV by 

feeding on infected plants, the virus initially infects the midgut epithelium, and then 

spreads to other tissues and organs through hemolymph (Hogenhout 2008). Ultimately, 

RSV invades into the salivary glands and reproductive system (Wu 2014). For successful 

transmission of plant viruses in their insect vectors, specific interactions between viral 

proteins and vector-associated compounds is required (Power 2000).  

Rice stripe virus (RSV), a single-stranded RNA virus of the genus Tenuivirus, causes 

rice stripe disease, which is one of the most notorious rice diseases in temperate and 

subtropical regions (Toriyama 1986, Falk and Tsai 1998). RSV uses a negative-sense and 

ambisense coding strategies to encode seven proteins, which are RNA-dependent RNA 

polymerase (RdRp), NS2, NSvc2 (putative membrane glycoprotein), NS3 (gene silencing 

suppressor), Cp (nucleocapsid protein), Sp (nonstructural disease-specific protein) and 

NSvc4 (movement protein) (Hayano 1990, Zhu 1992, Takahashi 1993, Toriyama 1994, 

Xiong 2008). Typical symptoms of RSV include pale and discontinuous yellow stripes, 

blotches and dead tissue streaks on the leaves. 
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  RNA interference (RNAi) is a post-transcriptional gene regulation mechanism in 

eukaryotes (Ding 2010, Merkling and van Rij 2013). The mechanism of RNAi involves the 

cleavage of double stranded RNA (dsRNA) by the RNase III, Dicer, into 21–25 nt-long 

small interfering RNA duplexes (siRNA) in an ATP dependent manner (Bass 2000). These 

siRNAs interact with Argonaute proteins to form the multi-protein RNA-induced silencing 

complex (RISC), which recognizes and degrades complementary mRNA in a 

sequence-specific manner (Hammond 2005). RNAi has been considered as a promising 

strategy for silencing of plant viruses in their insect vectors including planthoppers, aphids, 

whiteflies, and thrips (Kanakala and Ghanim 2016). In these approaches, target genes of 

insect vectors could be silenced not only for inducing mortality of insect vector itself but 

also for interfering with the transmission of plant viruses (Kanakala and Ghanim 2016). In 

L. striatellus, it was reported that RNAi-based silencing of cuticular protein, CRP1, 

transcription decreased transmission efficiency of RSV (Liu 2015). 

 Recently, siRNAs has been identified in L. striatellus infected with RSV through small 

RNA deep sequencing, demonstrating the potential existence of RNAi-mediated immunity 

against RSV in L. striatellus (Xu 2012, Li 2013). Feeding dsRNA via artificial saps or 

transgenic plant was evaluated for major hemipteran sucking insects such as whitefly 

(Upadhyay 2011), aphids (Pitino 2011) and leafhoppers (Chen 2010, Li 2011, Zha 2011). 
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By transcriptome surveys of RSV-viruliferous L. striatellus, we identified highly 

expressed genes and selected the related genes with RSV of L. striatellus from previously 

published papers (Zhao 2016), and investigated expression profile of these genes in 

RSV-viruliferous and non-viruliferous L. striatellus. Then we used an RNAi technique 

based on dsRNA delivery via leaf to knock-down the target genes to figure out the 

possibility of applying dsRNA to control rice stripe virus. 
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2. Materials and methods 

 

2.1 Insect culture and inoculation of RSV to non-viruliferous SBPH 

As the previous chapter, the non-viruliferous L. striatellus were collected from the 

healthy rice (Oriza sativa) field and reared on uninfected rice in the insectary at 28 °C, 80% 

relative humidity, and 16:8 (light:dark) photoperiod. To obtain RSV-viruliferous L. 

striatellus, 2
nd

 instar nymphs of the non-viruliferous L. striatellus were fed on 5-6cm tall 

RSV-infected rice for 24h, 72h and 7 days in the insect growth chamber (28℃, 80% RH, 

16:8 (L:D) photo period).  

