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Abstract

The arthropod Down syndrome cell adhesion mole-

cule (Dscam) mediates pathogen-specific recognition

via an extensive protein isoform repertoire produced

by alternative splicing. To date, most studies have

focused on the subsequent pathogen-specific

immune response, and few have investigated the

entry into cells of viruses or endosymbionts. In the

present study, we cloned and characterized the cDNA

of Laodelphax striatellus Dscam (LsDscam) and

investigated the function of LsDscam in rice stripe

virus (RSV) infection and the influence on the endo-

symbiont Wolbachia. LsDscam displayed a typical

Dscam domain architecture, including 10 immuno-

globulin (Ig) domains, six fibronectin type III

domains, one transmembrane domain and a cyto-

plasmic tail. Alternative splicing occurred at the N-

termini of the Ig2 and Ig3 domains, the complete Ig7

domain, the transmembrane domain and the C-

terminus, comprising 10, 51, 35, two and two variable

exons, respectively. Potentially LsDscam could

encode at least 71 400 unique isoforms and 17 850

types of extracellular regions. LsDscam was

expressed in various L. striatellus tissues. Knock-

down of LsDscam mRNA via RNA interference

decreased the titres of both RSV and Wolbachia, but

did not change the numbers of the extracellular sym-

biotic bacterium Acinetobacter rhizosphaerae. Spe-

cific Dscam isoforms may play roles in enhancing the

infection of vector-borne viruses or endosymbionts.

Keywords: Down syndrome cell adhesion molecule,

Laodelphax striatellus, rice stripe virus infection.

Introduction

The arthropod Down syndrome cell adhesion molecule

(Dscam) has been the focus of much attention because

of the extensive alternative splicing of this protein that

generates tens of thousands of protein isoforms contain-

ing variable immunoglobulin (Ig) domain combinations

(Schmucker et al., 2000; Watson et al., 2005; Brites

et al., 2008; Jin et al., 2013; Ng et al., 2014; Li et al.,

2015). Most arthropod Dscam homologues share similar

domain architecture: nine Ig domains – four fibronectin

type (FN) III domains – one Ig domain – two FNIII

domains – transmembrane (TM) domain – cytoplasmic

tail. Alternative splicing has been reported to occur at

the N-termini of the Ig2 and Ig3 domains, the complete

Ig7 domain, the TM domain and/or the cytoplasmic tail

(Ng et al., 2014). For instance, Dscam protein in Dro-

sophila melanogaster has 12, 48, 33 and two alterna-

tives arising from the first four variable exon clusters,

respectively, and produces 38 016 isoforms via alterna-

tive splicing, many more than the 15 016 genes encoded

by the D. melanogaster genome (Schmucker et al.,

2000). Commonly, the Ig-domain containing proteins are

soluble or located on the cell surface, and are involved

in ligand recognition, binding and adhesion processes

(Garver et al., 2008; Dermody et al., 2009). Therefore,

the arthropod Dscam was predicted to have the potential

to recognize diverse ligands and pathogens. Over the

past decade, accumulating evidence has been reported
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to support this hypothesis (Syed Musthaq & Kwang,

2014; Armitage et al., 2015). For example, when chal-

lenged with different pathogens or elicitors, the Anophe-

les gambiae Dscam (AgDscam) could produce different

splice form repertoires (Dong et al., 2006; Smith et al.,

2011). The isoforms induced by a specific pathogen

showed significantly stronger binding affinity to the

pathogen itself (Watthanasurorot et al., 2011; Hung

et al., 2013). Chou et al. (2009) revealed that acute

white spot syndrome virus infection induced more iso-

forms, whereas long-term exposure to this virus resulted

in some of these isoforms that might be able to specifi-

cally recognize the pathogen becoming predominant,

indicating the stable inducible expression of pathogen-

specific isoforms.

Since the discovery of the Dscam-mediated pathogen-

specific recognition system, most studies have focused

on the effect of Dscam on insect immune responses.

