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Abstract: Jasmonic acid (JA) is a plant hormone that plays an important role in the defense
response and stable growth of rice. In this study, we investigated the role of the JA-responsive
valine-glutamine (VQ)-motif-containing protein OsVQ13 in JA signaling in rice. OsVQ13 was
primarily located in the nucleus and cytoplasm. The transgenic rice plants overexpressing OsVQ13
exhibited a JA-hypersensitive phenotype and increased JA-induced resistance to Xanthomonas oryzae
pv. oryzae (Xoo), which is the bacteria that causes rice bacterial blight, one of the most serious
diseases in rice. Furthermore, we identified a mitogen-activated protein kinase, OsMPK6, as an
OsVQ13-associating protein. The expression of genes regulated by OsWRKY45, an important
WRKY-type transcription factor for Xoo resistance that is known to be regulated by OsMPK6,
was upregulated in OsVQ13-overexpressing rice plants. The grain size of OsVQ13-overexpressing
rice plants was also larger than that of the wild type. These results indicated that OsVQ13 positively
regulated JA signaling by activating the OsMPK6–OsWRKY45 signaling pathway in rice.
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1. Introduction

Rice (Oryza sativa L.) is a major crop in the world, and decreased crop yields caused by pathogen
attacks is a serious problem in rice farming. Many studies have shown that rice plants have developed
complex defense systems to protect themselves against various pathogens. Among the defense
systems, two plant hormones, jasmonic acid (JA) and salicylic acid (SA), are important signaling
compounds that help to regulate the expression of defense-related genes in rice [1]. Treatment
with benzothiadiazole (BTH), an SA analog, upregulates many pathogenesis-related (PR) genes and
defense-related transcription factors (TFs) in rice and enhances resistance to rice bacterial blight and
rice blast caused by Xanthomonas oryzae pv. oryzae (Xoo) and Pyricularia oryzae, respectively, which are
both hemibiotrophic pathogens causing two of the most serious rice diseases, rice bacterial blight
and rice blast, respectively [2]. The WRKY-type TFs, identified as a TF family containing a conserved
WRKY domain [3], have important roles in rice defense responses. As one of the WRKY-type TFs,
OsWRKY45 plays a crucial role in the BTH-mediated defense response against Xoo and P. oryzae [2,4].
OsNPR1, a rice homologue to Arabidopsis NON-EXPRESSOR OF PATHOGENESIS-RELATED GENES1
(AtNPR1) [5], acts as a positive regulator of SA signaling and is involved in SA-mediated defense
response in rice [6–8].
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JA also plays an important role in the defense response against Xoo. Prior treatment with
Xoo-derived cellulase (ClsA) and lipase/esterase (LipA) increases a rice plant’s resistance to subsequent
Xoo infection and upregulates the expression of JA-biosynthetic and JA-responsive genes [9].
The JA-upregulated rice jasmonate ZIM domain (JAZ) protein, OsJAZ8, interacts with the F-box
protein CORONATINE INSENSITIVE 1 (COI1), which is the primary JA receptor, and acts as a
repressor of the JA response, thus negatively regulating the expression of JA-responsive defense-related
genes and resistance to Xoo [10]. OsWRKY45-2 is involved in the JA-mediated resistance to Xoo [11].
Activation of the Cysteine3Histidine (CCCH)-type zinc-finger DNA-binding protein has been reported
to induce JA-mediated resistance to Xoo in rice [12]. The basic helix–loop–helix (bHLH)-type TF
OsMYC2, which is the rice homologue of AtMYC2, positively regulates the JA-mediated defense
response against Xoo in rice [13]. OsNINJA1, which is the rice homologue of Arabidopsis NOVEL
INTERACTOR OF JAZ (AtNINJA) [14], acts as a negative regulator of the OsMYC2-mediated defense
response against Xoo in rice [15]. JA-induced volatiles such as monoterpenes and sesquiterpenes act as
antibacterial or signaling compounds in the defense response against Xoo [16–20]. Of these JA-induced
monoterpenes, linalool functions as a signal molecule to induce the upregulation of defense-related
genes in rice [17]. In addition, (E)-nerolidol and γ-terpinene exhibit antimicrobial activities against
Xoo [19,20]: γ-terpinene induces antibacterial activity against Xoo by damaging the bacterial plasma
membrane [19]. The JA-induced accumulation of some volatiles is regulated by OsJAZ8 [17,18].
These results suggest that the JA signaling pathway is necessary for inducing rice defense systems
against Xoo.

Recent studies have reported that JA-responsive plant-specific valine-glutamine (VQ)
(FxxxVQxLTG)-motif-containing proteins have been identified in many plant species [21–24].
In Arabidopsis, JASMONATE-ASSOCIATED VQ MOTIF GENE1 (JAV1, known as AtVQ22) acts
as a negative regulator of JA-mediated plant defense, operating against necrotrophic pathogens and
herbivorous insects [25]. MITOGEN-ACTIVATED PROTEIN KINASE4 SUBSTRATE1 (MKS1, also
known as AtVQ21) is required for the activation of SA-dependent defense [26,27]. In addition, some
VQ-motif-containing proteins have been shown to interact with numerous WRKY TFs [21]. AtVQ23
interacts with AtWRKY33, a key regulator of plant defense against necrotrophic pathogens [26,28,29].
These results suggest that VQ-motif-containing proteins act as modulators in JA- and SA-mediated
plant defense. The rice genome contains 39 VQ-motif-containing protein family genes, some of which
respond to pathogen attacks [22,30]. However, studies on VQ-motif-containing proteins in JA-mediated
defense signaling in rice are lacking. We recently identified a few JA-responsive VQ-motif-containing
genes in rice through a microarray analysis [10]. In the current study, we investigated the role of the
JA-responsive rice VQ-motif-containing protein OsVQ13 in the JA-mediated defense response in rice.
We also provide evidence regarding an OsVQ13-associating protein, which acts as a key regulator
of OsWRKY45.

2. Results

2.1. Properties of OsVQ13

We carried out reverse transcription-quantitative PCR (RT-qPCR) analysis of OsVQ13 to investigate
its expression in response to JA treatment. The expression of OsVQ13 reached its maximum level after
24 h of JA treatment (Figure 1A). To determine the subcellular localization of OsVQ13, we generated
transgenic rice plants overexpressing the OsVQ13 green fluorescent protein (GFP) fusion protein
(OsVQ13GFP-ox) and confirmed the expression of the transgene through RT-PCR (Figure 1B). The GFP
signal in the root tissue of OsVQ13GFP-ox line 9 was observed by fluorescence microscopy. As shown
in Figure 1C, the GFP fluorescent signals were detected in the nucleus and the cytoplasm, indicating
that OsVQ13 was localized in these specific locations.
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Figure 1. Jasmonic acid (JA)-induced expression and subcellular localization of OsVQ13. (A) Expression
levels of OsVQ13 in response to JA. Total RNA was extracted at the indicated time points after
100 µM of JA treatment. Values are means ± SE. Data were analyzed using Tukey’s HSD
test (n = 4 for each genotype). Bars with different letters are significantly different at p < 0.05.
(B) Reverse transcription (RT)-PCR analysis of OsVQ13GFP and actin expression in wild-type (WT)
and OsVQ13GFP-overexpressing rice plants (OsVQ13GFP-ox; lines 1–9). (C) Subcellular localization
of OsVQ13. The green fluorescent protein (GFP) signal in the root tissue of OsVQ13GFP-ox (line 9)
was visualized by fluorescence microscopy. Nuclear localization of OsVQ13GFP was confirmed by
4′,6-diamidino-2-phenylindole (DAPI) staining. Bars = 10 µm.

