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Abstract

Several recent studies have reported on the role of mitogen-activated protein kinase

(MAPK3) in plant immune responses. However, little is known about how MAPK3 functions

in tomato (Solanum lycopersicum L.) infected with tomato yellow leaf curl virus (TYLCV).

There is also uncertainty about the connection between plant MAPK3 and the salicylic acid

(SA) and jasmonic acid (JA) defense-signaling pathways. The results of this study indicated

that SlMAPK3 participates in the antiviral response against TYLCV. Tomato seedlings

were inoculated with TYLCV to investigate the possible roles of SlMAPK1, SlMAPK2, and

SlMAPK3 against this virus. Inoculation with TYLCV strongly induced the expression and

the activity of all three genes. Silencing of SlMAPK1, SlMAPK2, and SlMAPK3 reduced

tolerance to TYLCV, increased leaf H2O2 concentrations, and attenuated expression of

defense-related genes after TYLCV infection, especially in SlMAPK3-silenced plants. Exog-

enous SA and methyl jasmonic acid (MeJA) both significantly induced SlMAPK3 expression

in tomato leaves. Over-expression of SlMAPK3 increased the transcript levels of SA/JA-

mediated defense-related genes (PR1, PR1b/SlLapA, SlPI-I, and SlPI-II) and enhanced tol-

erance to TYLCV. After TYLCV inoculation, the leaves of SlMAPK3 over-expressed plants

compared with wild type plants showed less H2O2 accumulation and greater superoxide dis-

mutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX) activ-

ity. Overall, the results suggested that SlMAPK3 participates in the antiviral response of

tomato to TYLCV, and that this process may be through either the SA or JA defense-signal-

ing pathways.

Introduction

Plants are threatened by a variety of abiotic and biotic stresses. Among biotic stresses, viruses

are the most serious pathogens. Plants have evolved sophisticated mechanisms to defend
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against viral infection by limiting virus replication and movement [1]. These mechanisms

include resistance that is either induced or mediated by salicylic acid (SA), jasmonic acid

(JA)-, and RNA interference (RNAi). All of these mechanisms play important roles in plant

antiviral defense systems [2–8].

If they survive an initial pathogen attack, plants can exhibit enhanced resistance to subse-

quent infection by a broad range of pathogens. This induced resistance, which requires the

endogenous plant hormone SA, is known as systemic acquired resistance (SAR) [9,10]. Exoge-

nous application of certain natural or synthetic compounds [e.g., SA and Me (methyl) JA] can

also induce resistance [11, 12]. In plants, induced resistance is often associated with “cell prim-

ing” [13, 14]. Priming enables cells to respond to less stimulus in a rapid and robust manner

[15–17]. Priming is thought to be the basis of induced resistance to all plant pathogens [16,

18]. Induced resistance can cause faster and stronger activation of defense responses when

plants experience either biotic or abiotic stress [15]. A previous report indicated that MAPK3

and MAPK6 are critical for full priming of stress responses in Arabidopsis [19]. Previous stud-

ies have shown that MAPKs have an important role in defense against pathogens [20–22].

Tomato yellow leaf curl virus (TYLCV), a Begomovirus genus within the Geminiviridae,
causes tomato yellow leaf curl disease (TYLCD), one of the most devastating diseases affecting

tomato (Solanum lycopersicum L.) production in recent decades [23–25]. The virus is found

throughout the world and is still spreading in China and other countries [25, 26]. Infection by

TYLCV leads not only to leaf stunting, yellowing, and curling but also to flower abortion. The

TYLCV is mainly transmitted leaf-to-leaf by whitefly (Bemisia tabaci Gennadius). Recent

studies suggest that TYLCV is also seed-transmissible [27]. Resistance to TYLCV has been

observed in wild type tomato (e.g., S. chmielewski, S. chilense, S. pimpinellifolium, S. habro-
chaites, S. glandulosum, S. peruvianum and S. lycopersicoides). Five resistance/tolerance genes

(Ty-1, Ty-2, Ty-3, Ty-4 and Ty-5) to TYLCV have been mapped and identified [28–36]. Some

resistance markers have been used in introgression breeding. Interestingly, TYLCV can still be

detected in plants that have these resistance genes [37]. Recent cloning experiments suggest

that Ty-1 and Ty-3 are allelic [34, 35]. Ty-1 and Ty-3 both encode RNA-dependent RNA poly-

merase (RDR). It has been hypothesized that Ty-1 and Ty-3 and may be involved in RNA

silencing [34, 35] by increasing cytosine methylation of viral genomes [38].

Transgenic methods offer great potential for enhancing the internal defense mechanisms of

plants against viruses. However, consumers have not widely accepted genetically modified

organisms (GMOs) because of concern about the effect of GMOs on human health. Recently,

SA and JA were used in a nontransgenic approach to inhibit RNA viruses in tomato (Lycopersi-
con esculentum), hot pepper (Capsicum frutescens), and tobacco (Nicotiana benthamiana) [39].

It was reported that SA and JA inhibited not only virus replication but also cell-to-cell and

long-distance movement of the virus [39, 40]. One hypothesis is that SA and JA enhance plant

resistance by triggering either induced resistance or SAR [18]. This kind of resistance needs

the participation of MAPK [41–43].

Mitogen-activated protein kinase (MAPK) cascades are three-tiered signaling kinase

modules [44, 45]. Their main function is to transmit extracellular stimuli into intracellular

responses [44]. MAPK cascades also amplify the primary signal [44, 45]. It has been suggested

that MAPK is connected with or dependent on JA and SA signaling [41–43]. Several studies

have reported on the role of MAPK3 in plant stress responses [19, 46–48]. More importantly,

AtMAPK3 is required for fully priming of stress responses in Arabidopsis [19]. However, little

is known about the function of MAPK3 in antiviral activity against compatible viruses such as

TYLCV. MPK3 has been shown to play a pivotal role in SA- and JA-mediated defense in Ara-
bidopsis and japonica rice [49, 50]. More importantly, previous studies indicated that JA and/

or SA can enhance plant defense against RNA viruses [39]. Several studies suggest that SA or
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JA-triggered resistance against either biotic or abiotic stress may be associated with MAPK sig-

naling cascades [47, 48, 51–53]. There is still uncertainty about the relationship between plant

MAPKs and the SA- and JA- defense signal pathways in regard to antiviral activity. The objec-

tives of this study were (i) to analyze the function of MAPK3 in the antiviral defense response

of tomato to TYLCV and (ii) to learn more about the relationship between MAPK3 and the

SA- and JA- defense signal pathways.

Materials and methods

Plant materials and growth conditions

Tomato line ‘Y19’ (with Ty-1 and Ty-3 markers, S1 Fig), three transgenic lines with overex-

pression of SlMAPK3 (OE4, OE6, and OE7, Accession No. AY261514), and their wild-type

(WT, ‘M82’) were used in this study. The three OE lines were from our lab and described pre-

viously [54]. The seeds were germinated on wet filter paper in Petri dishes in the dark at 28˚C

for 3 d. The seedlings were moved to a growth chamber with a 16 h light:8 h dark photoperiod

and a 25/16˚C temperature cycle. At the four true-leaf stage, the plants were transferred to a

solar greenhouse near Northwest A&F University, Yangling, Shaanxi Province China. During

the TYLCV inoculation and VIGS experiments, the plants were grown under a 22/18˚C day/

night temperature cycle. The results in Figs 1–4, S1, S3 and S4 Figs were obtained using tomato

line Y19. The results in Figs 5 and 6 are for the OE lines (i.e., OE4, OE5, and OE6) and ‘M82’.

TYLCV inoculation

The TYLCV infectious clone was provided by Professor Zhou Xueping of Zhejiang University

[55]. The clone was introduced into Agrobacterium GV3101 and then injected into the phloem

of 6-week-old plants as described previously [56]. The injections were done with a 1.0 mL

syringe at three points (10 cm apart) on the stem. The first injection point was 10 cm above the

soil surface. Plants infected with empty vectors were used as controls. Virus infection was

determined visually and confirmed through PCR (S2 Fig) [57]. Each treatment had 15–20

plants. Three biological replicates were performed for these experiments.

VIGS experiment

The pTRV1 and pTRV2 VIGS vectors were obtained from Dr. Dinesh-Kumar of Yale Univer-

sity [58]. Fragments of SlMPK1, SlMPK2, and SlMPK3 were amplified using specific primers

containing XhoI (5’ end) and SacI (3’ end) sites and inserted into the pTRV2 vector. The TRV:

PDS (phytoene desaturase) construct, which is used as a marker of VIGS silencing in plants,

was made as described previously [59]. The constructs were introduced into Agrobacterium
GV3101 by electroporation and injected into fully-expanded leaves of 3-week-old tomato

plants according to Li et al. [59]. The primers used for construction of the vectors are listed in

S1 Table. Silencing frequency (%) and silencing efficiency were calculated as described previ-

ously [59].

Signaling molecules and hormonal treatment

Tomato plants at the 5-leaf stage were treated by foliar spraying with either 10 mM H2O2,

100 μM MeJA, 100 μM SA, 100 μM ABA, or water (i.e, mock spray) [60]. The top leaves of the

plants were collected at 0, 3, 6, 12, 24, 48, 72, and 96 h. The leaves were immediately frozen in

liquid N and then stored at -80˚C for further analysis.