 

2.2 Target gene design from SBPH genes 

The nucleotide sequence of 11 target SBPH genes which were up-regulated in RSV 

infected SBPH were obtained from the transcriptome analysis of SBPH carrying RSV. And 

7 SBPH genes related to RSV which have been reported previously were also selected to 

proceed. The transcription level of these 18 candidate genes in RSV-viruliferous and 

non-viruliferous SBPH were screened by qPCR. Then selected target SBPH genes were 

applied to the Invitrogen BLOCK-iT
TM

 RNAi Designer software to find the candidate 
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siRNA site. Each dsRNA for the target gene was designed to include at least three putative 

siRNA sites.
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2.3 Total RNA extraction and target gene cloning 

The total RNA extracted from RSV-viruliferous SBPH was used for cDNA synthesis 

with QuantiTect Reverse Transcription Kit (Qiagen Ltd., Crawley, UK). The procedure is 

the same as described in Chapter 1. The target gene cloning is also same as described in 

Chapter 2. Briefly, 1 μg of each RNA was incubated for 2 min at 42°C with gDNA wipeout 

buffer and RNase-free water to eliminate gDNA. The total RNA without gDNA then were 

added Quantiscript Reverse Transcriptase and RT buffer and incubated for 15min at 42°C 

for activation of reverse transcriptase. For the last step, the entire reverse-transcription 

reactions were incubated 95°C for 3min to inactivate reverse transcriptase. With the 

synthesized cDNA, the target genes were amplified with a set of primers added T7 

promoter sequences (Table 9) through PCR reaction. The amplified amplicon were ligated 

into pGEM-T easy vector (PROMEGA, USA) and then transformed into TOP10 

competent E.coli cells. After 12h incubation the plasmids were purified by using QIAprep 

Spin Miniprep Kit (Qiagen Ltd.,Crawley, UK) and confirmed by nucleotide sequencing. 
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Table 9. Primer information of candidate dsRNA reducing RSV. 
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2.4 dsRNA synthesis and quantification 

Nucleotide sequence of the candidate genes for dsRNA treatment were applied to the 

BLOCK-iT
TM

 RNAi Designer (https://rnaidesigner.thermofisher.com/rnaiexpress) to 

predict the candidate siRNA sites, and dsRNA sequences were designed to include at least 

three putative siRNA sites. Single-strand cDNAs of the target genes were synthesized from 

total RNA of the L. striatellus using the QuantiTect Reverse Transcription Kit (QIAGEN, 

Germany) according to manufacturer’s instructions, and the target genes were amplified 

with a set of primers including T7 promoter sequence (5'-TAATACGACTCACTATAG-3') 

at 5'-end (Table 9). Using the amplified product as template, dsRNAs for the target genes 

were produced by Genolution Phamaceuticals (Korea). The molecular size of each 

synthesized dsRNA was confirmed on a 1.8% agarose gel. 

 

2.5 Delivery of dsRNA via O. sativa leaves 

L. striatellus were ingested dsRNA by rice-mediated feeding RNAi method using the 

fabricated feeding chamber according to previously described (An 2017). The process was 

described in Chapter 2. In this experiment three hundred microliters of each dsRNA 

solution was dispensed over the reservoir and three rice leaves were placed over the 

dsRNA solution. Fifteen 4
th
 instar nymphs of L. striatellus were infested over three 
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dsRNA-permeated leaves. The dsRNA treated leaves infested with L. striatellus in the 

feeding chamber was placed in growth chamber at 28 °C, 80% relative humidity, and 16:8 

(light:dark) photoperiod.  

 

2.6 Assessment of gene knockdown 

dsRNA-fed L. striatellus were collected at 48h post treatment, and their total RNA was 

extracted using Qiazol lysis reagent (Qiagen Ltd., Crawley, UK) according to the 

manufacturer’s instructions. qPCR was performed in a 20 μl reaction volume using the 

EvaGreen qPCR Mastermix (Applied Biological Materials Inc, Canada) and CFX96TM 

Real-Time system (BIO-RAD, USA) according to the manufacturer’s instructions. The 

progress of PCR amplification was as following: 95°C for 10 min, (95°C for 15 sec, 58°C 

for 15 sec, and 72°C for 30 sec) x 40 cycles. The ADP ribosylation factor (ARF) was used 

for the calculation of fold change as a reference gene. The relative transcription levels were 

calculated by using the 2
-ΔCt

 method (Pfaffl 2001). Primers used in this experiment were 

listed in Table 10. 
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Table 10. Primer sequences used for qPCR. 
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3. Result 