2.2. Phenotypes of OsVQ13-Overexpressing Rice Plants

We generated OsVQ13-overexpressing (OsVQ13-ox) rice plants (lines 2 and 8) and confirmed the
expression of the transgene through RT-PCR (Figure 2A). To identify JA responses in these transgenic
rice plants, we measured chlorophyll (Chl) contents after JA treatment, because it is known that JA
promotes a Chl degradation in rice [13]. The Chl contents of OsVQ13-ox rice plants were significantly
reduced at three days after JA treatment (Figure 2B).

To determine whether OsVQ13 is involved in JA-mediated resistance to Xoo, we performed a
resistant test on these transgenic rice plants. The JA-treated or untreated rice plants were inoculated
with a virulent Xoo, and the length of any blight lesions was measured 14 days after inoculation.
The lengths of blight lesions in the OsVQ13-ox plants were significantly shorter than those in the
wild-type (WT) plants without JA treatment (Figure 2C,D). Furthermore, JA-induced resistance was
enhanced in the transgenic rice plants compared to the WT plants (Figure 2C,D).
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Figure 2. Phenotype of OsVQ13-overexpressing rice plants. (A) RT–PCR analysis of OsVQ13 and
actin expression in wild-type (WT) and OsVQ13-overexpressing rice plants (OsVQ13-ox; lines 2 and
8). (B) Total chlorophyll content in leaf blades after treatment with 100 µM of JA for 3 d in WT and
OsVQ13-ox rice plants. Values are means ± SE. Data were analyzed using Tukey’s HSD test (n = 4 for
each genotype). Bars with different letters are significantly different at p < 0.05. (C) Disease symptoms
of rice bacterial blight in WT and OsVQ13-ox with mock or 100 µM of JA pretreatment for 24 h. The fifth
leaf blades were photographed 14 d after inoculation with Xoo. (D) The length of lesions on the fifth
leaf blades at 14 d after inoculation with Xoo with pretreatment with 100 µM of JA for 24 h. Values are
means ± SE. Data were analyzed using the Tukey–Kramer test (n = 12 for both WT mock and JA; n = 7
for line 2 mock; n = 12 for line 2 JA; n = 10 for line 8 mock; n = 12 for line 8 JA). Bars with different
letters are significantly different at p < 0.05.

2.3. Identification of OsVQ13-Associating Proteins

Arabidopsis VQ proteins act as positive or negative regulators through interactions with various
proteins in response to abiotic or biotic stresses [31]. To determine whether OsVQ13 associates with
uncharacterized proteins in rice, we performed a co-immunoprecipitation assay on anti-GFP antibodies
derived from OsVQ13GFP-ox rice plants. The OsVQ13GFP-ox rice plant exhibited a JA-hypersensitive
phenotype similar to that of the OsVQ13-ox transgenic plant, indicating that the OsVQ13GFP protein
was functional in the rice plant (Figure 3A). The GFP-ox transgenic rice plant (GFP-ox) was used as
a negative control. After anti-GFP antibody precipitation, numerous proteins were detected in the
OsVQ13GFP-ox rice plant sample, whereas only a small number of proteins were detected in the
GFP-ox rice plant sample (Figure 3B,C). Experiments using OsVQ13GFP-overexpressing rice plants
were repeated five times, and ultimately, the four proteins that were reproducibly detected at least
twice in the immunoprecipitates were selected (Figure 3C). These selected proteins were analyzed
using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS)
and identified in a MASCOT database. As a result, one mitogen-activated protein kinase (MAPK),
OsMPK6, and three TFs, namely OsNAC5, OsERF36, and OsMADS2, were identified (Table 1).
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Figure 3. Identification of OsVQ13-associating proteins. (A) Confirmation of JA-hypersensitive
phenotype in OsVQ13GFP-ox plant. Total chlorophyll content in leaf blades after treatment with 100 µM
of JA for 3 d in WT and OsVQ13GFP-ox rice plants. Values are means ± SE. Data were analyzed using
Tukey’s HSD test (n = 4 for each genotype). Bars with different letters are significantly different at
p < 0.05. (B,C) The proteins co-purified with GFP-Trap from GFP-overexpressing (GFP-ox: (B)) and
OsVQ13GFP-overexpressing rice plants (OsVQ13GFP-ox: (C)) were separated through SDS-PAGE,
and protein bands were visualized by Oriole straining (Oriole). GFP (B) and OsVQ13GFP (C) proteins
were detected using anti-GFP antibody (I.B.). The numbers on the left indicate the position of the
protein size markers in kDa. The putative molecular weight of each protein was as follows: GFP,
27 kDa; OsVQ13GFP, 41 kDa. The numbers on the right of the Oriole staining lane in (C) indicate
protein bands excised for MALDI-TOF MS protein identification. (C) The gel is representative of five
independent experiments.

Table 1. The list of proteins co-purified with OsVQ13.

No. Locus No. Protein Name Predicted MW
(kDa)

Occurrence/Total No. of
Experiments

1 Os06g06090 Mitogen-activated protein
kinase 6 (OsMPK6) 45 4/5

2 Os11g08210 NAC domain-containing
protein 5 (OsNAC5) 35 3/5

3 Os10g41330 Ethylene response factor 36
(OsERF36) 29 2/5

4 Os01g66030 MADS-box transcription
factor 2 (OsMADS2) 24 2/5

OsVQ13 co-IP was performed using OsVQ13GFP-overexpressing transgenic rice plants. Experiments were
independently performed five times. Nos. 1–4 are as in Figure 3. MW: Molecular weight.

Among the OsVQ13-associating proteins, we focused on OsMPK6, which is known to be involved
in the rice defense response [32,33]. We first found a direct interaction between OsVQ13 and OsMPK6
proteins using a yeast two-hybrid system (Figure 4A). We next performed Phos-tag® SDS-PAGE to
reveal whether OsVQ13 in rice was phosphorylated. In SDS-PAGE using Phos-tag® acrylamide,
phosphorylated proteins are trapped by the Phos-tag® sites, which leads to a delay in their migration
and a resulting separation from unphosphorylated proteins. This makes it straightforward to identify
the phosphorylated proteins from their observed positions on blots [34,35]. As a positive control,
we used a commercially availableα-casein, which contains both phosphorylated and unphosphorylated
forms. When the α-casein was separated by Phos-tag® SDS-PAGE, a slow-migrating band was detected
(Figure 4B). The band disappeared following treatment with protein phosphatase, indicating that the
upper band was a highly phosphorylated form of α-casein, which could be distinguished from the
unphosphorylated form through Phos-tag® SDS-PAGE (Figure 4B). In the case of the sample from the
OsVQ13GFP-ox rice plant, however, there was no change in the banding pattern detected by anti-GFP
antibodies between samples treated and not treated with phosphatase (Figure 4C).
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Figure 4. Phosphorylation assay of OsVQ13. (A) Interaction between OsVQ13 and OsMPK6 using
yeast cells. The yeast AH109 strain was dropped on synthetic dropout (SD) glucose medium lacking
Leu and Trp (−2) or on SD glucose medium lacking Ade, His, Leu, and Trp (−4). (B) Phosphorylation
assay of the α-casein protein through Phos-tag® PAGE. Here, α-casein was a control protein treated
with alkaline phosphatase (+AP) or untreated (-AP) (as indicated), separated through Phos-tag®

SDS-PAGE. The black arrowhead indicates phosphorylated-α-casein, and the white arrowheads
indicate dephosphorylated α-caseins. An asterisk indicates an AP protein. (C) Phosphorylation assay
of the OsVQ13 protein through Phos-tag® PAGE. Purified OsVQ13GFP proteins were treated with AP
(+AP) or were untreated (−AP). The treated proteins were separated through Phos-tag® SDS-PAGE
and were detected using anti-GFP antibodies.

