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Abstract riceXIP, a XIP-Type xylanase inhibitor gene

identified in rice, was cloned and expressed in Escherichia

coli. Recombinant protein riceXIP was active against

xylanase from Aspergillus niger, suggesting correct

expression. By using transgenic techniques, we achieved

the overexpression of the riceXIP gene and gene knock-

down plants and elucidated that riceXIP may likely par-

ticipate in plant defence against herbivores. The defence-

related genes were significantly elevated in riceXIP-over-

expressing transgenic plants treated with rice brown plan-

thopper infestation. The full-length promoter (2009 bp,

RP1) of riceXIP gene and 1534 (RP2), 1179 (RP3), 891

(RP4), 491 (RP5), 400 (RP6), 214 (RP7) and 112 bp (RP8)

50 deletion constructs were fused with b-glucuronidase
(GUS) gene and transgenic rice plants were used to clarify

its function. The transgenic lines transformed with pro-

moter fragments of riceXIP differentially responded to

methyl jasmonate and wounding stress by quantitative

GUS analysis. The 50 deletion analysis also showed that

two repressor elements exist between -1502 and

-1147 bp and between -182 and -80 bp, respectively,

whereas an enhancer element exists between -1147 and

-859 bp. The study strengthens the possibility that riceXIP

participates in the resistance against herbivory in rice and

provides a helpful insight for understanding the cis-regu-

lation of the riceXIP gene.
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1 Introduction

Endo-b-1,4-xylanases (EC 3.2.1.8, xylanases) are one of

the important cell wall degrading enzymes secreted by

plant-pathogenic microorganisms. It can degrade xylan,

which is a major cell wall component of graminaceous

plants. Xylanase inhibitors (XIs) are proteins that inhibit

the activity of xylanases. Three classes of XIs, namely

Triticum aestivum Linnaeus xylanase inhibitor (TAXI)-

type (Debyser et al. 1999), xylanase inhibiting protein

(XIP)-type (McLauchlan et al. 1999), and thaumatin-like

xylanase inhibitor (TLXI)-type XIs (Fierens et al. 2007),

have been identified in a variety of cereals. Even a chiti-

nase-like XI has been identified in coffee, Coffea arabica

Linnaeus (Vasconcelos et al. 2011). Based on the reason

that XIs inhibit only xylanases of microbial origin but not

plant origin and were induced following insect herbivores

and fungal pathogens infestation, a function in plant

defence has been proposed for these proteins. A systematic

overview indicating their function in plant defence has

been reported (Dornez et al. 2010).

Direct evidences of XIs involved in plant defence

against herbivores or pathogens have been reported in

recent years. Wheat transgenic plants expressing XIP-I or

TAXI-III could limit Fusarium graminearum Schwein.

infection (Moscetti et al. 2013; Tundo et al. 2015, 2016).

XIP-I could inhibit a xylanase from the coffee berry borer,

Hypothenemus hampei, Ferrari the most important pest of
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coffee plants (Padilla-Hurtado et al. 2012). To date, four

XIP-type XIs, namely riceXIP (Goesaert et al. 2005), RIXI

(Durand et al. 2005), OsXIP (Tokunaga and Esaka 2007)

and OsHI-XIP (Xin et al. 2014), have been reported in rice

crops. Transgenic rice expressing OsHI-XIP or RIXI

enhanced resistance against herbivores or pathogens

Magnaporthe oryzae, T.T. Hebert respectively (Xin et al.

2014; Hou et al. 2015).

XI genes were induced by different abiotic and biotic

stress. The transcripts of OsXIP and riceXIP were

increased by methyl jasmonate (MeJA) and wounding

treatment in root (Tokunaga and Esaka 2007). OsHI-XIP

expression was induced not only by jasmonic acid (JA) and

mechanical wounding but by herbivory. The transcriptional

expression of XIP-I was increased in wheat leaves infected

with Erysiphe graminis (DC.) Speer and MeJA (Igawa

et al. 2005). The expression of XI genes also showed

organ-specific. For instance, the expression of RIXI was

constitutive in shoot tissues and weak in stamen (Tokunaga

and Esaka 2007; Hou et al. 2015). In general, a gene pro-

moter region can provide significant information on the

factors that induce expression or on tissue-specific

expression. Moreover, promoter deletion analyses to verify

their importance of the XI promoter regions have yet to be

reported.

riceXIP is the first XIP-type XI that has been identified

as a non-chitinolytic homologue of chitinases in rice plants

(Goesaert et al. 2005). However, knowledge of its prop-

erties and function in plant defence is limited. In this study,

we isolated the gene encoding riceXIP from rice genomic

DNA and expressed it in Escherichia coli (Migula)

Castellani & Chalmers BL21, and its expression levels

were investigated under different treatments.

