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Abstract

Radopholus similis is an important plant parasitic nematode which severely harms many crops.
Cathepsin B is present in a wide variety of organisms, and plays an important role in many parasites.
Understanding cathepsin B of R. similis would allow us to find new targets and approaches for its
control. In this study, we found that Rs-cb-] mRNA was expressed in esophageal glands, intestines
and gonads of females, testes of males, juveniles and eggs in R. similis. Rs-cb-1 expression was the
highest in females, followed by juveniles and eggs, and was the lowest in males. The maximal en-
zyme activity of Rs-CB-1 was detected at pH 6.0 and 40 °C. Silencing of Rs-cb-1 using in vitro RNAi
(Soaking with dsRNA in vitro) not only significantly inhibited the development and hatching of R.
similis, but also greatly reduced its pathogenicity. Using in planta RNAI, we confirmed that Rs-cb-1
expression in nematodes were significantly suppressed and the resistance to R. similis was signif-
icantly improved in T2 generation transgenic tobacco plants expressing Rs-cb-1 dsRNA. The ge-
netic effects of in planta RNAi-induced gene silencing could be maintained in the absence of dsSRNA
for at least two generations before being lost, which was not the case for the effects induced by in
vitro RNAI. Overall, our results first indicate that Rs-cb-1 plays key roles in the development,
hatching and pathogenesis of R. similis, and that in planta RNAI is an effective tool in studying gene
function and genetic engineering of plant resistance to migratory plant parasitic nematodes.
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Introduction

The banana burrowing nematode, Radopholus
similis, is an important plant parasitism nematode
with a wide host range [1]. R. similis severely harms
various fruit trees, ornamental plants and other ag-
ronomic and horticultural crops [2-4], and leads to
significant growth reduction and severe economic
losses [4-7]. Therefore, it is listed as a quarantine pest
in many countries and regions [8, 9]. Although R. si-
milis greatly damages agriculture and has drawn
much attention and research efforts, effective

measures to control the nematode are still lacking.
Currently, chemical nematicides are the major ap-
proaches to control R. similis, but are being more and
more restricted due to their high cost and harm to
ecological environment [10]. Therefore, it is particu-
larly important to explore new approaches for con-
trolling the nematode through studying the parasit-
ism and pathogenesis related genes of R. similis.
Urwin et al. [11] first investigated gene functions
of plant parasitic nematodes, Globodera pallida and
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Heterodera glycines using in vitro RNAIi (Soaking with
dsRNA in vitro). Subsequently, the same method has
been successfully applied to study gene functions of
various plant parasitic nematodes [12-19]. However,
the effect of gene silencing induced by in vitro RNAIi is
temporary and non-inheritable in sedentary plant
nematodes [20]. Instead, in planta RNAIi is used to
silence genes involved in the development, parasitism
and pathogenesis of nematodes under field condi-
tions. The use of in planta RNAi against pests or
pathogens was first described for root-knot nema-
todes [21]. It has also been used to study the con-
trol methods of many pests including the Rice stripe
virus [22], Rice tungro bacilliform virus [23], Diabrotica
virgifera virgifera [24], Myzus persicae [25, 26], Nilapar-
vata lugens [27], Helicoverpa armigera and Spodoptera
exigua [28, 29] and some sedentary plant parasitic
nematodes [30-34]. There are no reports so far on si-
lencing genes related to the development and patho-
genesis of R. similis and other migratory plant para-
sitic nematodes using in planta RNAI for controlling
the nematodes.

Cathepsin is a cysteine protease that is present in
a variety of organisms. In parasites, the most common
and important cathepsins are cathepsin L(EC
3.4.22.15) and cathepsin B (EC 3.4.22.1) [35]. At pre-
sent, cathepsin L gene (cl) has drawn much attention
and research efforts in plant parasitic nematodes, such
as H. glycines [36], H. avenae (GenBank No: ACJ13100),
H. schachtii  (ACJ13098), Meloidogyne incognita
(CAD89795), G. pallid (AAY45896), G. virginiae
(ACJ13094), G. Mexicana (ACJ13096), Rotylenchulus
reniformis (AAY45870) and Bursaphelenchus xylophilus
(ACHS56225). Cathepsin B (CB) plays key roles in re-
production, development, invasion, pathogenesis and
immune evasion [35, 37, 38]. It is a promising target
for the control of animal parasites. However, the ca-
thepsin B gene (cb) has rarely been studied, and only
cb of B. xylophilus (GU130153) and R. similis [39] are
cloned. The functions of cb of plant parasitic nema-
todes are largely unknown, even though Li et al. [16]
have reported the relationship between Rs-cb-1 and
the reproductive capacity of R. similis.

In this study, we investigated the expression and
localization of Rs-cb-1 in R. similis and the relative
enzyme activity of the Rs-CB-1. We also studied the
roles of Rs-cb-1 in the development and pathogenesis
of R. similis using in vitro RNAIi. To investigate the
effect of plant-mediated RNAi on the inhibition of
Rs-cb-1 expression and control of R. similis, the trans-
genic tobacco expressing Rs-cb-1 dsRNA was gener-
ated. The persistence and inheritance of gene silencing
induced by in vitro RNAi and in planta RNAi were
compared and investigated.

Materials and Methods

Nematode cultivation and extraction

The banana burrowing nematode was collected
from roots of ornamental plants Philodendron sp. and
cultured in vitro on carrot disks at 25°C in a dark in-
cubator. The carrot disks were prepared as described
by Reise et al. [40], and the nematodes inoculation and
cultivation were performed as described previously
[17, 41]. According to the method of Zhang et al. [17],
cultured nematodes were extracted in a beaker.

Plant materials

Seedlings of Anthurium andraeanum used in this
study were prepared as described previously [17].
Tobacco (Nicotiana benthamiana) seeds were surface
sterilized and sowed in MS medium (pH 5.8) solidi-
fied with 0.3% phytagel [42, 43]. The aseptic tobacco
seeds germinated and the seedlings were cultured in a
25°C chamber (16 h-light /8h-dark photoperiod) [34].

RNA extraction , cDNA synthesis and PCR
amplification of Rs-cb-1

Total RNA was extracted and the quality was
verified as described previously [17]. The cDNA was
synthesized using the RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific). The full-length
Rs-cb-1 was amplified using primers Rscb-S1 and
Rscb-A1l (Supplementary Table S1). The purified PCR
product was ligated to the pMD18-T vector (Takara)
and transformed into Escherichia coli J]M109. Positive
clones were sequence confirmed and the recombinant
plasmid pMD18-Rscb was extracted for later use.