SlMAPK3-mediated response/tolerance to virus
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DNA / RNA isolation and quantitative PCR (qPCR)

Systemic leaves were collected from three TYLCV-inoculated plants and three uninoculated

ones. The leaves were immediately frozen in liquid N and kept at -80˚C. Total DNA was

extracted from the leaves using the cetyltrimethyl-ammonium bromide (CTAB) method [61].

Quantitative PCR (qPCR) was used to detect TYLCV in the total DNA samples as described

previously [62]. The β-actin gene was used as a control for qPCR detection of TYLCV [62, 63].

Total RNA was isolated using an RNA extraction kit (Invitrogen, USA). The cDNA was syn-

thesized using MultiScribe reverse transcriptase (Takara, China). Quantitative real-time

RT-PCR (qRT-PCR) was performed using SYBR Premix Ex Taq II (Takara, China) on an iQ5

Real-Time PCR Detection System (BIO-RAD, USA). The expression of the SlMAPK genes and

the defense-related genes was determined using qRT-PCR. The elongation factor 1-α (SlEF1α)

gene was used as an internal reference [59, 64]. Three biological replicates were performed for

these experiments. The gene specific primers for qRT-PCR are listed in S1 Table.

Disease evaluation in transgenic plants

The percentage of plant exhibiting disease symptoms (%) and the disease index were deter-

mined at 14 and 35 days post inoculation (dpi) in the VIGS experiments. The calculation for-

mulas of disease incidence (%) and disease index were as follows. Disease incidence = Number

of plants with disease symptom/Number of all tested plants × 100%. Disease index = [∑ (Num-

ber of plants in a scale ×Corresponding scale value) / (Total number of plants × Highest scale

value)] ×100.

Transgenic plants overexpressing SlMAPK3 (OE4, OE6 and OE7) were inoculated with

TYLCV as described above. The TYLCV contents were detected by qPCR [62]. Three biologi-

cal replicates were performed for these experiments. The number of flowers was counted at 45

dpi. Disease severity was evaluated using a rating scale of 0 to 4, in which, 0 = no disease symp-

toms, 1 = slight symptoms visible only on close inspection, 2 = symptoms apparent at a dis-

tance of two-thirds of a meter from the plant, 3 = severe symptoms over the entire plant, and

4 = severe symptoms and stunting [65]. Intermediate scores (e.g., 0.5, 1.5, and 2.5) were used

to allow more precise rating [30].

Physiological parameters and enzyme activity

The activities of SlMAPK1, SlMAPK2 and SlMAPK3 were determined using an ELISA kit

(Shanghai Biological Technology Co., Ltd.). Leaf H2O2 was measured by the method of Jiang

and Zhang (2001) [66]. Leaf chlorophyll and superoxide O2
- were measured according to the

methods of Porra et al. (1989) [67] and Wang and Luo (1990) [68], respectively. The activities

of the antioxidant enzymes catalase (CAT), peroxidase (POD), acerbate peroxidase (APX), and

superoxide dismutase (SOD) were assayed from leaves as described previously [69].

Statistical analysis

Analysis of variance (ANOVA) was conducted using SPSS version 12.0 software. The signifi-

cance of differences between means was determined by Tukey’s test. Data are presented as

means ± standard error (SE). Double (��) and single (�) asterisks indicate significant differ-

ences relative to controls at P<0.01 and P<0.05, respectively. Different letters indicate signifi-

cant differences compared to control at P<0.05.

SlMAPK3-mediated response/tolerance to virus
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Results

The RNA expression and protein activity of SlMAPK1, SlMAPK2 and

SlMAPK3 was induced after infection with TYLCV

The first step in this experiment was to analyze changes in SlMAPK expression after TYLCV

infection. A preliminary study indicated using PCR showed 100% inoculation success using

this method (data not shown). SlMAPK1, SlMAPK2, and SlMAPK3 expression was induced by

TYLCV infection; however their expression levels were different (Fig 1A–1C). SlMAPK1,

SlMAPK2, and SlMAPK3 expression reached peaks between 12 and 24 h post infection and

then declined. The expression of SlMAPK1 and SlMAPK2 in TYLCV infected plants was 7.4

and 5.9 fold greater at 12 h than at 0 h post inoculation. SlMAPK3 expression was 56.5 fold

greater at 24 h than at 0 h post inoculation. (Fig 1C).

The activities of SlMAPK1, SlMAPK2, and SlMAPK3 were analyzed by ELISA at different

times after TYLCV inoculation. SlMAPK1, SlMAPK2, and SlMAPK3 were activated by TYLCV

inoculation at 12 h after TYLCV inoculation (Fig 1). The activities of SlMAPK1 and SlMAPK3
were significantly greater than that of the control between 12 and 72 h after TYLCV inocula-

tion. In comparison, SlMAPK2 activity was greater than that of the control between 12 and 48

h after TYLCV inoculation. These results indicated that SlMAPK1, SlMAPK2 and SlMAPK3 all

responded to TYLCV infection at both the RNA and protein levels; however, the expression

and activity levels were different. Among the three, SlMAPK3 had the strongest response to

TYLCV infection.

Silencing of SlMAPK3 reduced tolerance to TYLCV

The second step of the experiment was to silence the SlMAPK genes by inoculating seedlings at

the 3-leaf stage with TRV. The silencing frequency of VIGS technology was confirmed 12–40 d

post infiltration with TRV: SlPDS (S3 Fig). Plants inoculated with TRV: SlPDS exhibited photo-

bleaching two weeks after TYLCV inoculation. The VIGS-plants were inoculated with TYLCV

14 d later. The silencing efficiency and specificity were also checked (S4 Fig). This demonstrated

that SlMAPK1, SlMAPK2 and SlMAPK3 had been silenced in TRV: SlMAPK1, TRV: SlMAPK2
and TRV: SlMAPK3-infiltrated plants. The disease symptoms were evaluated at 0, 14, 35 dpi.

The percentage of TRV: SlMAPK3-infiltrated plants exhibiting TYLCV symptoms increased to

56% at 14 dpi and 68% at 35 dpi (Fig 2A). These values were significantly greater than those of

the control (TRV: 00). The percentage of TRV: SlMAPK1 and TRV: SlMAPK2-infiltrated plants

exhibiting symptoms was not significantly different from the control. The disease index of

TRV: SlMAPK3-infiltrated plants was 38.5 at 14 dpi and 42.0 at 35 dpi (Fig 2B). These values

were significantly greater than those of the control (2.2 at 14 dpi and 8.8 at 35 dpi).

The relative TYLCV content, which was determined by qPCR, increased with the develop-

ment of disease (Fig 2C). The relative TYLCV contents of SlMAPK2- and SlMAPK3-silenced

plants were significantly greater than those of the control at 14, 21, and 28 dpi. SlMAPK3-

silenced plants had the highest relative TYLCV content in this study. It is interesting to note

that the relative TYLCV content was significantly greater in SlMAPK1-silenced plants than in

the control at 14 dpi. These data showed that SlMAPK silencing, particularly SlMAPK3 silenc-

ing, reduced resistance and increased susceptibility to TYLCV. Thus, SlMAPK3 might have an

important role in regulating resistance against TYLCV in tomato.

Silencing of SlMAPKs reduced defense-related gene expression

The third step in the experiment was to compare defense-related gene expression in SlMAPK-
silenced and non-silenced plants. The SA- and JA- mediated signaling pathways regulate the

SlMAPK3-mediated response/tolerance to virus
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Fig 1. The RNA expression and protein activity of SlMAPK1, SlMAPK2 and SlMAPK3 were analyzed in ‘Y19’ tomato leaves following TYLCV

infection. Samples were collected from the uppermost leaves at different times after TYLCV inoculation. The samples were used to extract RNA,

which was reverse transcripted into cDNA to detect the relative expression of SlMAPK1 (A), SlMAPK2 (B) and SlMAPK3 (C) by qRT-PCR. The tomato

SlEF1α gene was used as an internal control [59, 64]. The expression levels are relative to 0 h post infection. The activities of SlMAPK1 (D), SlMAPK2

(E) and SlMAPK3 (F) were determined with an ELISA kit (Shanghai Biological Technology Co., Ltd.). Values are means ± standard error (SE),

replicated thrice. The treatments were compared with the control using Tukey’s test. * Significant at P<0.05, ** Significant at P<0.01.

doi:10.1371/journal.pone.0172466.g001

SlMAPK3-mediated response/tolerance to virus
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expression of certain defense marker genes. Specifically, the SA-mediated pathway regulates

SlPR1 and SlPR1b. The JA-mediated signaling pathway regulates SlLapA, SlPII, and SlPIII.
Therefore, the expression of these genes was analyzed to examine a possible molecular mecha-

nism related to reduced TYLCV resistance in SlMAPK1-, SlMAPK2- and SlMAPK3-silenced

plants. To do this, defense-related gene expression in TRV: SlMAPK1-, TRV: SlMAPK2- and

TRV: SlMAPK3- silenced plants was compared with that in TRV-empty vector (TRV: 00)-infil-

trated plants. SlMAPK-silencing had no effect on the activity of the SA- and JA-mediated

defense genes (Fig 3). In contrast, SlMAPK-silenced plants with TYLCV inoculation exhibited

significant differences in the expression of both SlPRP1 and SlPR1b at 14 dpi. The expressions

of SlPRP1 and SlPR1b were greatest in TRV: 00 and least in TRV: SlMAPK3 (Fig 3B and 3C).