2 Materials and Methods

Plant growth conditions and treatments – Rice seeds of

Oryza sativa Linnaeus cv. Nipponbare [wild-type (WT)]

and transgenic Oryza sativa cv. Nipponbare expressing

riceXIP or its promoter (see below) were sterilised with 1%

sodium hypochlorite for 30 min and then thorough washing

with sterile water. Rice plants grown by hydroponic

method (Wang et al. 2009a) in a greenhouse with a

light/dark cycle of 14/10 h at 28/18 �C.
Phytohormone treatment was conducted by submersion

method: MeJA were dissolved in 50 lL of dimethyl-

sulphoxide and added to the culture solution. Fourteen-day-

old rice seedlings were submerged in 200 lM MeJA, and

shoots and roots were harvested at different time intervals

(hours). Rice seedlings grown at 28 �C using a 14-h light

and 10-h dark cycle. For mechanical wounding, 14-day-old

plants were cut into 1–2 cm length and then floated on

sterile water for the indicated time. For rice brown plan-

thopper (BPH) treatment, 14-day-old seedlings were

infested with adult BPH confined for 1 day in a glass

cylinder.

Quantitative real-time polymerase chain reaction (qRT-

PCR) – Total RNA was isolated from shoot or root tissues

of rice seedlings with different treatments by using a

miniBEST universal RNA extraction kit (TaKaRa). cDNA

was prepared according to the instruction of the Prime-

Script first-strand cDNA synthesis kit (TaKaRa). qRT-PCR

was conducted on a LightCycler480 instrument (Roche)

using a SYBR� Premix Ex TaqTM kit (TaKaRa). Osactin

gene was selected as an endogenous reference gene. The

primers for qRT-PCR of all genes are presented in Table 1.

Gene construct and rice transformation – To construct

the riceXIP promoter vector, we amplified the full-length

riceXIP gene promoter named RP1 (-1977 to ?32 bp) by

PCR using the genomic DNA of rice (WT) as the template

with primers containing Sal I or Kpn I restriction sites

(forward: 50-ACGCGTCGACGGGGTCGTGGATGTTCT
GGT-30; reverse: 50-GGGGTACCGTTTGCAGCAATGT
AAAGC-30). Then, a series of 50 deletion of RP1 frag-

ments, RP2 (-1502 to ?32 bp), RP3 (-1147 to ?32 bp),

RP4 (-859 to ?32 bp), RP5 (-459 to ?32 bp), RP6

(-368 to ?32 bp), RP7 (-182 to ?32 bp) and RP8 (-80

to ?32 bp) were amplified by PCR from pMD19T-RP1 by

using the common reverse primer of RP1 and the forward

primers RP2-U (50-ACGCGTCGACCGGCTGGAAGAA-
CACCGCTAA-30), RP3-U (50-ACGCGTCGACCCCCTT
CCTCTGCCACTTTT-30), RP4-U (50-ACGCGTCGACC
GTAGAGAAATTTGAAACAG-30), RP5-U (50-ACGCG
TCGACTTGCACCTGTTTTTCCTGGG-30), RP6-U (50-