2.4. OsVQ13 Affected OsMPK6-Mediated Signaling Pathways in Rice

OsMPK6 is involved in the rice defense response through the phosphorylation of OsWRKY45,
a TF that, in turn, plays a crucial role in defense responses in rice [2,4,36,37]. To investigate whether
OsVQ13 affects the OsWRKY45-dependent pathway via its association with OsMPK6, we compared
the expression levels in WT and OsVQ13-ox rice plants of the following OsWRKY45-responsive
genes (identified by Nakayama et al. [4]): OsWRKY62, cytochrome P450, OsOPR5, OsPrx126, OsPrx72,
OsGSTU4, UDP-glucosyltransferase, Proteinase inhibitor I20, and beta-1,3-glucanase. Genes OsWRKY62,
cytochrome P450, OsOPR5, OsPrx126, OsPrx72, OsGSTU4, and UDP-glucosyltransferase tended to be
upregulated in OsVQ13-ox rice plants compared to WT plants in the absence of JA. The expression
levels of all genes tested were significantly higher in JA-treated OsVQ13-ox rice than in WT plants
(Figure 5A). In contrast, the expression levels of endogenous OsVQ13, OsMPK6, and OsWRKY45 in
OsVQ13-ox plants with or without JA treatment were not significantly different from those in WT rice
plants (Figure 5B).

It was also shown that the length, width, and weight of OsVQ13-ox grains were significantly
larger than WT grains (Figure 6A–D). OsMPK6 has been shown to positively regulate grain size and
weight in rice [38,39].
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Figure 5. Expression of OsWRKY45-responsive defense-related genes in OsVQ13-overexpressing
rice plants. (A) Expression levels of OsWRKY45-responsive genes after JA treatment.
The OsWRKY45-responsive genes identified by Nakayama et al. [4] were used: OsWRKY62,
cytochrome P450, OsOPR5, OsPrx126, OsPrx72, OsGSTU4, UDP-glucosyltransferase, Proteinase inhibitor
I20, and beta-1,3-glucanase. (B) Expression levels of endogenous OsVQ13, OsMPK6, and OsWRKY45
after JA treatment. (A,B) Values are means ± SE. Data were analyzed using Tukey’s HSD test (n = 4 for
each genotype). Bars with different letters are significantly different at p < 0.05.
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Figure 6. Grain size of OsVQ13-overexpressing rice plants. (A) Mature grains of the WT and
OsVQ13-overexpresing rice plants (OsVQ13-ox: lines 2 and 8). Bar = 5 mm. The average grain length
(B), width (C), and grain weight (D) of the WT and OsVQ13-ox plants. Values are means ± SE. Data
were analyzed using Tukey’s HSD test (n = 100 for each genotype). Bars with different letters are
significantly different at p < 0.05.

3. Discussion

We previously demonstrated that the gene expression patterns in response to JA are broadly divided
into two phases, the early (<12 h) and late (>12 h) phases, under our experimental conditions [13].
The expression level of OsVQ13 reached a maximum at 24 h after JA treatment, indicating that OsVQ13
is a late JA-responsive gene in rice. It has been reported that the basal expression of OsVQ13 in
the resistant rice plants harboring a Xoo-resistance gene, Xa3/Xa26, was significantly higher than in
corresponding susceptible rice plants [30]. When OsVQ13 was overexpressed in rice in the current study,
the transgenic plants exhibited a JA-hypersensitive phenotype and increased basal and JA-induced
resistances against Xoo. The increased JA-induced resistance against Xoo in transgenic plants depended
on the expression levels of the OsVQ13 transgene. These results indicated that OsVQ13 acted as a
positive regulator of JA signaling in rice.

In the present study, we revealed that OsVQ13 associated with OsMPK6 and positively regulated
OsMPK6-mediated signaling pathways in rice. OsVQ13 possessed putative phosphorylation sites
through MAPK. Furthermore, we suggested the possibility that OsVQ13 may not be a substrate of
OsMPK6, although further analysis is needed to determine whether OsVQ13 is phosphorylated or not
by OsMPK6 in rice. These results suggest that OsVQ13 acts as a regulatory protein toward OsMPK6,
but not as a substrate for OsMPK6. Furthermore, expression patterns of OsMPK6 and OsWRKY45
were similar in WT and OsVQ13-ox rice plants, suggesting that OsVQ13 positively regulated the
expression of OsWRKY45-responsive genes by activating OsMPK6 at the protein level but not at
the transcriptional level. The activity of OsMPK6 is suppressed via interaction with the MAPK
phosphatase OsMKP1, which dephosphorylates both serine/threonine and tyrosine residues of MAPKs
in rice [40]. Thus, it is possible that OsVQ13 blocks the interaction between OsMPK6 and OsMKP1 to
activate the OsMPK6–OsWRKY45 cascade in response to JA. Regulation of OsWRKY45 activity via the
phosphorylation mediated by OsMPK6 has been analyzed in detail [37]. OsWRKY45 is phosphorylated
at Thr266, Ser294, and Ser299 by OsMPK6. Phosphorylation of Ser294 and Ser299 is required for the
full activation of OsWRKY45 in the defense response in rice [37]. Conversely, phosphorylation of
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Thr266 negatively affects the defense response in rice [41]. In the current study, it was demonstrated
that OsVQ13 positively regulated the OsWRKY45-dependent signaling pathway by associating with
OsMPK6, although there was no direct evidence for the phosphorylation of OsWRKY45 by OsVQ13 in
rice (Figure 7). Further studies are needed to test this hypothesis.

Both OsMPK6 and OsWRKY45 act as central regulators of SA signaling in rice [2,4,37]. In the
current study, we demonstrated that the expression of some OsWRKY45-responsive genes was
upregulated by JA, which also increased their upregulation in OsVQ13-ox rice plants. The expression
of OsMPK6 and OsWRKY45 is upregulated through JA treatment [42,43]. Another important fact is that
the expression of OsVQ13 is also upregulated by BTH, an analog of SA [2]. These results suggest that
OsVQ13 plays a critical role as an activator of the OsMPK6–OsWRKY45-dependent cascade involved
in both JA- and SA-induced resistance against Xoo.

Generally, SA confers resistance against biotrophic and hemibiotrophic pathogens, whereas
JA confers resistance against necrotrophic pathogens in plants. The relationship between JA and
SA is antagonistic in many plants. As an example of an Arabidopsis VQ protein, plants exhibiting
RNA interference (RNAi) of JAV1 exhibited increased resistance against the necrotrophic pathogen
Botrytis cinerea [25]. The Arabidopsis mks1 mutant exhibited increased susceptibility to the biotrophic
pathogen Pseudomonas syringae [27]. However, in rice, it is unclear whether this antagonistic cross-talk
between JA- and SA-dependent defense signaling occurs. In addition to the current study, other studies
have demonstrated that the JA-dependent signaling pathway has an important role in resistance
against hemibiotrophic pathogens in rice. Accumulations of JA-isoleucine (JA-Ile), a bioactive
form of JA that is induced through inoculation with P. oryzae [44], and the jasmonate-deficient rice
mutants cpm2 and hebiba, exhibited decreased resistance to an avirulent P. oryzae [45]. The osjar1-2
mutant, which exhibits diminished JA-Ile accumulation in leaves, also showed decreased resistance
to P. oryzae [46]. Expression of the microRNA miR319b was upregulated through inoculation with
virulent P. oryzae. The upregulation of miR319b caused the suppression of its target gene, TEOSINTE
BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR1 (TCP)21 (OsTCP21). OsTCP21 acts as
a positive TF regulating the JA-biosynthetic genes lipoxygenase2 (OsLOX2) and OsLOX5 [47]. On the
other hand, P. oryzae converts JA into 12OH-JA by secreting a monooxygenase, Abm. The 12OH-JA
suppresses the induction of JA-mediated defense responses [48]. It has been reported that 313
BTH-upregulated genes were identified by microarray analysis in rice [2]. When the expression
levels of BTH-upregulated genes were compared to those of JA-responsive genes, as identified by
microarray analysis in rice [10], more than half of the BTH-upregulated genes, including OsVQ13,
were also upregulated by JA [42]. OsNPR1 is degraded by OsCUL3a to suppress OsNPR1-dependent
cell death [8]. The expression of OsNPR1 is also upregulated by JA [49]. Furthermore, an oscul3a
mutant exhibited increased resistance to P. oryzae and Xoo by activating both the JA- and SA-signaling
pathways [8]. Taken together, these results strongly indicate that JA and SA signaling can interact
coordinately in an induced defense response and that OsVQ13 may be a key factor in the rice defense
pathway induced by both JA and SA.

The overexpression of OsVQ13 has resulted in larger grain sizes compared to WT.
The overexpression of OsMPK6 or a constitutively active version of OsMPK6 (CA-OsMPK6) has
also resulted in significantly larger grains [39]. Furthermore, an oscoi1b mutant has exhibited a
significantly lower grain weight [50], suggesting that JA has a positive effect on the seed development
process. However, there is not enough experimental evidence to discuss the function of OsVQ13 in
JA-dependent seed development in rice (Figure 7). Further studies are needed.

Among the OsVQ13-associating proteins, the NAC-type TF OsNAC5 positively regulates some
defense-related genes in rice, and the expression of OsNAC5 responds to both JA and abscisic acid [51].
OsNAC5 is also required to express salt stress tolerance in rice [51]. OsNAC5-overexpressing rice plants
have exhibited increased salt tolerance, whereas OsNAC5-RNAi rice plants have exhibited greater
sensitivity than the WT to salt stress [51,52]. Recently, it has been reported that JA plays an important
role in salt tolerance in many plant species, including rice [53]. RICE SALT SENSITIVE3 (RSS3) acts as
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a negative regulator of JA signaling by interacting with OsJAZ9 and OsJAZ11, and the rss3 mutant
exhibits the salt-hypersensitive phenotype [54]. OsNAC5 is also known to be negatively involved in
leaf senescence in rice [55], whereas JA has a positive effect on leaf senescence in rice [50,56]. There is
no information as to whether OsVQ13 is a senescence-associated gene in rice. Further analyses of
OsVQ13-associating proteins such as OsNAC5 may provide new insights into the molecular mechanism
of JA-dependent biotic and abiotic stress responses in rice.

Figure 7. A model for OsVQ13/OsMPK6 complex-mediated signaling pathways in rice. OsVQ13
associates with OsMPK6 and acts as an activator of the OsWRKY45-dependent signaling pathway,
contributing to resistance to Xanthomonas oryzae pv. oryzae. OsVQ13 also affects rice grain development
by associating with OsMPK6.

4. Materials and Methods

4.1. Plant Materials, Jasmonate Treatment, and Bacterial Inoculation

Plant and bacteria growth conditions were as previously described, they are grown and cultured
in our laboratory by ourselves [15]. The fully opened fifth leaf blades of rice plants were inoculated
using the clipping inoculation technique [57]. The lengths of blight lesions on each leaf blade were
measured for each leaf at 14 days post-inoculation.

To examine the effects of JA on rice growth and gene expression, rice plants were grown to the
four-leaf stage in a growth chamber in Kimura-B liquid medium [58] at 25 ◦C (24 h light) and then
incubated in the same medium supplemented with 100 µM of JA (Sigma-Aldrich, St. Louis, MO, USA).
The fourth leaf blades were used for RT-qPCR analyses.

4.2. RT-qPCR

Total RNA was extracted from rice leaf blades from plants of different genotypes and treatments
using Trizol (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions.
RT-qPCR was performed as previously described [15,59]. The sequences of the gene-specific primers
used in this study are presented in the Supplementary Table S1.

4.3. Construction of OsVQ13-Overexpressing Vectors and Rice Transformation

The OsVQ13 cDNA (accession number: AK109228) was ligated into the pBI333-EN4 vector [60].
The pBI333-EN4-GFP binary vector was prepared by subcloning the GFP coding sequence into
the pBI333-EN4 binary vector. The production of transgenic rice plants was performed as
previously described [61,62]. Second- or third-generation plants were used for the experiments.
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RT-PCR was performed using the OneStep RT-PCR kit (QIAGEN, Hilden, Germany) according
to the manufacturer’s instructions. The sequences used for RT-PCR were as follows: OsVQ13F,
5′-GACATGTTCGACTACGCGTC-3′ and tNOSR, 5′-GTATAATTGCGGGACTCTAATC-3′; GFPR,
5′-GCATGGCGGACTTGAAGA-3′; actin, forward, 5′-CCTGGAATCCATGAGACCAC-3′ and reverse,
5′-ACACCAACAATCCCAAACAGAG-3′.

4.4. Chlorophyll Content Measurement

Leaf blades treated with 100 µM of JA for four days were homogenized in 1 mL of 80% acetone and
centrifuged at 15,000 rpm for 10 min. The specific chlorophyll content was determined as described
by Arnon [63].

4.5. Subcellular Localization Assay

Seven-day-old rice seedlings were incubated at 25◦C in CHU (N6) medium (Duchefa Biochemie,
Haarlem, The Netherlands) with 50 mg/L of hygromycin. The GFP signal in the root tissue overexpressing
OsVQ13-GFP was visualized by using a KEYENCE BIOREVO BZ-9000 fluorescence microscope (Keyence,
Osaka, Japan). We used BZ filter GFP (excitation wavelength: 470/40 nm; absorption wavelength: 535/50 nm;
dichroic mirror wavelength: 495 nm) and BZ filter DAPI (excitation wavelength: 360/40 nm; absorption
wavelength: 460/50 nm; dichroic mirror wavelength: 400 nm). The root tissues were stained with
4′,6-diamidino-2-phenylindole (DAPI) solution (Dojindo, Kumamoto, Japan).

4.6. Identification of OsVQ13-Associating Proteins

4.6.1. In Vivo Purification of the OsVQ13GFP Protein

Rice leaf blades (2 g, fresh weight) were homogenized with liquid nitrogen, and the powder
was resuspended in 30 mL of extraction buffer 1 (0.4 M sucrose, 10 mM Tris-HCl (pH 7.5), 5 mM
β-mercaptoethanol (β-ME), 0.1 mM phenylmethylsulfonyl fluoride (PMSF), and 1% plant protease
inhibitor cocktail (Sigma-Aldrich)). After filtration of the slurry through Miracloth (Merck, Darmstadt,
Germany), the filtrate was centrifuged (2880× g, 20 min, 4 ◦C). The pellets containing nuclei were
resuspended in 1 mL of extraction buffer 2 (0.25 M sucrose, 10 mM Tris-HCl (pH 7.5), 10 mM MgCl2,
1% Triton X-100, 5 mM β-ME, 0.1 mM PMSF. and 1% plant protease inhibitor cocktail) and collected by
centrifugation (12,000× g, 10 min, 4 ◦C). The pellets were resuspended in 300 µL of extraction buffer 3
(1.7 M sucrose, 10 mM Tris-HCl (pH 7.5), 0.15% Triton X-100, 2 mM MgCl2, 5 mM β-ME, 0.1 mM PMSF,
and 1% plant protease inhibitor cocktail), and the resuspended pellets were overlaid onto 300 µL of
extraction buffer 3. The nuclear proteins were collected by centrifugation (16,000× g, 60 min, 4 ◦C) and
suspended in nuclear lysis buffer (10 mM Tris-HCl (pH 7.5), 0.2 mM EDTA, 150 mM NaCl, 0.1% Triton
X-100, 5 mM β-ME, and 1% plant protease inhibitor cocktail).

4.6.2. Co-Immunoprecipitation and Protein Gel Blot Analysis

The nuclear proteins were mixed with magnetic bead-conjugated GFP-Trap (Chromotek, Munich,
Germany) and incubated overnight at 4 ◦C. The beads were then washed five times in 0.5 mL of
wash buffer II (Chromotek, Munich, Germany). The binding proteins were eluted with sample buffer.
The extracted proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane
through semidry blotting. A protein gel blot analysis was performed as previously described [13].
We used anti-GFP (1:1000) and antirabbit IgG horseradish peroxidase-conjugated secondary antibodies
(1:20,000).

4.6.3. Protein Identification Using TOF MS

The proteins that were purified by GFP-Trap were separated by 12% SDS-PAGE and stained with
Oriole Fluorescent Gel Stain (Bio-Rad, Hercules, CA, USA) for 90 min. The stained protein bands were
excised from the gels, washed twice with 100 mM of NH4HCO3 containing 30% acetonitrile (Wako,
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Osaka, Japan), washed with 100% acetonitrile, and then dried in a vacuum concentrator. The gels
were reductively alkylated with 10 mM of dithiothreitol (DTT) in 100 mM of NH4HCO3 for 60 min at
56 ◦C and with iodoacetamide in 100 mM of NH4HCO3 for 30 min at 25 ◦C. The gels were washed
with 100 µL of 100-mM NH4HCO3 for 10 min and dehydrated through the addition of acetonitrile.
The dried gels were treated with 2 µL of 0.5 µg/µL of trypsin (Promega, Madison, WI, USA) in 50 mM
of NH4HCO3 and incubated at 37 ◦C for 12 h. Peptides were extracted with 50 mM of NH4HCO3 in
1% trifluoroacetic acid and 50% acetonitrile. Sample preparation for MALDI analysis was according to
the method of Shevchenko et al. [64]. Peptides of proteins that associate with OsVQ13 were identified
through MALDI-TOF MS analysis with a Voyager-DE STR (Thermo Fisher Scientific, Waltham, MA,
USA). Experiments using OsVQ13GFP-overexpressing rice plants were repeated five times, and four
out of the five stained gels are presented in the Supplementary Figure S1.

4.6.4. Phos-tag® SDS-PAGE

To determine whether OsVQ13 was phosphorylated, we used Phos-tag® SDS-PAGE (NARD
Institute Ltd., Amagasaki, Japan). To achieve dephosphorylation, the beads were prepared in 50 µL of
1× alkaline phosphatase buffer (Thermo Fisher Scientific) and incubated with 2 units of fast alkaline
phosphatase (Thermo Fisher Scientific) for 2 h. After incubation, the beads were then washed five
times in 0.5 mL of extraction buffer, and the binding proteins were eluted with 2× SDS sample buffer.

4.7. Yeast Two-Hybrid System

An analysis of protein–protein interactions using a yeast two-hybrid system was performed as
previously described [15]. Images of yeast cells were obtained at day 3.

4.8. Additional Information

The accession numbers for the genes discussed in this article are as follows: OsVQ13
(AK109228), OsMPK6 (AK111942), OsWRKY45 (AK066255), OsWRKY62 (AK067834), cytochrome P450
(AK072220), OsOPR5 (AK104193), OsPrx126 (AK061206), OsPrx72 (AK067416), OsGSTU4 (AK103453),
UDP-glucosyltransferase (AK064395), proteinase inhibitor I20 (AK105387), and beta-1,3-glucanase
(AK068247).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/12/
2917/s1.

Author Contributions: K.G. designed the research project. Y.U., K.K., and H.K. performed the experiments.
Y.U. and K.K. wrote the manuscript. S.M. and K.A. modified the manuscript. All of the authors reviewed and
approved the manuscript.

Funding: This work was supported in part by the Japan Society for the Promotion of Science (JSPS) (Funding
Program for Next-Generation World-Leading Researchers (No. GS022)).

Acknowledgments: We thank Y. Nishizawa (National Institute of Agrobiological Sciences, NIAS), H. Kaku (NIAS),
and N. Tanaka (Kagawa University) for providing the binary vector, pE7133 vector, Xoo strain, and yeast strain,
respectively. We also thank I. Kataoka (Kagawa University), M. Satoh (National Agricultural Research Center for
the Kyushu Okinawa Region, NARO), and H. Kanno (NARO) for laying the foundation of a part of this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. De Vleesschauwer, D.; Gheysen, G.; Höfte, M. Hormone defense networking in rice: Tales from a different
world. Trends Plant Sci. 2013, 18, 555–565. [CrossRef]

2. Shimono, M.; Sugano, S.; Nakayama, A.; Jiang, C.J.; Ono, K.; Toki, S.; Takatsuji, H. Rice WRKY45 plays a
crucial role in benzothiadiazole-inducible blast resistance. Plant Cell 2007, 19, 2064–2076. [CrossRef]

3. Bakshi, M.; Oelmüller, R. WRKY transcription factors: Jack of many trades in plants. Plant Signal. Behav.
2014, 9, e27700. [CrossRef]

http://www.mdpi.com/1422-0067/20/12/2917/s1
http://www.mdpi.com/1422-0067/20/12/2917/s1
http://dx.doi.org/10.1016/j.tplants.2013.07.002
http://dx.doi.org/10.1105/tpc.106.046250
http://dx.doi.org/10.4161/psb.27700


Int. J. Mol. Sci. 2019, 20, 2917 13 of 16

4. Nakayama, A.; Fukushima, S.; Goto, S.; Matsushita, A.; Shimono, M.; Sugano, S.; Jiang, C.J.; Akagi, A.;
Yamazaki, M.; Inoue, H.; et al. Genome-wide identification of WRKY45-regulated genes that mediate
benzothiadiazole-induced defense responses in rice. BMC Plant Biol. 2013, 13, 150. [CrossRef]

5. Ding, Y.; Sun, T.; Ao, K.; Peng, Y.; Zhang, Y.; Li, X.; Zhang, Y. Opposite roles of salicylic acid receptors NPR1
and NPR3/NPR4 in transcriptional regulation of plant immunity. Cell 2018, 173, 1454–1467.e15. [CrossRef]

6. Chern, M.; Fitzgerald, H.A.; Canlas, P.E.; Navarre, D.A.; Ronald, P.C. Overexpression of a rice NPR1 homolog
leads to constitutive activation of defense response and hypersensitivity to light. Mol. Plant Microbe Interact.
2005, 18, 511–520. [CrossRef]

7. Sugano, S.; Jiang, C.J.; Miyazawa, S.I.; Masumoto, C.; Yazawa, K.; Hayashi, N.; Shimono, M.; Nakayama, A.;
Miyao, M.; Takatsuji, H. Role of OsNPR1 in rice defense program as revealed by genome-wide expression
analysis. Plant Mol. Biol. 2010, 74, 549–562. [CrossRef]

8. Liu, Q.; Ning, Y.; Zhang, Y.; Yu, N.; Zhao, C.; Zhan, X.; Wu, W.; Chen, D.; Wei, X.; Wang, G.L.; et al. OsCUL3a
negatively regulates cell death and immunity by degrading OsNPR1 in rice. Plant Cell 2017, 29, 345–359.
[CrossRef]

9. Ranjan, A.; Vadassery, J.; Patel, H.K.; Pandey, A.; Palaparthi, R.; Mithöfer, A.; Sonti, R.V. Upregulation of
jasmonate biosynthesis and jasmonate-responsive genes in rice leaves in response to a bacterial pathogen
mimic. Funct. Integr. Genom. 2015, 15, 363–373. [CrossRef]

10. Yamada, S.; Kano, A.; Tamaoki, D.; Miyamoto, A.; Shishido, H.; Miyoshi, S.; Taniguchi, S.; Akimitsu, K.;
Gomi, K. Involvement of OsJAZ8 in jasmonate-induced resistance to bacterial blight in rice. Plant Cell Physiol.
2012, 53, 2060–2072. [CrossRef]

11. Tao, Z.; Liu, H.; Qiu, D.; Zhou, Y.; Li, X.; Xu, C.; Wang, S. A pair of allelic WRKY genes play opposite roles in
rice-bacteria interactions. Plant Physiol. 2009, 151, 936–948. [CrossRef]

12. Deng, H.; Liu, H.; Li, X.; Xiao, J.; Wang, S. A CCCH-type zinc finger nucleic acid-binding protein quantitatively
confers resistance against rice bacterial blight disease. Plant Physiol. 2012, 158, 876–889. [CrossRef]

13. Uji, Y.; Taniguchi, S.; Tamaoki, D.; Shishido, H.; Akimitsu, K.; Gomi, K. Overexpression of OsMYC2 results in
the up-regulation of early JA-rresponsive genes and bacterial blight resistance in rice. Plant Cell Physiol. 2016,
57, 1814–1827. [CrossRef]

14. Pauwels, L.; Barbero, G.F.; Geerinck, J.; Tilleman, S.; Grunewald, W.; Pérez, A.C.; Chico, J.M.; Bossche, R.V.;
Sewell, J.; Gil, E.; et al. NINJA connects the co-repressor TOPLESS to jasmonate signalling. Nature 2010,
464, 788–791. [CrossRef]

15. Kashihara, K.; Onohata, T.; Okamoto, Y.; Uji, Y.; Mochizuki, S.; Akimitsu, K.; Gomi, K. Overexpression of
OsNINJA1 negatively affects a part of OsMYC2-mediated abiotic and biotic responses in rice. J. Plant Physiol.
2019, 232, 180–187. [CrossRef]

16. Tanaka, K.; Taniguchi, S.; Tamaoki, D.; Yoshitomi, K.; Akimitsu, K.; Gomi, K. Multiple roles of plant volatiles
in jasmonate-induced defense response in rice. Plant Signal. Behav. 2014, 9, e29247. [CrossRef]

17. Taniguchi, S.; Hosokawa-Shinonaga, Y.; Tamaoki, D.; Yamada, S.; Akimitsu, K.; Gomi, K. Jasmonate induction
of the monoterpene linalool confers resistance to rice bacterial blight and its biosynthesis is regulated by JAZ
protein in rice. Plant Cell Environ. 2014, 37, 451–461. [CrossRef]

18. Taniguchi, S.; Miyoshi, S.; Tamaoki, D.; Yamada, S.; Tanaka, K.; Uji, Y.; Tanaka, S.; Akimitsu, K.; Gomi, K.
Isolation of jasmonate-induced sesquiterpene synthase of rice: Product of which has an antifungal activity
against Magnaporthe oryzae. J. Plant Physiol. 2014, 171, 625–632. [CrossRef]

19. Yoshitomi, K.; Taniguchi, S.; Tanaka, K.; Uji, Y.; Akimitsu, K.; Gomi, K. Rice terpene synthase 24 (OsTPS24)
encodes a jasmonate-responsive monoterpene synthase that produces an antibacterial γ-terpinene against
rice pathogen. J. Plant Physiol. 2016, 191, 120–126. [CrossRef]

20. Kiryu, M.; Hamanaka, M.; Yoshitomi, K.; Mochizuki, S.; Akimitsu, K.; Gomi, K. Rice terpene synthase 18
(OsTPS18) encodes a sesquiterpene synthase that produces an antibacterial (E)-nerolidol against a bacterial
pathogen of rice. J. Gen. Plant Pathol. 2018, 84, 221–229. [CrossRef]

21. Cheng, Y.; Zhou, Y.; Yang, Y.; Chi, Y.-J.; Zhou, J.; Chen, J.Y.; Wang, F.; Fan, B.; Shi, K.; Zhou, Y.H.; et al.
Structural and functional analysis of VQ motif-containing proteins in Arabidopsis as interacting proteins of
WRKY transcription factors. Plant Physiol. 2012, 159, 810–825. [CrossRef]

22. Kim, D.Y.; Kwon, S.I.; Choi, C.; Lee, H.; Ahn, I.; Park, S.R.; Bae, S.C.; Lee, S.C.; Hwang, D.J. Expression
analysis of rice VQ genes in response to biotic and abiotic stresses. Gene 2013, 529, 208–214. [CrossRef]

http://dx.doi.org/10.1186/1471-2229-13-150
http://dx.doi.org/10.1016/j.cell.2018.03.044
http://dx.doi.org/10.1094/MPMI-18-0511
http://dx.doi.org/10.1007/s11103-010-9695-3
http://dx.doi.org/10.1105/tpc.16.00650
http://dx.doi.org/10.1007/s10142-014-0426-8
http://dx.doi.org/10.1093/pcp/pcs145
http://dx.doi.org/10.1104/pp.109.145623
http://dx.doi.org/10.1104/pp.111.191379
http://dx.doi.org/10.1093/pcp/pcw101
http://dx.doi.org/10.1038/nature08854
http://dx.doi.org/10.1016/j.jplph.2018.11.009
http://dx.doi.org/10.4161/psb.29247
http://dx.doi.org/10.1111/pce.12169
http://dx.doi.org/10.1016/j.jplph.2014.01.007
http://dx.doi.org/10.1016/j.jplph.2015.12.008
http://dx.doi.org/10.1007/s10327-018-0774-7
http://dx.doi.org/10.1104/pp.112.196816
http://dx.doi.org/10.1016/j.gene.2013.08.023


Int. J. Mol. Sci. 2019, 20, 2917 14 of 16

23. Wang, X.; Zhang, H.; Sun, G.; Jin, Y.; Qiu, L. Identification of active VQ motif-containing genes and the
expression patterns under low nitrogen treatment in soybean. Gene 2014, 543, 237–243. [CrossRef]

24. Song, W.; Zhao, H.; Zhang, X.; Lei, L.; Lai, J. Genome-wide identification of VQ motif-containing proteins
and their expression profiles under abiotic stresses in maize. Front. Plant Sci. 2016, 6. [CrossRef]

25. Hu, P.; Zhou, W.; Cheng, Z.; Fan, M.; Wang, L.; Xie, D. JAV1 controls jasmonate-regulated plant defense.
Mol. Cell 2013, 50, 504–515. [CrossRef]

26. Andreasson, E.; Jenkins, T.; Brodersen, P.; Thorgrimsen, S.; Petersen, N.H.T.; Zhu, S.; Qiu, J.L.; Micheelsen, P.;
Rocher, A.; Petersen, M.; et al. The MAP kinase substrate MKS1 is a regulator of plant defense responses.
EMBO J. 2005, 24, 2579–2589. [CrossRef]

27. Petersen, K.; Qiu, J.L.; Lütje, J.; Fiil, B.K.; Hansen, S.; Mundy, J.; Petersen, M. Arabidopsis MKS1 is involved in
basal immunity and requires an intact N-terminal domain for proper function. PLoS ONE 2010, 5, e14364.
[CrossRef]

28. Qiu, J.L.; Fiil, B.K.; Petersen, K.; Nielsen, H.B.; Botanga, C.J.; Thorgrimsen, S.; Palma, K.;
Suarez-Rodriguez, M.C.; Sandbech-Clausen, S.; Lichota, J.; et al. Arabidopsis MAP kinase 4 regulates
gene expression through transcription factor release in the nucleus. EMBO J. 2008, 27, 2214–2221. [CrossRef]

