
ORIGINAL ARTICLE

The polygalacturonase-inhibiting protein 4 (OsPGIP4), a potential
component of the qBlsr5a locus, confers resistance to bacterial leaf
streak in rice

Chuanshun Feng1 • Xia Zhang1 • Tao Wu1 • Bin Yuan2 • Xinhua Ding1 •

Fangying Yao3 • Zhaohui Chu1

Received: 24 October 2015 /Accepted: 25 January 2016 / Published online: 5 March 2016

� Springer-Verlag Berlin Heidelberg 2016

Abstract

Main conclusion OsPGIP4 overexpression enhances

resistance to bacterial leaf streak in rice.

Polygalacturonase-inhibiting proteins are thought to play

important roles in the innate immunity of rice against

fungi. Here, we show that the chromosomal location of

OsPGIP4 coincides with the major bacterial leaf streak

resistance quantitative trait locus qBlsr5a on the short arm

of chromosome 5. OsPGIP4 expression was up-regulated

upon inoculation with the pathogen Xanthomonas oryzae

pv. oryzicola strain RS105. OsPGIP4 overexpression

enhanced the resistance of the susceptible rice variety

Zhonghua 11 to RS105. In contrast, repressing OsPGIP4

expression resulted in an increase in disease lesions caused

by RS105 in Zhonghua 11 and in Acc8558, a qBlsr5a

resistance donor. More interestingly, upon inoculation, the

activated expression of pathogenesis-related genes was

attenuated for those genes involved in the salicylic acid

pathway, while the activated expression of jasmonic acid

pathway markers was increased in the overexpression lines.

Our results not only provide the first report that rice PGIP

could enhance resistant against a bacterial pathogen but

also indicate that OsPGIP4 is a potential component of the

qBlsr5a locus for bacterial leaf streak in rice.

Keywords Defense response � Defense-related gene �
Jasmonic acid � Quantitative resistance � Xanthomonas
oryzae

Abbreviations

BB Bacterial blight

BLS Bacterial leaf streak

DR Defense-related

JA Jasmonic acid

OGs Oligogalacturonides

PG Polygalacturonase

PGIP Polygalacturonase-inhibiting protein

R Resistance

SA Salicylic acid

Xoc Xanthomonas oryzae pv. oryzicola

Xoo Xanthomonas oryzae pv. oryzae

Introduction

Rice (Oryza sativa) is the most important crop in the world,

as more than half of the global population is dependent on

it as the primary food source. The occurrence of rice dis-

eases, such as blast and sheath blight caused by the fungal
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pathogens Magnaporthe oryzae and Rhizoctonia solani,

respectively, as well as bacterial leaf streak (BLS) and

bacterial blight (BB) caused by the bacterial pathogens

Xanthomonas oryzae pv. oryzicola (Xoc) and Xanthomonas

oryzae pv. oryzae (Xoo), respectively, are major factors

that limit rice yield and quality (Nino-Liu et al. 2006;

Skaminioti and Gurr 2009). Breeding resistant rice vari-

eties is an important strategy to control these diseases.

Genetically, rice disease resistance can be classified into

two types: qualitative resistance conferred by a single

resistance (R) gene and quantitative resistance conferred by

multiple genes or quantitative trait loci (Poland et al. 2009;

Kou and Wang 2010). Qualitative resistance is primarily

mediated by the recognition of avirulence (Avr) proteins in

pathogens and guarded R proteins in the host. Qualitative

resistance has been widely used to improve rice varieties

because of its high-level resistance and easy manipulation.

To date, more than 37 and 80 R genes have been identified

that provide resistance against Xoo and M. oryzae,

respectively (Kou and Wang 2010; Wang et al. 2012).

Many of these R genes have been introduced as singletons

or pyramids into rice varieties. However, no R gene has

been identified in rice that provides resistance to BLS.

However, a nonhost R gene, Rxo1, has been isolated from

some maize varieties (Zhao et al. 2005). Additionally,

R gene-mediated resistance is prone to easy breakdown due

to high selection pressure, which could cause Avr gene

mutations (Dai et al. 2010).

Quantitative resistance is considered a non-race-specific

and more durable method. Quantitative resistance is usu-

ally controlled by multiple genes and is more favored in the

genetic improvement of crops. However, due to the small

effect of each QTL and the influence of the environment,

isolating QTL genes and identifying their biochemical

functions are difficult. To date, only a few resistance QTLs

with large effects have been cloned through positional

cloning. These resistance QTLs include pi21, which

encodes a proline-rich protein containing a putative heavy

metal-binding domain and putative protein–protein inter-

action motif (Fukuoka et al. 2009); Yr36, which encodes a

kinase with a putative START lipid-binding domain that

confers resistance to stripe rust in wheat (Fu et al. 2009);

and Lr34, which encodes a putative ATP-binding cassette

(ABC) transporter that confers durable resistance to mul-

tiple fungal pathogens in wheat (Krattinger et al. 2009). At

least 13 QTLs involved in BLS quantitative resistance have

been mapped from indica rice variety Acc8558 and Dular.