Table 1 Primers for quantitative real-time (qRT) PCR

Name Gene ID Primers sequence (from 50 to 30)

riceXIP AK064356.1 CCCTTCGCAGCAGCAGCA

GGAGGCGTTGGTGGGGAG

Osactin AK101613.1 TCAGCAACTGGGATGATATGGAG

GCCGTTGTGGTGAATGAGTAAC

OsPR1 AF306651 CAAAACTCGGCGCAGGAC

GCGGAGCCCCAGAAGATG

OsSci2 AY878694 GTTCATCAGACAGCAAGCCA

ATCTTGGGAATCTCGGCCAC

OsNH1 AY923983 GTCGCCGAGCTCACCAAC

AGGCTTAGGCGTGCATCA

OsAOS2 AY062258 GACGCCAAGAGCTTCCCC

GAGCTGCGACTCGACGGT

OsWRKY24 AK107199 GGTGTCGCCGTCGTCCTT

GTCCTTGCCGCCTTGATC
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ACGCGTCGACTAGCTTCTCCTGTGTCCACC-30), RP7-U
(50-ACGCGTCGACGCAGCACCGACGAAGTAGCC-30) or

RP8-U (50-ACGCGTCGACCACATCACGCACACCACA
AG-30), respectively. The full-length promoter and 50-dele-
tion derivatives were cloned into the pBI101.3-GUS (Wang

et al. 2009b) upstream of GUS. The empty vector pBI101.3-

GUS was transformed into rice used as a control (vector

control, VC).

To construct the riceXIP-OVER vector, we amplified

the complete riceXIP coding sequence from pMD19T-

riceXIP plasmid (see below) with a pair of specific primers

that contain Kpn I or Sac I restriction sites (forward: 50-
GGGGTACCATGGGCCTCGTGCACGCACT-30; reverse:

50-CGAGCTCTTAACCCTCACCAGTGTAGT-30). Then,

the PCR product was inserted into the vector pTCK303,

which contains the CaMV35S promoter, the reporter gene

GUS and the resistance gene hygromycin.

To yield the riceXIP-RNAi vector, we amplified a

336 bp coding sequence of riceXIP by PCR using the

pMD19T-riceXIP plasmid as template with forward primer

containing Kpn I and Spe I restriction sites (50-GGG
GTACCACTAGTGTGCTCTTGACGGCGACGA-30) and

reverse primer containing BamH I and Sac I restriction

sites (50-CGGGATCCGAGCTCACCCTCACCAGTG-
TAGTTG-30), which were digested with Sac I and Spe I

followed by Kpn I and BamH I and subsequently inserted

into pTCK303 (Wang et al. 2004).

All resulting constructs were transformed into WT

through Agrobacterium tumefaciens Smith & Townsend-

mediated transformation (Hiei et al. 1994; Mei et al. 2006).

Then, the independent transgenic lines were selected using

GUS staining identification and qRT-PCR assay. The T2

homozygous lines were used for further research.

GUS quantitative analysis – The measurement of quan-

titative GUS activity was conducted based on the method

described by Jefferson et al. (1987) with certain modifica-

tions. Briefly, the tissues of 14-day-old rice seedlings were

homogenised in extraction buffer (10 mM EDTA, pH 8.0,

50 mMNaPO4 buffer, pH 7.0, 20%methanol, 0.1% sodium

lauryl sarcosine, 10 mMb-mercaptoethanol and 0.1%Triton

X-100) and centrifuged (14,000 g, 20 min, 4 �C). Then, the
supernatant (50 lL) was obtained and added to GUS assay

buffer [extraction buffer containing 2 mM 4-methylumbel-

liferyl-b-D-glucuronide (MUG)] (450 lL) at 37 �C for

45 min. Thereafter, 200 lL of the reaction mixture was

added to 800 lL of stop buffer (0.2 M Na2CO3). The

4-methylumbelliferone fluorescence was detected in a

spectrofluorophotometer (RF-5301PC, Shimadzu). Protein

concentration was determined by methods described by

Bradford (1976).

Expression of riceXIP proteins in E. coli – To obtain the

recombinant riceXIP protein, we amplified the DNA

sequence by PCR by using the genomic DNA of rice (WT)

as a template, with primers containing EcoR I or Xho I

restriction sites (forward: 50-CGGAATTCATGGGCCTCG
TGCACGCACT-30; reverse: 50-CCCTCGAGTTAAC
CCTCACCAGTGTAGT-30). Then, the PCR product was

inserted into the vector pMD19T (TaKaRa). This vector

was named pMD19T-riceXIP. And it was ultimately

digested with EcoR I and Xho I and ligated into the pET30a

vector (Invitrogen). This expression vector was named

pET30a-riceXIP.

pET30a-riceXIP and pET30a were introduced into

E. coli BL21, respectively. One millilitre of positive

transformant of BL21[pET30a-riceXIP] or BL21[pET30a]

was added to 100 mL of liquid Luria–Bertani (LB) with

50 lg mL-1 kanamycin. The mediums were grown until

an A600nm of 0.5–1.0 at 37 �C (200 rpm.), and then induced

with isopropyl-1-beta-D-galactopyranoside (IPTG) (1 mM

final concentration) at 20 �C for 8 h at 200 rpm. The cul-

tures were centrifuged (14,000 g, 15 min, 4 �C) and

resuspended with the McIlvaine’s buffer (0.2 M Na2HPO4/

0.1 M citric acid, pH 6.0). Then, cells were sonicated and

centrifuged (14,000 g, 15 min, 4 �C). Finally, the super-

natant and sediment were collected. Electrophoresis was

conducted on 10% sodium dodecyl sulphate–polyacry-

lamide gel (SDS-PAGE) as the method described by

Laemmli (1970). The concentration of protein was deter-

mined by the method of Bradford (1976).

Assay for xylanase inhibitor activity – Xylanase inhi-

bitor activity was measured as the described by Miller et al.

(1959) through comparing the decrease in Aspergillus niger

van Tieghem xylanase (ANX) activity in the absence or

presence of recombinant riceXIP. ANX was provided by

the College of Animal Science, Zhejiang University (Sun

2003). The recombinant riceXIP (80 lg) was pre-incubated
with the recombinant GH11 xylanase ANX (60 lg) for

30 min at 50 �C. The prewarmed (30 �C) 1% birchwood

xylan (Sigma) (450 lL) was then added to initiate the

assay for 5 min at 50 �C. It was terminated with 3,

5-dinitrosalicylic acid (1 mL) after boiling for 10 min.

Reaction products in absorbance was measured at 540 nm.

Crude proteins of riceXIP-overexpressing and riceXIP-

suppressed rice plants were extracted to determine the

xylanase inhibitor activity of transgenic lines (Elliott et al.

2003). In brief, leaves of two-week were ground into a

powder with 4 mL of McIlvaine’s buffer and centrifuged

(14,000 g, 20 min, 4 �C). Then, the supernatant namely

crude protein was obtained. The concentration of protein

was determined by the method of Bradford (1976). Xyla-

nase inhibitor activity was measured through comparing

the decrease in ANX activity in the absence or presence of

crude protein (80 lg) from WT, OX-8 and RNAi-3,

respectively.

Statistical analysis – All data were expressed as

mean ± standard deviation (SD) of three replicates

Expression regulation of a xylanase inhibitor gene riceXIP in rice (Oryza sativa L.) 985

123



(n = 3). Statistical analysis was performed using SPSS

16.0 (SPSS Inc., Chicago, IL, USA), and OriginPro 8.0

(OriginLab Co., Northampton, MA, USA) was used for

mapping. Differences were considered significant at

P\ 0.05 or P\ 0.01.

3 Results

Transcript expression of riceXIP gene responding to MeJA

and wounding – The transcript level of the riceXIP was

studied by qRT-PCR under MeJA and wounding treat-

ments at different time (2 h to 24 h) (Fig. 1). The transcript

of riceXIP in shoot was induced with both two treatments

concomitantly with time in comparison with the control. At

maximum, about 14- and 160-fold transcript expressions

were observed at 6 h under MeJA condition and 12 h under

condition of wounding, respectively (Fig. 1a). The

expression of riceXIP in root tissues increased rapidly and

reached a maximum level at 2 h under both treatments

(Fig. 1b). The expression level was significantly higher

under MeJA treatment than that under wounding treatment,

and this finding was contrary to the expression of riceXIP

in shoot tissues.

Specificity expression of riceXIP gene – As mentioned

above, the transcript level of riceXIP was markedly

induced by MeJA and wounding treatments by transcrip-

tional analysis (Fig. 1). We analysed the promoter

sequence of riceXIP using PlantCARE and PLACE soft-

ware. As expected, a number of biotic and abiotic stress-

responsive cis-acting elements, such as TGACG-motif,

MYB core, GATA box and ABRE, were identified in the

promoter region. The full-length promoter (2009 bp, RP1)

of riceXIP and 1534 (RP2), 1179 (RP3), 891 (RP4), 491

(RP5), 400 (RP6), 214 (RP7) and 112 bp (RP8) 50 deletion
constructs were amplified from rice genomic DNA. Then,

the transgenic rice lines that carried RP1 construct or the 50

deletion promoter::GUS construct, RP2, RP3, RP4, RP5,

RP6, RP7 or RP8 were obtained and applied to investigate

the expression pattern of the riceXIP gene.

Quantitative GUS activity of shoots of 14-day-old

transgenic rice with promoter fragments was measured by a

MUG assay (Fig. 2). The expression of GUS was detected

to be about sixfold and sevenfold higher in RP1 and RP2,

respectively, compared with VC, whereas an unexpected

Fig. 1 Expression of riceXIP in wild-type rice seedlings after different treatments by qRT-PCR. Relative expression of riceXIP gene in shoots

(a) and roots (b) of 14-day-old WT seedlings. Total RNA for expression analysis was isolated from shoots or roots of 14-day-old seedlings after

200 lM MeJA or wounding treatment for 0, 2, 6, 12 and 24 h. Experiments were conducted in triplicate, and data were averaged from three

independent replicates with standard deviation. Bars with different letters are significantly different at P\ 0.05 by using Duncan’s multiple

range

Fig. 2 GUS expression of the 50 deletion promoter of riceXIP.

Schematic of 50 deletion promoter constructs of riceXIP and their b-
glucuronidase (GUS) expression relative to vector control in shoot

tissues. Three independent T2 transgenic lines were used for every

construct, and similar results were obtained. The data were averaged

from three independent replicates with standard deviation

986 Y. Zhan et al.
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increase of GUS expression was detected in RP3. There-

after, expression decreased in RP4 and was almost similar

to those of the subsequent deletion constructs RP5, RP6

and RP7 in comparison with RP3. However, the expression

of GUS of RP8 reached the maximum level, which was 66

times higher in comparison with VC.

Then, the response of the riceXIP promoter to MeJA and

wounding stress was studied by measuring the expression

level of GUS gene in shoot of MeJA or wounding stress-

treated 14-day-old transgenic rice plants (Fig. 3). Under

MeJA stress (200 lM), GUS expression in the shoots of

PR1 and PR8 transgenic rice increased markedly and was

approximately 3- and 1.3-fold higher in comparison with

the control, respectively. Transgenic line PR6 showed

increases in GUS expression, whereas the GUS expression

of RP3, RP4 and RP7 was decreased compared with the

control. However, RP2 and RP5 only showed minimal

changes in expression level (Fig. 3a). Similar to MeJA

stress, GUS expression increased in the shoots of PR1,

RP2, RP4, RP5, RP6 and PR8 transgenic lines after

wounding stress, except in RP3 and PR7, which showed

decreases in expression compared with the control

(Fig. 3b).

Expression of recombinant riceXIP protein in E. coli –

We cloned the riceXIP gene from rice genomic DNA

because the gene contains no introns. The coding sequence

of riceXIP was connected to an expression vector pET30a.

This expression vector contains 71 amino acids in the N-

terminus, which can be fused with the expressed protein.

The expression of protein in E. coli BL21 was induced by

IPTG after 8 h. SDS-PAGE showed that after IPTG

induction, the crude proteins from pET30a-riceXIP strain

displayed an obvious thick band with a relative molecular

mass of between 35 and 40 kDa compared with the control

(Fig. 4a, lane 2), in line with the predicted molecular mass,

including the additional 71 amino acids in the N-terminal

of the pET30a vector.

To detect whether the supernatant contained recombi-

nant riceXIP after sonication, we measured xylanase inhi-

bition activity using xylanase from A. niger (ANX) as the

target enzyme. When incubating with the supernatant, the

xylanase ANX activity remained at 25.97% (Fig. 4b),

suggesting that ANX was markedly inhibited by riceXIP.

In addition, this finding suggested that the supernatant

contained recombinant riceXIP and that its expression was

correct as wild-type.

Generation and characterisation of riceXIP-overex-

pressing and riceXIP-suppressed transgenic rice plants –

The riceXIP-overexpressing and riceXIP-suppressed

transgenic plants were obtained to elucidate its physio-

logical function. A minimum of four independent lines of

riceXIP overexpression showed that the transcript of

riceXIP was 50 times higher than that in WT (Fig. 5a).

Similarly, the obtained riceXIP-suppressed lines were

analysed. We confirmed that riceXIP mRNA of more than

four lines was actually decreased in comparison with the

WT plant (Fig. 5b). Two independent T2 generation lines

(OX-8 and RNAi-3) of riceXIP-overexpressing and

riceXIP-suppressed transgenic rice plants were selected for

further analysis.

Function of riceXIP in the resistance against herbivory –

To further explore the physiological function of riceXIP,

we examined two PR genes and three genes that are known

to function in defence signalling pathways in a riceXIP-

overexpressing (OX-8) line and a riceXIP-suppressed

(RNAi-3) line. Before BPH infestation, the overexpression

and suppression of the riceXIP slightly affected the gene

expression of the defence-related genes in rice plants

Fig. 3 GUS expression of 50 deletion promoter constructs treated by MeJA or wounding in T2 transgenic plants. Relative (to VC) GUS activity

in shoots of different transgenic rice plant (RP1–RP8) after 200 lM MeJA (a) and wounding treatment (b) for 12 h, respectively. Three

independent 14-day-old T2 transgenic lines were used for every construct, and similar results were obtained. Experiments were conducted for

three times, and data were averaged from three independent replicates with standard deviation. Asterisks indicate statistically significant

differences in comparison with CK (before MeJA or wounding treatment) (** P\ 0.01; Student’s t test)
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(Fig. 5c). The transcript levels of PR protein1 (OsPR1),

WRKY transcription factor 24 (OsWRKY24) and allene

oxide synthase 2 (OsAOS2) were down-regulated, while

Arabidopsis NPR1 homologue 1 (OsNH1) was up-regu-

lated. The transcript level of OsSci2 (a PR protein) was

increased in riceXIP-overexpressing plants and decreased

riceXIP-suppressed plants. Three of the five genes showed

differential expression upon BPH stress in WT rice plants.

BPH infestation significantly induced the expression of

OsPR1 and OsNH1, and suppressed the expression of

OsAOS2 in WT (Fig. 5d). The expression of OsSci2 and

OsWRKY24 was not affected by BPH infestation in WT.

After infestation, except OsNH1, the transcriptional levels

of other genes were notably up-regulated in riceXIP-over-

expressing plants in comparison with the WT (Fig. 5d).

Among these genes, OsPR1 expression reached a maximum

and was induced by about 28 times. The expression levels of

OsAOS2 and OsWRKY24 were induced approximately 10-

and 18-fold, respectively. Meanwhile, the expression of

OsPR1, OsSci2, OsNH1 and OsWRKY24 was induced,

while OsAOS2 exhibited no changes in expression levels in

riceXIP-suppressed plants (Fig. 5d). These results sug-

gested that overexpression of riceXIP enhanced the

expression levels of defence genes upon BPH stress, which

may imply higher resistance against herbivores.

Measurement of xylanase inhibitors activity in rice

plants – To investigate whether the overexpression of

riceXIP enhanced the xylanase inhibitor activity in rice, the

relative activity of XIs in transgenic rice and WT was

measured. The riceXIP-overexpressing lines showed a

significantly higher level of relative activity of total XIs in

comparison with WT and riceXIP-suppressed lines. Under

normal conditions, xylanase activities of ANX incubated

with crude protein from WT, OX-8 and RNAi-3 remained

at 42.94, 27.54 and 52.33%, respectively (Fig. 5e), indi-

cating that the overexpression of riceXIP significantly

inhibited ANX. The results were consistent with those of

recombinant riceXIP mentioned above, indicating that the

overexpression of riceXIP heightened the relative xylanase

inhibitor activity in rice. This enhanced activity probably

subsequently increased the resistance of rice to herbivores.

4 Discussion

It has been reported that the transcript levels of riceXIP and

OsXIP genes were slightly enhanced in shoots and drasti-

cally in roots after MeJA and wounding treatments

(Tokunaga and Esaka 2007). In our experiment, MeJA and

wounding treatments induced a higher accumulation of

riceXIP transcripts in shoots and root tissues of WT, and

the riceXIP promoter also responded to MeJA and

wounding stress (Fig. 3). These results were similar to a

report on OsHI-XIP gene (Xin et al. 2014). These findings

indicated that riceXIP, OsXIP and OsHI-XIP are genes that

respond to stress and possibly perform similar biological

functions.

Through qRT-PCR experiment, we also found that the

mRNA levels of riceXIP under MeJA stress are strongly

induced in root tissues and mildly induced in shoot tissues.

Fig. 4 SDS-PAGE and xylanase inhibitor activity of the recombinant riceXIP expressed in Escherichia coli BL21. a SDS-PAGE of the protein

fraction obtained from strains of E. coli BL21. The protein was stained with Coomassie brilliant blue. M, marker of proteins; Lane 1, crude

protein extracts from control strain of E. coli containing pET30a vector induced by IPTG after 8 h; Lane 2, crude protein extracts from E. coli

containing pET30a–riceXIP vector induced by IPTG after 8 h; Lane 3, supernatant of E. coli containing pET30a–riceXIP vector induced by

IPTG after 8 h; lane 4, sediment of E. coli containing pET30a–riceXIP vector induced by IPTG after 8 h. The sizes of the markers are indicated

at the left of each gel. b Xylanase inhibitor activity of recombinant inhibitor protein riceXIP. Inhibition of riceXIP to xylanases, using birchwood

(1,4)-b-xylan as substrate and a GH11 xylanase from Aspergillus niger (ANX) as the target enzyme. The residual xylanase activity is shown.

‘riceXIP?’ and ‘riceXIP-’ represent the presence and absence of riceXIP, respectively. Data were averaged from three independent replicates

with standard deviation. Asterisks indicate statistically significant differences between ‘riceXIP?’ and ‘riceXIP-’ (** P\ 0.01; Student’s t test)
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These results are antithetical to those under wounding

stress. These results suggest that rice plants perceive MeJA

stress prior to wounding stress, thus reinforcing the spec-

ulation that the elevated expression of riceXIP upon

wounding stress may generate by way of a JA-mediated

signalling pathway (Tokunaga and Esaka 2007). The plant

hormone JA performs key functions in defence signalling

network (Pieterse et al. 2012). In addition, necrotrophic

Fig. 5 Verification, xylanase inhibitor activity and expression patterns of defence-related genes of riceXIP transgenic rice. Generation and

verification of riceXIP-overexpressing (a) and riceXIP-suppressed (b) lines. Relative quantity of riceXIP mRNA in leaves of wild-type (WT) and

T2 transgenic lines. Asterisks indicate statistically significant differences between WT and transgenic lines (** P\ 0.01; Student’s t test).

Relative expression of defence-related genes in shoots of riceXIP-overexpressing and riceXIP-suppressed plants before brown planthopper

treatment (c) and at 1-day post-infestation by BPH (d). The expression level of each gene was calculated relative to that in non-infested WT

plants. Experiments were conducted for three times, and the data were averaged from three independent replicates with standard deviation. Bars

with the different letters are significantly different at P\ 0.05 by using Duncan’s multiple range. e Xylanase inhibitor activity in transgenic rice,

with ANX as the target enzyme. The residual xylanase activity is shown. ‘riceXIP?’ and ‘riceXIP-’ represent the presence and absence of crude

protein from WT, OX-8 and RNAi-3, respectively. Asterisks indicate statistically significant differences between ‘riceXIP?’ and ‘riceXIP-’

(** P\ 0.01; Student’s t test)
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pathogens and herbivorous insects are generally more

sensitive to JA-induced defences (Glazebrook 2005; Howe

and Jander 2008).

hen, riceXIP-overexpressing and riceXIP-suppressed

rice plants were obtained using a reverse-genetics approach

(Fig. 5a, b). The transcriptional expression of defence-re-

lated genes was consistently enhanced by the overexpres-

sion of riceXIP upon BPH infestation (Fig. 5d). Among

these genes, OsPR1 and OsSci2 are PR protein genes, that

is, markers for plant defence responses, and XIP-type XIs

which is homologous with chitinases belong to class PR-8

proteins. OsNH1 is SA-dependent; OsAOS2 is involved in

JA synthesis (Qiu et al. 2007); OsWRKY24 is a herbivore

resistance-related gene. In our study, the transcript levels of

OsPR1, OsAOS2, OsWRKY24 were significantly higher in

riceXIP-overexpressing transgenic line than that in WT and

riceXIP-suppressed line upon BPH infestation. Further-

more, compared to the WT and riceXIP-suppressed lines,

the riceXIP-overexpressing lines had a higher level of

xylanase inhibitor activity (Fig. 5e). These findings suggest

that the xylanase inhibitor riceXIP may function as a

member of defensive proteins to take part in resistance to

herbivory for adaptation to the surrounding environment.

We can obtain pivotal information on the transcription

factors that regulate gene expression by analysing the

promoter of a gene. A number of cis-acting elements exist

in the promoter region of riceXIP, including Myb-binding

sites, W-box sequences, GCC-box and TGACG-motif

sequences, which are related to wound- and pathogen-in-

ducible gene expression. W or W-like box cis-acting ele-

ments, the DNA-binding sites of WRKY transcription

factors (Eulgem et al. 2000), exist in the numerous

defence-related genes promoter regions, such as the gene

PR-1 in maize (Raventos et al. 1995). MYB transcription

factors that respond to salicylic acid specifically bind to

Myb-binding sites and thereby participate in the tran-

scriptional activation of PR genes. The TGACG motif

(TGACG) is involved in MeJA responsiveness. The GCC-

box (GCCGCC) is known to the binding site of AP2/ERF

transcription factors, which is required for transcriptional

activation by MeJA (Rushton and Somssich 1998; Van der

Does et al. 2013). Furthermore, wounding that caused by

insect feeding or mechanical injury induces biosynthesis of

JA, which in turn activate the JA defence pathway. Our

result showed the promoter activities of RP1 and RP8 were

significantly increased in MeJA and wounding treatment,

compared to CK (Fig. 3). The data suggested some specific

cis-elements related to responding to MeJA and wounding

treatment, exist in -1977 to -1502 bp and -182 to

-80 bp. We analysed the corresponding sequence and

found that three TGACG-motifs and one GCC-box exist in

-1977 to -1502 bp, and one GCC-box exists in -182 to

-80 bp.

In this study, through the analysis of different 50-deleted
mutants of the promoter, in contrast with RP2, GUS

activity of RP3 abruptly increased, decreased subsequently

in RP4 and increased to a maximum in RP8 in the shoots

(Fig. 2). Thus, at the minimum, a repressor (r1), an

enhancer (e) and a repressor (r2) motifs were predicted

between RP2 and RP3 (-1502 to -1147 bp), RP3 and RP4

(-1147 to -859 bp) and RP7 and RP8 (-182 to -80 bp),

respectively. Therefore, we proposed a model for the cis-

regulation of the riceXIP gene. The upstream promoter

regions presumably contain a minimum of two repressor

sites (r1, r2) positioned at -1502 to -1147 bp and -182

to -80 bp, respectively, and an enhancer site (e) that

existed between -1147 and -859 bp. A low level of GUS

expression was obtained in RP2 because the repressor (R1)

was bound to the r1 site, thus preventing the binding of the

enhancer (E) to the enhancer site (e). Deletion of r1

resulted in the up-regulation of GUS expression in RP3

because of the binding of E to the e site. Then that the

repressor (R2) was bound to r2 site and the e site was

deleted resulted in a decrease in GUS expression in RP4,

RP5, RP6 and RP7. Owing to the deletion of the r2 site,

RP8 showed a maximum level of GUS expression. We

consulted literatures and found core sequence of ATAA

and CCTCAA function as enhancer and repressor binding

sites, respectively (Tiwari et al. 2014). Analysis of the

promoter, three ATAA sequences exist in -1147 and

-859 bp; one CCTC sequence exists in -1502 to

-1147 bp, and one CCTCA sequence exists in -182 to

-80 bp. These speculations need to be validated by con-

struction of a serial deletion promoter and using elec-

trophoretic mobility shift assay.
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