29. Birkenbihl, R.P.; Diezel, C.; Somssich, I.E. Arabidopsis WRKY33 is a key transcriptional regulator of hormonal
and metabolic responses toward Botrytis cinerea infection. Plant Physiol. 2012, 159, 266–285. [CrossRef]

30. Li, N.; Li, X.; Xiao, J.; Wang, S. Comprehensive analysis of VQ motif-containing gene expression in rice
defense responses to three pathogens. Plant Cell Rep. 2014, 33, 1493–1505. [CrossRef]

31. Jing, Y.; Lin, R. The VQ motif-containing protein family of plant-specific transcriptional regulators.
Plant Physiol. 2015, 169, 371–378. [CrossRef]

32. Kishi-Kaboshi, M.; Okada, K.; Kurimoto, L.; Murakami, S.; Umezawa, T.; Shibuya, N.; Yamane, H.; Miyao, A.;
Takatsuji, H.; Takahashi, A.; et al. A rice fungal MAMP-responsive MAPK cascade regulates metabolic flow
to antimicrobial metabolite synthesis. Plant J. 2010, 63, 599–612. [CrossRef]

33. Ma, H.; Chen, J.; Zhang, Z.; Ma, L.; Yang, Z.; Zhang, Q.; Li, X.; Xiao, J.; Wang, S. MAPK kinase 10.2 promotes
disease resistance and drought tolerance by activating different MAPKs in rice. Plant J. 2017, 92, 557–570.
[CrossRef]

34. Kinoshita, E.; Kinoshita-Kikuta, E.; Takiyama, K.; Koike, T. Phosphate-binding tag, a new tool to visualize
phosphorylated proteins. Mol. Cell Proteom. 2006, 5, 749–757. [CrossRef]

35. Hosokawa, T.; Saito, T.; Asada, A.; Fukunaga, K.; Hisanaga, S. Quantitative measurement of in vivo
phosphorylation states of Cdk5 activator p35 by Phos-tag SDS-PAGE. Mol. Cell Proteom. 2010, 9, 1133–1143.
[CrossRef]

36. Ueno, Y.; Yoshida, R.; Kishi-Kaboshi, M.; Matsushita, A.; Jiang, C.J.; Goto, S.; Takahashi, A.; Hirochika, H.;
Takatsuji, H. MAP kinases phosphorylate rice WRKY45. Plant Signal. Behav. 2013, 8, e24510. [CrossRef]

37. Ueno, Y.; Yoshida, R.; Kishi-Kaboshi, M.; Matsushita, A.; Jiang, C.J.; Goto, S.; Takahashi, A.; Hirochika, H.;
Takatsuji, H. Abiotic Stresses Antagonize the Rice Defence Pathway through the Tyrosine-Dephosphorylation
of OsMPK6. PLoS Pathog. 2015, 11, e1005231. [CrossRef]

38. Liu, S.; Hua, L.; Dong, S.; Chen, H.; Zhu, X.; Jiang, J.; Zhang, F.; Li, Y.; Fang, X.; Chen, F. OsMAPK6,
a mitogen-activated protein kinase, influences rice grain size and biomass production. Plant J. 2015,
84, 672–681. [CrossRef]

39. Xu, R.; Duan, P.; Yu, H.; Zhou, Z.; Zhang, B.; Wang, R.; Li, J.; Zhang, G.; Zhuang, S.; Lyu, J.; et al. Control of
grain size and weight by the OsMKKK10-OsMKK4-OsMAPK6 signaling pathway in rice. Mol. Plant 2018,
11, 860–873. [CrossRef]

40. Katou, S.; Kuroda, K.; Seo, S.; Yanagawa, Y.; Tsuge, T.; Yamazaki, M.; Miyao, A.; Hirochika, H.; Ohashi, Y.
A calmodulin-binding mitogen-activated protein kinase phosphatase is induced by wounding and regulates
the activities of stress-related mitogen-activated protein kinases in rice. Plant Cell Physiol. 2007, 48, 332–344.
[CrossRef]

41. Ueno, Y.; Matsushita, A.; Inoue, H.; Yoshida, R.; Jiang, C.J.; Takatsuji, H. WRKY45 phosphorylation at
threonine 266 acts negatively on WRKY45-dependent blast resistance in rice. Plant Signal. Behav. 2017,
12, e1356968. [CrossRef]

42. Tamaoki, D.; Seo, S.; Yamada, S.; Kano, A.; Miyamoto, A.; Shishido, H.; Miyoshi, S.; Taniguchi, S.; Akimitsu, K.;
Gomi, K. Jasmonic acid and salicylic acid activate a common defense system in rice. Plant Signal. Behav.
2013, 8, e24260. [CrossRef]

http://dx.doi.org/10.1016/j.gene.2014.04.012
http://dx.doi.org/10.3389/fpls.2015.01177
http://dx.doi.org/10.1016/j.molcel.2013.04.027
http://dx.doi.org/10.1038/sj.emboj.7600737
http://dx.doi.org/10.1371/journal.pone.0014364
http://dx.doi.org/10.1038/emboj.2008.147
http://dx.doi.org/10.1104/pp.111.192641
http://dx.doi.org/10.1007/s00299-014-1633-4
http://dx.doi.org/10.1104/pp.15.00788
http://dx.doi.org/10.1111/j.1365-313X.2010.04264.x
http://dx.doi.org/10.1111/tpj.13674
http://dx.doi.org/10.1074/mcp.T500024-MCP200
http://dx.doi.org/10.1074/mcp.M900578-MCP200
http://dx.doi.org/10.4161/psb.24510
http://dx.doi.org/10.1371/journal.ppat.1005231
http://dx.doi.org/10.1111/tpj.13025
http://dx.doi.org/10.1016/j.molp.2018.04.004
http://dx.doi.org/10.1093/pcp/pcm007
http://dx.doi.org/10.1080/15592324.2017.1356968
http://dx.doi.org/10.4161/psb.24260


Int. J. Mol. Sci. 2019, 20, 2917 15 of 16

43. Lee, M.O.; Cho, K.; Kim, S.H.; Jeong, S.H.; Kim, J.A.; Jung, Y.H.; Shim, J.; Shibato, J.; Rakwal, R.; Tamogami, S.;
et al. Novel rice OsSIPK is a multiple stress responsive MAPK family member showing rhythmic expression
at mRNA level. Planta 2008, 227, 981–990. [CrossRef]

44. Wakuta, S.; Suzuki, E.; Saburi, W.; Matsuura, H.; Nabeta, K.; Imai, R.; Matsui, H. OsJAR1 and OsJAR2
are jasmonyl-L-isoleucine synthases involved in wound- and pathogen-induced jasmonic acid signalling.
Biochem. Biophys. Res. Commun. 2011, 409, 634–639. [CrossRef]

45. Riemann, M.; Haga, K.; Shimizu, T.; Okada, K.; Ando, S.; Mochizuki, S.; Nishizawa, Y.; Yamanouchi, U.;
Nick, P.; Yano, M.; et al. Identification of rice Allene Oxide Cyclase mutants and the function of jasmonate for
defence against Magnaporthe oryzae. Plant J. 2013, 74, 226–238. [CrossRef]

46. Shimizu, T.; Miyamoto, K.; Miyamoto, K.; Minami, E.; Nishizawa, Y.; Iino, M.; Nojiri, H.; Yamane, H.;
Okada, K. OsJAR1 contributes mainly to biosynthesis of the stress-induced jasmonoyl-isoleucine involved in
defense responses in rice. Biosci. Biotechnol. Biochem. 2013, 77, 1556–1564. [CrossRef]

47. Zhang, X.; Bao, Y.; Shan, D.; Wang, Z.; Song, X.; Wang, Z.; Wang, J.; He, L.; Wu, L.; Zhang, Z.; et al.
Magnaporthe oryzae induces the expression of a microRNA to suppress the immune response in rice.
Plant Physiol. 2018, 177, 352–368.

48. Patkar, R.N.; Benke, P.I.; Qu, Z.; Chen, Y.Y.C.; Yang, F.; Swarup, S.; Naqvi, N.I. A fungal
monooxygenase-derived jasmonate attenuates host innate immunity. Nat. Chem. Biol. 2015, 11, 733–740.
[CrossRef]

49. Yuan, Y.; Zhong, S.; Li, Q.; Zhu, Z.; Lou, Y.; Wang, L.; Wang, J.; Wang, M.; Li, Q.; Yang, D.; et al. Functional
analysis of rice NPR1-like genes reveals that OsNPR1/NH1 is the rice orthologue conferring disease resistance
with enhanced herbivore susceptibility. Plant Biotechnol. J. 2007, 5, 313–324. [CrossRef]

50. Lee, S.H.; Sakuraba, Y.; Lee, T.; Kim, K.W.; An, G.; Lee, H.Y.; Paek, N.C. Mutation of Oryza sativa CORONATINE
INSENSITIVE 1b (OsCOI1b) delays leaf senescence. J. Integr. Plant Biol. 2015, 57, 562–576. [CrossRef]

51. Takasaki, H.; Maruyama, K.; Kidokoro, S.; Ito, Y.; Fujita, Y.; Shinozaki, K.; Yamaguchi-Shinozaki, K.;
Nakashima, K. The abiotic stress-responsive NAC-type transcription factor OsNAC5 regulates stress-inducible
genes and stress tolerance in rice. Mol. Genet. Genom. 2010, 284, 173–183. [CrossRef]

52. Song, S.Y.; Chen, Y.; Chen, J.; Dai, X.Y.; Zhang, W.H. Physiological mechanisms underlying
OsNAC5-dependent tolerance of rice plants to abiotic stress. Planta 2011, 234, 331–345. [CrossRef]

53. Kazan, K. Diverse roles of jasmonates and ethylene in abiotic stress tolerance. Trends Plant Sci. 2015,
20, 219–229. [CrossRef]

54. Toda, Y.; Tanaka, M.; Ogawa, D.; Kurata, K.; Kurotani, K.I.; Habu, Y.; Ando, T.; Sugimoto, K.; Mitsuda, N.;
Katoh, E.; et al. RICE SALT SENSITIVE3 forms a ternary complex with JAZ and class-C bHLH factors
and regulates jasmonate-induced gene expression and root cell elongation. Plant Cell 2013, 25, 1709–1725.
[CrossRef]

55. Sakuraba, Y.; Piao, W.; Lim, J.H.; Han, S.H.; Kim, Y.S.; An, G.; Paek, N.C. Rice ONAC106 inhibits leaf
senescence and increases salt tolerance and tiller angle. Plant Cell Physiol. 2015, 56, 2325–2339. [CrossRef]

56. Uji, Y.; Akimitsu, K.; Gomi, K. Identification of OsMYC2-regulated senescence-associated genes in rice.
Planta 2017, 245, 1241–1246. [CrossRef]

57. Kauffman, H.E.; Reddy, A.P.K.; Hsieh, S.P.Y.; Merca, S.D. An improved technique for evaluating resistance of
rice varieties to Xanthomonas oryzae. Plant Dis. Rep. 1973, 57, 537–541.

58. Sato, H.; Imiya, Y.; Ida, S.; Ichii, M. Characterization of four molybdenum cofactor mutants of rice,
Oryza sativa L. Plant Sci. 1996, 119, 39–47. [CrossRef]

59. Gomi, K.; Satoh, M.; Ozawa, R.; Shinonaga, Y.; Sanada, S.; Sasaki, K.; Matsumura, M.; Ohashi, Y.; Kanno, H.;
Akimitsu, K.; et al. Role of hydroperoxide lyase in white-backed planthopper (Sogatella furcifera Horváth)-induced
resistance to bacterial blight in rice, Oryza sativa L. Plant J. 2010, 61, 46–57. [CrossRef]

60. Nishizawa, Y.; Nishio, Z.; Nakazono, K.; Soma, M.; Nakajima, E.; Ugaki, M.; Hibi, T. Enhanced resistance to blast
(Magnaporthe grisea) in transgenic Japonica rice by constitutive expression of rice chitinase. Theor. Appl. Genet. 1999,
99, 383–390. [CrossRef]

61. Shen, W.J.; Forde, B.G. Efficient transformation of Agrobacterium spp. by high voltage electroporation.
Nucleic Acids Res. 1989, 17, 8385.

62. Hiei, Y.; Ohta, S.; Komari, T.; Kumashiro, T. Efficient transformation of rice (Oryza sativa L.) mediated by
Agrobacterium and sequence analysis of the boundaries of the T-DNA. Plant J. 1994, 6, 271–282. [CrossRef]

http://dx.doi.org/10.1007/s00425-007-0672-2
http://dx.doi.org/10.1016/j.bbrc.2011.05.055
http://dx.doi.org/10.1111/tpj.12115
http://dx.doi.org/10.1271/bbb.130272
http://dx.doi.org/10.1038/nchembio.1885
http://dx.doi.org/10.1111/j.1467-7652.2007.00243.x
http://dx.doi.org/10.1111/jipb.12276
http://dx.doi.org/10.1007/s00438-010-0557-0
http://dx.doi.org/10.1007/s00425-011-1403-2
http://dx.doi.org/10.1016/j.tplants.2015.02.001
http://dx.doi.org/10.1105/tpc.113.112052
http://dx.doi.org/10.1093/pcp/pcv144
http://dx.doi.org/10.1007/s00425-017-2697-5
http://dx.doi.org/10.1016/0168-9452(96)04461-5
http://dx.doi.org/10.1111/j.1365-313X.2009.04031.x
http://dx.doi.org/10.1007/s001220051248
http://dx.doi.org/10.1046/j.1365-313X.1994.6020271.x


Int. J. Mol. Sci. 2019, 20, 2917 16 of 16

63. Arnon, D.I. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta vulgaris. Plant Physiol. 1949,
24, 1–15. [CrossRef]

64. Shevchenko, A.; Jensen, O.N.; Podtelejnikov, A.V.; Sagliocco, F.; Wilm, M.; Vorm, O.; Mortensen, P.;
Shevchenko, A.; Boucherie, H.; Mann, M. Linking genome and proteome by mass spectrometry: Large-scale
identification of yeast proteins from two dimensional gels. Proc. Natl. Acad. Sci. USA 1996, 93, 14440–14445.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1104/pp.24.1.1
http://dx.doi.org/10.1073/pnas.93.25.14440
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Properties of OsVQ13 
	Phenotypes of OsVQ13-Overexpressing Rice Plants 
	Identification of OsVQ13-Associating Proteins 
	OsVQ13 Affected OsMPK6-Mediated Signaling Pathways in Rice 

	Discussion 
	Materials and Methods 
	Plant Materials, Jasmonate Treatment, and Bacterial Inoculation 
	RT-qPCR 
	Construction of OsVQ13-Overexpressing Vectors and Rice Transformation 
	Chlorophyll Content Measurement 
	Subcellular Localization Assay 
	Identification of OsVQ13-Associating Proteins 
	In Vivo Purification of the OsVQ13GFP Protein 
	Co-Immunoprecipitation and Protein Gel Blot Analysis 
	Protein Identification Using TOF MS 
	Phos-tag® SDS-PAGE 

	Yeast Two-Hybrid System 
	Additional Information 

	References