 

3.1 Establishment of RSV-viruliferous SBPH 

Total RNAs from 20 4
th
 instar nymphs that fed on RSV-infected rice leaves were used to 

conduct RT-PCR for confirmation of RSV acquisition to the L. striatellus. RT-PCR was 

conducted with a set of primers specific to L. striatellus, COX2-F and COX2-R, yielded 

expected product of 502 bp PCR fragment for RSV-infected rice leaves. While, 

RSV-NS3-F and RSV-NS3-R specific to RSV yielded expected product of 443 bp PCR 

fragment from L. striatellus fed on RSV-infected rice leaves (Fig. 14). The method of rapid 

acquistition of rice stripe virus from infected leaves in vitro in SBPH had been reported 

(Li 2014). To verify the RSV transmission efficient we desighed 24 h, 72 h and 7 days 

post infection on RSV-infected rice leaves. The results demonstrated that the RSV 

normally transmitted into L. striatellus through feeding for RSV-infected rice leaves all on 

24 h, 72 h and 7 days. 
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Fig. 14. RSV confirmation of L. striatellus by RT-PCR analysis. Lanes: M, 100 bp 

DNA ladder; 1: template with total RNAs from L. striatellus fed for 24 h on RSV-infected 

rice leaves; 2: template with total RNAs from L. striatellus fed for 72 h on RSV-infected 

rice leaves; 3: template with total RNAs from L. striatellus fed for 7 days on RSV-infected 

rice leaves; C1, C2: positive control. 
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3.2 Selection of the up-regulated genes in RSV-viruliferous SBPH for dsRNA 

synthesis 

 According to the previous RNA-seq analysis data in our lab (Lee 2013), the 

nucleotide sequence of 11 target SBPH genes which were up-regulated in 

RSV-viruliferous SBPH and dispersed in different GO groups were obtained (Table 11). 

Also seven SBPH genes related to RSV which have been reported up-regulated with the 

organ-specific response toward RSV were selected to proceed (Zhao 2016). And the 

transcriptional patten in our RNA-seq data of these seven SBPH genes were listed in 

Table 12.  

 

3.3 Validation of the sequencing results by qPCR 

Total 18 selected genes from transcriptome analysis and previous publications were 

validated to the Illumina sequencing by qPCR in RSV-viruliferous SBPH. The 

transcription level of these 18 genes were calculated by qPCR with 2
−ΔCt 

method, and 

compared with those of Illumina sequencing result in FPKM value (Fig. 15). According to 

the validation result, we chosed eight genes which were up-regulated their expression over 

2 fold in RSV-viruliferous to synthesis dsRNA for RNAi experiment. The transcriptional 

patters information of the eight genes were listed in Table 13 and simply renamed to 
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75761, 76485, 78749, 80690, 81684, 82635, 85613, and 86923. Among these eight genes, 

75761, 76485, 81684 and 86923 were selected by transcriptome analysis bewteen 

Non-viruliferou and RSV-viruliferou SBPH, and 78749, 80690, 82635 and 85613 were 

previously reported to be related with the organ-specific response toward RSV infection.  
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Table 11. The list of selected up-regulated genes in RSV-viruliferous SBPH 

 

NVL; Non-viruliferous SBPH, RVL; RSV-viruliferous SBPH, R/N; the FPKM ratio of 

RVL to NVL. Group; function category of eggNOG database by using BLASTX.  
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Table 12. The transcription patten of selected genes from reported paper 

 

NVL; Non-viruliferous SBPH, RVL; RSV-viruliferous SBPH, R/N; the FPKM ratio of 

RVL to NVL. Group; function category of eggNOG database by using BLASTX. 
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Fig. 15. Validation of the Illumina sequencing result by qPCR in RSV-viruliferous (RVL) and Non-viruliferous (NVL) SBPH. The 

transcription levels of 18 genes selected by NGS data and previous publications, were analyzed by qPCR to verify the Illumina sequencing result. 