Similar patterns were observed for SlLapA, SlPII, and SlPIII expression (Fig 3D and 3F). Over-

all, SlMAPK silencing, especially TRV:SlMAPK3 silencing, significantly reduced the expression

Fig 2. SlMAPK3-silencing reduced the tolerance of ‘Y19’ tomato to TYLCV. (A) The percentage of SlMAPK-silenced (TRV: SlMAPK1-, TRV:

SlMAPK2-, and TRV: SlMAPK3) and non-silenced (TRV:00-, control) plants exhibiting TYLCV symptoms at 0, 14, and 35 dpi. Each treatment had 15–

20 ‘Y19’ plants, replicated thrice. (B) Disease index of TYLCV in SlMAPK-silenced (TRV: SlMAPK1-, TRV: SlMAPK2-, and TRV: SlMAPK3) and non-

silenced (TRV: 00-, control) plants at 0, 14, and 35 dpi. Each treatment had 15–20 ‘Y19’ plants, replicated thrice. (C) Relative TYLCV content in

SlMAPK-silenced (TRV: SlMAPK1-, TRV: SlMAPK2-, and TRV: SlMAPK3) and non-silenced (TRV: 00-, control) plants at 3, 7, 14, 21, and 28 dpi. Leaf

samples were collected from all plants, whether or not they displayed symptoms. The leaf samples were mixed within a treatment and then analyzed to

determine total DNA. Three biological replicates were performed. The relative TYLCV content in the samples was determined using qPCR. The results

are means ± standard error (SE), replicated thrice. The treatments were compared with the control using Tukey’s test. Different letters indicate

significant differences at P<0.05.

doi:10.1371/journal.pone.0172466.g002

SlMAPK3-mediated response/tolerance to virus
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of defense-related genes regulated by SA- and JA- mediated signaling pathways in TLYCV-

infected plants.

Exogenous application of various signalling molecules induced

SlMAPK3 expression

The fourth step in the experiment was to measure SlMAPK3 expression in tomato leaves after

exogenous application of various signaling molecules. As shown in Fig 4, all four types of sig-

naling molecules significantly increased SIMAPK3 expression at 12 h after application. Among

the signaling molecules, exogenous MeJA had the most striking effect, increasing SIMAPK3
expression at each sampling time between 6 and 96 h after application. SlMAPK3 expression in

the MeJA treatment reached a maximum 13.4 fold increase at 96 h. Exogenous SA significantly

increased SlMAPK3 expression at 12, 24, 48, and 96 h. The maximum increase (5.2 fold) was

observed at 12 h. Exogenous ABA and H2O2 significantly increased SlMAPK3 expression at 12

h by 3.6 and 2.9 fold, respectively. The results indicated that SlMAPK3 responded significantly,

but with different expression patterns, to exogenous MeJA and SA. This suggested that

SlMAPK3 could be involved in stress-activated signaling pathways regulated by SA and MeJA.

SlMAPK3 overexpression enhanced tolerance to TYLCV

To further confirm the role of SlMAPK3 in antiviral defense, the TYLCV tolerance of three

overexpression lines (i.e., OE4, OE6, and OE7) was compared with that of a WT line. No visi-

ble disease symptoms were observed on any of the plants at 10 dpi (Fig 5A). The WT line had

typical TYLCV symptoms at 30 dpi, whereas the OE lines remained normal and developed

flowers. At 45 dpi, the OE lines exhibited TYLCV symptoms but produced normal flowers.

The WT line exhibited severe disease symptoms and was unable to produce normal flowers.

Disease severity ratings reflected the patterns described above (Table 1). There was no

Fig 3. Defense-related gene expression decreased when SlMAPK1, SlMAPK2, SlMAPK3-silenced ‘Y19’ tomato plants were infected with

TYLCV. (A-E) The relative expression of the SA-mediated defense marker genes SlPR1 (A), SlPR1b (B) and the JA-mediated defense marker genes

SlLapA (C), SlPI-I (D) and SlPI-II (E) at 14 dpi with TYLCV. Values are means ± standard error (SE), replicated thrice. The treatments were compared

with the control using Tukey’s test. Different letters indicate significant differences at P<0.05.

doi:10.1371/journal.pone.0172466.g003

SlMAPK3-mediated response/tolerance to virus
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difference in the disease ratings at 10 dpi. However, the ratings were significantly greater in the

WT line than in the OE lines at 45 dpi.

The relative TYLCV contents were the same in all lines at 10 dpi (Fig 5B). However, relative

TYLCV contents were significantly less in the OE lines than in the WT line at 10, 30, and 45 dpi.

At 45 dpi, relative TYLCV contents increased in the OE lines and produced visible symptoms

(Fig 5B). One visible symptom of TYLCD is leaf yellowing due to a reduction in the number of

chloroplasts per cell [70]. Leaf chlorophyll contents were significantly greater in the OE lines

than in the WT line at 30 and 45 dpi (Fig 5C). The number of normal flowers was significantly

greater in the OE lines than in the WT line at 45 dpi (Fig 5D). Overall, these results showed that

the appearance of TYLCD symptoms was delayed in plants with SlMAPK3 overexpression.

SlMAPK3 over-expression enhanced antioxidant capacity and defense-

related gene expression

Previous studies have shown that biotic and abiotic stresses damage plants through accumula-

tion of ROS during oxidative stress [71, 72]. In this experiment, there were no clear differences

Fig 4. Exogenous application of signaling molecules increased SlMAPK3 expression in ‘Y19’ tomato leaves. Tomato seedlings were treated

with either 100 μM SA, 100 mM MeJA, 10 mM H2O2, 100 μM ABA, or water (i.e. mock treatment). The tomato SlEF1α gene was used as an internal

control [59, 64]. Values are means ± standard error (SE), replicated thrice. The expression levels are relative to 0 h. The treatments were compared

with the control using Tukey’s test. * Significant at P<0.05.

doi:10.1371/journal.pone.0172466.g004

SlMAPK3-mediated response/tolerance to virus
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Fig 5. Overexpression of SlMAPK3 in ‘M82’ tomato enhanced tolerance to TYLCV. (A) Phenotype

analysis of wild type (WT, ‘M82’) and SlMAPK3-overexpressed (OE-4, OE-6 and OE-7) plants at 10, 30, and

45 dpi with TYLCV. (B) The relative TYLCV content in WT and SlMAPK3-overexpressed lines at 1, 10, 30,

and 45 dpi. Values are means ± standard error (SE), replicated thrice. Tomato β-actin was used as an internal

control for qRT-PCR [62, 63]. The expression levels are relative to 1 dpi. (C) Leaf chlorophyll contents in WT

and SlMAPK3-overexpressed lines. Values in B-D are means ± SE of at least three replicates. (D) The

average number of flowers on WT and SlMAPK3-overexpressed plants at 45 dpi. Values are means ± SE of

at least three replicates. Significant differences between the OE lines and the WT lines were compared using

Tukey’s test. * Significant at P<0.05, ** Significant at P<0.01.

doi:10.1371/journal.pone.0172466.g005
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in H2O2 and O2
- accumulation among the WT and OE lines prior to TYLCV inoculation (i.e.,

0 dpi). However, after inoculation, H2O2 and O2
- concentrations were both greater in the WT

line than in the OE lines (Fig 6A and 6B). Plants have evolved complicated antioxidant defense

systems to clear excess ROS and maintain cellular ROS homeostasis [71, 72, 73]. The enzymes

CAT, SOD, APX, and POD are involved in the antioxidant defense system. There were no

observable differences in enzyme activity between the WT and OE lines prior to TYLCV inoc-

ulation (Fig 6C–6F). However, the OE lines compared with the WT plants had significantly

greater enzyme activity after TYLCV inoculation. These results suggested that SlMAPK3 over-

expression inhibited ROS production and had major influence on antioxidant capacity in

transgenic plants.

The expression of five genes related to plant defense was also determined to increase insight

into the molecular mechanisms underlying enhanced tolerance to TYLCV in the OE lines after

inoculation. Without TYLCV inoculation, the relative expression of all five defense genes were

greater in the OE lines than in the WT line (Fig 6). Inoculation with TYLCV significantly up-

regulated the genes in all lines; the greatest increases were observed in the OE lines (Fig 6G–

6K). This demonstrated that SlMAPK3 over-expression enhanced the transcript levels of SA-

and MeJA-mediated defense-related genes in both TYLCV inoculated and uninoculated plants.