The major QTL, qBlsr5a on the short arm of chromosome

5, has the largest effect, explaining *14 % of the observed

phenotypic variation in the population (Tang et al. 2000;

Chen et al. 2006).

In recent years, some defense-related (DR) genes that

co-localize with QTLs have been identified that may

explain the small effect of QTLs (Kou and Wang 2010).

OsDR10 (Os08g05960) coincided with BB resistance

QTLs on chromosome 8; OsDR10-suppressed lines showed

broad resistance to all tested Xoo strains (Xiao et al. 2009).

A few cases of DR genes that confer resistance to Xoc have

been reported. For instance, suppression of GH3-2, which

encodes an indole-3-acetic-amino synthetase, and OsMPK6

mediated broad-spectrum resistance to both Xoo and Xoc

(Fu et al. 2011; Shen et al. 2010). Suppression of NRRB, a

receptor-like cytoplasmic kinase gene, and OsWRKY45-1

also enhanced resistance against Xoc (Tao et al. 2009; Guo

et al. 2014). Additionally, these DRs and four stress-acti-

vated protein kinase genes were differentially expressed in

the Rxo1-mediated resistance signaling pathway (Zhou

et al. 2010; Xu et al. 2013).

Polygalacturonase-inhibiting proteins (PGIPs) inhibit

the hydrolytic activity of polygalacturonase (PG), therefore

delaying the hydrolysis of oligogalacturonides, which are

components of the plant cell wall. PGIPs are members of

DR gene family, which can be up-regulated by pathogen

attack (Lu et al. 2012; Kalunke et al. 2015). PGIPs are

typically leucine-rich repeat (LRR) proteins with ten

imperfect LRRs, which are organized to form two b-sheets
that interact with PG at the N-terminus or C-terminus of the

enzyme and that include the loops surrounding the active

site cleft (di Matteo et al. 2003; Benedetti et al. 2011;

Gutierrez-Sanchez et al. 2012). In addition to identifying

increasingly specific inhibitory effects between plant

PGIPs and fungi PGs, dozens of plant PGIPs have been

introduced into tomato, tobacco, potato, Brassica rapa,

rapeseed, pea, grapevine, wheat, rice and Arabidopsis

(Kalunke et al. 2015). PGIPs have also been identified that

efficiently confer resistant against various necrotrophic and

hemibiotrophic fungal pathogens (Kalunke et al. 2015;

Wang et al. 2015). To inhibit PG directly, the interaction

between PGs and PGIPs promotes the accumulation of

oligogalacturonides (OGs), which could elicit a variety of

defense responses in plants (Ferrari et al. 2013).

Compared with the many studies that have explored the

interactions between plant PGIPs and fungal PGs, only a

few studies examining resistance against PGs of bacteria

have been performed (Kalunke et al. 2015). Constitutively

expressing the pear PcPGIP gene was accidentally

demonstrated to confer resistant against the bacterial

pathogen Xylella fastidiosa and the fungal pathogen

Botrytis cinerea in grapevine (Agüero et al. 2005). Later,

this resistance was found to be caused by a specific inter-

action between PG and PGIP. The second case, transgenic

tobacco and Chinese cabbage plants expressing B. rapa

BrPGIP2 were resistant against the bacterial pathogen

Pectobacterium carotovorum, the causal agent of soft rot

disease (Hwang et al. 2010). The third study only indicated

that the PG activity of Ralstonia solanacearum was
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inhibited by PGIP from a crude tomato stem extract

(Schacht et al. 2011). Thus far, no evidence that PGIPs can

protect rice against bacterial pathogens has been found.

Seven PGIP genes have been identified in rice; four of

these genes are located on chromosome 5 within the region

of qBlsr5a (Han et al. 2008; Lu et al. 2012). Only OsPGIP1

has been functionally analyzed regarding its ability to

confer resistance against the fungal pathogen R. solani in

rice (Wang et al. 2015). In this study, we performed a

functional analysis of the role of OsPGIP4 in promoting

resistance against Xoc. Gene expression patterns and

transgenic rice were analyzed, and the results suggested

that OsPGIP4 overexpression could enhanced the resis-

tance capacity against Xoc.

Materials and methods

Plant materials and growth conditions

The BLS-susceptible rice variety Zhonghua 11 (ZH11,

Oryzae sativa L. ssp. japonica) and moderate resistance

variety Acc8558 (O. sativa L. ssp. indica) were used in this

study. Seeds of the rice variety ZH11 were provided by Dr.

Yuan Meng of the National Key Laboratory of Crop

Genetic Improvement (Huazhong Agricultural University,

Wuhan, China). Acc8558 seeds were obtained from Dr.