The relative transcription levels were described in fold change.
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Table 13. List of eight selected genes for dsRNA synthesis to suppress RSV 

replication in SBPH. 
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3.4 Detection of gene knockdown by feeding dsRNA 

To investigate the efficacy of dsRNAs desingned to knockdown the genes which are 

possibly responsible to the RSV replication in SBPH, qPCR was conducted to 

RSV-viruliferous SBPH which were ingested dsGFP and selected eight SBPH-derived 

dsRNAs (ds75761, ds76485, ds78749, ds80690, ds81684, ds82635, ds85613, and 

ds86923), respectively. Transcription levels of gene75761, 76485, 78749, 80690, 81684, 

82635, 85613 and 86923 were all decreased after dsRNA treatment, suggesting that the 

target genes could silenced when ingested SBPH-derived dsRNAs by feeding RNAi 

system (Fig.16). The value of relative transcription level was accordant to the FPKM of 

each genes. And the relative transcription level of gene78749 was silenced to the greatest 

extent under ds78749 treatment.      
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Fig. 16. Silencing of candidate genes of L. striatellus ingested SBPH-derived dsRNAs. Fifteen 4th instar nymphs of L.striatellus were fed on 

rice leaves steeped in dsGFP (Genolution Phamaceuticals,Korea) and eight SBPH-derived dsRNAs for 48 h. Relative transcription levels of eight 

SBPH-derived genes in RSV-viruliferous SBPH were measured by qPCR.
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3.5 Reduced replication of RSV in L. striatellus ingested SBPH-derived dsRNAs 

To investigate the suppresion efficacy of RSV replication by dsRNA feeding method, 

qPCR was performed with template total RNA extracted from RSV-viruliferous SBPH 

ingested with dsRNA targeting 75761, 76485, 78749, 80690, 81684, 82635, 85613 and 

86923, respectively. The transcription levels of RSV gene, NS3, was dramatically reduced 

by ds76485, ds78749, ds80690, ds81684, ds82635 and ds85613 treatment compared to 

those of untreated and dsGFP-treated L. striatellus. Especially, by ds78749, ds81684 and 

ds85613 treatment, relative transcription level of NS3 was reduced over 10 fold (Fig. 17).  

Then ds78749, ds81684 and ds85613 which showed better efficiency than the others 

were selected to test at lower concentration of 50 ng/μl to investigate dose-dependency 

(Fig. 18). The result showed that not only in concentration of 250 ng/μl but also in lower 

concentration, transcription of NS3 was reduced significantly with ds78749, ds81684 and 

ds85613 treatment. The tendency of NS3 transcriptional suppression effect was 

proportionally related to the concentration of dsRNA. 

For surveying the concentration range of dose-dependency with ds78749, ds81684 and 

ds85613 treatment, the lower concentraion of 0.4, 2 and 10 ng/μl were ingested to 

RSV-viruliferous SBPH. The result showed that relative transcription levels of RSV NS3 

gene were decreased in dose-dependent manner (Fig.19). These results suggested that 
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dsRNA feeding via plant could actually suppresses replication of RSV in L. striatellus 

through silencing with SBPH-derived dsRNA in RSV-viruliferous SBPH, especially 

ds78749, ds81684 and ds85613 these three dsRNA showed higher transcriptional 

seppression effect to RSV replication.  
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Fig. 17. Suppression of RSV replication in RSV-viruliferous SBPH ingested with 

SBPH-derived dsRNAs. Fifteen 4
th
 instar nymphs of RSV-viruliferous L. striatellus were 

fed for 48h on rice seedling irrigated with 250 ng/μl dsRNA solution to suppress RSV 

replication. dsGFP was used for negative control. Relative titer of RSV in the 

RSV-viruliferous SBPH was measured by qPCR using primers for RSV NS3 gene. (NT= 

Negative control) 
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Fig. 18. Suppression of RSV replication in RSV-viruliferous SBPH ingested with 

selected SBPH-derived dsRNAs. Fifteen 4
th
 instar nymphs of RSV-viruliferous L. 

striatellus were fed for 48 h on rice seedling irrigated with 50 and 250 ng/μl dsRNA 

solution to suppress RSV replication. dsGFP was used for negative control. Relative titer 

of RSV in the RSV-viruliferous SBPH was measured by qPCR using primers for RSV 

NS3 gene. (NT= Negative control) 
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Fig. 19. Dose-dependent suppression of RSV replication in RSV-viruliferous SBPH 

ingested with selected SBPH-derived dsRNAs. Fifteen 4
th
 instar nymphs of 

RSV-viruliferous L. striatellus were fed for 48 h on rice seedling irrigated with 0.4, 2 and 

10 ng/μl dsRNA solution to suppress RSV replication. dsGFP was used for negative 

control. Relative titer of RSV in the RSV-viruliferous SBPH was measured by qPCR 

using primers for RSV NS3 gene. (NT= Negative control) 
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4. DISSCUSSION 

For sucking insects, such as aphids, white flies and plant hoppers, dsRNA via artificial 

sap solution is a well-established system for feeding dsRNA (Shakesby 2009, Upadhyay 

2011). In this experiment, we reconfirmed the RNAi feeding system for piercing-sucking 

small brown planthoppers based on dsRNA ingestion via rice leaves, and demonstrated that 

it is an efficient way to knockdown the target genes of L. striatellus. The L. striatellus 

ingested target dsRNAs along with host plant sap and tissues without any feeding 

avoidance, which frequently observed with artificial sap feeding. The results from this 

experiment revealed that three of the candidate genes were significantly knocked down 

and RSV replication could be suppressed by using the dsRNA feeding. 

The gene 78749 indicated peroxiredoxins which are a ubiquitous family of antioxidant 

enzymes that also control cytokine-induced peroxide levels which mediate signal 

transduction in mammalian cells (Wood 2003). In insects, peroxiredoxins are believed to 

play an important role for protection against the toxicity of reactive oxygen species. 

Recently, it has been proposed that peroxiredoxins may play key roles in innate immunity 

and inflammation. Indeed, peroxiredoxins are evolutionarily conserved peroxidases able to 

reduce, with high rate constants, hydrogen peroxide, alkyl hydroperoxides and 

peroxynitrite which are generated during inflammation (Knoops 2016). According to 
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previous study it suggested that the ds78749 might indirectly affect the suppression of NS3 

by inhibiting the protection to the toxicity of reactive oxygen species of L.striatellus 

nymphs although relationships between nuclear receptors and plant viruses in insect 

vectors have not been reported. 

Cathepsin B protein coded by gene81684 was studied abundantly in insect and 

virus-transmitting vectors. The results showed that chemical inhibition of cysteine protease 

cathepsin B (cathB) restored the ability of aphids reared on turnip to transmit potato leaf 

roll virus in a dose-dependent manner, suggesting that the increased activity of cathB and 

other cysteine proteases at the cell membrane indirectly decreased virus transmission by 

aphids (Pinheiro 2017). But RNAi-mediated gene silencing of dengue virus (DENV) 

infection-responsive gene cathepsin B significantly reduced DENV replication in the 

salivary gland of Aedes aegypti (Sim 2012). A cathepsin B-like protease identified from 

Helicoverpa armigera reduced the survival time of baculovirus-infected H. armigera 

larvae， suggesting that this cathepsin B-like protease may possibly play a role in the 

recombinant virus in improving the rate of killing larvae. (Shao 2008). Like the S. 

peregrina cathepsin L-like protease, this cathepsin B played a normal role in the 

development of H. armigera (Zhao 2005, Yang 2006, Yang 2007), but had an insecticidal 

effect when indiscriminately expressed or expressed at levels far above those found under 
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normal physiological conditions. According to the previous studies, it is an accordance 

with our result which is cathepsin B protein not only has an insecticidal effect but also 

reduces the virus transmission to insect. This is the first report about cathepsin B protein 

affecting the RSV transmission to L. striatellus.  

 Gene85613 sequence was 94% identical to Laodelphax striatellus cytochrome P450 

(CYP6CW1) (GeneBank Accession No.JX462960.1). This single P450 gene, CYP6CW1, 

was highly overexpressed (22.78-fold) in the resistance strain (YN-BPF) compared with 

the susceptible strain (YN) of L. striatellus has been reported (Zhang 2012). The P450s are 

encoded by a large supergene family with insect genomes sequenced to date containing 

from 46 to more than 150 P450 genes. Cytochrome P450 monooxygenases (P450s) can be 

involved in the detoxification and bioactivation of insecticides. Moreover, the 

transcriptional overexpression of P450 genes is often thought to enhance the metabolism of 

insecticides and appears to be a common phenomenon in the evolution of resistance 

development in insects. Monooxygenases of insects have several functional roles, 

including growth, development, feeding and protection against xenobiotics, including 

resistance to pesticides and tolerance to plant toxins (Scott and Wen 2001). In insects, P450 

monooxygenase-mediated detoxification is one of the major mechanisms of insecticide 

resistance. P450s are among the major enzymes involved in conferring resistance to 
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different types of pesticides, and P450-mediated resistance typically results from the 

overexpression of one or more P450 genes. This resistance has been well documented in 

many insecticide-resistant insects, such as the house fly M. domestica, the brown 

planthopper N. lugens, the mosquito C. quinquefasciatus, the red flour beetle Tribolium 

castaneum, the fruit fly D. melanogaster and the greenhouse whitefly Trialeurodes 

vaporariorum (Carino 1992, Bogwitz 2005, Hardstone 2010, Zhu 2010, Bass 2011, 

Karatolos 2012). Also this cytochrome P450 has been researched abundantly about 

insecticide resistance, but the relationship with RSV was lacked. Our result suggests that 

the transmission of RSV could be suppressed by silencing of 85613 in L. striatellus and 

provides novel insight into the interactions between RSV and L. striatellus.  

  Insect vectors for plant pathogens are worldwide pests and pose a continuous threat to 

plants of economic importance. The damage caused by plant viruses is estimated in the 

billions of dollars each year globally. The majority of insect vectors are controlled using 

chemical insecticides that threaten the environment, human health and beneficial 

organisms. During the last decade, many research projects have employed RNAi and made 

it possible to unveil the function of new genes and developed a new research discipline in 

which the development of pesticide-free control methods against insect pests became 

realistic. Although there were many cases in which successful gene silencing in insect 
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vectors for plant pathogens were reported, very few cases investigated silencing genes that 

have direct role in virus transmission (Kanakala and Ghanim 2016). Our result just fills this 

gap and gives the three useful specific genes for the development of RNAi-based 

transgenic plants.  
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전사체 분석을 통한 유용 유전자의 RNAi 를 활용한  

애멸구 및 벼줄무늬잎마름바이러스의 방제 

 

서울대학교 

농생명공학부 곤충학전공 

 

방영 

 

초록 

 

애멸구 Laodelphax striatellus (Fallén) 는 Hemiptera 의 Delphacidaed 에 속하는 

곤충으로, 경제적으로 중요한 흡즙성 곤충이다. 동남아시아, 시베리아, 유럽 

등에 광범위하게 분포하며, 쌀·옥수수·밀·귀리·보리를 포함한 여러 

농작물을 공격한다고 알려져 있다. 애멸구 는 벼 줄무늬잎마름바이러스(Rice 

stripe virus, RSV)를 순환 전파 방식으로 매개하기 때문에, 벼의 심각한 해충 중 

하나이다. 벼가 RSV 에 감염되어 병에 걸리면, 잎에서 황백색의 줄무늬와 
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같은 병징이 관찰되고, 결실을 맺지 못하고 고사하게 된다. 이렇게 

동남아시아에서 큰 문제가 되는 해충인 애멸구를 방제하기 위해 수십 년 동안 

화학 살충제가 사용되었다.  

Buprofezin 은 곤충 외골격의 주성분인 키틴 합성을 저해하여 곤충의 치사를 

유도하는 Chitin synthesis inhibitor(CSI)계열의 곤충 생장 조절제(IGR)계열의 

살충제로서, 애멸구에 매우 효과적인 것으로 알려져 있다. 이는 유익 

곤충에게는 무해하고, 표적 해충에 대해 선택적이고 효과적으로 작용하기 

때문에 특히 homoptera 해충 방제에 널리 사용되었다. 하지만, 애멸구를 

방제하기 위해 Buprofezin 을 수십년간 사용하였기 때문에 최근 저항성이 

보고되었다.  

따라서 본 연구에서 Buprofezin 에 대한 애멸구 전사체 분석을 실시하였다. 

200ppm 의 Buprofezin 을 4 령 애멸구에 침지법으로 처리하여 RNA 를 

추출하였고, 그 결과 Buprofezin 을 처리한 실험군과 Buprofezin 을 처리하지 

않은 대조군 샘플에서 각각 27,301,742 개와 26,848,684 개의 101 염기쌍의 

paired-end short read 의 염기서열을 얻었다.  Trinity de novo assembler 와 

TransDecoder ORF finder 이용하여 23,817 개의 contig 를 포함하는 cDNA 

라이브러리를 만들었다. 이 cDNA 라이브러리를 통해, Bowtie2 및 express 

컴퓨터 프로그램을 이용하여 differential gene expression 을 얻었으며, 분석 결과 
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5 배 이상 down-regulated 되는 유전자는 170 개, up-regulated 되는 유전자는 

144 개로 나타내어졌다.  

GO enrichment 분석결과, 발현량이 2-5 배와 5-10 배 증가한 GO group 중, 

각각 4 개 와 5 개의 GO group 에서 의미있는 유전자 발현의 차이를 

확인하였다. 전사체 분석을 통하여 도출된 결과는 애멸구의 레퍼런스 유전자 

염기서열로서 이용될 수 있고, GO enrichment 결과는 Buprofezin 과 관련된 

애멸구의 유전자에 대한 유용한 정보를 제공함으로서 Buprofezin 과 같은 

IGR 살충제의 분자생물학적 작용 기작 분석에 유용하게 사용될 수 있을 

것이라고 판단된다.  

새로운 해충 방제 방법을 개발하기 위해, 애멸구에 Buprofezin 을 처리하였을 

때 특이적으로 발현이 감소하는 6 개의 유전자에 대해, dsRNA 를 활용하여 

애멸구에 치사를 유도하는 연구를 수행했다. 합성한 dsRNA 중 3 종의 

dsRNA 는 애멸구에게 7 일간 처리했을 때, 60%의 살충 효과를 나타내는 것을 

알 수 있었다. 이러한 결과는 RNAi 를 기반으로한 해충 방제 방법의 가능성을 

보여주었다.  

RNAi 기법이 해충을 효과적으로 방제할 수 있는 새로운 방법으로 각광받고 

있으며, 이는 매개충과 이들이 매개하는 식물 바이러스를 효과적으로 

제어하는 역할도 한다. 따라서 본 연구에서는 RNAi 기법을 이용하여 
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애멸구에서 RSV 의 매개를 방제하기 위해, 보독 및 비보독 애멸구의 전사체을 

분석하여 보독 애멸구에서 보다 높게 발현된 9 개의 유전자를 선발했다. RNAi 

실험은 동일하게 벼를 통한 indirect feeding 방법으로 진행하였고, qPCR 결과 

8 개의 dsRNA 중, 3 개의 dsRNA 가 매우 효과적으로 RSV 의 증식을 억제한는 

것으로 나타났고, 이는 RSV 제어를 위한 새로운 방법이 될 수 있음을 

시사한다.  

High-throughput NGS 방법은, 비모델 곤충인 애멸구의 특정 RNAi 유전자를 

선발하는데 유용한 정보를 제공하여, 이는 애멸구 방제와 RSV 를 억제에 대한 

RNAi 기법을 이용한 기술은 새로운 해충 방제 전략으로 발전될 수 있음을 

시사한다.  

 

검색어: Rice stripe virus, Laodelphax striatellus, Buprofezin, RNA-seq, RNA 

interference, double-stranded RNA 

 

학 번: 2013-23877 
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