In situ hybridization

Sense (ISHS-T7S1, ISHS-Al) and antisense
(ISHA-S2, ISHA-T7A2) primers (Supplementary Ta-
ble S1) were designed to amplify a 317-bp fragment of
Rs-cb-1. The purified PCR product was served as the
template to synthesize digoxigenin (DIG)-labeled
sense and antisense RNA probes using DIG RNA la-
beling mix (Roche). In situ hybridization was per-
formed as described previously [44, 45]. After hy-
bridization, the stained nematodes were examined
and photographed with microscopy (Nikon 90i).

qPCR analysis of Rs-cb-1 transcript levels in
different development stages of R. similis

About 100 eggs, juveniles, females and males of
R. similis respectively were used for RNA extraction
using RNeasy Micro kit (Qiagen). RNA was treated
and quantified as described previously [45]. The RNA
from each sample was used as the template for cDNA
synthesis using the ReverTra Ace qPCR RT kit
(TOYOBO). Primers qPCR-F1 and qPCR-R1 (Sup-
plementary Table S1) were designed to detect the ex-
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pression level of Rs-cb-1. P-actin was amplified as a
reference gene in all experiments using primers Ac-
tin-F and Actin-R (Supplementary Table S1) [46].
qPCR was performed on qPCR machine and the initial
data analyses were carried out using Bio-Rad CFX-96
manager software as described previously [17, 45]. All
experiments were performed in triplicate with three
biological replicates.

Western blot and enzymatic assay

The Rs-cb-1 gene coding region was amplified
(Not including the signal peptide) using primers Pe-F
and Pe-R (Supplementary Table S1) with restriction
enzyme sites. The PCR product was digested with
BamHI and Xhol and cloned into the expression vector
pET-32a (Novagen). Recombinant  plasmid
PET-Rs-cb-1 was transformed into E. coli J]M109 for
sequence confirmation and propagation, and then
extracted and introduced into E. coli BL21(DE3) for
expression. Expression of recombinant protein was
examined on sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) with Coomassie bril-
liant blue staining after the cells were induced with 1
mM isopropyl B-D-thiogalactopyranoside (IPTG). The
recombinant fusion protein His-Rs-CB-1 with His-tag
at the N-terminus was purified using Ni Sepharose 6
Fast Flow (GE Healthcare). The purity of purified re-
combinant protein was confirmed by SDS-PAGE.

For western blot, the separated proteins were
transferred onto a nitrocellulose (NC) membrane. The
NC membrane was blocked by incubation with 5%
bovine serum albumin (BSA) for 2 h at room temper-
ature, followed by washing with Tris-buffered saline
(TBS)-Tween 20 (TBST) containing 0.05% Tween 20
[47]. Then the membrane was incubated overnight
with the diluted (1:1000) primary antibody RGS-His
(Qiagen) at 4°C. After being washed with TBST, the
membrane was incubated with the diluted (1:3000)
horseradish peroxidase conjugated goat anti-mouse
IgG (Sigma) secondary antibody for 1 h at room tem-
perature. After a final wash with TBST, signals on the
membrane were detected and photographed.

The recombinant protein His-Rs-CB-1 was
treated with enterokinase to remove the His-tag, and
then purified as described above. The enzyme activity
of Rs-CB-1 at different pH values (ranging from 3 to
10) and temperature (35°C to 60°C) were tested using
fluorescent substrate Z-Arg-Arg-7-amido-4-
methylcoumarin hydrochloride (Z-Arg-Arg-AMC)
(Sigma) as described previously [48]. Approximately
1.6 pg purified Rs-CB-1 protein was added into 1 mL
assay buffer (100 mM sodium phosphate, pH 6.2, 1
mM DIT and 1 mM EDTA) containing
Z-Arg-Arg-AMC(10 pM). The mixture was incubated
at 37°C for 1 h. The reaction was terminated with the

addition iodoacetic acid to a final concentration of 2
mM. The release of AMC was measured with excita-
tion and emission wavelengths of 360 nm and 460 nm,
respectively. The experiment was performed in trip-
licate.

Synthesis of Rs-cb-1 dsRNA

A 537-bp fragment from Rs-cb-1 ORF was ampli-
fied using primers  Rscb-T7S/Rscb-A  and
Rscb-S/Rscb-T7A (Supplementary Table S1) contain-
ing a T7 promoter. The sense and antisense sin-
gle-stranded RNA (ssRNA) were transcribed using
ScriptMAX™  Thermo T7  Transcription Kit
(TOYOBO). The dsRNA was synthesized and purified
as described previously [45, 49]. Non-endogenous
control egfp dsRNA (enhanced green fluorescent pro-
tein gene) was generated with the primers
eGFP-T7S/eGFP-A and eGFP-S/eGFP-
T7A (Supplementary Table S1) as described above.

Rs-cb-1 dsRNA treatment and silence detec-
tion

For each silence assay, about 500 mixed stage
nematodes were washed with DEPC water, soaked in
Rs-cb-1 dsRNA solution (2.0 mg/mL), and shaken
slightly in a dark rotary incubator at 25°C for 12 h, 24
h, 36 h, 48 h and 72 h, respectively. Non-endogenous
egfp dsRNA solution (2.0 mg/mL) was used as a con-
trol. Meanwhile, untreated nematodes were used as a
blank control [17]. The treated nematodes were
washed with DEPC water and the RNA was then ex-
tracted. qPCR was used to analyze the transcript
suppression of Rs-cb-1 in R. similis as described above.

Embryonic development, hatching and
post-embryonic development of R. similis

The eggs of Radopholus similis were washed from
the surface of carrot callus, the single cell (1-cell) stage
eggs were observed and collected by a dropper under
the inverted microscope (Nikon Ti-U), and then
washed with sterile water in centrifuge tube. These
1-cell stage eggs were respectively soaked with
Rs-cb-1 dsRNA and egfp dsRNA for different dura-
tions, treated with streptomycin sulfate (3 g/L) for 30
min, and then washed with sterile water. After that,
the tests were performed as the following: (i) Eggs in
different treatment groups were placed in concave
slides and cultivated in a dark incubator at 25°C with
moisture. Development of the eggs was observed and
recorded every 12 h under the inverted microscope till
hatching; (ii) Eggs with different treatment were
placed in Petri dishes (3 cm in diameter, 10-15/dish)
with water and cultivated at 25°C. After a week, eggs
were observed every 12 h till hatching and the hatch-
ing rate were calculated (hatching rate = number of
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hatched eggs/total number of eggs); (iii) Eggs with
different treatment were inoculated onto seven carrot
callus (20 eggs each) and cultivated at 25°C, respec-
tively. After the second stage juveniles (J2) appeared,
nematodes and eggs on the carrot callus were isolated
and observed every other day under the microscope,
and the duration of post-embryonic development of
nematodes were recorded. Five biological replicates
were performed.