Discussion

SlMAPK3 participated in an antiviral response to TYLCV and was induced by SA and JA hor-

mones. VIGS-silencing of SlMAPK3 increased viral infection compared with non-silenced

plants. SlMAPK3 silencing also reduced expression of defense-related genes in the SA- and JA-

mediated pathways. Compared with WT plants, over-expression of SlMAPK3 in transgenic

plants enhanced the expression of defense-related genes in the SA- and JA- mediated pathways

and increased tolerance to TYLCV. These results suggest that MAPK3 participates in the

defense response to TYLCV. We propose that the antiviral role of MAPK3 could be attributed

to induced resistance triggered by the SA and JA signal pathways.

Three MAPKs (SlMAPK1, SlMAPK2, and SlMAPK3) were differentially induced and acti-

vated after TYLCV inoculation. Among these, SlMAPK3 had the highest expression and activity

in the inoculated plants. MAPK cascades are readily activated during the plant response to avir-

ulent pathogens or to pathogen-derived elicitors. Two MAPKs, WIPK and SIPK, are activated

by virus (TMV) infection in tobacco [74]. In Arabidopsis leaves, MAPKs are rapidly activated

by biotic stresses [75, 76]. Similarly LeMPK3 is specifically induced and activated in resistant

Table 1. Disease severity rating in wild type (WT, ‘M82’) and SlMAPK3-overexpressed (OE-4, OE-6

and OE-7) lines at 10, 15, 30, and 45 dpi with TYLCV. Disease severity was rated using a scale from 0 (no

disease) to 4 (severe symptoms and stunting).

Disease severity rating

10 dpi 15 dpi 30 dpi 45 dpi

WT 0 1.3±0.6 2.33±0.28 3.33±0.58

OE7 0 0 ** 0.33±0.58** 0.5±0.50**

OE4 0 0 ** 0** 0.33±0.58**

OE6 0 0 ** 0** 0.67±0.29 **

Plants of each genotype were agro-inoculated with the infectious TYLCV construct. Data represent

means ± standard error (SE), n = 12–15. Significant differences between OE lines and WT were compared

using Tukey’s test.

** Significant at P<0.01.

doi:10.1371/journal.pone.0172466.t001
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tomato plants infected by avirulent strains of the phytopathogenic bacteria Pseudomonas syrin-
gae pv. tomato and Xanthomonas campestris pv. vesicatoria [77]. Interestingly, those MAPKs

also participate in the response of several plant species to abiotic stresses [59, 60, 77–80]. The

possibility exists that MAPK3 acts as an upstream signaling kinase which regulates the response

Fig 6. H2O2 accumulation, antioxidant enzyme activity, and defense-related gene expression in wild type (WT) and SlMAPK3-overexpressed

(OE4, OE6, OE 7) lines after infection with TYLCV. (A-F) H2O2 accumulation and antioxidant enzyme activity at 0, 10, 30, and 45 dpi. The second

and third uppermost leaves were collected from each plant and analyzed for H2O2 content (A), SOD activity (B), POD activity (C), CAT activity (D), APX

activity (E), and O2
- content (F). Each bar represents the mean of three replicates ± standard error (SE). (G-K) Expression analysis of defense-related

genes, SlPR1 (G), SlPR1b (H), SlLapA (I), SlPI-I (J) and SlPI-II (K) at 14 dpi with TYLCV. The SlEF1α gene was used as an internal control [59, 64].

Data are means ± SE (N = 3 to 9) of three independent experiments. Double asterisk (**) and single asterisk (*) indicate significant differences relative

to controls at P< 0.01 (Tukey’s test) and P<0.05 (Tukey’s test), respectively.

doi:10.1371/journal.pone.0172466.g006
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to abiotic and biotic stresses such as salt, drought, cold, and pathogens. [46–49, 59, 60,77–81].

These results support the understanding that MAPK3 cascades participate in the immune

response of plants [47, 82, 83].

In this study, the genes downstream of the MAPKs changed with the down-regulation of

MAPK in silenced plants (Fig 3). This agrees with a previous report that PI-II and PI-I were

down-regulated in SpMPK3-silenced plants [84]. SlMAPK1-, SlMAPK2- and SlMAPK3-

silenced plants all exhibited increased TYLCV content and reduced tolerance to TYLCV; how-

ever, SlMAPK3-silenced plants had the greatest disease incidence (Fig 2). These results were

consistent with a previous study in which suppression of both MPK3 and MPK6 in transgenic

Arabidopsis resulted in significant decreases in the induction of defense-related gene expres-

sion and pathogen resistance compared with wild-type plants [82]. Disease development and

wilting symptoms of Ralstonia solanacearum also appeared more often in MPK3 silenced

plants [81]. The VIGS-silencing experiment implied that the role of SlMAPK3 in the defense

response was somewhat different from that of SlMAPK1 and SlMAPK2. This agrees with a pre-

vious report which showed that MPK3 functioned differently than MPK1 and MPK2 in the

response of tomato to wounds caused by Manduca sexta (Lepidoptera) [83]. These results sug-

gested that although they belong to the same gene family, the response of SlMAPK3 to TYLCV

was different from that of SlMAPK1 and SlMAPK2.

Tomato is infected with TYLCV by viruliferous whiteflies. Many factors (e.g., whitefly gen-

der and development stage) influence the efficacy and stability of the inoculation. For this rea-

son, we used an artificial system of TYLCV infection by agroinfiltration in this study. It should

be noted that TYLCV transmission by whiteflies is circular and persistent [85]. Prolonged infec-

tion may result in a different response compared with our study. Previous research indicated

that the abundance of mammalian extracellular signal-regulated kinase (ERK)-like protein (rep-

resenting MAPKs) remained high for 1 d and then decreased slowly for 40 d after whitefly infes-

tation [86]. This suggested that (i) ERK-like proteins negatively regulate the defense response or

(ii) TYLCV can suppress the activity of the ERK-like protein after 1 dpi. Additional research

needs to be done to determine SlMAPKs expression patterns in tomato inoculated by whiteflies.

If there is decrease in SlMAPKs levels during prolonged infection, it would suggest that the

MAPK response to stress was complete within a short time after infection.

Upstream signaling components such as ROS, auxin, abscisic acid, and phosphatidic acid

have been reported to be involved in MAPK activation [87]. In our results, the WT line com-

pared with the OE lines accumulated more H2O2, leading to decreases in total leaf chlorophyll

(Fig 5C). The ROS can not only induce hypersensitive response (HR) due to damage after

pathogen infection, but also inhibit the spread of cell death to neighboring cells by pro-

grammed cell death. Previous studies have reported that TYLCV infection does not induce HR

in normal plants [88]. It is possible that the immune system becomes weaker in SlMAPK3-

silenced plants, leading to HR-like lesions. Similarly, Faoro and Gozzo reported in their review

that compatible viruses can also cause systemic necrosis leading to plant death [40, 89]. In

addition, the activity of the antioxidant enzyme APX was enhanced after TYLCV inoculation

in SlMAPK3- overexpressed plants compared with WT plants (Fig 6E). Recent studies reported

that TYLCV down regulated APX1/2 transcription through mitigation of its regulator heat

shock transcription factors HSFA2 under a combination of virus and heat stresses [90]. It is

possible that the antiviral response of plants to a single stress is different than that to a combi-

nation stresses.

In plant immune systems, MPK3/MPK6 activation and rapid ROS burst are two indepen-

dent, early signaling events [91]. Accumulation of H2O2 could lead to SA synthesis [92]; how-

ever TYLCV also enhanced SA accumulation during the early stages of infection [62]. High

levels of SA along with H2O2 could activate local PR gene expression [93]. In effector-triggered
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immunity (ETI), the MPK3 and SA signaling pathways compensate each other regarding PR1

expression and pathogen inhibition [94]. Similarly, VIGS of MPK1, MPK2, and MPK3 in

tomato resulted in reductions in JA-mediated defense gene expression and defense responses

[84]. We observed that the expression of SA- and JA- mediated defense-related genes was

reduced in silenced plants after TYLCV inoculation. The largest decreases were in SlMAPK3-
silenced plants (Fig 3). Exogenous SA and JA application induced SlMAPK3 expression. This

suggested that MAPK3 was linked with both pathways; however, it may be that MAPK3 had a

role in balancing or reducing antagonism between SA and JA signaling. Modulated interac-

tions between SA and JA may contribute significantly to induced resistance [95]. Molecular

characterization of MAPK3 in Nicotiana attenuate demonstrated that WIPK and SIPK were

orthologs of AtMPK3 and AtMPK6, respectively, and were involved in JA and SA signaling

pathways and biosynthesis [76]. However, OsMPK3 transcripts increased after treatment with

JA but not SA [50].

In Arabidopsis, AtMPK3 and AtMPK6 positively regulated SA signaling [96]. After stress,

phosphorylated active AtMPK3 and AtMPK6 were both correlated with enhanced expression

of the PR-1 gene [19]. Over-expression of a tobacco MPK3 homolog (WlPK) resulted in

enhanced JA levels and expression of the JA responsive gene P1-II [97]. Similarly, AhMPK3
over-expression increased PI-II expression, the amount of a basic pathogenesis-related protein,

and plant resistance [98]. We observed that SlMAPK3 transgenic plants compared with WT

plants had greater expression of SA- and JA- defense-related genes and less TYLCV content.