Yang Long of Shandong Agricultural University. All rice

plants were grown in a greenhouse at a temperature of

28 ± 2 �C, relative humidity of 85–100 %, and photope-

riod of 16 h.

Vector construction

Genomic DNA was isolated from the leaves of Acc8558

rice plants using a Plant DNA Extraction Kit (CWBio,

Jiangsu, China). The OsPGIP4 gene was amplified by PCR

using the forward and reverse primers of OsPGIP4-OV

(Table 1). The 50 ll PCR mixture contained 19 HF buffer

with 1.5 mM MgCl2, 0.2 mM each dNTP, 0.8 lM each

primer, 1 ll DNA (*100 ng) and 2 U Phusion HF DNA

polymerase (New England Biolabs, Ipswich, MA, USA).

The following PCR program was used: 98 �C for 30 s

followed by 30 cycles of 98 �C for 10 s, 60 �C for 20 s,

and 72 �C for 30 s with a final 5 min extension at 72 �C.
The expected 1390 bp DNA fragment was gel-purified

using a Gel Extraction Kit (Omega Bio-Tek, Norcoss, GA,

USA) and then digested with Kpn I (New England Bio-

labs). The digestion product was purified using a PCR

Purification Kit (Omega Bio-Tek). The DNA fragment was

cloned into the binary vector pUbi1301-Kpn I-Cut (Li et al.

2013) and sequenced to confirm the authenticity of the

sequence as the allele of OsPGIP4. Then, the plasmid

construct pUbi1301-OsPGIP4 was transferred into the

Agrobacterium tumefaciens strain EHA105.

To construct an RNAi vector, the expected 427 bp DNA

fragment containing a portion of the encoding region and

the 30-UTR was amplified by PCR using the primers

OsPGIP4-RI-F and OsPGIP4-RI-R (Table 1). To suppress

OsPGIP4 expression, appropriate restriction sites were

introduced into the PCR-amplified cDNA suitable for

cloning steps (Spe I and Kpn I at the 50 end and Sac I and

BamH I at the 30 end). The PCR-amplified portion of

OsPGIP4 cDNA was first cloned into the KpnI-/BamHI-

digested ds1301 expression vector (Li et al. 2013) and then

into the SpeI-/SacI-digested ds1301 expression vector to

obtain the ds1301::OsPGIP4 construct. They are spacing

out by about 1.1 kb DNA fragment which is the intron of

rice alcohol dehydrogenase (Adh) gene.

Rice transformation

For rice transformation, embryonic callus derived from

mature embryos was infected by the Agrobacterium

tumefaciens strain EHA105 containing the target genes.

Callus culture and transformation for japonica variety

ZH11 and indica variety Acc8558 were performed

according to the published protocols (Lin and Zhang 2005;

Ge et al. 2006).

PCR analysis of T0 generation transgenic plants

For transgenic lines, positive lines were validated by PCR.

The PCR mixture consisted of 1 ll DNA template (ap-

proximately 20 ng), 0.5 ll each forward and reverse pri-

mers, 10 ll 29 Taq Master Mix (CWBio), and 8 ll
ddH2O. The PCR reaction was performed at 94 �C for

3 min followed by 35 cycles of 94 �C for 30 s, 60 �C for

30 s, and 72 �C for 1 min, with a final 5 min extension at

72 �C. The forward primer (Ubi-F), which was designed

based on the Ubi promoter sequence, and the reverse pri-

mer (JC-R), which was derived from the OsPGIP4

sequence, were used to select positive overexpression lines.

The length of the PCR amplification product was approx-

imately 250 bp. The primers ds1301-F2 and ds1301-R2

(Table 1) were used to amplify a 650 bp DNA fragment for

positive selection with RNAi lines.

Pathogen inoculation and disease assessment

The X. oryzae pv oryzicola (Xoc) strain RS105 was grown

on polypeptone-sucrose-agar medium (10 g l-1 polypep-

tone, 1 g l-1 glutamic acid, 10 g l-1 sucrose and 15 g l-1

agar) at 28 �C for 2 days and then suspended in sterile

10 mM MgCl2 to OD600 = 0.5. The more than five fully

expanded leaves were infiltrated at three positions by
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inoculation with a non-needle syringe at the seedling stage

or at the booting stage (Liu et al. 2014). The lengths of

lesions on the transgenic and wild-type plants were scored

at 14 days post-inoculation (dpi).

RNA extraction and cDNA synthesis

Infected and non-infected control plant leaves were har-

vested at 12, 48 and 72 h post-inoculation for total RNA

isolation. Total RNA was extracted from 100 mg tissue

using TRI Reagent (Sigma Aldrich) according to the

manufacturer’s protocol. RNA pellets were resuspended in

deionized water pretreated with 0.05 % (v/v) diethylpyro-

carbonate (DEPC). First-strand cDNA synthesis was per-

formed for each RNA sample using a PrimeScriptTM RT

Reagent Kit with gDNA Eraser (TaKaRa, Dalian, China)

according to the manufacturer’s instructions.

Quantitative polymerase chain reaction

Quantitative PCR was performed using SYBR� Premix Ex

TaqTM (Tli RNase H Plus) and an IQ5 Real-Time PCR

System (Bio-Rad) as previously reported (Li et al. 2013).

The following PCR program was used: 95 �C for 30 s

followed by 40 cycles of 95 �C for 5 s, 55 �C for 20 s, and

72 �C for 30 s. A heat dissociation curve (55–95 �C) was

checked after the final PCR cycle to determine the speci-

ficity of the PCR amplification. The OsActin

(LOC_Os03g50890) gene of rice was used as an internal

control to standardize the results. Expression levels of the

OsPR1a (LOC_Os07g03710), OsPR1b (LOC_Os01g28

450), OsPR10 (LOC_Os12g36880), OsAOS (LOC_Os03g

12500) and OsAOC (LOC_Os03g32314) genes were ana-

lyzed by qRT-PCR assays, which were repeated at least

twice with triplicate runs. Relative expression levels were

measured using the 2-DDCt analysis method. The primer

sequences for each detected gene are listed in Table 1.

PGIP inhibition activity

About 1 g rice leaves were ground with liquid nitrogen and

then flip cracked by 2 ml vegetable protein extract

(CWBio) supplemented with 1 % (v/v) protease inhibitor

cocktail at 4 �C for 1 h. The lysates were centrifuged at

3824g at 4 �C for 15 min, and supernatant were transferred

to prechilled centrifuge tube for the follow-up experiment.

The equivalent total plant proteins quantified by bradford

assay were mixed with 0.1 mg/ml PG Pectinase from

Aspergillus niger ([20 U/mg, BBI, Shanghai, China) at

room temperature for 1 h. The mixtures and 0.25 % (m/v)

polygalacturonic acid (Sigma) in sodium acetate buffer

solution (pH 5.0) were incubated at 50 �C for 30 min. Then

Table 1 The primers used in

this study
Primer name Sequence (50–30)a

OsPGIP4-OV-F ATGGGTACCTGTCGTGCACTTGTGTTCAA

OsPGIP4-OV-R ATGGGTACCGCATTAGCTGGTTGCTTC

OsPGIP4-RI-F AAGACTAGTGGTACCCGGCAGCGTCTACCTGTC

OsPGIP4-RI-R AAGGAGCTCGGATCCCACTAAATTTCACTCATGTTCATCA

Ubi-F TTTTAGCCCTGCCTTCATACGC

JC-R CAATCAAACGACGCATTCTAC

ds1301-F2 TTCTAATCCCCAATCCAAA

ds1301-R2 TAGGCGTCTCGCATATCTC

OsPGIP4-RT-F GCCTACTGCTTCCAGCACAAC

OsPGIP4-RT-R AGGTCTGGATCAAACATCAATGG

OsActin-F TGTATGCCAGTGGTCGTACCA

OsActin-R CCAGCAAGGTCGAGACGAA

OsPR1a-F CGTCTTCATCACCTGCAACTACTC

OsPR1a-R CATGCATAAACACGTAGCATAGCA

OsPR1b-F GGCAACTTCGTCGGACAGA

OsPR1b-R CCGTGGACCTGTTTACATTTTCA

OsPR10-F CCCTGCCGAATACGCCTAA

OsPR10-R CTCAAACGCCACGAGAATTT

OsAOC-F GAGGCTTCTTGGTAGTAGGTGGA

OsAOC-R CGTAGTGGCGGTCGTTGTAGT

OsAOS-F CAATACGTGTACTGGTCGAATGG

OsAOS-R AAGGTGTCGTACCGGAGGAA

a Restriction site sequences are underlined
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the reducing sugar products were quantified by DNS assay

(McCleary and McGeough 2015). The relative activity of

PGIP was calculated for the three overexpression rice lines

compared with the ZH11.

Statistical analysis

The qRT-PCR estimates of certain gene transcript accu-

mulation and the lesion lengths from BLS pathogenicity

experiments were subjected to analysis of variance. Stan-

dard deviations were checked visually by error bars, and

statistical significance was determined by analysis of

variance. The data were subjected to one-way analysis of

variance, the mean differences were compared by paired

t test, and the P values\0.05 were considered significant.

Correlation analysis was performed using SPSS software.

Results

Sequence analysis of OsPGIP4 in rice varieties

Acc8558 and Zhonghua 11

According to the gene annotation, OsPGIP4

(LOC_Os05g01444) in the Nipponbare genome contains a

1654 bp coding region without any intron and contains

1206 bp coding sequence (CDS) flanked by a 279 bp 50

untranslated region (UTR) and a 169 bp 30 UTR. The CDS
of OsPGIP4 encodes a 401 residue polypeptide (Fig. 1a).

After the alleles of OsPGIP4 in japonica rice ZH11 and in

indica rice Acc8558 were sequenced, the allele of ZH11

was found to be identical to the annotation in Nipponbare,

while 7 nucleotide differences that resulted in two amino

acid substitutions were found for the allele of Acc8558

(Fig. 1b). The first substitution occurred at position 356,

which is a cysteine in Nipponbare and ZH11 but a serine in

Acc8558, and the second substitution, methionine to thre-

onine, occurred at position 368.

Expression pattern of OsPGIP4

The expression profile of OsPGIP4 in different tissues and

organs in ZH11 was detected by quantitative RT-PCR.

Compared with the relative expression of OsPGIP4 in

young root, the relative expression of OsPGIP4 was nearly

two times higher in culm and leaf at the mature stage while

less than half in anther, pistil and endosperm. In general,

the relative expression of OsPGIP4 was similar in all tis-

sues and organs (Fig. 2).

Pathogen challenge activated the expression of many

DR genes; therefore, we measured the expression of OsP-

GIP4 post-inoculation with the Xoc strain RS105 in both

the susceptible rice variety ZH11 and the moderate resis-

tance rice variety Acc8558. The transcript level of OsP-

GIP4 increased quickly within 8 h after RS105 inoculation

in both rice varieties. Then, this transcript level initially

decreased from 24 h and nearly reached the same level as

the control at 48 h. The tendency of transcription was

similar in ZH11 and Acc8558. Notably, the expression

level at 8 h post-inoculation was higher in the resistance

variety Acc8558 than in ZH11, and the decrease in

expression at 24 h post-inoculation was attenuated in

Acc8558 (Fig. 3a, b). These observations suggest that

OsPGIP4 expression could be quickly activated upon Xoc

challenge. Upon inoculation with the Xoo strain PXO99,

the transcript level of OsPGIP4 increased slightly in the

susceptible variety IR24 (Fig. 3c) but decreased exces-

sively in the resistance variety IRBB21 (Fig. 3d), which

carries the resistance gene Xa21.

OsPGIP4 overexpression enhanced the resistance

against Xoc in ZH11

To access whether RS105-up-regulated OsPGIP4 expres-

sion could enhance resistance against Xoc, Agrobacterium-

mediated transformation of the pUbi1301-OsPGIP4 con-

struct was used to obtain 15 independent T0 lines. In the T0

generation, 9 of 15 individuals were identified as positive

1640

280 1485

ATG TGA
1206

1a

b

Fig. 1 The structure of OsPGIP4. a The DNA structure of OsPGIP4.

The black boxes indicate the exons, and the gray boxes represent the

50 and 30 untranslated regions. b Protein alignment of OsPGIP4

homologs in Acc8558, Nipponbare (Nip) and Zhonghua 11 (ZH11).

The substitution amino acids are highlighted in bold

Fig. 2 Expression pattern of OsPGIP4 in different rice tissues. Bars

represent the means (three replicates for gene expression) ± SD
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transgenic lines by PCR. These transgenic lines were

inoculated with the Xoc strain RS105 at the booting stage.

Disease severity was assessed by counting the lesion length

per infiltration spot. All nine positive individuals exhibited

enhanced resistance to RS105, with lesion lengths ranging

from 1.0 to 1.8 cm (average of 1.3 cm) compared with

2.3 cm for wild-type ZH11 (Fig. 4a). Three individuals

(OV7, OV13 and OV27) were chosen for detection of the

OsPGIP4 expression level and for further analysis at the T1

generation based on the high-level resistance against

RS105. All three lines showed over 200-fold increases in

OsPGIP4 expression than did wild-type plants (Fig. 4b).

OV23 showed the strongest expression of OsPGIP4, which

was consistent with the shortest lesion length.

To evaluate the disease resistance of transgenic rice

lines in the T1 generation, OsPGIP4-OXV lines and wild-

type ZH11 were inoculated with RS105. In all three

independent T1 lines, the progeny showed significant

reductions in lesion length, as they were identified as

positive transgenic individuals that carried the construct

pUbi::OsPGIP4 (Fig. 5). After tested in T2 generation, all

three lines were identified to significantly enhance the

inhibition activity to PG (Suppl. Fig. S1), compared with

wild type ZH11. These results further suggested that

OsPGIP4 overexpression could improve resistance against

Xoc.

Repressing OsPGIP4 expression enhanced

susceptibility to RS105

To further confirm that OsPGIP4 is involved in defense

against Xoc, OsPGIP4 RNAi lines were generated in ZH11

by Agrobacterium-mediated transformation. Twelve inde-

pendent T0 lines were obtained, eight of which were

identified as positive lines by PCR. After the plants were

inoculated with RS105, the eight positive lines exhibited

significantly increased lesion lengths compared with wild-

type ZH11 (Fig. 6). Three individuals (DS12, DS29 and

DS48) were chosen from the T1 generation for further

analysis based on their high-level susceptibility to RS105.

These three lines also showed 50–80 % reduction of

OsPGIP4 expression compared with ZH11 (Fig. 6b). In all

three T1 lines, the positive transgenic plants exhibited

significantly increased lesion lengths compared with wild-

type ZH11 or negative individuals segregated from the

progeny (Fig. 6c). These results suggested that OsPGIP4

acts as a positive regulator of resistance against Xoc in rice.

Resistance to RS105 was attenuated by repressing

OsPGIP4 expression in Acc8558

Because OsPGIP4 is located on the same genomic region

of the qBlsr5a locus, which is also responsible for bacterial

leaf streak resistance in rice and because OsPGIP4

expression positively regulated Xoc resistance in this study,

we questioned whether OsPGIP4 is one of the components

of qBlsr5a. To answer this question, we generated OsP-

GIP4 RNAi lines in Acc8558, the resistance donor of

qBlsr5a. Six individuals were generated, and five of these

individuals were identified as positive transgenic plants.

These five positive lines also showed 40–90 % reduction of

OsPGIP4 expression, and 0.23–0.53 cm increased lesion

length in response to RS105 infection compared with

Acc8558 (Fig. 7a, b). At the T1 generation, all plants

derived from two positive T0 individuals (ds1301::OsP-

GIP4-1 and ds1301::OsPGIP4-8) were investigated

regarding their susceptibility to RS105. Consisted with the

PCR identifications, all positive individuals exhibited sig-

nificantly increased lesion lengths compared with wild-

type Acc8558 (Fig. 7c). These results suggested that

OsPGIP4 is also involved in resistance to Xoc in Acc8558.

Increased expression of JA-related PR genes

in OsPGIP4 overexpression lines

As the SA signaling pathway was reported to be involved

in BLS resistance (Guo et al. 2014), quantitative real-time

PCR was used to measure the basal levels of transcripts for

several pathogenesis-related genes in three OsPGIP4

overexpression lines (OV17, OV23 and OV37) at the T2

Hours post-inoculation 

a b

c d

Hours post-inoculation 

Hours post-inoculation Hours post-inoculation 

0
0.2
0.4
0.6
0.8

1
1.2
1.4

0h 8h 24h 48hR
el

at
iv

e 
ex
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si
on

 le
ve

l

IRBB21

Fig. 3 Expression analysis of OsPGIP4 in rice leaves upon Xoc and

Xoo infection. Expression level of OsPGIP4 in response to RS105 in

ZH11 (a susceptible), RS105 in Acc8558 (b moderate resistance),

PXO99 in IR24 (c susceptible), and PXO99 in IRBB21 (d resistance)

at 0, 8, 24 and 24 h post-inoculation. Bars represent the means (three

replicates for gene expression) ± SD
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generation. To our surprise, the expression levels of

OsPR1a, OsPR1b and OsPR10 were significantly reduced

in all three overexpression lines at 12 hpi compared with

the wild-type plants (Fig. 8a–c). In contrast, all three

OsPGIP4 overexpression lines showed significantly higher

expression levels of OsAOC and OsAOS (Fig. 8d, e).

Consistent with the highest levels of resistance to RS105,

the activated expression levels of OsAOC and OsAOS were

highest in the OV23 line.

Discussion

PGIPs are conserved proteins that have been identified

from various plant species; these proteins clearly function

in inhibiting different fungal PGs (Kalunke et al. 2015).

Additionally, PGIPs are members of plant DR gene fami-

lies and, in most cases, are up-regulated following stress

stimuli. Seven PGIP genes have been identified in rice

(Janni et al. 2006; Lu et al. 2012), most of which could be

activated to elicit up-regulated expression by various

treatments with phytohormones or fungal infection (Lu

et al. 2012). Two of these PGIP genes have been shown to

functionally inhibit fungal PGs (Jang et al. 2003; Janni

et al. 2006; Wang et al. 2015), and only one gene has been

shown to enhance resistance against R. solani after being

constitutively expressed in rice (Wang et al. 2015). In this

study, we functional analyzed the role of OsPGIP4 in

resistance against the bacterial pathogen Xoc in rice.

Similar to most characterizations of plant PGIPs, OsPGIP4

expression was activated after Xoc inoculation (Fig. 3).

Modulation of OsPGIP4 expression resulted in a resistance

phenotype against RS105 in the susceptible rice variety

ZH11 (Figs. 4, 5). These results strongly indicated that

OsPGIP4 positively regulates the defense response to Xoc

and provided the first evidence of a role for PGIP in

resistance against a bacterial pathogen in rice. Despite the
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lines

pU1301::OsPGIP4
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*** ** ** ** ** **

Fig. 4 Resistance of the OsPGIP4 overexpression plants against the

Xoc strain RS105. a Lesion lengths of the 12 individual T0 transgenic

plants with pU1301::OsPGIP. b Relative expression levels of

OsPGIP4 in three selected T0 transgenic plants. The qRT-PCR data

for each sample were normalized to the amount of OsActin

transcripts. Bars represent the means (three replicates for gene

expression) ± SD

pU1301::OsPGIP4-7

pU1301::OsPGIP4-13

pU1301::OsPGIP4-27

Fig. 5 Resistance of three OsPGIP4 overexpression lines to Xoc in

the T1 generation. The average of lesion length for each plant was

measured at more than ten inoculation sites. The gel figure indicates

the plants carrying the pU1301::OsPGIP4 that were validated by

PCR. Bars represent the mean ± SD. ‘‘*’’ and ‘‘**’’ indicate

significant (t test, P\ 0.05) and highly significant (t test, P\ 0.01)

differences detected in the lesion lengths between wild-type and

transgenic plants, respectively
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ds1301::OsPGIP4-12

ds1301::OsPGIP4

ds1301::OsPGIP4-29

ds1301::OsPGIP4-48

a b

c

** **
**

** **
* * ** **

OsPGIP4-RNAi T0 plants 
(ZH11 background)

Fig. 6 Repressing OsPGIP4

expression attenuated the

resistance to RS105 in ZH11.

a Lesion lengths of the 12

individual T0 transgenic plants

with ds1301::OsPGIP4.

b Relative expression levels of

OsPGIP4 in three selected T0

transgenic plants. The qRT-PCR

data for each sample were

normalized to the amount of

OsActin transcripts. Bars

represent the means (three

replicates for gene

expression) ± SD. c The

average lesion length for each

individual of three T1 transgenic

plants and the wild-type plant.

The positive transgenic plants

were identified by PCR using

the primers ds1301-F2 and

ds1301-R2

ds1301::OsPGIP4-8ds1301::OsPGIP4-1

ds1301::OsPGIP4 ds1301::OsPGIP4
（ACC8558 background）

** ** **
* *

**

* *
*

**
**

*

**
** *

a b

c

Fig. 7 Increased susceptibility

to the Xoc strain RS105 was

associated with the repressed

expression of OsPGIP4 in

Acc8558. a Lesion lengths of

the 6 individual T0 transgenic

plants with ds1301::OsPGIP4 in

ACC8558 background.

b OsPGIP4 expression was

repressed in RNAi transgenic

plants at the T0 generation.

c Increased susceptibility to

RS105 was identified in

OsPGIP4-RNAi T1 families

ds1301::OsPGIP4-1 and

ds1301::OsPGIP4-8. The

positive transgenic plants were

identified by PCR using the

primers ds1301-F2 and ds1301-

R2
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existence of a putative PG in Xoc, unfortunately, we failed

to purify the fusion OsPGIP4 protein via prokaryotic

expression in E. coli or transient expression in Nicotiana

benthamiana (data not shown). Thus, we could not deter-

mine whether the enhanced resistance was directly caused

by the interaction of PG-OsPGIP4.

Based on our data, we strongly suggested that this resis-

tance was primarily dependent on the interaction of PG-

OsPGIP4. Another rice bacterial pathogen, X. oryzae pv.

oryzae, which shares approximately 91 % similarity with

Xoc, causes bacterial blight in rice (Feng et al. 2015). This

pathogen also contains only one putative PG, which is 95 %

identical to Xoc-PG (Suppl. Fig. S2). Most substitutions

occurred on the C-terminus, which is the primary active site

of the enzyme. Regardless of compatible or incompatible

interactions between Xoc and rice,OsPGIP4 expression was

quickly activated and reached its highest level at 8 hpi

(Fig. 3). However, OsPGIP4 expression was slightly up-

regulated to threefold at 48 hpi with Xoo in the susceptible

rice near isogenic line (NIL) IR24. In contrast, OsPGIP4

expression was reduced approximately ten folds at 8 hpi in

the resistance NIL IRBB21 compared with the mock treat-

ment (Fig. 3c, d). Notably, OsPGIP4 overexpression could

enhanced resistance against the Xoc strain RS105 (Fig. 4)

but had no effect on resistance against PXO99 (Suppl.

Fig. S3). The OsPGIP4 RNAi lines also showed no differ-

ence regarding resistance against PXO99 compared with

wild-type ZH11 (Suppl. Fig. S3). The specific resistance to

Xoc, but not to Xoo, is hard to explain if the concept of

specific recognition between Xoc-PG and OsPGIP4 is

excluded. Additionally, direct interactions between Xoc-PG

andOsPGIP4 proteins need to be confirmed in future studies.

Hours post Xoc inoculaion

0 12

Hours post Xoc inoculaion

0 12

Hours post Xoc inoculaion

0 12
Hours post Xoc inoculaion

0 12

Hours post Xoc inoculaion

0 12

Fig. 8 Quantitative PCR

amplification of the

pathogenesis-related (PR) genes

in wild-type and OsPGIP4

overexpression lines.

Expression analysis was

performed at 12 h post-infection

in Xoc-infected leaves and non-

infected leaves as a control. The

qRT-PCR data for each sample

were normalized to the amount

of OsActin transcripts. Bars

represent the means (three

replicates for gene

expression) ± SD
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Recently, defense-related (DR) genes that co-localize

with QTLs have been identified that may explain the small

effect of QTLs (Kou and Wang, 2010). Four clustering

PGIPs (OsPGIP1 * OSPGIP4) located on chromosome 5

co-coincide with qBlsr5a, which has the largest effect of

known QTLs for BLS resistance (Tang et al. 2000; Han

et al. 2008). Our results show that OsPGIP4 overexpres-

sion enhanced resistance to Xoc and that reduction of

OsPGIP4 expression resulted in greater susceptibility in

ZH11. Moreover, the reduction of OsPGIP4 expression

enhanced susceptibility to RS105 in Acc8558, the resis-

tance donor of qBlsr5a. These results suggested that

OsPGIP4 was possibly involved in qBlsr5a-mediated

resistance against Xoc. Xie et al. (2014) further mapped

qBlsr5a to a narrow region of approximately 30 kb with a

set of overlapping sub-chromosome segment substitution

lines (sub-CSSLs). The most possible candidate was the

mutation Xa5 from the listed three candidates (Xie et al.

2014), and OsPGIP4 was excluded as a candidate for

qBlsr5a. However, after deep analysis of the disease

severity for the set of sub-CSSLs, we found that all sub-

CSSLs showed resistance phenotypes with longer lesion

lengths than the resistance parent H359-BLSR5A, includ-

ing H91, P30, A33, B76 and D-101, which carried xa5 but

were homozygous or heterozygous at the OsPGIP4 posi-

tion in the susceptible parent. Additionally, comparison of

susceptible parent H359 with those susceptible sub-CSSLs,

including C-122, R-77, M35, F-9, H-59, G123, O-26 and

B-102, we found that the lesion lengths were shorter in the

susceptible sub-CSSLs than in H359. Thus, qBlsr5a had a

genetic resistance residue effect in addition to the charac-

terized region of the 30 kb DNA sequence (from the data

of Xie et al. 2014). This finding should explain the small

effect of qBlsr5a, which is located upstream of Xa5. Taken

together, these findings and our results suggest that OsP-

GIP4 is a potential component of the qBlsr5a locus.

Defense response activation is always accompanied by

induced expression of pathogenesis-related genes (Kou and

Wang 2010). These genes are biomarkers that can be used

to determine which phytohormone-mediated signaling

pathway, such as SA, JA, ET or IAA, is involved in the

defense response. Among the limited studies of rice-Xoc

interactions, most studies have demonstrated that the

expression of SA-related PR genes, such as OsPR1a,

OsPR1b and OsPR10, is activated in the modulated

expression transgenic lines upon inoculation (Xiao et al.

2009; Li et al. 2012; Guo et al. 2014). Even in Rxo1-

mediated resistance against Xoc, stronger activation of

OsPR1a and OsPR10 expression was observed in trans-

genic plants compared with the wild-type plants (Zhou

et al. 2010). Additionally, in DEPG1-overexpressing lines,

the expression of SA-related genes decreased simultane-

ously with increased susceptibility to Xoc (Guo et al.

2012). In this study, we found that the expression of SA-

related PR genes, which were represented by OsPR1a,

OsPR1b and OsPR10, was attenuated in all three OV lines

post-inoculation with RS105. However, the expression of

the JA-related PR genes OsAOC and OsAOS (Fig. 8) were

highly activated, which suggested that JA might be in

involved in the OsPGIP4-mediated resistance pathway.

This finding is distinguished from the above-described

Xoc-DR genes. As JA was reported to antagonize with SA

in plants (Thaler et al. 2012), the opposite expression of

OsPR1a and OsPR1b was supported by this hypothesis. A

few studies have reported that PGIPs also favor the accu-

mulation of elicitor-active OGs, which could induce JA

synthesis in tomato (Ferrari et al. 2013). In turn, many

studies have demonstrated that Xoo-mediated resistance

was also dependent on the SA pathway; however, the

OsPGIP4-RNAi lines did not visibly affect resistance

against the Xoo strain PXO99. Whether OV lines inocu-

lated with PXO99 could activate the expression of OsAOC,

OsAOS and those SA-related genes remains to be deter-

mined and would help to identify the specific interaction

between Xoc and OsPGIP4.
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