Watson et al. (2005) revealed that Drosophila Dscam

was highly expressed in haemocytes and fat body cells,

which constitute important cells of the insect immune

system (Ramet et al., 2002; Tzou et al., 2002). Disturb-

ing Dscam expression impaired the ability of haemo-

cytes to phagocytose bacteria, indicating its function in

activating and mediating phagocytosis (Watson et al.,

2005; Dong et al., 2006; Watthanasurorot et al., 2011).

Compared with the phagocytosis of pathogens (espe-

cially extracellular pathogens), receptor-ligand recogni-

tion could also mediate the entry into cells of some

viruses, intracellular pathogens and endosymbionts

(Miller et al., 2008; Cheng et al., 2010). At present, it is

not known whether Dscam mediates the entry of intra-

cellular pathogens/symbionts.

The small brown planthopper (SBPH), Laodelphax

striatellus, is an economically important pest and vectors

rice stripe virus (RSV), the causative agent of rice stripe

diseases (Falk & Tsai, 1998). RSV can infect various L.

striatellus tissues, be horizontally transmitted into the

healthy plant or vertically transmitted to the offspring

(Huo et al., 2014; Wu et al., 2014). Vertical transmission

results in naturally existing RSV-infected L. striatellus. By

analysing the microbiota within the whole body of SBPH,

we found that Wolbachia endosymbionts constitute>90%

of symbiotic bacteria. In this study, we cloned and charac-

terized the L. striatellus Dscam (LsDscam), and investi-

gated the role of the Dscam played in the infection level

of persistent-infected virus and endosymbionts.

Results

Cloning and molecular characterization of LsDscam

cDNA

The strategy employed to clone the cDNA of LsDscam

is shown in Fig. 1. By searching the annotated L. stria-

tellus transcriptomes [(Zhang et al., 2010) and two

unpublished databases], five cDNA fragments that were

predicted to encode Dscam homologues were identified

(labelled as C1–C5). The longest fragment, C4, which

was 3252 bp in length and located at the 30 terminus,

was used to search the databases using the BLASTX pro-

gram (Altschul et al., 1997). The deduced amino acid

sequence of this LsDscam fragment showed the highest

level of identity to the Megachile rotundata Dscam

(72.9%), which was subsequently used as a template to

locate the other LsDscam fragments. The five located

fragments covered a region of 5524 bp. The Me. rotun-

data Dscam cDNA was then used in a BLAST search

against the L. striatellus genome (unpublished raw data)

to identify the 50-terminal fragments, of which three DNA

fragments were identified (G1–G3). Primer pairs were

designed according to the identified sequences and

PCR was performed to fill the gaps. Rapid amplification

of cDNA ends PCR (RACE-PCR) was performed to

clone the 50 and 30 untranslated regions (UTRs), and

overlapping PCR was performed to confirm the

assembled full-length cDNA.

The LsDscam cDNA was 6.7 kb in length, containing

an open reading frame of 5994 bp, a 50 UTR of 361 bp

and a 30 UTR of 320 bp (Supporting Information Fig.

S1). The deduced amino acid sequence consisted of

Figure 1. Cloning of the cDNA of the Laodelphax striatellus Down syndrome cell adhesion molecule (LsDscam) gene. C1–C5, five cDNA fragments

identified from the annotated L. striatellus transcriptomes; G1–G3, three cDNA fragments identified from the L. striatellus genomic sequence; SP, cDNA

fragment encoding the signal peptide; Ig1–10, 10 cDNA fragments encoding the corresponding immunoglobulin domains; FN1–6, six cDNA fragments

encoding the corresponding fibronectin type III domains; TM, cDNA fragment encoding the transmembrane domain; DscamC, cDNA fragment encoding the

DscamC domain; V1–V5, five variable regions.
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1997 residues with a calculated molecular mass of 220

kDa. By SIGNALP 4.1 analysis (Petersen et al., 2011), a

signal peptide was found in the N-terminus with a cleav-

age site between amino acids 27 and 28 (Figs 1, S1).

TransMembrane prediction using Hidden Markov Models

(http://www.cbs.dtu.dk/services/TMHMM/) identified a

TM helix from amino acids 1621 to 1643. These results

suggested that LsDscam is a TM protein with an N-

terminal extracellular region and a C-terminal cytoplas-

mic tail. Using SMART software, a total of 10 Ig domains

and six FNIII domains were identified (Figs 1, S1). The

domain architecture was: Ig 1–9, FNIII 1–4, Ig 10, FNIII

5–6, a TM domain and a cytoplasmic tail (Figs 1, S1).

BLAST analysis (Altschul et al., 1997) against

sequence databases revealed that the full-length

LsDscam amino acid sequence shared 75% identity to

Dscam from Me. rotundata, Apis mellifera, Monomorium

pharaonis, Pogonomyrmex barbatus and Athalia rosae,

amongst others. Alignment of LsDscam with a set of

Me. rotundata Dscam isoforms confirmed the four vari-

able regions, located in the N-termini of Ig2 and Ig3, Ig7

and the TM region. Four sets of primer pairs V1-F/V1-R,

V2-F/V2-R, V3-F/V3-R and V4-F/V4-R were designed

for variable region sequencing (Table S1), and 100, 200,

200 and 10 randomly selected clones from each of the

four types of cloned PCR products were sequenced and

the deduced amino acid sequences were aligned using

the CLUSTALW program. For the four variable regions listed

above, 10, 51, 35 and two alternative sequences were

identified, respectively (Fig. 2A–D). The 30-UTR PCR

revealed two alternative sequences located in the C-

terminus (Fig. 2E). In theory, LsDscam may produce at

least 71 400 isoforms (10 3 51 3 35 3 2 3 2), includ-

ing 17 850 types of extracellular regions and two types

of cytoplasmic regions. We then PCR amplified cDNAs

covering the first three variable regions. Each of the 24

sequenced clones contained a set of Ig2, Ig3 and Ig7,

indicating the production of LsDscam isoforms. The 6.0

kb LsDscam open reading frame was then PCR ampli-

fied to confirm expression of the complete gene. Two

positive clones were obtained and each contained con-

served regions and a set of domains: Ig2, Ig3, Ig7, a TM

domain and a cytoplasmic tail.

LsDscam expression in different L. striatellus tissues

Detailed expression profiling can aid investigations into the

potential location of gene function. We thus tested

LsDscam expression in different L. striatellus tissues,

including the midgut and salivary glands, which are key tis-

sues in RSV transmission, and the fat body, which plays

roles in insect immunity. Quantitative Reverse-Transcription

PCR (qRT-PCR) analysis indicated that LsDscam was

expressed in all three tissues (Fig. 3). Healthy SBPH

showed similar LsDscam expression levels in the midgut

and fat body, whereas fivefold higher expression levels

occurred in the salivary glands (Fig. 3). RSV infection sig-

nificantly increased LsDscam expression in both the sali-

vary glands and fat body, whereas RSV induction of

LsDscam expression in the midgut was not significant

(Fig. 3). The LsDscam expression profile was consistent

with the RSV distribution in viruliferous L. striatellus, in

which the virus titre was several-fold higher in the salivary

glands and fat body than in the midgut [Fig. S2, also indi-

cated in Fig. 4B, RSV burden in the double-stranded

enhanced green fluorescent protein (dsGFP) group].

LsDscam-deficient SBPHs show reduced RSV burden

To determine the role of LsDscam in RSV infection, we

generated LsDscam-deficient SBPH using RNA interfer-

ence (RNAi). The double-stranded RNA (dsRNA) was

designed to target the conserved domains (primers

dscamT7-F/dscamT7-R, Table S1), which would result in

deficiency of all LsDscam isoform mRNAs. Equal vol-

umes of LsDscam dsRNA and egfp dsRNA (abbreviated

as dsDscam and dsGFP, respectively) were delivered into

the haemolymph of RSV-infected third-instar nymphal L.

striatellus via microinjection, and the SBPHs were allowed

to feed on healthy rice seedlings for 7 days. As LsDscam

was expressed in various tissues that RSV colonized, we

measured the virus burden in the whole body of the

insect. qRT-PCR analysis indicated that compared with

those injected with dsGFP, the dsDscam-treated insects

had significantly lower LsDscam mRNA abundance

(Fig. 4A, LsDscam). LsDscam deficiency significantly

decreased RSV burden, with a reduction rate of about

50% (Fig. 4A, RSV), suggesting that LsDscam might play

a positive role in enhancing RSV accumulation. We fur-

ther measured the effect of LsDscam on the RSV burden

in individual tissues including the midgut, salivary glands

and fat body. Consistent with the whole body results,

RSV burden in both salivary glands and the fat body was

significantly decreased by LsDscam deficiency (Fig. 4B).

The virus burden in the midgut was also decreased,

although the difference was not significant as determined

by a Student’s t-test (Fig. 4B).

LsDscam-deficiency reduced the infection level of rice

black streaked dwarf virus (RBSDV) and Wolbachia

endosymbiont

Our previous transcriptome analyses indicated the exis-

tence of Wolbachia endosymbionts within the L. striatel-

lus body (Zhang et al., 2010). In this work, by deep

sequencing of 16S ribosomal DNA, we found that the

diversity of bacterial communities harboured by L. stria-

tellus was low. Wolbachia was the only endosymbiont

detected and accounted for more than 90% of the total

LsDscam facilitates RSV infection 415
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bacteria (Fig. 4C: a–e). Acinetobacter rhizosphaerae, an

extracellular symbiotic bacteria, was present in all of the

tested L. striatellus samples (Fig. 4C: f).

Similar to RSV, Wolbachia also infects various L. stria-

tellus tissues. To investigate the influence of LsDscam

on the Wolbachia infection level, the SBPHs were

treated with either dsDscam or dsGFP according to the

methods described above. Seven days after feeding on

healthy rice seedlings, SBPHs were collected and qRT-

PCR was performed to determine the Wolbachia burden

in the whole body of L. striatellus. Compared with the

dsGFP-treated SBPHs, the dsDscam-treated SBPHs

showed a significantly lower burden of Wolbachia (Fig.

4A: Wolbachia). By contrast, LsDscam-deficiency did not

change the number of the extracellular Ac rhizosphaerae

(Fig. 4A: Ac. rhizosphaerae). These results suggested

that LsDscam might play a role in enhancing the infec-

tion of intracellular pathogens/symbionts.

We further tested the effect of LsDscam on the infec-

tion level of RBSDV, a fijivirus that is also transmitted by

L. striatellus in a persistent propagative manner (Hajano

et al., 2015). As RBSDV is not vertically transmitted, fully

infected SBPH were first generated according to the

methods described previously (Hajano et al., 2015), and

then treated with dsDscam or dsGFP. Virus burden was

analysed 7 days later. Similar to the results obtained from

RSV-infected L. striatellus, the dsDscam-treated SBPHs

showed a significantly lower RBSDV burden when com-

pared with the dsGFP-treated insects (Fig. 4D). These

results further confirmed the function of LsDscam in

enhancing infection of intracellular pathogens.

Discussion

This study sequenced and characterized LsDscam and

investigated its effect on a vertically acquired virus and

intracellular symbiont. Our findings indicate that

LsDscam plays a positive role in enhancing the infection

of both RSV and Wolbachia endosymbionts.

The L. striatellus genome has not been completely

sequenced. As restricted alternative splicing has been

detected in some tissues (Watson et al., 2005; Dong

et al., 2006), we extracted RNA from the SBPH whole

body to maximize the capture of alternative exons. Using

Reverse Transcription PCR (RT-PCR) and RACE-PCR,

we found that LsDscam has at least 10 Ig2 variants, 51

Ig3 variants, 35 Ig7 variants, two TM variants and two

cytoplasmic tails (Fig. 2), suggesting that there are at

least 71 400 possible combinations. LsDscam has identi-

cal domain components to the classic arthropod Dscam

orthologues: one signal peptide, 10 Ig domains, six FNIII

domains, one TM domain and one cytoplasmic tail. A

phylogenetic tree based on the protein sequences of the

conserved region from domain Ig8 to FNIII6 was con-

structed to evaluate the molecular evolutionary relation-

ships of LsDscam with other Dscams. In the constructed

phylogenetic tree (Fig. S3), LsDscam firstly clustered

with homologues from arthropods, then clustered with

homologues from vertebrates. The relationships dis-

played in the phylogenetic tree are largely consistent

with traditional taxonomy.

The distribution of Dscam mRNA in different tissues

may aid elucidation of its potential function. Although in

most studied arthropod systems, Dscam has been dem-

onstrated to be highly expressed in both neurones and

in immune-related tissues (Armitage et al., 2015), some

studies have also indicated Dscam expression in tissues

or cell types other than the immune or nervous systems

(Celotto & Graveley, 2001; Dong et al., 2006; Chou

et al., 2009). For example, Litopenaeus vannamei

Dscam was expressed in 10 shrimp tissues, and the

mRNA levels in the heart and midgut were comparable

to those in the lymphoid organ and haemocytes (Chou

et al., 2009). Upon Plasmodium invasion of the An. gam-

biae midgut epithelium, the AgDscam gene in the

corresponding tissue responded by producing parasite-

specific isoform repertoires (Dong et al., 2006). At

present, the function that LsDscam expressed in tissues

not belong to the immune or nervous systems remain

unclear. Compared with the function of Dscam in immu-

nity, its role in non-immune responses is less well under-

stood (Syed Musthaq & Kwang, 2014; Armitage et al.,

2015). In this study, the transcripts of LsDscam were

found to be significantly higher in the salivary glands

than in the fat body (the immune-related tissue in

insects). Within persistent-infected SBPH, the salivary

Figure 3. Laodelphax striatellus Down syndrome cell adhesion molecule

(LsDscam) mRNA distribution in different L. striatellus tissues. In healthy

L. striatellus (Healthy), similar LsDscam expression levels were found in

the midgut (MG) and fat body (FB), whereas higher expression was

evident in the salivary glands (SG). Rice stripe virus infection (Viruliferous)

significantly increased LsDscam expression in the SG and FB, whereas its

influence on LsDscam expression in MG was not significant (NS). Each

dot represents the corresponding tissue obtained from one third-instar

nymphal L. striatellus. Both mean and SD were calculated from three inde-

pendent experiments, with 10–12 mRNA samples per experiment. *,

P< 0.05; ***, P< 0.001; ****, P< 0.0001.
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gland harbours the highest RSV burden (Fig. 4B) and is

the most active tissue in transmitting RSV. One possibil-

ity is that high LsDscam abundance in the salivary

glands would facilitate a rapid accumulation of the virus.

Whereas most of the recognition by haemocytes

mediated phagocytosis, recognition by receptors in both

haemocytes and non-immune cells could also mediate

the entry of intracellular pathogens/symbionts. When

L. striatellus, the major vector for RSV (Falk & Tsai,

1998), becomes infected with this virus, the virus can

infect the midgut epithelium and disseminate into the

haemolymph. From the haemolymph, RSV can further

invade various tissues, including the fat body, salivary

glands, testis and ovaries (Wu et al., 2014). In general,

Figure 4. Effect of Laodelphax striatellus Down syndrome cell adhesion molecule (LsDscam)-deficiency (double-stranded LsDscam, dsDscam) on rice

stripe virus (RSV), Wolbachia, rice black streaked dwarf virus (RBSDV) and Acinetobacter rhizosphaerae burden in the small brown planthopper (SBPH). (A)

LsDscam-deficiency (dsDscam) decreased both RSV and Wolbachia burden in the SBPH whole body, but did not affect the Ac. rhizosphaerae burden. Each

dot represents one third-instar nymph. Data were collected from four independent experiments. Double-stranded enhanced green fluorescent protein

(dsGFP) was used as a RNA interference (RNAi) control. (B) LsDscam-deficiency (dsDscam) significantly decreased RSV burden in the salivary glands

(SG) and fat body (FB); it also decreased RSV burden in the midgut (MG) although not significantly (NS). Each dot represents the corresponding tissue from

one third-instar nymphal L. striatellus. The mean and SD were calculated from two independent experiments. (C) The composition of symbiotic bacteria

within the L. striatellus whole body. From (a) to (f): phylum (a), class (b), order (c), family (d), genus (e) and species (f) level compositions of each sample.

Wolbachia belongs to Proteobacteria (shown in green in a), Alphaproteobacteri (shown in blue in b), Rickettsiales (shown in orange in c), Rickettsiaceae

(shown in purple in d) and Wolbachia (shown in purple in e). Ac. rhizosphaerae (shown in red in f) belongs to Proteobacteria (shown in green in a), Gammap-

roteobacteri (shown in orange in b), Pseudomonadales (shown in purple in c), Moraxellaceae (shown in green in d) and Acinetobacter (shown in red in e).

(D) LsDscam-deficiency (dsDscam) decreased RBSDV burden in the SBPH whole body. Each dot represents one RBSDV-infected SBPH. Data were col-

lected from three independent experiments. dsGFP was used as an RNAi control. *LsDscam mRNA level shown as LsDscam copies/104 ef2; RSV burden

shown as pc3 copies/100 ef2; Wolbachia burden shown as 16S copies/ef2; Ac. rhizosphaerae burden shown as 16S copies/103 ef2; RBSDV burden shown

as S4 copies/10 ef2. ef2, elongation factor; pc3, nucleoprotein (Protein pc3); 16S, 16S rRNA; S2, genome segment 2.

418 F. Zhang et al.
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arthropod haemolymph is hostile to pathogens because

it contains both circulating haemocytes that mediate

phagocytosis, and antibacterial proteins/peptides pro-

duced by both the haemocytes and the fat body cells

(Johns et al., 1998; Fogaca et al., 1999; Ceraul et al.,

2002). However, many vector-borne pathogens can sur-

vive in the haemolymph for a period longer than the

time required for them to pass through the haemolymph

and reach the next tissues. The L. striatellus haemo-

lymph was also found to be a relatively benign environ-

ment for RSV. The virus was able to survive in the

haemolymph for more than 24 h (Fig. S4), which was

much longer than the time taken for a microbe to pass

through the haemolymph. In this case, and in non-

immune-related tissues, recognition by Dscam on the

cell surface might mediate virus entry into cells rather

than mediating virus clearance via phagocytosis.

Future studies will aim to identify the LsDscam iso-

forms that are specific to RSV and Wolbachia. The pres-

ent study has provided a new insight that the arthropod

Dscam, following the recognition of some vector-borne

viruses and intracellular symbionts, is able to facilitate

the entry of microbes into cells.

Experimental procedures

Virus, small brown planthopper and host plant

Both the RSV-free (healthy) and RSV-infected (viruliferous) L.

striatellus used in this study were originally captured in Jiangsu

Province, China, and were maintained in our laboratory. All

plants used for L. striatellus rearing were grown inside a growth

incubator at 25 8C with a photoperiod of 16 h light and 8 h dark.

To ensure a high offspring infection rate, viruliferous female imag-

oes were cultured separately and 15% of the corresponding off-

spring were tested for RSV infection through dot-enzyme-linked

immunosorbent assay using RSV-specific monoclonal antibodies

(provided by Dr Xueping Zhou, Institute of Biotechnology, Zhe-

jiang University; Zhou et al., 2004). An insect population with a

predicted infection rate of 100% was used in the experiments.

Full-length LsDscam cDNA cloning

Total RNA was extracted from the L. striatellus whole body. For

each RNA sample, a pool of five healthy SBPHs and five virulif-

erous SBPHs were grouped. cDNAs were synthesized accord-

ing to the protocols provided by the manufacturer [SuperScriptVR

VILOTM Master Mix, Invitrogen (cat no. 11755050), Carlsbad,

CA, USA].

The partial LsDscam cDNA sequences that were obtained

from the annotated L. striatellus transcriptomes [(Zhang et al.,

2010) and two unpublished databases] and the L. striatellus

genomic sequence (unpublished raw data) were used as tem-

plates to design primers for gap filling. The primer pairs were:

GAP-1F/GAP-1R, GAP-2F/GAP-2R, GAP-3F/GAP-3R and

GAP-4F/GAP-4R. Three rounds of 50-RACE were performed to

amplify overlapping fragments according to the protocols pro-

vided by the manufacturer [FirstChoiceVR RLM-RACE Kit,

Ambion (cat. no. 1700), Waltham, MA, USA]. Two rounds of 30-

RACE were performed to clone the 30 end. RACE-PCR primers

specific for the 50 end were 5R1, 5R2 and 5R3, and primers

specific for the 30 end were 3R1 and 3R2 (Table S1). All PCR

products were cloned into the pGEM-T vector (Promega, Madi-

son, WI, USA) for sequencing.

After obtaining the full-length LsDscam cDNA, the variable

regions were predicted from alignments with a set of Me. rotun-

data Dscam isoforms. Four primer pairs, V1-F/V1-R, V2-F/V2-

R, V3-F/V3-R and V4-F/V4-R (Table S1), were designed to

amplify the four variable regions. Primer pair V1-F/V3-R (Table

S1) was used to amplify the LsDscam fragment containing the

first three variable regions, and primer pair Dscamtotal-F/

Dscamtotal-R (Table S1) was used to amplify the full-length

LsDscam. All PCR products were cloned into the pGEM-T vec-

tor for sequencing.

Tissue collection

SBPHs were chilled on ice before being dissected in

phosphate-buffered saline (PBS). Three tissue types were iso-

lated: midgut, salivary glands and fat body. Both the midgut and

salivary glands were washed twice in PBS to remove any con-

taminating virus from the haemolymph.

qRT-PCR to measure LsDscam expression in different

L. striatellus tissues

For quantitative analysis of LsDscam expression in different tis-

sues, healthy or viruliferous L. striatellus were dissected and

the tissues were collected according to the protocol described

above. RNAs were extracted from the tissues of single insects.

RT-PCR and SYBR-Green based quantitative PCR (qPCR)

were performed according to the protocols provided by the

manufacturer (Hercules, CA, USA). L. striatellus elongation fac-

tor ef2 (primers listed in Table S1) was amplified as an internal

control for the loading of cDNA isolated from different samples.

H2O was used as a negative control.

RNAi

A 500-bp LsDscam fragment was PCR amplified using the pri-

mers dscamT7-F and dscamT7-R (Table S1). Then, dsRNA

was synthesized using a commercial kit (MEGAscript T7 kit,

Ambion cat. no. AM1334) and purified by phenol : chloroform

extraction and isopropanol precipitation. For LsDscam silencing

in the viruliferous L. striatellus whole body, the LsDscam dsRNA

was microinjected into the insect haemolymph as described

previously (Huo et al., 2014). The third-instar nymphal L. stria-

tellus was injected with 23.6 nl dsRNA at 1 ng/nl. Then, gfp

dsRNA, which was used as negative control, was microinjected

following the same protocol. The insects were cultured in new

chambers with healthy rice seedlings for 7 days. To assess the

RSV burden in different tissues, SBPHs were dissected and tis-

sues including the gut, salivary glands and fat body were col-

lected separately. RNA was extracted from a single SBPH or

the tissue from a single SBPH. qPCR primers for assessing

LsDscam silencing efficiency were dscam-F/dscam-R (Table

S1). The RSV nucleoprotein (Protein pc3), the Wolbachia 16S

rRNA and the Ac. rhizosphaerae 16S rRNA were PCR amplified
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to assess the number of corresponding microbes. The 16S

primer sequences were designed to locate at variable regions

to ensure species specific PCR amplification. The sequences of

the qPCR primers, pc3-F/pc3-R, wol16S-F/wol16S-R and

arh16S-F/arh16S-R, are listed in Table S1.

16S rDNA sequence analysis

Third-instar L. striatellus were first surface-sterilized with 70%

ethanol for 3–5 s and then rinsed with sterilized water for three

times. DNA was extracted from pools of 20 viruliferous third-

instar L. striatellus (in total, 80 viruliferous L. striatellus). The

genomic DNA was extracted according to the manufacturer’s

instructions [Blood & Cell Culture DNA Mini Kit, Qiagen (cat. no.

13323), Valencia, CA, USA]. The V3-V4 variable region of the

bacterial 16S rRNA was amplified as described by Fadrosh et al.

(2014) and sequenced on the Illumina MiSeq platform (San

Diego, California, USA). Sequences with a quality score lower

than 20 were discarded (Fadrosh et al., 2014). Short reads were

merged into tags using FLASH (Fast Length Adjustment of Short

Reads, v. 1.2.11; Magoc & Salzberg, 2011), and clean tags

were grouped into operational taxonomic units (OTUs) at the

species level by clustering them based on a sequence similarity

score of 97% using the USEARCH program v. 7.0.1090 (Edgar,

2013). OTUs were used in BLAST searches against the data-

bases, and the phylum, class, order, family, genus and species

level compositions of each sample was annotated.

Sequence analysis

Homology searches of the cDNA and protein sequences of

LsDscam were conducted using the BLAST algorithm at the

National Center for Biotechnology Information (http://blast.ncbi.

nlm.nih.gov/Blast.cgi). Multiple sequence alignments of LsDscam

and other Dscams were performed using the CLUSTALW program

(http://www.ch.embnet.org/software/ClustalW.html). The phyloge-

netic tree was constructed based on the deduced amino acid

sequence of LsDscam and other Dscams using the neighbour-

joining algorithm and MEGA 6.06 software (www.megasoftware.net).

Microinjection of RSV into the L. striatellus haemolymph

Purified RSV particles in PBS buffer were adjusted to 0.1 ng/nl.

Then, 23.6 nl of the virus solution was delivered into the third-instar

L. striatellus haemolymph via microinjection. The insects were cul-

tured in new chambers with healthy rice seedlings, and at different

time points postinjection, SBPHs were collected and RNA was

extracted from the insect whole body to measure RSV titres.

Statistical analysis

Graphing and statistical analysis were performed using PRISM

6.0 software (GraphPad Software Inc., La Jolla, CA, USA).

Results are expressed as the mean 6 SD. The significance of

the differences between the mean values of the groups was

evaluated using Student’s t-tests.
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Table S1. Primers used in this study.

Figure S1. Nucleotide and predicted amino acid sequences of Laodel-

phax striatellus Down syndrome cell adhesion molecule (LsDscam). Sig-

nal peptide (bold), domains (underlined) and variable regions (V1–V5,

circled) are indicated.

Figure S2. Rice stripe virus (RSV) distribution in different Laodelphax

striatellus tissues. Each dot represents the corresponding tissue

obtained from one third-instar nymphal L. striatellus. Both mean and SD

were calculated from two independent experiments. MG, midgut; SG,

salivary glands; FB, fat body.

Figure S3. Phylogenetic tree of Down syndrome cell adhesion molecule

(Dscam; n 5 17). The tree was constructed based on the deduced amino

acid sequence of Laodelphax striatellus Dscam (LsDscam) and other

Dscams by the neighbour-joining algorithm using MEGA 6.06 software.

The scale bar corresponds to 0.1 estimated amino-acid substitutions per

site.

Figure S4. Rice stripe virus (RSV) survival in the Laodelphax striatellus

haemolymph. An equal volume of RSV solution was delivered into each

L. striatellus haemolymph via microinjection. After 0, 1, 24, 48 or 96 h,

RSV numbers were calculated. Each dot represents one third-instar

nymphal L. striatellus. The mean and SD were calculated from two inde-

pendent experiments.
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