The reduction of TYLCV in SlMAPK3 over-expressed plants may be due to increases in either

the accumulation of SA and JA or the expression of defense-related genes in both pathways.

Exogenous application of both SA and JA induced stronger resistance in tobacco against virus

attack compared with application of SA or JA alone [39]. Previous reports indicate that SA not

only has significant roles in the RNA silencing mechanism but also delays accumulation of

RNA pathogens [99], perhaps due to pre-induction of RNA silencing-related genes by SA or

GA [100]. The SA could act as an enhancer of RNA-silencing antiviral defense. An SA-medi-

ated defense mechanism and an RNA-silencing mechanism acted together to reduce plum pox

virus (PPV) infection in tobacco [101]. Based on these previous reports as well as our own

findings, we propose that (i) MAPK3 could be an essential component in inducing “priming”

of cells in virus-infected plants and (ii) MAPK3 plays an important role in the development of

induced resistance against viruses by coordinating the expression of defense genes in SA and

JA-mediated pathways. It should be noted that RNA silencing is thought to be an important

antiviral defense mechanism. There is a possibility that SlMAPK3 also acts as an upstream sig-

naling kinase, triggering the RNA silencing pathway against TYLCV. Further in-depth study is

required to test this hypothesis.

Conclusions

SlMAPK (SlMAPK1, SlMAPK2 and SlMAPK3) transcription and activity in tomato leaves was

strongly induced by TYLCV infection, with SlMAPK3 having the highest expression and activ-

ity among the three genes. Functional analyses by VIGS and overexpression showed that

SlMAPK3 may participate in regulating the defense response against TYLCV by modulating

SA and JA- mediated defense responses in tomato.

Supporting information

S1 Table. List of primers used in this study. (A) Primer sequences used for qRT-PCR analy-

sis.

(B) Primer sequences used for VIGS of SlMAPK genes in tomato.
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(C) Primer sequences used for semi-qPCR to detect TYLCV in tomato

(D) Primer sequences used for cloning SlMAPKs in tomato

(DOCX)

S1 Fig. Detection of the resistance markers (Ty-1 and Ty-3) in ‘Y19’ and wild type ‘M82’

tomato. DNA was extracted from the top leaves of ‘Y19’and ‘M82’ plants. The resistance mark-

ers, Ty-1 and Ty-3, were detected by PCR. The wild type ‘M82’ was used as a negative control.

(TIF)

S2 Fig. TYLCV inoculation success in ‘Y19’, ‘M82’ and OE lines at 7 and 14 dpi. DNA was

extracted from the top leaves of SlMAPK-silenced (TRV: SlMAPK1-, TRV: SlMAPK2-, and

TRV: SlMAPK3-) plants, non-silenced (TRV: 00-, control) plants, ‘M82’ plants and OE plants

at 7 and 14 dpi. PCR was used to confirm the success of artificial inoculation with TYLCV.

(TIF)

S3 Fig. Silencing of tomato gene which acts as an indicator for the frequency (%) of VIGS

silencing. The silencing frequency (%) of VIGS technology (A) was calculated in TRV: SlPDS
-infiltrated plants at 12, 15, 20, 25 30, 35 and 40 dpi. The following equation was used:

Number of plants showing silencing phenotype ðbleaching or yellowingÞ
Total number of plants infiltrated

� 100%

Plants were infected with TRV vector carrying the phytoene desaturase (PDS) gene of tomato.

Silencing of the endogenous PDS results in the inhibition of carotenoid biosynthesis, leading

to a photo-bleaching phenotype (B). Photographs taken 4 weeks after TRV infiltration.

(TIF)

S4 Fig. Silencing efficiency for SlMAPK1, SlMAPK2 and SlMAPK3. The silencing efficiency

was determined by qRT-PCR and compared with the control (defined as 100%). Values are

the mean ± standard error (SE), replicated thrice. The treatments were compared with the con-

trol using Tukey’s test, � Significant at P<0.05.

(TIF)

Acknowledgments

This work was supported by the Science and Technology Innovation Project of Shaanxi Prov-

ince (2015KTTSNY03-01) and the National Science & Technology Projects of China

(2013BAD01B00). The infectious TYLCV clone was kindly provided by Professor Xueping

Zhou of Zhejiang University. Many thanks to Cui Li for providing the VIGS recombinant plas-

mids and to Libo Xing and Quanhong Xue for synthesizing the primers and for providing the

plasmid extraction reagent. We thank Chunhui Song, Yin Zheng, Yulong Li, Dalong Zhang,

Yanqing Yang, Wei Chen, Tuo Qi, and Shuang Song for advice. We thank Wei Chen for help

with the agro-infiltrations. Thanks also to Ning Mo for taking photos in this experiment and

to Dr. Martin Parkes and Dr. Jeff Gale for correcting the English in this paper.

Author Contributions

Conceptualization: YZL YZ TM JJZ LQ.

Data curation: YZL TM YZ.

Formal analysis: YZL TM YZ.

SlMAPK3-mediated response/tolerance to virus

PLOS ONE | DOI:10.1371/journal.pone.0172466 February 21, 2017 15 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172466.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172466.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172466.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172466.s005


Funding acquisition: YL.

Investigation: YZL JJZ TM HHC.

Methodology: YZL TM YZ.

Project administration: YL YZ.

Resources: HLL.

Software: HLL HHC.

Supervision: YL YZ.

Validation: HLL JJZ YZL.

Visualization: TM YZL YZ.

Writing – original draft: YZL TM YZ.

Writing – review & editing: YZL YZ HLL TM.

References
1. Incarbone M, Dunoyer P. RNA silencing and its suppression: novel insights from in planta analyses.

Trends in Plant Science. 2013; 18(7): 382–92. doi: 10.1016/j.tplants.2013.04.001 PMID: 23684690

2. Palukaitis P, Carr J. Plant resistance responses to viruses. Journal of Plant Pathology. 2008:153–71.

3. Carr JP, Lewsey MG, Palukaitis P. Signaling in Induced Resistance. Adv Virus Res. 2010; 76: 57–

121. doi: 10.1016/S0065-3527(10)76003-6 PMID: 20965072

4. Hunter LJR, Westwood JH, Heath G, Macaulay K, Smith AG, MacFarlane SA, et al. Regulation of

RNA-Dependent RNA Polymerase 1 and Isochorismate Synthase Gene Expression in Arabidopsis.

Plos One. 2013; 8(6).

5. Zhao PP, Shang J, Guo ZC, Xie HF, Xi DH, Sun X, et al. Temperature-related effects of treatments

with jasmonic and salicylic acids on Arabidopsis infected with cucumber mosaic virus. Russian Journal

of Plant Physiology. 2013; (No.5): 672–680

6. Alazem M, Lin NS. (2015). Roles of Plant Hormones in Regulating Host-Virus Interactions. Molecular

Plant Pathology.2015; 16(5):529–540. doi: 10.1111/mpp.12204 PMID: 25220680

7. Baebler S, Witek K, Petek M, Stare K, Tusek-Znidaric M, Pompe-Novak M, et al. Salicylic acid is an

indispensable component of the Ny-1 resistance-gene-mediated response against Potato virus Y

infection in potato. Journal of Experimental Botany. 2014; 65(4): 1095–109. doi: 10.1093/jxb/ert447

PMID: 24420577

8. Lee WS, Fu SF, Li Z, Murphy AM, Dobson EA, Garland L, et al. Salicylic acid treatment and expres-

sion of an RNA-dependent RNA polymerase 1 transgene inhibit lethal symptoms and meristem inva-

sion during tobacco mosaic virus infection in Nicotiana benthamiana. Bmc Plant Biology. 2016; 16.

9. Durrant WE, Dong X. Systemic acquired resistance. Annual Review of Phytopathology. 2004; 42:

185–209. doi: 10.1146/annurev.phyto.42.040803.140421 PMID: 15283665

10. Lu H, Greenberg JT, Holuigue L, Lionetti V. Editorial: Salicylic Acid Signaling Networks. Front Plant

Sci. 2016:1–3.

11. Kadotani N, Akagi Aya, Takatsuji H, Miwa T, Igarashi D. Exogenous proteinogenic amino acids induce

systemic resistance in rice. BMC Plant Biology. 2016; 16: 1–10.

12. Niu D, Wang X, Wang Y, Song X, Wang J, Guo J, et al. Bacillus cereus AR156 activates PAMP-trig-

gered immunity and induces a systemic acquired resistance through a NPR1-and SA-dependent sig-

naling pathway. Biochemical and Biophysical Research Communications. 2016; 1: 120–125.

13. Conrath U, Beckers GJM, Flors V, Garcia-Agustin P, Jakab G, Mauch F, et al. Priming: Getting ready

for battle. Molecular Plant-Microbe Interactions. 2006; 19(10): 1062–71. doi: 10.1094/MPMI-19-1062

PMID: 17022170

14. Kohler A, Schwindling S, Conrath U. Benzothiadiazole-induced priming for potentiated responses to

pathogen infection, wounding, and infiltration of water into leaves requires the NPR1/NIM1 gene in

Arabidopsis. Plant Physiology. 2002; 128(3):1046–1056. doi: 10.1104/pp.010744 PMID: 11891259

SlMAPK3-mediated response/tolerance to virus

PLOS ONE | DOI:10.1371/journal.pone.0172466 February 21, 2017 16 / 21

http://dx.doi.org/10.1016/j.tplants.2013.04.001
http://www.ncbi.nlm.nih.gov/pubmed/23684690
http://dx.doi.org/10.1016/S0065-3527(10)76003-6
http://www.ncbi.nlm.nih.gov/pubmed/20965072
http://dx.doi.org/10.1111/mpp.12204
http://www.ncbi.nlm.nih.gov/pubmed/25220680
http://dx.doi.org/10.1093/jxb/ert447
http://www.ncbi.nlm.nih.gov/pubmed/24420577
http://dx.doi.org/10.1146/annurev.phyto.42.040803.140421
http://www.ncbi.nlm.nih.gov/pubmed/15283665
http://dx.doi.org/10.1094/MPMI-19-1062
http://www.ncbi.nlm.nih.gov/pubmed/17022170
http://dx.doi.org/10.1104/pp.010744
http://www.ncbi.nlm.nih.gov/pubmed/11891259


15. Conrath U, Pieterse CMJ, Mauch-Mani B. Priming in plant-pathogen interactions. Trends in Plant Sci-

ence. 2002; 7(5): 210–6. PMID: 11992826

16. Goellner K, Conrath U. Priming: it’s all the world to induced disease resistance. European Journal of

Plant Pathology. 2008; 121(3): 233–42.

17. Borges AA, Sandalio LM. Induced resistance for plant defense. Front Plant Sci. 2015:1–2.

18. Oliveira MDM, Varanda CMR, Félix MRF. Induced resistance during the interaction pathogen x plant

and the use of resistance inducers. Phytochemistry Letters. 2016:152–158.

19. Beckers GJM, Jaskiewicz M, Liu YD, Underwood WR, He SY, Zhang SQ, et al. Mitogen-Activated

Protein Kinases 3 and 6 Are Required for Full Priming of Stress Responses in Arabidopsis thaliana.

Plant Cell. 2009; 21(3): 944–953. doi: 10.1105/tpc.108.062158 PMID: 19318610

20. Asai T, Tena G, Plotnikova J, Willmann MR, Chiu WL, Gomez-Gomez L, et al. MAP kinase signaling

cascade in Arabidopsis innate immunity. Nature. 2002; 415(6875):977–983. doi: 10.1038/415977a

PMID: 11875555

21. Ichimura K, Casais C, Peck SC, Shinozaki K, Shirasu K. MEKK1 is required for MPK4 activation and

regulates tissue-specific and temperature-dependent cell death in Arabidopsis. Journal of Biological

Chemistry. 2006; 281(48): 36969–36976. doi: 10.1074/jbc.M605319200 PMID: 17023433

22. Qiu JL, Zhou L, Yun BW, Nielsen HB, Fiil BK, Petersen K, et al. Arabidopsis mitogen-activated protein

kinase kinases MKK1 and MKK2 have overlapping functions in defense signaling mediated by

MEKK1, MPK4, and MKS1. Plant Physiology. 2008; 148(1):212–222. doi: 10.1104/pp.108.120006

PMID: 18599650

23. Fauquet CM, Fargette D. International Committee on Taxonomy of Viruses and the 3,142 unassigned

species. Virology journal. 2005; 2.

24. Moriones E, Navas-Castillo J. Tomato yellow leaf curl virus, an emerging virus complex causing epi-

demics worldwide. Virus research. 2000; 71(1–2):123–34. PMID: 11137167

25. Sohrab SS. The role of corchorus in spreading of tomato yellow leaf curl virus on tomato in Jeddah,

Saudi Arabia. VirusDisease. 2016; (1):19–26. doi: 10.1007/s13337-015-0292-6 PMID: 26925440

26. Parrella G, Nappo AG, Giorgini M, Stinca A. Urtica membranacea: A New Host for Tomato yellow leaf

curl virus and Tomato yellow leaf curl Sardinia virus in Italy. Plant Disease. 2016; 100(2):539–540.

27. Kil EJ, Kim SH, Lee YJ, et al., (2016). Tomato yellow leaf curl virus (TYLCV-IL): a seed-transmissible

geminivirus in tomatoes. Sci Rep, 2016; 6, 19013 doi: 10.1038/srep19013 PMID: 26743765

28. Zamir D, Eksteinmichelson I, Zakay Y, Navot N, Zeidan M, Sarfatti M, et al. Mapping and Introgression

of A Tomato Yellow Leaf Curl Virus Tolerance Gene, TY-1. Theoretical and Applied Genetics. 1994;

88(2):141–146. doi: 10.1007/BF00225889 PMID: 24185918

29. Ji Y, Schuster DJ, Scott JW. Ty-3, a begomovirus resistance locus near the Tomato yellow leaf curl

virus resistance locus Ty-1 on chromosome 6 of tomato. Molecular Breeding. 2007; 20(3):271–84.

30. Ji Y, Scott JW, Schuster DJ. Toward Fine Mapping of the Tomato Yellow Leaf Curl Virus Resistance

Gene Ty-2 on Chromosome 11 of Tomato. Hortscience. 2009; 44(3):614–618.

31. Caro M, Verlaan MG, Julián O, Finkers R, Wolters A-MA, Hutton SF, et al. Assessing the genetic vari-

ation of Ty-1 and Ty-3 alleles conferring resistance to tomato yellow leaf curl virus in a broad tomato

germplasm. Molecular Breeding. 2015; 35(6): 1–13.

32. Ji YF, Scott JW, Schuster DJ, Maxwell DP. Molecular Mapping of Ty-4, a New Tomato Yellow Leaf

Curl Virus Resistance Locus on Chromosome 3 of Tomato. Journal of the American Society for Horti-

cultural Science. 2009; 134(2):281–288.

33. Hutton SF, Scott JW, Schuster DJ. Recessive Resistance to Tomato yellow leaf curl virus from the

Tomato Cultivar Tyking Is Located in the Same Region as Ty-5 on Chromosome 4. Hortscience.

2012; 47(3):324–327.

34. Verlaan MG, Szinay D, Hutton SF, de Jong H, Kormelink R, Visser RGF, et al. Chromosomal rear-

rangements between tomato and Solanum chilense hamper mapping and breeding of the TYLCV

resistance gene Ty-1. Plant Journal. 2011; 68(6):1093–1103. doi: 10.1111/j.1365-313X.2011.04762.

x PMID: 21883550

35. Verlaan MG, Hutton SF, Ibrahem RM, Kormelink R, Visser RG, Scott JW, et al. The tomato yellow leaf

curl virus resistance genes Ty-1 and Ty-3 are allelic and code for DFDGD-class RNA–dependent RNA

polymerases. PLoS Genetics. 2013; 9(3):e1003399. doi: 10.1371/journal.pgen.1003399 PMID:

23555305

36. Yang XH, Caro M, Hutton SF, Scott JW, Guo YM, Wang XX, et al. Fine mapping of the tomato yellow

leaf curl virus resistance gene Ty-2 on chromosome 11 of tomato. Molecular Breeding. 2014; 34

(2):749–760.

SlMAPK3-mediated response/tolerance to virus

PLOS ONE | DOI:10.1371/journal.pone.0172466 February 21, 2017 17 / 21

http://www.ncbi.nlm.nih.gov/pubmed/11992826
http://dx.doi.org/10.1105/tpc.108.062158
http://www.ncbi.nlm.nih.gov/pubmed/19318610
http://dx.doi.org/10.1038/415977a
http://www.ncbi.nlm.nih.gov/pubmed/11875555
http://dx.doi.org/10.1074/jbc.M605319200
http://www.ncbi.nlm.nih.gov/pubmed/17023433
http://dx.doi.org/10.1104/pp.108.120006
http://www.ncbi.nlm.nih.gov/pubmed/18599650
http://www.ncbi.nlm.nih.gov/pubmed/11137167
http://dx.doi.org/10.1007/s13337-015-0292-6
http://www.ncbi.nlm.nih.gov/pubmed/26925440
http://dx.doi.org/10.1038/srep19013
http://www.ncbi.nlm.nih.gov/pubmed/26743765
http://dx.doi.org/10.1007/BF00225889
http://www.ncbi.nlm.nih.gov/pubmed/24185918
http://dx.doi.org/10.1111/j.1365-313X.2011.04762.x
http://dx.doi.org/10.1111/j.1365-313X.2011.04762.x
http://www.ncbi.nlm.nih.gov/pubmed/21883550
http://dx.doi.org/10.1371/journal.pgen.1003399
http://www.ncbi.nlm.nih.gov/pubmed/23555305


37. Gorovits R, Moshe A, Kolot M, Sobol I, Czosnek H. Progressive aggregation of Tomato yellow leaf

curl virus coat protein in systemically infected tomato plants, susceptible and resistant to the virus.

Virus research. 2013; 171(1):33–43. doi: 10.1016/j.virusres.2012.09.017 PMID: 23099086

38. Butterbach P, Verlaan MG, Dullemans A, Lohuis D, Visser RG, Bai Y, et al. Tomato yellow leaf curl

virus resistance by Ty-1 involves increased cytosine methylation of viral genomes and is compromised

by cucumber mosaic virus infection. Proceedings of the National Academy of Sciences. 2014; 111

(35):12942–12947.

39. Shang J, Xi DH, Xu F, Wang SD, Cao S, Xu MY, et al. A broad-spectrum, efficient and nontransgenic

approach to control plant viruses by application of salicylic acid and jasmonic acid. Planta. 2011;

(2):299–308.

40. Faoro F, Gozzo F. Is modulating virus virulence by induced systemic resistance realistic? Plant Sci-

ence. 2015; 234:1–13. doi: 10.1016/j.plantsci.2015.01.011 PMID: 25804804

41. Meldau S, Ullman-Zeunert L, Govind G, Bartram S, Baldwin IT. MAPK-dependent JA and SA signaling

in Nicotiana attenuata affects plant growth and fitness during competition with conspecifics. Biogeo-

chemistry. 2012:213–227.

42. Agrawal GK, Tamogami S, Iwahashi H, Agrawal VP, Rakwal Rrnc. Transient regulation of jasmonic

acid-inducible rice MAP kinase gene (OsBWMK1) by diverse biotic and abiotic stresses. Plant Physiol-

ogy Biochemistry. 2003; (4):355–361.

43. Hettenhausen C, Heinrich M, Baldwin IT, Wu J. Fatty acid-amino acid conjugates are essential for sys-

temic activation of salicylic acid-induced protein kinase and accumulation of jasmonic acid in Nicotiana

attenuata. Biogeochemistry. 2014:326–337.

44. Herskowitz I. Map Kinase Pathways in Yeast—for Mating and More. Cell. 1995; 80(2): 1871–1897.

45. Ichimura K, Shinozaki K, Tena G, Sheen J, Henry Y, Champion A, et al. Mitogen-activated protein

kinase cascades in plants: a new nomenclature. Trends in Plant Science. 2002; 7(7): 301–308. PMID:

12119167

46. Pitzschke A, Datta S, Persak H. Salt Stress in Arabidopsis: Lipid Transfer Protein AZI1 and Its Control

by Mitogen-Activated Protein Kinase MPK3. Molecular Plant. 2014; 7(4):722–738. doi: 10.1093/mp/

sst157 PMID: 24214892

47. Galletti R, Ferrari S, De Lorenzo G. Arabidopsis MPK3 and MPK6 Play Different Roles in Basal and

Oligogalacturonide- or Flagellin-Induced Resistance against Botrytis cinerea. Plant Physiology. 2011;

157(2): 804–814. doi: 10.1104/pp.111.174003 PMID: 21803860

48. Frei dit Frey N, Garcia A, Bigeard J, Zaag R, Bueso E, Garmier M, et al. Functional analysis of Arabi-

dopsis immune-related MAPKs uncovers a role for MPK3 as negative regulator of inducible defences.

Genome Biology. 2014.

49. Yi SY, Min SR, Kwon SY. NPR1 is Instrumental in Priming for the Enhanced flg22-induced MPK3 and

MPK6 Activation. Plant Pathology J. 2015; 31(2):192–194.

50. Wang Q, Li JC, Hu LF, Zhang TF, Zhang GR, Lou YG. OsMPK3 positively regulates the JA signaling

pathway and plant resistance to a chewing herbivore in rice. Plant Cell Reports. 2013; 32(7):1075–84.

doi: 10.1007/s00299-013-1389-2 PMID: 23344857

51. Seo Shigemi, Katou Shinpei, Seto H, Gomi Kenji, Ohashi Yuko. The mitogen-activated protein kinases

WIPK and SIPK regulate the levels of jasmonic and salicylic acids in wounded tobacco plants. Plant

Journal. 2007;(5):899–909.

52. Zhang SQ, Klessig DF. Salicylic acid activates a 48-kD MAP kinase in tobacco. Plant Cell. 1997; 9

(5):809–24. doi: 10.1105/tpc.9.5.809 PMID: 9165755

53. Melvin P, Prabhu SA, Veena M, Shailasree S, Petersen M, Mundy J, et al. The pearl millet mitogen-

activated protein kinase PgMPK4 is involved in responses to downy mildew infection and in jasmonic-

and salicylic acid-mediated defense. Plant molecular biology. 2015; 87(3): 287–302. doi: 10.1007/

s11103-014-0276-8 PMID: 25527312

54. Zhao JJ, Lv J, Wu L, Li YZ, Zhang Y, Liang Y. Over-expression of SlMPK3 Improved Chilling Toler-

ance of Tomato (Solanum lycopersicum). Journal of Agricultural Biotechnology. 2016; 24, 1017–

1027.

55. Zhang H, Gong H, Zhou X. Molecular characterization and pathogenicity of tomato yellow leaf curl

virus in China. Virus genes. 2009; 39(2): 249–255. doi: 10.1007/s11262-009-0384-8 PMID:

19590945

56. Bai M, Yang G-S, Chen W-T, Mao Z-C, Kang H-X, Chen G-H, et al. Genome-wide identification of

Dicer-like, Argonaute and RNA-dependent RNA polymerase gene families and their expression analy-

ses in response to viral infection and abiotic stresses in Solanum lycopersicum. Gene. 2012; 501(1):

52–62. doi: 10.1016/j.gene.2012.02.009 PMID: 22406496

SlMAPK3-mediated response/tolerance to virus

PLOS ONE | DOI:10.1371/journal.pone.0172466 February 21, 2017 18 / 21

http://dx.doi.org/10.1016/j.virusres.2012.09.017
http://www.ncbi.nlm.nih.gov/pubmed/23099086
http://dx.doi.org/10.1016/j.plantsci.2015.01.011
http://www.ncbi.nlm.nih.gov/pubmed/25804804
http://www.ncbi.nlm.nih.gov/pubmed/12119167
http://dx.doi.org/10.1093/mp/sst157
http://dx.doi.org/10.1093/mp/sst157
http://www.ncbi.nlm.nih.gov/pubmed/24214892
http://dx.doi.org/10.1104/pp.111.174003
http://www.ncbi.nlm.nih.gov/pubmed/21803860
http://dx.doi.org/10.1007/s00299-013-1389-2
http://www.ncbi.nlm.nih.gov/pubmed/23344857
http://dx.doi.org/10.1105/tpc.9.5.809
http://www.ncbi.nlm.nih.gov/pubmed/9165755
http://dx.doi.org/10.1007/s11103-014-0276-8
http://dx.doi.org/10.1007/s11103-014-0276-8
http://www.ncbi.nlm.nih.gov/pubmed/25527312
http://dx.doi.org/10.1007/s11262-009-0384-8
http://www.ncbi.nlm.nih.gov/pubmed/19590945
http://dx.doi.org/10.1016/j.gene.2012.02.009
http://www.ncbi.nlm.nih.gov/pubmed/22406496


57. Eybishtz A, Peretz Y, Sade D, Gorovits R, Czosnek H. Tomato yellow leaf curl virus infection of a resis-

tant tomato line with a silenced sucrose transporter gene LeHT1 results in inhibition of growth,

enhanced virus spread, and necrosis. Planta. 2010; 231(3):537–48. doi: 10.1007/s00425-009-1072-6

PMID: 19946703

58. Liu Y, Schiff M, Dinesh-Kumar S. Virus-induced gene silencing in tomato. Plant Journal. 2002; 31

(6):777–786. PMID: 12220268

59. Li C, Yan JM, Li YZ, Zhang ZC, Wang QL, Liang Y. Silencing the SpMPK1, SpMPK2, and SpMPK3

Genes in Tomato Reduces Abscisic Acid-Mediated Drought Tolerance. International Journal of Molec-

ular Sciences. 2013; 14(11):21983–96. doi: 10.3390/ijms141121983 PMID: 24201128

60. Yu L, Yan J, Yang YJ, Zhu WM. Overexpression of tomato mitogen-activated protein kinase SlMPK3

in tobacco increases tolerance to low temperature stress. Plant Cell, Tissue and Organ Culture. 2015;

121(1):21–34.

61. Fulton TM, Chunwongse J, Tanksley SD. Microprep Protocol for Extraction of DNA from Tomato and

Other Herbaceous Plants. Plant Molecular Biology Reporter. 1995; 13(3):207–9.

62. Sade D, Sade N, Shriki O, Lerner S, Gebremedhin A, Karavani A, et al. Water Balance, Hormone

Homeostasis, and Sugar Signaling Are All Involved in Tomato Resistance to Tomato Yellow Leaf Curl

Virus. Plant Physiology. 2014; 165(4):1684–97. doi: 10.1104/pp.114.243402 PMID: 24989233

63. Sinisterra XH, McKenzie CL, Hunter WB, Powell CA, Shatters RG. Differential transcriptional activity

of plant-pathogenic begomoviruses in their whitefly vector (Bemisia tabaci, Gennadius: Hemiptera

Aleyrodidae). Journal of General Virology. 2005; 86:1525–32. doi: 10.1099/vir.0.80665-0 PMID:

15831966

64. Gutierrez Laurent, Mauriat M, Guénin S, Pelloux J, Lefebvre JF, Louvet R, et al. The lack of a system-

atic validation of reference genes: a serious pitfall undervalued in reverse transcription-polymerase

chain reaction (RT-PCR) analysis in plants. Plant Biotechnology Journal. 2008;(No.6):609–618.

65. Griffiths PD, Scott JW. Inheritance and linkage of tomato mottle virus resistance genes derived from

Lycopersicon chilense accession LA 1932. Journal of the American Society for Horticultural Science.

2001; 126(4):462–7.

66. Jiang MY, Zhang JH. Effect of abscisic acid on active oxygen species, antioxidative defence system

and oxidative damage in leaves of maize seedlings. Plant and Cell Physiology. 2001; 42(11):1265–

1273. PMID: 11726712

67. Porra R, Thompson W, Kriedemann P. Determination of accurate extinction coefficients and simulta-

neous equations for assaying chlorophylls a and b extracted with four different solvents: verification of

the concentration of chlorophyll standards by atomic absorption spectroscopy. Biochimica et Biophy-

sica Acta (BBA)-Bioenergetics. 1989; 975(3):384–394.

68. Wang AG, Luo G-H. Quantitative relation between the reaction of hydroxylamine and superoxide

anion radicals in plants. Plant Physiology Communications. 1990; 6(55.57).

69. Zong XJ, Li DP, Gu Lk, Li DQ, Liu LX, Hu XL. Abscisic acid and hydrogen peroxide induce a novel

maize group C MAP kinase gene, ZmMPK7, which is responsible for the removal of reactive oxygen

species. Planta. 2009; 229(3):485–495. doi: 10.1007/s00425-008-0848-4 PMID: 19002491

70. Reuveni M, Debbi A, Kutsher Y, Gelbart D, Zemach H, Belausov E, et al. Tomato yellow leaf curl virus

effects on chloroplast biogenesis and cellular structure. Physiological and Molecular Plant Pathology.

2015; 92:51–58.

71. Mittler R. Oxidative stress, antioxidants and stress tolerance. Trends in plant science. 2002; 7

(9):405–410. PMID: 12234732

72. Das Swagat Kumar, Patra Jayanta Kumar, Thatoi Hrudayanath. Antioxidative response to abiotic and

biotic stresses in mangrove plants: A review. Int Rev Hydrobiol. 2016; (1–2):3–19.

73. Wojtaszek P. Oxidative burst: An early plant response to pathogen infection. Biochem J. 1997;

322:681–92. PMID: 9148737

74. Zhang SQ, Klessig DF. Resistance gene N-mediated de novo synthesis and activation of a tobacco

mitogen-activated protein kinase by tobacco mosaic virus infection. Proceedings of the National Acad-

emy of Sciences of the United States of America. 1998; 95(13):7433–7438. PMID: 9636167

75. Suarez-Rodriguez MC, Adams-Phillips L, Liu Y, Wang H, Su SH, Jester PJ, et al. MEKK1 is required

for flg22-induced MPK4 activation in Arabidopsis plants. Plant Physiology. 2007; 143(2):661–669.

doi: 10.1104/pp.106.091389 PMID: 17142480

76. Wu J, Hettenhausen C, Meldau S, Baldwin IT. Herbivory rapidly activates MAPK signaling in attacked

and unattacked leaf regions but not between leaves of Nicotiana attenuata. The Plant Cell. 2007; 19

(3):1096–1122. doi: 10.1105/tpc.106.049353 PMID: 17400894

SlMAPK3-mediated response/tolerance to virus

PLOS ONE | DOI:10.1371/journal.pone.0172466 February 21, 2017 19 / 21

http://dx.doi.org/10.1007/s00425-009-1072-6
http://www.ncbi.nlm.nih.gov/pubmed/19946703
http://www.ncbi.nlm.nih.gov/pubmed/12220268
http://dx.doi.org/10.3390/ijms141121983
http://www.ncbi.nlm.nih.gov/pubmed/24201128
http://dx.doi.org/10.1104/pp.114.243402
http://www.ncbi.nlm.nih.gov/pubmed/24989233
http://dx.doi.org/10.1099/vir.0.80665-0
http://www.ncbi.nlm.nih.gov/pubmed/15831966
http://www.ncbi.nlm.nih.gov/pubmed/11726712
http://dx.doi.org/10.1007/s00425-008-0848-4
http://www.ncbi.nlm.nih.gov/pubmed/19002491
http://www.ncbi.nlm.nih.gov/pubmed/12234732
http://www.ncbi.nlm.nih.gov/pubmed/9148737
http://www.ncbi.nlm.nih.gov/pubmed/9636167
http://dx.doi.org/10.1104/pp.106.091389
http://www.ncbi.nlm.nih.gov/pubmed/17142480
http://dx.doi.org/10.1105/tpc.106.049353
http://www.ncbi.nlm.nih.gov/pubmed/17400894


77. Mayrose M, Bonshtien A, Sessa G. LeMPK3 is a mitogen-activated protein kinase with dual specificity

induced during tomato defense and wounding responses. Journal of Biological Chemistry. 2004; 279

(15):14819–14827. doi: 10.1074/jbc.M313388200 PMID: 14742423

78. Perez-Salamo I, Papdi C, Rigo G, Zsigmond L, Vilela B, Lumbreras V, et al. The Heat Shock Factor

A4A Confers Salt Tolerance and Is Regulated by Oxidative Stress and the Mitogen-Activated Protein

Kinases MPK3 and MPK6. Plant Physiology. 2014; 165(1):319–334. doi: 10.1104/pp.114.237891

PMID: 24676858

79. Ye LX, Li L, Wang L, Wang SD, Li S, Du J, et al. MPK3/MPK6 are involved in iron deficiency-induced

ethylene production in Arabidopsis. Frontier in Plant Science. 2015; 6:1–10.

80. Li C, Chang PP, Ghebremariam KM, Qin L, Liang Y. Overexpression of tomato SpMPK3 gene in Ara-

bidopsis enhances the osmotic tolerance. Biochemical and Biophysical Research Communications.

2014; 443(2):357–62. doi: 10.1016/j.bbrc.2013.11.061 PMID: 24275141

81. Meng XZ, Xu J, He YX, Yang KY, Mordorski B, Liu YD, et al. Phosphorylation of an ERF Transcription

Factor by Arabidopsis MPK3/MPK6 Regulates Plant Defense Gene Induction and Fungal Resistance.

Plant Cell. 2013; 25(3):1126–1142. doi: 10.1105/tpc.112.109074 PMID: 23524660

82. Lee HY, Back K. Mitogen-activated protein kinase pathways are required for melatonin-mediated

defense responses in plants. J Pineal Res. 2016; 60(3):327–335. doi: 10.1111/jpi.12314 PMID:

26927635

83. Li GJ, Meng XZ, Wang RG, Mao GH, Han L, Liu YD, et al. Dual-Level Regulation of ACC Synthase

Activity by MPK3/MPK6 Cascade and Its Downstream WRKY Transcription Factor during Ethylene

Induction in Arabidopsis. PLoS Genetics. 2012; 8(6).

84. Kandoth PK, Ranf S, Pancholi SS, Jayanty S, Walla MD, Miller W, et al. Tomato MAPKs LeMPK1,

LeMPK2, and LeMPK3 function in the systemin-mediated defense response against herbivorous

insects. Proceedings of the National Academy of Sciences. 2007; 104(29):12205–12210.

85. Gorovits Rena, Moshe A, Ghanim M, Czosnek H. Degradation mechanisms of the Tomato yellow leaf

curl virus coat protein following inoculation of tomato plants by the whitefly Bemisia tabaci. Pest

Manag Sci. 2014;(No.10):1632–9.

86. Gorovits R, Akad F, Beery H, Vidavsky F, Mahadav A, Czosnek H. Expression of stress-response pro-

teins upon whitefly-mediated inoculation of Tomato yellow leaf curl virus in susceptible and resistant

tomato plants. Molecular Plant-Microbe Interactions. 2007; 20(11):1376–83. doi: 10.1094/MPMI-20-

11-1376 PMID: 17977149

87. Chan ED, Riches DW, White CW. Redox paradox: effect of N-acetylcysteine and serum on oxidation

reduction–sensitive mitogen-activated protein kinase signaling pathways. American Journal of Respi-

ratory Cell and Molecular Biology. 2001; 24(5):627–632. doi: 10.1165/ajrcmb.24.5.4280 PMID:

11350834

88. Czosnek H. Tomato yellow leaf curl virus disease: management, molecular biology, breeding for resis-

tance: Springer Science & Business Media; 2007.

89. Wezel RV, Dong Xiangli, Blake P, Stanley J, Hong Yiguo. Differential roles of geminivirus Rep and

AC4 (C4) in the induction of necrosis in Nicotiana benthamiana. Molecular Plant Pathology. 2002;

(6):461–471. doi: 10.1046/j.1364-3703.2002.00141.x PMID: 20569353

90. Anfoka G, Moshe A, Fridman L, Amrani L, Rotem O, Kolot M, et al. