
E
A
i

R
Y
a

b

Y
c

a

A
R
R
A
A

K
V
A
A
S
J
D

1

i

E
m
D
i
q
v
s

w

Y

(
w
w

h
0

Plant Science 248 (2016) 17–27

Contents lists available at ScienceDirect

Plant  Science

j ourna l ho me  pa ge: www.elsev ier .com/ locate /p lantsc i

ctopic  expression  of  a  grape  aspartic  protease  gene,  AP13, in
rabidopsis  thaliana  improves  resistance  to  powdery  mildew  but

ncreases  susceptibility  to  Botrytis  cinerea�

ongrong  Guoa,b,c,  Mingxing  Tua,b,  Xianhang  Wanga,b, Jiao  Zhaoa,b,  Ran  Wana,b,  Zhi  Lia,b,
uejin  Wanga,b,  Xiping  Wanga,b,∗

State Key Laboratory of Crop Stress Biology in Arid Areas, College of Horticulture, Northwest A&F University, Yangling, Shaanxi 712100, China
Key Laboratory of Horticultural Plant Biology and Germplasm Innovation in Northwest China, Ministry of Agriculture, Northwest A&F University,
angling, Shaanxi 712100, China
Guangxi Academy of Agricultures Sciences, Nanning, Guangxi 530007, China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 27 December 2015
eceived in revised form 11 April 2016
ccepted 12 April 2016
vailable online 13 April 2016

eywords:
qAP13
spartic protease
rabidopsis thaliana
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The  grape  aspartic  protease  gene,  AP13  was  previously  reported  to be  responsive,  in  Chinese  wild  Vitis
quinquangularis  cv.  ‘Shang-24’,  to infection  by  Erysiphe  necator,  the  causal  agent  of powdery  mildew
disease,  as well  as  to  treatment  with  salicylic  acid in  V.  labrusca  ×  V. vinifera  cv. ‘Kyoho’.  In the  current
study,  we  evaluated  the expression  levels  of  AP13  in  ‘Shang-24’  in response  to salicylic  acid  (SA),  methyl
jasmonate  (MeJA)  and  ethylene  (ET)  treatments,  as  well  as  to  infection  by the necrotrophic  fungus,  Botrytis
cinerea,  and  the  transcript  levels  of  VqAP13  decreased  after  B.  cinerea  infection  and  MeJA  treatment,  but
increased  following  ET and  SA  treatments.  Transgenic  Arabidopsis  thaliana  lines  over-expressing  VqAP13
under  the control  of  a constitutive  promoter  showed  enhanced  resistance  to  powdery  mildew  and  to  the
bacterium  Pseudomonas  syringae  pv.  tomato  DC3000,  and  accumulated  more  callose  than  wild  type  plants,
alicylic acid
asmonic acid
isease resistance

while the  resistance  of  transgenic  A. thaliana  lines  to B. cinerea  inoculation  was  reduced.  In  addition,
the  expression  profiles  of  various  disease  resistance-  related  genes  in  the transgenic  A. thaliana  lines
following  infection  by  different  pathogens  were  compared  to the  equivalent  profiles  in the wild  type
plants.  The  results  suggest  that  VqAP13  action  promotes  the  SA dependent  signal  transduction  pathway,

nal  tr
but  suppresses  the JA  sig

. Introduction
Grapevine (Vitis vinifera L.) is one of the most economically
mportant deciduous fruit crops, and is cultivated worldwide to

Abbreviations: AP, aspartic protease; SA, Salicylic acid; JA, jasmonic acid;
T,  ethylene; SAR, systemic acquired resistance; PR, pathogenesis-related; MeJA,
ethyl jasmonate; WT,  wild type; PstDC3000, Pseudomonas syringae pv. tomato
C3000; pad4, Phytoalexin deficient 4; hpt, hours post treatment; hpi, hours post

noculation; dpi, days post inoculation; PCR, polymerase chain reaction; qRT-PCR,
uantitative real-time PCR; ORF, open reading frame; CaMV, cauliflower mosaic
irus; LPS, lipopolysaccharides; ROS, reactive oxygen species; d, diameter; SOD,
uperoxide dismutase; CAT, catalase; POD, peroxidase.
� The nucleotide sequence reported in this paper has been submitted to GeneBank
ith accession numbers KP998099.
∗ Corresponding author at: College of Horticulture, Northwest A&F University,
angling 712100, Shaanxi, China.

E-mail addresses: guorongrong3434@163.com (R. Guo), tumingstar@163.com
M.  Tu), 18700808875@163.com (X. Wang), yzhjiao@163.com (J. Zhao),
anran2012@nwsuaf.edu.cn (R. Wan), lizhi@nwsuaf.edu.cn (Z. Li),
angyuejin@nwsuaf.edu.cn (Y. Wang), wangxiping@nwsuaf.edu.cn (X. Wang).

ttp://dx.doi.org/10.1016/j.plantsci.2016.04.006
168-9452/© 2016 Elsevier Ireland Ltd. All rights reserved.
ansduction  pathway.
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produce wine, juice, raisins and table grapes [1]. However, a large
variety of pathogens, such as Botrytis cinerea and diseases such as
powdery mildew and downy mildew can affect the growth, fruit
quality and yield of cultivated grapevine varieties [2]. In order
to prevent or limit pathogen infection, chemical treatments are
extensively used in vineyards. However, even though such con-
trol methods can effectively increase production, they can incur
substantial production cost and cause environmental pollution,
especially by increasing the pesticide residues, which are known
to be harmful to human health [1]. Some alternative strategies to
increase disease resistance, such as classical crossbreeding, are very
time consuming, and the phenotypic trait in the finial generation
is usually not stable. Consequently, other approaches, such as the
application of elicitors of natural resistance may  provide oppor-
tunities to improve resistance in cultivated crop varieties. In this
context, a more extensive knowledge of the network of disease

resistance related genes involved in the defense responses would
be advantageous.
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The induction of plant defense responses occurs via a highly
omplex signaling network [3,4]. In previous studies, the hormones
alicylic acid (SA), jasmonic acid (JA) and ethylene (ET) have all
een shown to be key mediators of resistance to different types
f pathogens. SA is associated with local resistance to biotrophs
nd with the onset of systemic acquired resistance (SAR), while
A and ET control the resistance to necrotrophs and induce sys-
emic resistance, which can also be triggered by root-colonizing
onpathogenic rhizobacteria [5–7].

Although the genes involved in resistance to various pathogens
re far less characterized in grapevine than in the model plant Ara-
idopsis thaliana, several have been identified that may  play roles in
efense responses. For example, grapevine plants over-expressing
vNPR1.1 were shown to exhibit an enhanced resistance to pow-
ery mildew infection [8], and over-expression of VpGLOX from the
hinese wild vine V. pseudoreticulata accession ‘Baihe-35-1’ in A.
haliana conferred resistance to powdery mildew [9]. Moreover,
ver-expression of the transcription factor VvWRKY1 in grapevine
as reported to induce the expression of genes in the JA signaling
athway and to confer increased tolerance of downy mildew. Sim-

larly, over-expression of VvWRKY2 in tobacco (Nicotiana tabacum
v. Xanthi) enhanced broad resistance to necrotrophic fungal
athogens [2,10]. There is also evidence that two  homologous
RKY genes from Chinese wild Vitis pseudoreticulata W.  T. Wang

Baihe-35-1’, VpWRKY1 and VpWRKY2,  may  participate in resistance
o powdery mildew [11]. Finally, the V. pseudoreticulata EIRP1 E3
igase has been shown to promote plant disease resistance by medi-
ting proteolysis of the protein VpWRKY11 by the 26S proteasome
12].

As one of the four superfamilies of proteolytic enzymes, aspartic
roteases (AP; EC 3.4.23) have been implicated in regulating a vari-
ty of biological processes, such as the recognition of pathogens
nd pests and the induction of defense responses, through lim-
ted proteolytic processing of peptide hormones, receptors, and
ther regulatory proteins [13–15]. Genes encoding extracellular AP
nzymes that might play a role in the degradation of pathogenesis-
elated (PR) proteins in leaves have been identified in tobacco (N.
abacum L.) and tomato (Solanum lycopersicum) [16,17], and an AP
hat is expressed in potato leaves has been proposed to play a
ole in defense responses against pathogens and insects [18]. The
xpression of AP genes has also been detected in tomato leaves
ost-wounding or following treatments with the peptide hormone
ystemin or methyl jasmonate (MeJA) [19]. This AP has been sug-
ested to be involved in intracellular protein turnover to increase
mino acid pools for the synthesis of defense related proteins
nd/or in the defense against pathogens by hydrolyzing proteins
ecreted by invasive pathogens [19]. Moreover, over-expression
f an AP encoded by the A. thaliana CDR1 gene was  reported to
ncrease resistance to the virulent bacterium Pseudomonas syringae,
uggesting a role in the activation of inducible resistance mech-
nisms [15]. And ectopic expression of the rice ortholog OsCDR1
n A. thaliana and rice conferred enhanced resistance to bacterial
nd fungal pathogens, and infiltration of a OsCDR1 fusion protein
hat fused at the C-terminus of glutathione-S-transferase (GST) of
GEX-3X expression vector into the leaves of A. thaliana induced the
xpression of pathogen-related protein 2 (PR2), further demonstrat-
ng its induction of systemic defense responses [20,21]. In a recent
tudy, it has been reported that the expression of a rice AP gene
OsAP77)was induced by pathogen infection and defense related
ignaling molecules, and this gene has a positive role in defensing
esponse against fungal, bacterial and viral infections [22].

We previously identified 50 AP genes in the grape genome and

haracterized their transcript abundance in response to various
tress conditions and hormone treatments [23]. Of these genes, it
as found that the expression of AP13 was up-regulated in Chi-
ese wild Vitis quinquangularis cv. ‘Shang-24’ following infection
e 248 (2016) 17–27

with Erysiphe necator, in V. labrusca × V. vinifera cv. ‘Kyoho’ after
exogenous application of SA, suggesting that this gene may  confer
enhanced resistance to biotrophs. In the current study, we  charac-
terized the expression of AP13 in V. quinquangularis cv. ‘Shang-24’
after either inoculation with the fungus B. cinerea or treatments
with SA, MeJA and ET. This was followed by gene functional anal-
ysis by characterizing the responses of transgenic A. thaliana lines
constitutively over-expressing grape AP13 to inoculation with E.
necator, P. syringae pv. tomato DC3000 (PstDC3000), and B. cinerea.
The results elucidate the role of the AP13 gene in biotic stress
responses and, we  propose, will be useful in the development of
biotroph resistant crops.

2. Materials and methods

2.1. Plant materials and pathogenic bacteria

Two year old Chinese wild V. quinquangularis cv. ‘Shang-24′

seedlings were grown in a greenhouse at the Northwest A&F Uni-
versity, Yangling, Shaanxi, China, and used for B. cinerea inoculation,
SA, MeJA and ET treatments, and for the cloning and expression
analysis. Wild type (WT) and transgenic A. thaliana lines were
grown under 22 ◦C, 70% relative humidity and a long-day photope-
riod (8 h dark/16 h light).

B. cinerea was  isolated from ‘Red Globe’ (V. vinifera) and main-
tained on Potato Glucose Agar medium as described by Wan  et al.
[24]. P. syringae pv. tomato DC3000 (PstDC3000) was grown at
28 ◦C on King’s B medium [25] containing 50 �g/mL rifampicin.
A. thaliana powdery mildew causing Golovinomyces cichoracearum
isolate UCSC1 was  cultured on A. thaliana pad4 (phytoalexin deficient
4) mutant plants, which were grown in a plant incubator (22 ◦C,
photoperiod 8 h dark/16 h light, light intensity 100 �mol m−2 s−1).

2.2. Hormone treatments and B. cinerea inoculation in grape

Hormone treatments were conducted by spraying young grape
leaves with 100 �M SA [26], 50 �M MeJA [27] or 0.5 g/L ET [28],
followed by sampling at 1, 12, 24 and 48 h post-treatment (hpt).
Leaves sprayed with sterile distilled water at the same time points
were used as a control.

B. cinerea inoculation was carried out as previously described,
with some modifications [29]. Conidia from 3 week old cultured
B. cinerea were washed with sterile distilled water, suspended
in 10 mL  sterile distilled water, and the suspension was filtered
through Miracloth (Calbiochem, Germany) to remove mycelia. The
spore concentration in the inoculation suspension was  adjusted
to 105 spores/mL with sterile distilled water. Conidia were then
pre-germinated for 2 h at 22 ◦C before inoculation [29]. Detached
grapevine leaves were carefully washed and placed adaxial side
down on a bed of 0.8% agar, and then sprayed with a conidia suspen-
sion supplemented with Silwett L77 (GE, USA)[0.02% (v/v)]. Trays
of inoculated leaves were covered with a plastic film to ensure a
relative humidity of 90–100%. Leaves sprayed with sterile distilled
water at the same time served as a control. All leaves were incu-
bated in the dark for the first 24 h and then in a 12 h dark/12 h light
regime at 22 ◦C. Samples were frozen in liquid nitrogen 1, 12, 24
and 48 h post-inoculation (hpi) [30–32].

2.3. Gene expression analysis by quantitative real-time PCR

Total RNA was extracted from grapevine and A. thaliana leaves
using the E.Z.N.A.®Plant RNA Kit (Omega Bio-tek, USA, R6827-01)

and the RNAprep plant kit (Tiangen Biotech, China), respectively,
following the manufacturers’ protocols. First-strand cDNA was syn-
thesized using PrimeScriptTMRTase (TaKaRa Biotechnology, Dalian,
China) according to the manufacturer’s instruction. Quantitative
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Fig. 1. Expression levels of VqAP13 in Chinese wild Vitis quinquangularis cv. ‘Shang-24’ following various hormone treatments and B. cinerea infection. Data represent mean
values ± SD from three independent experiments. Asterisks indicate statistical significance (**P < 0.01, Student’s t test) between treatment and mock.

Fig. 2. The expression level of VqAP13 in transgenic A. thaliana following E. necator and PstDC3000 infection. (A) The expression level of VqAP13 in transgenic A. thaliana
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ndependent experiments. Asterisks indicate statistical significance (*0.01 < P < 0.05
nfection.

eal-time PCR (qRT-PCR) analysis was conducted using SYBR green
TaKaRa Biotechnology) and an IQ5 real-time PCR instrument (Bio-
ad, Hercules, CA, USA) with the following thermal profile: 95 ◦C

or 30 s, 40 cycles of 95 ◦C for 5 s, and 60 ◦C for 30 s. Each reaction
as performed in triplicate for each of the three biologically repli-

ated sets of cDNA samples. To perform the melt-curve analysis,
he following program was added after 40 PCR cycles: 95 ◦C for 15 s,
ollowed by a constant increase from 60 to 95 ◦C. Grape Actin1 (Gen-
ank Acc. No. AY680701) or A. thaliana Actin1 (TAIR: AT2G37620)
as used as reference genes, as appropriate. Primers used for qRT-

CR were designed and are listed in Supplementary Data 1. Relative
xpression levels were analyzed with the IQ5 software using the
ormalized Expression Method.

.4. Isolation and analysis of the VqAP13 open reading frame

Total RNA extractions from leaves of V. quinquangularis cv.
Shang-24’, as well as first-strand cDNA synthesis, were carried
ut as described above. The VqAP13 open reading frame (ORF) was
mplified by PCR using the gene-specific primers F1 (5′-ATG CCG
CG TTG GCG G-3′) and R1 (5′-TTATAAAAA CAG GGAAGT GTA CAA

-3′). The PCR product was cloned into the pGEM®-T Easy vec-
or (Promega, Madion, WI,  USA), and the recombinant plasmid
as sequenced by BGI (Shenzhen, China) and named pGEM®-T

asy-VqAP13.
ana following PstDC3000 infection. Data represent mean values ± SD from three
 0.01, Student’s t test) between the expression level of 24, 48, 72,120 and 0 h after

2.5. Generation of transgenic A. thaliana plants over-expressing
the VqAP13 gene

The coding sequence of VqAP13 (with XbaI and KpnI at the 5′

and 3′ ends, respectively) was  amplified from the pGEM®-T Easy-
VqAP13 vector using the gene-specific primers F2 (5′ − GCT CTA GAA
TGC CGG CGT TGG CGG-3′; XbaI site underlined) and R2 (5′- GGG
GTA CCT TATAAAAAC AGG GAA GTG TAC AAC-3′; KpnI site under-
lined), and inserted immediately downstream of the CaMV 35S
promoter in the plant over-expression vector, pCambia 2300 (Cam-
bia, Brisbane, QLD, Australia). Agrobacterium tumefaciens strain
GV3101 harboring the over-expression construct, pCambia2300-
VqAP13, was  used for A. thaliana transformation via the floral
dip method [33]. T0 seeds were harvested and sown on MS
medium [34] supplemented with 75 mg/L kanamycin. Three lines
(L1, L2 and L3) with the strongest resistance to powdery mildew
and PstDC3000 were selected from 70 independent lines, and T3
homozygous lines were generated and used for all further experi-
ments.

2.6. Inoculation of A. thaliana with pathogenic bacteria

Leaves of 4 week old T3 transgenic and WT  plants were

inoculated with G. cichoracearum as previously described [35].
Visual scoring of disease reaction phenotypes and spore count of
leaves were performed 5 days post inoculation (dpi) as previously
described [11,36]. Samples collected 0, 24, 72, and 120 hpi were
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ig. 3. The response of VqAP13 transgenic A. thaliana to E. necator infection. (A) The 

ram  of fresh leaves. Data represent mean values ± SD from three independent exp
ransgenic lines and WT.

sed for the expression profile analysis of disease resistance related
enes.

Flg22 (Anaspec, USA) was dissolved in 10 mM MgSO4 to a final
oncentration of 1 mM,  lipopolysaccharides (LPS) (SIGMA, USA)
ere dissolved in sterile distilled water containing 2.5 mM MgCl2

nd 1 mM CaCl2 to a final concentration of 0.1 mg/  mL.  PstDC3000
as grown overnight at 28 ◦C in King’s B [25] liquid medium con-

aining 50 �g/mL rifampicin, and bacteria were re-suspended to
n O.D. 600 of 0.0001 (∼105 colony-forming units/mL) in 10 mM
gCl2. The flg22, LPS and PstDC3000 samples were infiltrated into

eaves of 4-week old A. thaliana plants with a needleless syringe and
he leaves were examined collected 18 h post injection and callose
ccumulation was visualized by aniline blue staining as previously
escribed [37]. Leaves injected with 10 mM MgCl2 were used as a
ontrol.

PstDC3000 that had been re-suspended to 108 cfu/mL in 10 mM
gCl2 was used to inoculate 4 week old A. thaliana plants. Leaves
ere dipped in bacterial suspension for 15 mins and the plants were

hen placed in a plant incubator under 90% relative humidity con-
itions for 24 h followed by transfer to normal growth conditions.
he expression levels of disease resistance related genes were mea-
ured in leaves harvested 24 and 48 hpi. Bacterial growth within the
eaves was monitored 48 h post infiltration as previously described

38].

The B. cinerea conidial suspension used for A. thaliana inocula-
ion was as described for grape above. For each A. thaliana genotype,
0 leaves were detached and placed adaxial side down on humid
nce of transgenic and WT plants post infection for 5 days. (B) Bacterial numbers per
nts. Asterisks indicate statistical significance (**P < 0.01, Student’s t test) between

Whatmann 3 MM paper (Whatman, USA) and then droplet inocu-
lated with 10 �L of the conidial suspension. Samples were collected
at 0, 24, 48, and 72 hpi, and were used for the assessment of antiox-
idant enzyme activities, levels of reactive oxygen species (ROS) and
the presence of dead cells, as well as the expression levels of disease
resistance related genes. Lesion diameters (d) were measured 72 h
after inoculation and the size populations were defined as follows:
small (d ≤ 5 mm);  medium (5 < d < 9 mm);  and large (d ≥ 9 mm)  [31].
The detection of ROS and dead cells and antioxidant enzyme activ-
ities were carried out as previously described [39].

2.7. Statistical analysis

All experiments were repeated independently three times for
each of the three biological replicates. Results are presented as
means and standard errors, and were calculated using Microsoft
Excel (Microsoft Corporation, USA). Paired t-tests were performed
using the SPSS Statistics 17.0 software (IBM China Company Ltd.
Beijing, China) to assess significant differences.

3. Results

3.1. The expression profiles of VqAP13 after treatment with

different hormones and B. cinerea inoculation

In a previous study, we found that the expression levels of AP13
increased in E. necator infected Chinese wild V. quinquangularis
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Fig. 4. Expression levels of disease resistance genes in WT and VqAP13 transgenic A. thaliana plants following E. necator infection. (A) The relative expression levels of the
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he  JA biosynthesis gene, LOX3. Relative gene expression levels were analyzed usin
sterisks indicate statistical significance (*0.01 < P < 0.05, **P < 0.01, Student’s t test)

v. ‘Shang-24’ and exogenous SA treated V. labrusca × V.vinifera cv.
Kyoho’ [23]. To determine the expression of VqAP13 in response to
athogen infection, we  measured the expression levels of AP13 in
. quinquangularis cv. ‘Shang-24’ following SA, MeJA and ET treat-
ents as well as inoculation with B. cinerea. The transcript levels

f VqAP13 decreased after B. cinerea infection and MeJA treatment,
ut increased following ET treatment. The transcript abundance of
qAP13 had no significant difference with that of the mock at 24 h
ost SA treatment, but were higher than that of the mock at other
ime points (Fig. 1).

.2. Cloning and sequence analysis of VqAP13

Gene specific primers were designed according to the cDNA
equence of AP13 available in the Grape Genome Database
12×; http://www.genoscope.cns.fr) and were used to amplify
he VqAP13 ORF. The VqAP13 transcript sequence (1500 bp; Gen-
ank Acc. No. KP998099) and the corresponding deduced protein
equence (499 amino acids) are shown in Supplementary data
, highlighting the two conserved DT/SG active sites. The coding
equence of VqAP13 from V. quinquangularis cv. ‘Shang-24′ shared
9.4% nucleotide identity with AP13 from V. vinifera, and their
espective deduced amino acid sequences were 99% identical.

.3. Analysis of transgenic A. thaliana lines over-expressing
qAP13
The potential role of VqAP13 in responses to infection with
ifferent pathogens was investigated via its constitutive over-
xpression in A. thaliana. A total of 70 independent transgenic lines
o  genes in the SA signal transduction pathway. D. The relative expression levels of
titative RT-PCR. Bars represent the mean ± SD of three independent experiments.

een transgenic lines and WT.

were generated and the three with the strongest resistance to pow-
dery mildew and PstDC3000 infection (L1, L2 and L3) were selected
for generation of homozygous T3 lines. The expression patterns of
VqAP13 following G. cichoracearum and PstDC3000 inoculation in
these three transgenic A. thaliana lines was evaluated using quan-
titative RT-PCR. The transcript levels at 24, 72 and 120 hpi after the
onset of with powdery mildew disease increased 2–7 times when
compared with levels at 0 hpi (Fig. 2A), and 2–8 times at 24 h and
48 h post PstDC3000 infection (Fig. 2B), indicating that these lines
were appropriate for use in the further studies.

3.4. The response of VqAP13 over-expressing A. thaliana to
powdery mildew disease

To elucidate the role of VqAP13 in disease resistance, the three
transgenic A. thaliana lines and WT  plants were inoculated with
G. cichoracearum.  As shown in Fig. 3A, the transgenic A. thaliana
lines exhibited increased resistance to G. cichoracearum at 5 dpi
compared to WT  plants. To quantify this resistance, the number of
spores on the susceptible leaves was  determined and found to be
significantly lower in the 3 transgenic A. thaliana lines at 5 dpi than
in the WT  plants (Fig. 3B).

Disease resistance is typically accompanied by a marked
increase in the expression of defense related genes [40]. We  there-
fore assessed the expression of several key genes known to be
involved in SA and JA synthesis and their associated signal trans-

duction pathways. The expression levels of ICS1, which is involved
in SA biosynthesis, and PR1 and NPR1, which are components of
the SA signal transduction pathway, were higher post powdery
mildew inoculation, and peaked at 72 hpi (Fig. 4). Furthermore, the

http://www.genoscope.cns.fr
http://www.genoscope.cns.fr
http://www.genoscope.cns.fr
http://www.genoscope.cns.fr
http://www.genoscope.cns.fr
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Fig. 5. The response of VqAP13 transgenic A. thaliana to infection by PstDC3000. (A) Changes in phenotype 5 days after infection. (B) Bacterial numbers per square centimeter
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 days after infection. (C) The relative expression levels of PR1. (D) The relative expr
T-PCR. Bars represent the mean ± SD of three independent experiments. Asterisks 

nd  WT.

xpression levels of the three genes were higher in the transgenic
. thaliana lines than in the WT  plants at 24, 72, and 120 hpi. The
xpression of LOX3, which is involved in JA biosynthesis was also
reater after powdery mildew infection, but its expression levels in
he transgenic A. thaliana lines were lower than in WT  (Fig. 4D).

.5. Over-expression of VqAP13 improves the PstDC3000
esistance of transgenic A. thaliana lines

To further examine the role of VqAP13 in disease resistance, the
 transgenic A. thaliana lines and WT  plants were inoculated with
stDC3000. The bacterial infection in the WT  plants was severe
nd most of the leaves showed desiccation, while the 3 transgenic
. thaliana lines exhibited much less severe symptoms at 5 dpi
Fig. 5A). The bacterial numbers per unit leaf area were tested 2
pi, and were found to be lower in the transgenic A. thaliana lines

han in WT (Fig. 5B). We  measured the expression profiles of dis-
ase resistance related genes in the PstDC3000 infected transgenic
. thaliana and WT  leaves, transcript levels of PR1, which is involved

n the SA signaling pathways, peaked at 24 hpi and were at least
 levels of PDF1.2. Relative gene expression levels were analyzed using quantitative
te statistical significance (*0.01 < P < 0.05, Student’s t test) between transgenic lines

23-fold higher than in WT  (Fig. 5C). Its expression subsequently
decreased, but was  still higher than in WT  (Fig. 5C). In contrast, the
transcript abundance of PDF1.2,  which is involved in the JA signaling
pathways, was  lower in the transgenic A. thaliana lines (Fig. 5D).

3.6. Accumulation of callose in VqAP13 over-expressing A.
thaliana in response to different treatments

Previous studies have shown that the cell wall polymer, callose,
may  act as a physical barrier to slow pathogen invasion, and thus
can contribute to plant innate immunity at early time points of
infection [41–44]. Using the aniline blue staining technique, we
observed that the leaves of the transgenic A. thaliana lines produced
more callose than those of WT  in response to PstDC3000 infection,

or application of flg22 or LPS, although the difference in callose
deposition between WT  and L1 in case of flg22 was  not significantly,
which maybe caused by the lower expression level of VqAP13 in L1
than in other lines post flg22 injection (Fig. 6).
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Fig. 6. Callose deposition in WT and VqAP13 transgenic A. thaliana plants following PstDC3000 infection, or flg22 and LPS injection. Leaves of A. thaliana were stained with
a retation of the references to colour in this figure legend, the reader is referred to the web
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Fig. 7. The expression level of VqAP13 in transgenic A. thaliana following B. cinerea
infection. Data represent mean values ± SD from three independent experiments.
niline blue to locate callose depositions by epifluorescent illumination. (For interp
ersion of this article.)

.7. Influence of B. cinerea infection on VqAP13 expression levels
n transgenic A. thaliana lines

We  previously observed that the expression of VqAP13 was
own-regulated in V. quinquangularis cv. ‘Shang-24′ in response to
. cinerea infection (Fig. 1). We  further examined this association
y measuring VqAP13 expression in the transgenic A. thaliana lines
nd observed lower levels at 24, 48, and 72 hpi than at 0 hpi (Fig. 7).

.8. Over-expression of VqAP13 reduces the resistance of
ransgenic A. thaliana lines to B. cinerea

The phenotypes of the leaves of VqAP13 over-expressing A.
haliana lines and WT  plants were observed and lesion diameters
ere measured 3 d post B. cinerea infection. Brown specks appeared

n the leaves of the transgenic A. thaliana lines and WT  1 dpi (data
ot shown); however, the lesions on the transgenic A. thaliana lines
ere larger (Fig. 8A,B), and the proportions of medium size and

arge lesion was higher (Fig. 8C). Trypan blue staining also indi-
ated that the area of dead cells in the transgenic A. thaliana lines
as larger than in the WT  leaves (Fig. 8D). In addition, levels of reac-

ive oxygen species (ROS) were higher in the transgenic A. thaliana

ines and the activities of the antioxidant enzymes, SOD, CAT and
OD lower, (Fig. 9). We  observed that SOD activity peaked at 24 hpi
Fig. 9C), while of CAT and POD activities peaked at 48 and 72 hpi,
espectively (Fig. 9D,E).
Asterisks indicate statistical significance (*0.01 < P < 0.05,**P < 0.01, Student’s t test)
between the expression level of 24, 48, 72 and 0 hpi.

3.9. Altered expression of disease resistance related genes in
VqAP13 over-expressing plants post B. cinerea infection

We next evaluated the expression of several disease resistance

related genes involved in SA and JA synthesis and signal trans-
duction pathways in the transgenic A. thaliana lines following B.
cinerea infection. The expression of LOX3, which is involved in the
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Fig. 8. The response of VqAP13 transgenic A. thaliana to the infection of B. cinerea. (A) The phenotypes of transgenic and WT leaves three days after inoculation. (B) Average
diameters of lesions three days after inoculation. Data represent mean values ± SD from three independent experiments with at least 50 leaves per sample. Asterisks indicate
statistical significance (**P < 0.01, Student’s t test) between transgenic lines and WT.  (C) Symptoms three days after inoculation were scored by defining three lesion diameter
(d)  classes: d ≤ 5 mm;  5 < d <9 mm;  d ≥ 9 mm.  Data represent mean values from three independent experiments with at least 50 leaves per sample. (D) Staining with trypan
blue  for cell death in detached leaves from WT  and transgenic lines subjected to B. cinerea infection for 0 h, 24 h, 48 h, 72 h. The experiment was repeated 3 times with 5–10
leaves. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. ROS levels and activity assays measuring antioxidant enzymes in WT  and VqAP13 transgenic A. thaliana plants post B. cinerea infection. A, B. Histochemical staining
assay  detecting H2O2 and O2

− accumulation with nitro blue tetrazolium (DAB) (A) and diaminobenzidine (NBT) (B) in WT  and transgenic leaves. The experiment was  repeated
3 AT) (D
m al sig
W is refe

J
W
e
h
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s

 times with 5–10 leaves. C-E Activity of superoxide dismutase (SOD) (C), catalase (C
ean  values ±SD from three independent experiments. Asterisks indicate statistic
T.  (For interpretation of the references to colour in this figure legend, the reader 

A synthesis pathway increased post infection, and was  higher in
T plants than in the transgenic A. thaliana lines (Fig. 10A). The
xpression of PDF1.2 also increased continuously after infection;
owever, we saw no significant difference between transgenic A.
haliana lines and WT  at 24 hpi, while at 48 and 72 hpi its expres-
ion was lower in the transgenic A. thaliana lines (Fig. 10B). The
) and peroxidase (POD) (E) in the leaves of WT and transgenic plants. Data represent
nificance (*0.01 < P < 0.05, **P < 0.01, Student’s t test) between transgenic lines and
rred to the web version of this article.)

transcript levels of the SA biosynthesis gene, ICS1, also increased
continuously, and were higher in transgenic A. thaliana lines imme-

diately after infection and 24 hpi, but were higher in WT  plants at
subsequent time points (Fig. 10C). Finally, we observed that the
expression of PR1 was 4-fold greater in the transgenic A. thaliana
lines at 24 hpi, after which expression levels declined in the trans-
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Fig. 10. Expression levels of disease resistance genes in WT and VqAP13 transgenic A. thaliana plants following B. cinerea infection. (A) Relative expression levels of LOX3.
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B)  Relative expression levels of PDF1.2. (C) Relative expression levels of ICS1. (D)
uantitative RT-PCR. Bars represent the mean ± SD of three independent experime
etween transgenic lines and WT.

enic A. thaliana lines but continued to increase in WT  plants at 48
nd 72 hpi (Fig. 10D).

. Discussion

Induced disease resistance in plants relies on the ability of the
ost to recognize the potential pathogen and trigger an appropriate
esponse [45]. Plants employ distinct recognition mechanisms and
ignal transduction pathways associated with the response to dif-
erent types of invading pathogens. In these pathways, SA, JA and ET
unction as key signaling molecules, and form complex defense net-
orks of synergistic and antagonistic interactions [46–48]. The SA

ignaling pathway is involved in resistance to biotrophic pathogens,
hile the JA and ET signaling pathways principally mediate resis-

ance to necrotrophic pathogens [49]. In a previous study, we found
hat the expression of AP13 in Chinese wild V. quinquangularis cv.
Shang-24’ was induced by infection with E. necator [23]. In the
urrent study, we measured the expression of AP13 in V. quinquan-
ularis cv. ‘Shang-24’ following treated with SA, MeJA, ET, as well as
fter inoculation with B. cinerea,  and found that it was up-regulated
y SA treatment, except at 24 hpt, which was consisted with our
revious study [23], and this maybe due to its interaction with other
enes in SA signal pathway. Moreover, VqAP13 was up-regulated by
T treatment, and down-regulated by MeJA treatment and B. cinerea
nfection (Fig. 1). From this we concluded that AP13 may  be promote
ignaling through the SA and ET signal transduction pathways, and
uppress the JA signal transduction pathway. The opposite roles
hat AP13 appears to play in the ET and JA signal transduction
athways may  reflect their distinct regulatory networks.

VqAP13 was ectopically expressed in A. thaliana in order to test

ts function in the responses to different pathogens, specifically
e evaluating infection phenotypes, as well as the expression pro-
les of disease resistance related genes post pathogens infection.
ome studies have shown that the SA signal transduction path-
ive expression levels of PR1. Relative gene expression levels were analyzed using
sterisks indicate statistical significance (*0.01 < P < 0.05, **P  < 0.01, Student’s t test)

way plays an important role in limiting the invasion of powdery
mildew and PstDC3000 [49,50]. In our study, the transcript lev-
els of VqAP13 in the transgenic A. thaliana lines increased after
infection with these two  pathogens (Fig. 2), and over-expression
of VqAP13 improved the resistance of the transgenic plants (Fig. 3
and Fig. 5). The increased transcript levels of VqAP13 post the two
pathogens infection might partially owe  to interaction of the cis-
acting element that involved in defense and stress responsiveness
in the CaMV 35S promoter with the two pathogens. It has been
suggested that PstDC3000 produce a JA analog, coronatine, which
suppress SA dependent defenses, thereby promoting susceptibil-
ity to this pathogen [51–53]. Thus, the increased resistance of the
transgenic A. thaliana lines to PstDc3000 suggests a role for VqAP13
in promoting SA dependent defense responses. In addition, after
being infected by G. cichoracearum,  the expression levels of ICS1,
PR1 and NPR1, which are involved in the SA biosynthetic and signal
transduction pathways, respectively, were higher in the transgenic
A. thaliana lines than in WT (Fig. 4A–C), while LOX3, which is
involved in the JA biosynthetic pathway, was down-regulated in the
transgenic plants (Fig. 4D). Finally, the expression of PR1 was up-
regulated in the transgenic A. thaliana lines by PstDC3000 infection,
while PDF1.2, which is involved in the JA signal transduction path-
way, was  down-regulated (Fig. 5C,D). Taken together, these results
indicate that VqAP13 promotes signaling through the SA mediated
signal transduction pathway.

We also examined the effects of challenging the plants with
defence response elicitors, such as the peptide flg22, which can
act as an elicitor in a variety of plants [54], and LPS, which is a
key component of the outer membrane of Gram-negative bacteria
and serves in many experimental systems as stimulant of innate
immunity [55,56]. We observed that more callose accumulated in

the VqAP13 over-expressing transgenic A. thaliana lines than in WT
post PstDC3000, flg22 and LPS injection (Fig. 6), revealing a factor
that presumably contributes to the enhanced defense responses.
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B.cinerea is a necrotrophic fungal pathogen that induces host
ell death at very early stages of infection [48]. We  observed that
he expression of VqAP13 in transgenic A. thaliana lines gradually
ecreased following B. cinerea infection (Fig. 7), and that the lesions
n the transgenic A. thaliana leaves were larger than those on WT
eaves (Fig. 8), implying the potential roles of VqAP13 in suppressing
he disease-resistance defense response post B. cinerea infection.

oreover, the expression levels of LOX3 and PDF1.2, which play key
oles in the JA biosynthetic and signaling transduction pathways,
espectively, were lower in the transgenic A. thaliana lines than in

T,  and gradually increased post B. cinerea infection (Fig. 10A,B),
ndicating the over-expression of VqAP13 suppresses the biosyn-
hesis of JA, as well as the expression of downstream genes. And

eanwhile, the decreased expression level of VqAP13 in transgenic
. thaliana lines post B. cinerea infection would be partially due to

nteraction of the several MeJA-response cis-acting regulatory ele-
ents contained in the CaMV 35S promoter with the suppressed JA

iosynthetic and signal transduction pathways. It was  reported that
he local restriction of B. cinerea growth in A. thaliana requires SA-
ependent defense responses, and that the SA signaling pathway is

nvolved in tolerance of B. cinerea [57–60]. We  also observed that
he expression levels of ICS1 and PR1, which are components of the
A biosynthesis pathway and SA signaling pathways, respectively,
ncreased in B. cinerea infected WT  plants. Moreover, the over-
xpression of VqAP13 resulted in higher transcript levels of ICS1
nd PR1 24 h post infection, while levels subsequently decreased
Fig. 10C,D). These results suggested that VqAP13 contributes to
esponses to B. cinerea infection through both the SA- and JA-
ependent signal transduction pathways.

It is known that infection by B. cinerea is promoted by, and
equires, an active cell death programme in the host [61]. Therefore,
t is possible that the reduced resistance of VqAP13 transgenic A.
haliana lines to B. cinerea is related to the potential role of VqAP13
n plant cell death [62]. ROS have been shown to play important
oles in susceptible responses of plants to infection by necrotrophic
ungal pathogens, such as B. cinerea, and their accumulation dur-
ng late stage of infection are thought to directly benefit the fungus
63]. There is considerable evidence that B. cinerea produces ROS
nd induces the generation of ROS in planta to promote its invasion
f plant tissues [24,61,64–66]. We  found that the VqAP13 trans-
enic A. thaliana lines accumulated higher ROS levels than WT
lants following B. cinerea infection (Fig. 9A,B), and that the activi-
ies of antioxidant enzymes in the transgenic A. thaliana lines were
ower than those in WT  (Fig. 9C–E), further suggesting that over-
xpression VqAP13 resulted in a suppression of certain defence
esponses as a result of B. cinerea infection.

In conclusion, in this study we demonstrated a role for AP13
rom Chinese wild V. quinquangularis cv. ‘Shang-24’ in responses
o infection by various pathogens. The characterization of trans-
enic A. thaliana lines over-expressing VqAP13 demonstrated that
his gene promotes signaling through the SA transduction pathway,
ut suppresses signaling through the JA pathway. Furthermore, the
ver-expression of VqAP13 in A. thaliana enhanced the resistance of
ransgenic lines to powdery mildew disease and PstDC3000 infec-
ion but reduce the resistance to B. cinerea. These results advance
ur understanding of the function of VqAP13 in plants responses
o biotic stresses. Future studies will investigate the underlying
egulatory mechanisms of the different associated signaling trans-
uction pathways.
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