Pathogenicity test of nematodes

The mixed stage nematodes were treated with
Rs-cb-1 dsRNA, egfp dsRNA, M9 buffer and sterile
water for 12, 24, 36, 48, and 72h, respectively. The se-
lected seedlings of A. andraeanum were same in height
(about 10 cm) and growth condition, and each seed-
ling was inoculated with 1,000 treated nematodes and
cultivated in greenhouse (26 + 1°C, 60-80% relative
humidity and 16 h-light/8 h-dark photoperiod) [29].
After 60 days, three growth parameters (Plant4
height, fresh shoot weight and fresh root weight) of
these plants were measured and recorded. The rhi-
zosphere nematodes were isolated and counted as
described previously [17, 50]. The symptoms of in-
fected roots were photographed. Five biological rep-
licates were performed.

Construction of plant RNAi vectors and pro-
duction of transgenic plants

A 382-bp fragment from the Rs-cb-1 ORF was
amplified using primers RNAi-F and RNAi-R (Sup-
plementary Table S1) with restriction enzyme sites.
The digested PCR fragment was inserted at inverted
repeats into the Xhol/Ncol and Xbal/BamHI sites of
the binary vector pFGC5941 to form a plant RNAi
vector. The constructed vector pFGC5941-Rscb2 con-
tains a CaMV35S promoter, a sense and antisense
fragment of Rs-cb-1 cDNA, a CHSA intron and an
OCS terminator, and the inverted repeats of the target
gene is separated by CHSA intron. A similar vector
pFGC5941-egfp was constructed as a control using
primers eGFP-F and eGFP-R (Supplementary Table
S1). The plasmids pFGC5941-Rscb2, pFGC5941-egfp
and an empty pFGC5941 vector were transformed
into Agrobacterium tumefaciens strain EHA105 by the
frozen-thaw method [51], respectively, and then in-
troduced into tobacco plants by co-cultivation of Ag-
robacterium with tobacco leaf discs [52]. The plant
transformation was performed as described previ-
ously [53]. The well-rooted plantlets were trans-
planted into soil and grown in greenhouse to obtain
seeds.

Molecular confirmation of transgenic plants

Genomic DNA was isolated from kanamy-
cin-tolerant TO generation Rs-cb-1 transgenic tobacco

leaves using the CTAB method [54], and checked by
PCR and sequencing using primers RNAi-F/RNAi-R
and CHSA-F/OCS-R, respectively (Supplementary
Table S1). The DNA from T0 generation egfp trans-
genic plants, empty transformation vector plants and
wild-type tobacco plants were used as the controls,
and the egfp transgenic tobacco plants were checked
using primers egfp-F/egfp-R and CHSA-F/OCS-R
(Supplementary Table S1).

For Southern blot analysis, primers RNAi-F1 and
RNAi-R1 (Supplementary Table S1) were designed to
amplify the DIG-labeled probe. About 15 pg genomic
DNA of Rs-cb-1 transgenic plants were digested with
Ndel. The digested DNA was separated on a 0.8%
agarose gel, and then transferred to a Hybond-N*
membrane (Amershan) [27]. Hybridization and de-
tection processes were performed using the Dig High
Primer DNA Labeling and Detection Starter Kit I
(Roche). The equal amounts of DNA from egfp trans-
genic plants and empty transformation vector tobacco
plants were used as the controls.

Total RNAs of TO generation PCR- and South-
ern-positive Rs-cb-1 transgenic plants were extracted
and checked by RT-PCR using primers RNAi-F and
RNAi-R (Supplementary Table S1). Positive trans-
genic tobacco plants were grown in greenhouse. After
2 months, twenty tobacco seeds (T1 generation) col-
lected from the single plant were germinated in pots.
Genomic DNA of these Rs-cb-1 transgenic plants were
extracted and examined by PCR using primers
RNAi-F and RNAi-R (Supplementary Table S1) for
genetic stability. The positive T1 generation plants
were grown in greenhouse to obtain T2 generation
homozygous transgenic plants for further experi-
ments.

Resistance analysis of T2 generation Rs-cb-1
transgenic tobacco plants to R. similis

The selected seedlings of Rs-cb-1 transgenic
plants were same in height (about 20 cm) and growth
condition, and each seedling was inoculated with
2,000 mixed stage nematodes and cultivated in
greenhouse. The egfp transgenic plants, empty trans-
formation vector plants and wild-type tobacco plants
were used as the controls. 75 d after inoculation, the
resistance of transgenic plants were examined ac-
cording to the method as described in "Pathogenicity
test of nematodes" in this study. Nematodes within
the roots were stained with acid fuchsin as described
previously [55], and observed under a microscope.
Five biological replicates were performed.

Rs-cb-1 expression of R. similis in T2 generation
transgenic plants

One hundred mixed stage nematodes isolated
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from the roots of T2 generation Rs-cb-1 transgenic
tobacco plants were washed with DEPC water and
used for RNA extraction. qPCR was used to assess the
expression levels of Rs-cb-1 in R. similis as described
above. The nematodes isolated from the roots of T2
generation egfp transgenic plants, empty transfor-
mation vector plants and wild-type tobacco plants
were used as the controls.

Persistence and inheritance of the RNAI effect

The mixed stage nematodes soaked in Rs-cb-1
dsRNA for 48 h or isolated from the roots of T2 gen-
eration Rs-cb-1 transgenic tobacco plants were washed
with sterile water and transferred into 15-mL centri-
fuge tubes. These nematodes were maintained in wa-
ter for 1, 3, 5,7, 9,11, 13, and 15 d, respectively. Then
100 females were removed for qPCR analysis as de-
scribed above. The remaining nematodes were main-
tained in water at 25°C and the water was changed
daily [20]. Meanwhile, untreated nematodes were
used as a control.

About 100 female nematodes (PO generation)
soaked in Rs-cb-1 dsRNA for 48 h or isolated from T2
generation Rs-cb-1 transgenic tobacco roots were ster-
ilized and used to inoculate carrot callus. After cul-
tured for 20 d at 25°C, the F1 generation juveniles and
immature females were isolated from carrot callus
and used for the following experiments: (I) Total
RNAs were extracted from 100 females treated dif-
ferently (F1), and qPCR was used to assess the ex-
pression levels of Rs-cb-1 in R. similis as described
above. (II) A total of 30 females (F1) were inoculated
onto carrot callus, and the reproduction was evalu-
ated after 30 d; (III) Each seedling of wild-type tobacco
plants was inoculated with 400 mixed stage nema-
todes (F1) and cultivated in greenhouse. After 45 d,
three growth parameters were measured and rec-
orded. The rhizosphere nematodes were isolated and
counted. Plants inoculated with untreated nematodes
were used as the control. Five biological replicates
were performed; (IV) About 100 females (F1) were
cultured on carrot callus to obtain F2 generation
nematodes. Total RNAs were extracted from these
nematodes(F2), and qPCR was used to assess Rs-cb-1
expression as described above.

Data analysis

Statistical analysis was performed using SAS 9.2
(SAS Institute, Cary, NC, USA). All data in this study
were subjected to analysis of one-way variance
(ANOVA) and tested for differences among treat-
ments at 5% level using Duncan’s Multiple Range Test
(DMRT).

Results

Cloning, tissue localization and expression
analysis of Rs-cb-1

The full-length cDNA sequence of Rs-cb-1 was
amplified and confirmed by sequencing (Supple-
mentary Fig. S1). The sequencing result was con-
sistent with that in GenBank (GU360972), and the
recombinant plasmid pMD18-Rscb including an
1071-bp intact ORF of Rs-cb-1 was extracted for later
use.

The results of in situ hybridization indicated that
the Rs-cb-1 mRNA was present in the oesophageal
glands, intestines and gonads of females (Fig. 1D, E,
F), the testes of males (Fig. 1H), and in the juveniles
and eggs of R. similis (Fig. 11, ]J). No hybridization
signal was detected in nematodes and eggs after they
were incubated with the control DIG-labeled sense
probe (Fig. 1A, B, C, G). The qPCR results showed that
the Rs-cb-1 mRNA transcript was present in all de-
velopmental stages, and the highest expression levels
were detected in females. The expression in juveniles,
eggs and males accounted for 41.2%, 35.1% and 18.1%
of the expression level in females, respectively. Rs-cb-1
expression in juveniles and eggs were significantly
higher than that in males (p < 0.05), and no singnifi-
cant difference (p > 0.05) between juveniles and eggs
(Fig. 2A).

Enzyme activity assay of recombinant protein
Rs-CB-1

SDS-PAGE showed that the recombinant
His-Rs-CB-1 was expressed in E. coli BL21(DE3) after
IPTG induction. The recombinant fusion protein was
purified and showed a single band of approximately
55 kDa. After treated with enterokinase, the purified
protein showed a single band of approximately 40
kDa, which was consistent with the theoretical mo-
lecular mass of Rs-CB-1 (Fig. 3A).

Western blot analysis showed that a specific
55-kDa band was recognized by antibodies, which
was consistent with the theoretical molecular mass of
His-Rs-CB-1, but the non-induced recombinant pro-
tein failed to react with the antibodies, indicating that
the recombinant protein His-Rs-CB-1 was expressed
correctly in E. coli (Fig. 3B).

At pH 6.0, the enzyme activity of Rs-CB-1 was
increased with the increase in temperature, and the
optimal temperature was 40°C (100%). When tem-
perature was above 40°C, the enzyme activity was
reduced with the increase in temperature, and was the
lowest at 60°C (4.01%) (Fig. 3C). At 40°C, the optimal
pH of the enzyme activity was detected at pH 6.0
(100%), and the enzyme retained approximately
3.97%, 4.41%, 46.50%, 12.90%, 12.03%, 5.77% and
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2.63% of its activity at pH 3.0, 4.0, 5.0, 7.0, 8.0, 9.0 and
10.0, respectively (Fig. 3D).

The effect of RNA.i silence on Rs-cb-1 expres-
sion

The Rs-cb-1 dsRNA and non-endogenous control
egfp dsRNA were synthesized (Supplementary Fig.
S1). After treated with Rs-cb-1 dsRNA for different
times, the expression level of Rs-cb-1 in R. similis was
detected by qPCR. Compared with relative expression
levels of Rs-cb-1 in the corresponding control nema-
todes treated with egfp dsRNA, the relative expression
of Rs-cb-1 in nematodes treated with Rs-cb-1 dsRNA

was decreased by 61.8%, 71.0%, 71.7%, 78.8% and
69.7% when treated for 12 h, 24 h, 36 h, 48 h and 72 h,
respectively (Fig. 2B). Rs-cb-1 expression in nematodes
treated with Rs-ch-1 dsRNA were significantly lower
than those in untreated and egfp dsRNA treated
nematodes (p < 0.05), and the silencing efficiency was
enhanced with the increasing treatment time within a
certain range of time. The silencing efficiency at 48 h
was the highest. Rs-cb-1 expression showed no signif-
icant difference (p > 0.05) among untreated and egfp
dsRNA treated nematodes.

Figure. 1 Tissue localization of Rs-cb-l mRNA in Radopholus similis using in situ hybridization. (A-C, G) No signal in nematodes and eggs were hy-
bridized with digoxigenin-labeled sense Rs-cb-1 RNA probe. Rs-cb-1 was located in the esophageal glands (D) and intestines (E) of females. (F) Rs-cb-1 was located in
the gonads and intestines of females. (H) Rs-cb-1 was located in the testes of males. (I, J) Rs-cb-1 was located in the eggs and juveniles, respectively. a, anus; b, bursa;
g gonads; i, intestine; mb, medium bulb; eg, esophageal glands; s, stylet; sp, spicules; t, testis.
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Figure. 2 Expression of the Rs-cb-1 in Radopholus similis. (A) Expression of the Rs-cb-1 in about 100 females, males, juveniles and eggs, respectively. (B)
Expression of the Rs-cb-1 in R. similis treated with Rs-cb-I double-stranded (ds) RNA. CK, expression of Rs-cb-I in untreated nematodes; G12-G72, expression of
Rs-cb-1 in control nematodes treated with non-endogenous egfp dsRNA for 12 h, 24 h, 36 h, 48 h and 72 h, respectively; R12-R72, expression of Rs-cb-1 in nematodes
treated with Rs-cb-1 dsRNA for 12 h, 24 h, 36 h, 48 h and 72 h, respectively. Bars indicate standard errors of mean data (n=3) and different letters indicate significant
differences (p<0.05) among different treatments.
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Figure. 3 Western blotting and enzyme activity assay of the recombinant protein. (A) Expression and purification of the recombinant protein. Protein
was analyzed by SDS-PAGE and stained with Coomassie blue. M, protein marker (Thermo); Lane I, protein extract from induced Escherichia coli cells harboring the
empty pET-32a vector by 1.0 mM IPTG; Lane 2, protein extract from induced E.coli cells containing the recombinant pET-Rs-CB-1 by 1.0 mM IPTG; Lane 3, purified
His-Rs-CB-1 recombinant Protein; Lane 4, purified Rs-CB-1 protein without the His-tag. (B) Western boltting analysis of the recombinant His-Rs-CB-1 protein. Lane
1-2, protein from induced E.coil with pET-Rs-CB-1 by IPTG; Lane 3, protein from non-induced E.coil with pET-Rs-CB-1 by IPTG. (C) Effect of temperature on Rs-CB-1
activity in base buffer ranging from 20 to 60 °C at a pH of 6.0. Relative activity is expressed as a percentage of maximum activity at 40 °C. (D) Effect of pH on Rs-CB-1
activity in base buffer ranging from 3 to 10 at a temperature of 40 °C. Relative activity is expressed as a percentage of maximum activity at pH 6.0. Enzyme activity was
measured after incubation with Z-Arg-Arg-AMC for | h.
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Silencing of Rs-cb-I inhibited embryonic de-
velopment and hatching of R. similis

After treated with Rs-cb-1 dsRNA and egfp
dsRNA (as a control) for 48 h, Rs-cb-1 dsRNA treated
eggs showed abnormal embryogenesis compared
with control eggs. These eggs contained diffused and
foam-like substances in irregular sizes that were sep-

Figure 4. The phenotypic observation of the embryonic development of Radopholus
similis. The nematode eggs soakeded with non-endogenous egfp (A-l) and Rs-cb-1 dsRNA (A'-I") for
48 h. (A, A") l-cell stage. (B, B’) 2-cell stage. (C, C’) 5-cell stage. (D, D") Multi-cell stage. (E, E’)
Blastula stage. (F, F") Gastrula stage. (G, G") )1 stage (the first-stage juvenile). (H, H")J2 stage. (I, I")

Hatching. cn, cell nucleus; s, stylet. Scale bar= 20 ym.

arated from egg shells. No obvious cell nuclei were
observed from 2-cell to multi-cell stage (Fig. 4A’-D’).
Although rearrangement also occurred in the eggs
and there were inside and outside layers of the cells,
cells were diffused at the blastula stage (Fig. 4E').
Some eggs were able to develop slowly from gastrula
stage to the first stage juveniles(J1), and there were
obvious foam-like substances in the eggs (Fig. 4F', G').
The tissues in the body cavity of ]2
without hatching were diffused as well.
Although some eggs hatched, the de-
velopment of ]2 was inhibited, and
even death was observed (Fig. 4H', I').
In the control, these eggs were filled
with small round particles in regular
sizes from 1-cell to multi-cell stage. The
cell nuclei were clearly observed from
2-cell to multi-cell stage (Fig. 4A-D). At
blastula stage, the egg cells rearranged
into the inside and outside layers,
which formed the large and dark en-
doderm and the small and bright ecto-
derm, respectively (Fig. 4E). Eggs con-
tinued to develop during the gastrula
stage and the linear larva could be ob-
served clearly at J1, but the stylet was
not obvious (Fig. 4F, G). During the
development of J1 to ]2, stylet devel-
oped normally and could be observed
clearly (Fig. 4H). Then the juveniles
continuously pressed the egg shell us-
ing their heads and stylets till hatching
of ]2 (Fig. 4I). The vast majority of eggs
could normally develop and hatch.
After soaked in Rs-cb-1 dsRNA for
12 h, 24 h, 36 h, 48 h and 72 h, the av-
erage time of embryonic development
of eggs were 17, 18, 19, 19.5 and 20 d,
respectively, which were significantly
(p < 0.05) delayed for 6-9 d compared
with the control treatments (untreated
or egfp dsRNA treated eggs). There was
no significant difference between un-
treated and egfp dsRNA treated eggs (p
> 0.05) (Supplementary Fig. S2A).
Soaking treatment with Rs-cb-1 dsRNA
also caused inhibition of embryonic
development of most eggs. After
treated with Rs-cb-1 dsRNA for 12 h, 24
h, 36 h, 48 h and 72 h, 90.9%, 95.8%,
95.1%, 100%, and 100% of the eggs were
in 1-cell to multi-cell stage after 7 d of
incubation, respectively. Only a small

proportion of eggs were able to develop
into blastula stage. After egfp dsRNA
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treatments for 12 h, 24 h, 36 h, 48 h and 72 h or with-
out any treatment, only 10.4%, 10.8%, 9.5%, 10.6%,
12.6% and 9.8% of eggs were in 1-cell to multi-cell
stage, respectively. Most of eggs developed into gas-
trula stage (Supplementary Fig. S2C). After 11 d of
incubation, the percentage of eggs in 1-cell to mul-
ti-cell stage were 47.4%, 49.6%, 65.7%, 71.8%, and
74.6% upon Rs-cb-1 dsRNA treatment for 12 h, 24 h, 36
h, 48 h and 72 h, respectively. The vast majority of
eggs was still in blastula stage and could not complete
the embryonic development, and even death was ob-
served. In contrast, most of the eggs with egfp dsRNA
treatment for 12 h, 24 h, 36 h, 48 h and 72 h or without
any treatment developed into ]2 stage, and the per-
centages were 77.2%, 75.2%, 73.7%, 73.1%, 72.2% and
76.5%, respectively (Fig. S2D ).

The hatching rate of eggs treated with Rs-cb-1
dsRNA were significantly lower than the control
treatments (untreated and egfp dsRNA treated eggs) (p
< 0.05). The hatching rate of eggs treated with Rs-cb-1
dsRNA for 48 h and 72 h were 32% and 32.4% respec-
tively, and which were significantly lower than that of
eggs treated for 12 h-36 h (p < 0.05). Except for egfp
dsRNA treatment for 72 h, there was no significant
difference in hatching rates among the control treat-
ments (p > 0.05) (Supplementary Fig. S2B). Therefore,
Rs-cb-1 dsRNA soaking treatment significantly inhib-
ited the embryonic development of R. similis. Most of
the eggs could not complete the embryonic develop-
ment and some even died, which led to low hatching
rate.

Silencing of Rs-cb-1 inhibited post-embryonic
development of R. similis

The post-embryonic development (From hatch-
ing to adults) of R. similis treated with Rs-cb-1 dsSRNA
for 48 h was not normal. The tissues in the body cavity

were diffused and had fuzzy boundaries (Fig. 5A). In
contrast, the post-embryonic development of egfp
dsRNA treated for 48 h and untreated nematodes
were normal. The tissues were distinguishable with
clear boundaries, and almost filled the entire body
cavity (Fig. 5B, C). Rs-cb-1 dsRNA soaking treatment
inhibited the post-embryonic development of R. si-
milis. After treated with Rs-cb-1 dsRNA for 12 h, 24 h,
36 h, 48 h and 72 h, the average times of
post-embryonic development of R. similis were 14.5,
15.6, 16.3, 17.0 and 17.3 d, respectively, which were
significantly (p < 0.05) delayed for 5-8 d compared
with the control treatments (untreated and egfp
dsRNA treated nematodes). The duration of
post-embryonic development increased with the in-
crease of Rs-cb-1 dsRNA soaking time, but no signifi-
cant difference between the 48 h and 72 h (p >0.05).
There was no significant difference among the control
treatments (p > 0.05) (Supplementary Fig. S3).

Rs-cb-1 silencing significantly reduced the
pathogenicity of R. similis

60 d after inoculation, the anthurium plants in-
oculated with R. similis treated with Rs-cb-1 dsRNA
showed much better above-ground and root growth
compared with control treatments (egfy dsRNA
treated), 48 h and 72 h treatments grew normally
without obvious disease symptoms (Supplementary
Fig. S4A). In the control treatment groups, the growth
of plants were weaker than that of healthy plants, and
root rot was observed and there was no significant
difference among them (Supplementary Fig. S4B). We
also inoculated plants with nematodes that had been
treated with M9 buffer and sterile water, or untreated
nematodes as controls. The results of these treatments
were similar to those of the egfy dsRNA treatments
(Supplementary Fig. 54C, D).

Figure 5. Influence of Rs-cb-1 silence on the post-embryonic development of Radopholus similis. (A-C) The phenotypic observation of the
post-embryonic development of R. similis. (A) Treated with Rs-cb-1 dsRNA for 48 h. (B) Untreated nematode. (C) Treated with non-endogenous egfp dsRNA for 48

h. i, intestine; eg, esophageal glands. Scale bar= 50 ym.
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Anthurium plants inoculated with nematodes
treated with Rs-cb-1 dsRNA had significantly greater
height, fresh shoot weight, and fresh root weight than
those inoculated with untreated or egfy dsRNA
treated nematodes (control treatments), but was still
significantly lower than those of healthy plants (p <
0.05). There was a significant difference between the
soaking time of 48 h-72 h and 12 h (p < 0.05), but no
significant difference among the control treatments (p
> 0.05) (Supplementary Fig. S5A, B, C). The nematode
number in the rhizosphere of anthurium inoculated
with Rs-cb-1 dsRNA treated nematodes was signifi-
cantly lower than that of the control treatments (p <
0.05). A large number of nematodes were isolated
from the rhizosphere of control treatments, but no
significant difference among them (p > 0.05) (Sup-
plementary Fig. S5D). Taken together, the patho-
genicity of R. similis was reduced significantly after
treatment with target-specific Rs-cb-1 dsRNA, and
that of Rs-cb-1 dsRNA for 48 h was the lowest among
them, whereas the pathogenicity of R. similis was not
impacted upon treatment with non-specific target egfp
dsRNA.

Generation and molecular analysis of trans-
genic tobacco plants
The plant RNAi vector pFGC5941-Rscb2 ex-

pressing hairpin Rs-cb-1 dsRNA was constructed (Fig.
A

Xho

Ncol BamH |

6A). The transgenic tobacco plants were generated
from transformed callus tissues (Fig. 6C-F). A total of
69 independent kanamycin-resistant transgenic to-
bacco plants were obtained (39 Rs-cb-1 transgenic
plants, 19 egfp transgenic plants and 11 empty vector
transgenic plants). The growth morphology of these
transgenic plants was indistinguishable from that of
the wild-type tobacco plants (Supplementary Fig. S6).

Independently derived TO generation transgenic
lines were analyzed by PCR, and two 382-bp and
752-bp fragments were amplified from Rs-cb-1 trans-
genic tobacco plants, two 315-bp and 685-bp frag-
ments were amplified from egfp transgenic plants, and
a 407-bp fragment was amplified from empty trans-
formation vector plants, while wild-type plants did
not show specific amplification (Fig. 6G, H). These
results indicated that the hairpin dsRNAs were in-
serted into tobacco genomic DNA successfully.
Southern blot analysis showed that PCR-positive
Rs-cb-1 transgenic plants had one to multiple copies of
the target coding sequences (Plant No. 2 had a single
copy insertion, plant No. 3 had two copies of the in-
sertion, and plant No. 6 had multiple copies of the
insertion). Conversely, genomic DNA from egfp
transgenic plants and empty transformation vector
plants failed to show any hybridization signals with
the probe (Fig. 6I).
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Figure 6. Generation and molecular analysis of transgenic tobacco plants. (A) Construction of the plant RNAi vector expressing hairpin Rs-cb-1 dsRNA in
transgenic plants. (B) Independent transgenic lines were analyzed by RT-PCR using primers of RNAi-F/RNAI-R (lanes 2, 3 and 6, RNA from the 2, 3 and 6 Rs-cb-]
transgenic lines). (C-F) Development of transgenic tobacco plants expressing Rs-chb-I dsRNA. (C) Putative transformed calli growing on selection medium. (D)
Transgenic plantlets germinated from transformed tobacco calli. (E) Transgenic plants growing on rooting medium. (F) Hardened transgenic plant growing in an
illumination incubator. (G, H) Independent derived transgenic lines were analyzed by PCR amplifications of the genomic DNA using primers of RNAi-F/RNAi-R,
CHSA-F/OCS-R or eGFP-F/eGFP-R (lanes 1-10, Independent Rs-cb-1 transgenic lines; lanes el-e5, Independent egfp transgenic lines). (I) Southern blot analysis of
Ndel-digested genomic DNA from leaves of the TO generation transgenic plants (lanes 1-2, DNA from empty transformation vector plant and e5 egfp transgenic plant
as a control; lanes 3-5, DNA from the 2, 3 and 6 Rs-cb-1 transgenic lines). M, DNA marker (DL2000); B, Blank control without template; V, Empty transformation
vector plant; W, Wild type plant (negative control); P, Positive plasmid control.
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RT-PCR analysis with RNAs isolated from
Rs-cb-1 transgenic plants No. 2, 3 and 6 showed a
382-bp fragment corresponding to the sequence of
Rs-cb-1; while wild-type and empty transformation
vector plants did not show specific amplification (Fig.
6B). These results indicated that the integrated Rs-cb-1
dsRNA was successfully expressed. Genetic stability
analysis of T1 generation Rs-cb-1 transgenic plants
(No. 2, 3 and 6) showed that the ratio of positive and
negative Rs-cb-1 transgenic plants was 3:1. A 382-bp
fragment corresponding to the sequence of Rs-cb-1
was amplified from positive plants and no specif-
ic bands was amplified from negative plants. These
results indicated that the integrated Rs-cb-1 could be
inherited steadily in tobacco genomic DNA (Supple-
mentary Fig. 57). Kerschen et al. [56] and Peng et al.
[57] have shown that the effectiveness of
transgene-induced RNAI in single-copy lines is higher
than in other lines. Therefore, the single copy Rs-cb-1
transgenic plant (No. 2) was chosen for further anal-
yses.

Resistance to R. similis is improved in T2 gen-
eration transgenic tobacco plants expressing
Rs-cb-1 dsRNA

Homozygous T2 generation plants expressing
Rs-cb-1 dsRNA (No. 2), together with control plants
(egfp transgenic plants, empty transformation vector
plants and wild-type tobacco plants), were inoculated
with nematodes to evaluate whether the resistance to
R. similis was improved. 75 d after inoculations, there
was no significant difference (p > 0.05) in height and
fresh shoot weight between Rs-cb-1 transgenic plants
and uninoculated wild-type tobacco plants (CK)
(Supplementary Fig. S8A, B); however, the fresh root
weight of Rs-cb-1 transgenic plants (6.96 g) was sig-
nificantly lower (p < 0.05) than that of CK (8.18 g)
(Supplementary Fig. S8C). The three growth parame-
ters of Rs-cb-1 transgenic plants were significantly
greater than those of control plants inoculated with R.
similis (p < 0.05). In addition, the degree of root dam-
age was much less and there was no obvious root rot
in Rs-cb-1 transgenic plants compared with the control
plants (Supplementary Fig. S8F). The number of
nematodes in the rhizosphere and per gram root of
Rs-cb-1 transgenic plants were 960 and 43, respec-
tively, which were significantly lower than that of
control plants (p < 0.05) (Supplementary Fig. S8D, E).
There was no significant difference among the inocu-
lated control plants in these pathogenicity measures (p
> 0.05) (Supplementary Fig. S8), and the roots were
severely damaged (Supplementary Fig. S8F). The re-
sults clearly confirmed that resistance to R. similis was
significantly improved in transgenic tobacco plants
expressing Rs-cb-1 dsRNA.

Rs-cb-1 mRNA levels in R. similis are signifi-
cantly suppressed by feeding with T2 genera-
tion transgenic tobacco plants expressing
Rs-cb-1 dsRNA

The Rs-cb-1 mRNA levels in R. similis fed with
Rs-cb-1 transgenic plants were significantly reduced
by 77.7%, 78.9% and 79.9% compared with that in egfp
transgenic plants, empty transformation vector plants
and wild-type tobacco plants, respectively. There was
no significant difference among three control groups
(p > 0.05) (Supplementary Fig. S8G). Therefore, we
concluded that suppression of Rs-cb-1 expression in R.
similis by feeding with T2 generation transgenic plants
expressing Rs-cb-1 dsRNA caused reduction in path-
ogenicity.

Persistence and inheritance of Rs-cb-1 silencing
induced by in vitro RNAIi and in planta RNAi

After recovered in water for 1-7 d, the expression
levels of Rs-cb-1 in R. similis treated with Rs-cb-1
dsRNA for 48 h were reduced by 58.3-72.3% com-
pared with the untreated control (CK) group, and
there was a significant difference (p < 0.05) between
treated and untreated control groups, but no signifi-
cant difference among the different recovery times (p
> 0.05). However, recovery time of 9d, 11 d and 13 d
induced the increase of Rs-cb-1 expression levels to
297%, 409% and 158% of the CK group, respectively,
and there was a significant difference (p < 0.05). Re-
covery time of 15 d induced Rs-cb-1 expression levels
to the normal level (Supplementary Fig. S9A). The
expression levels of Rs-cb-1 in R. similis which were
isolated from Rs-cb-1 transgenic plants and recovered
in water for 1-15 d were reduced by 70.7-78.8%, and
all the treatments were significantly lower than the
CK group (p < 0.05), but no significant difference
among the different recovery times (p > 0.05) (Sup-
plementary Fig. S9B).

The gqPCR results revealed that compared with
the CK group nematodes, the expression levels of
Rs-cb-1 in F1 generation nematodes derived from
Rs-cb-1 dsRNA soaking treatment showed no signifi-
cant difference (p > 0.05), but that in F1 nematodes
derived from Rs-cb-1 transgenic plants was reduced
by 65.4%, and there was a significant difference (p <
0.05) (Supplementary Fig. S9C). After being cultured
on carrot callus for 30 d, the F1 nematodes derived
from Rs-cb-1 transgenic plants showed significantly
lower (p < 0.05) reproduction than that from Rs-cb-1
dsRNA soaking treatment and the CK group, but no
significant difference (p > 0.05) between the latter two
groups (Supplementary Fig. S9D). After being inocu-
lated with F1 nematodes derived from Rs-cb-1 trans-
genic plants for 45 d, the plant height, fresh shoot
weight and fresh root weight of tobacco plants were
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significantly greater (p < 0.05) than those of the Rs-cb-1
dsRNA soaking treatment and the CK group, and the
number of rhizosphere nematodes was significantly
lower (p < 0.05) than that of Rs-cb-1 dsRNA soaking
treatment and the CK group, but no significant dif-
ference (p > 0.05) between the latter two groups
(Supplementary Fig. S9E-H). The qPCR results re-
vealed that the expression level of Rs-cb-1 in F2 nem-
atodes derived from Rs-cb-1 transgenic plants was
reduced by 36.4% compared with the CK group,
which was significantly lower than that of Rs-cb-1
dsRNA soaking treatment and the CK group (p <
0.05), but no significant difference between the latter
two groups (p > 0.05) (Supplementary Fig. S9I).

These results indicated that in vitro
RNAi-induced Rs-cb-1 silencing only lasted for a lim-
ited time and could be recovered, F1 nematodes had
normal expression levels of Rs-cb-1, and had normal
reproduction and pathogenicity. The expression level
of Rs-cb-1 in R. similis isolated from transgenic plants
was significantly inhibited after recovery in water,
and the expressions of Rs-cb-1 in F1 and F2 nematodes
were still inhibited, and reproduction capability and
pathogenicity of F1 nematodes were reduced signifi-
cantly. Overall, in planta RNAi-induced Rs-cb-1 si-
lencing could be maintained in the absence of dsRNA
for at least two generations before being lost, which
was not the case for the effects induced by in vitro
RNAI.

Discussion

Cathepsin B plays vital roles in various parasites
[35, 37, 38]. However, systematic characterization of cb
has not yet been reported in plant parasitism nema-
todes. To determine the roles of ¢b in R. similis, we
investigated the expression and localization of
Rs-cb-1, and confirmed the gene function by In vitro
RNAi. We also confirmed that transgenic tobacco
plants expressing Rs-cb-1 dsRNA not only signifi-
cantly suppressed target gene expression, but also
greatly reduced the pathogenicity of R. similis. This
study demonstrates the feasibility of in planta RNAi in
controlling this pathogen by targeting the cathepsin B
gene.

Previous studies have shown that cb is mainly
expressed in the intestines, reproductive system and
eggs of some animal parasites and free living nema-
todes [37, 58-60]. Furthermore, cb is also expressed at
different development stages of A. cantonensis and
Trichinella spiralis. The expression level of cb is signif-
icantly higher in the fourth-stage larvae and the
fifth-stage larvae than that in the third-stage larvae
and adult worms in A. cantonensis [61], and is the
highest during the adult stage in T. spiralis [62]. In this
study, we confirmed that the expression and location

of Rs-cb-1 were conformed to the characteristics of
cathepsin B and the biological functions of R. similis.
The secretions of esophageal glands produced by
plant parasitic nematodes are thought to play key
roles throughout parasitism [63, 64]. The expression of
Rs-cb-1 in esophageal glands and intestines may help
R. similis to neutralize plant defense, complete the
infection, and digest the host cells quickly to provide
nutrients necessary for metabolism and other physi-
ological functions. The Rs-cb-1 mRNA is also present
in the reproductive system and eggs, which indicates
that CB may play important roles in reproduction, cell
differentiation, embryo formation and development
in R. similis. The CB protein is necessary for the fe-
males of R. similis not only to destroy the host defense
response and complete the infection, but also to obtain
the necessary nutrients for metabolism and complete
the reproduction. Therefore, the expression level of
Rs-cb-1 is the highest in females. The expression levels
of Rs-cb-1 in juveniles are higher than that in eggs, but
no significant difference between them, likely because
the CB protein plays an equally important role in de-
stroying host defense response, establishing parasitic
relationship, cell differentiation and embryo for-
mation in R. similis. Males of R. similis with a de-
graded stylet and esophagus are non-parasitical, and
the number of males is much less than females. Their
activities may just include mating with females, but
the nematodes can reproduce through parthenogene-
sis, the male is not necessary for the reproduction of R.
similis. Therefore, the expression level of Rs-cb-1 is the
lowest in males.

Some investigations have demonstrated that
transcripts having <100% complementarity with an
siRNA can be targeted for knockdown by the RNAi
pathway, this phenomenon is referred to as off-target
effects (OTEs) [65-68]. In our preliminary experiment,
the expression level of Cathepsin S (GenBank No:
EU659125, Rs-cs), Cathepsin L (EU659124, Rs-cl), fatty
acid and retinol binding protein (JN968974, Rs-far-1),
Calreticulin (JX067552, Rs-crt) and be-
ta-1,4-endoglucanase-1 (EU414839, Rs-eng-1) in R.
similis were also detected by qPCR after the nema-
todes were treated with Rs-cb-1 dsRNA for 48 h. The
results showed that Rs-cb-1 expression in nematodes
treated with Rs-cb-1 dsRNA was significantly lower (p
< 0.05) than that in the control nematodes, but there
were no significant differences (p > 0.05) in the ex-
pression levels of other five genes between Rs-cb-1
dsRNA treated nematodes and the control nematodes
(result not shown). These results indicated that OTEs
did not appear in the process of RNAi research in this
study.

In this study, we demonstrated that Rs-cb-1
dsRNA soaking treatment significantly inhibited the
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embryonic development of R. similis. Most of the
treated eggs could not complete embryonic develop-
ment and the duration of nematodes from J2 to ma-
ture female was significantly prolonged. These results
indicated that Rs-cb-1 was essential in embryonic and
post-embryonic development of R. similis. The roles of
CB in the development of plant parasitic nematodes
have not yet been reported, although CB proteinases
are known to be involved in the development, inva-
sion, immunoregulation and pathogenesis in some
insects and animal parasites[61, 69-73]. In this study,
we confirmed that Rs-cb-1 silencing significantly re-
duced the pathogenicity of R. similis to anthurium,
indicating that Rs-cb-1 was involved in pathogenesis.
This is the first report of the key roles of cb gene in the
development, hatching and pathogenesis in plant
parasitic nematodes.

To further confirm the function of Rs-cb-1 and to
explore the possibility of using this target gene to
control R. similis, we obtained transgenic tobacco
plants expressing Rs-cb-1 dsRNA. Using in planta
RNAi, we confirmed that the expression levels of
Rs-cb-1 in nematodes were significantly suppressed,
and that the reproduction and pathogenicity of nem-
atodes were significantly reduced in transgenic
plants. These results further underpinned the roles of
Rs-cb-1 in reproduction and pathogenesis of R. similis.
Previous studies have shown that the resistance to M.
incognita and M. javanica is significantly improved in
transgenic tobacco plants expressing specific dsSRNA
[21,30,34]. Parasitism gene 16D10 of M. incognita has
been analyzed using in planta RNAi, and a wide re-
sistance against four major root-knot nematode spe-
cies is obtained by expressing 16D10 dsRNA in
transgenic Arabidopsis [32]. Steeves et al. [31] have
demonstrated that MSP (major sperm protein) trans-
genic soybean plants significantly reduces the repro-
ductive potential of H. glycines. Klink et al. [33] have
also shown that the number of H. glycines females in
transgenic soybean roots reduces by 81-93%. All these
works were using in planta RNAi to study gene func-
tions of sedentary plant parasitic nematodes. Here we
first report the use of in planta RNAI in studying the
functions of development and pathogenesis genes of
migratory plant parasitic nematodes and its applica-
tion in controlling plant parasitic nematodes.

In planta RNAi is an effective technology in
studying gene functions and genetic engineering of
plant resistance to pathogens. The first demonstration
of the inheritability of in planta RNAi-induced gene
silencing in sedentary plant parasitic nematodes was
made by Steeves et al. [31]. In their study, cyst nema-
todes infecting transgenic soybean plants expressing
specific dsRNA targeting a major sperm protein gene
from H. glycines showed a 68% reduction in eggs g-1

root tissue. Interestingly, the progeny nematodes
hatched from the eggs showed a 75% reduction in
eggs g—1 root tissue when allowed to infect wild-type
susceptible soybean plants. Our study showed that
the expression levels of Rs-cb-1 in F1 R. similis isolated
from Rs-cb-1 transgenic plants was still inhibited, its
reproduction and pathogenicity were reduced signif-
icantly, and the RNAI effect was maintained in F2
nematode. This is the first demonstration of the in-
heritability of in planta RNAi-induced gene silencing
in migratory plant parasitic nematodes. In summary,
we demonstrate that in planta RNAIi is suitable for
studying different types of plant parasitic nematodes,
which overcomes the limitations of in vitro RNAi. In
planta RNAi is a promising tool for studying gene
function and genetic engineering of plant resistance to
plant parasitic nematodes, and has wide application
prospects.
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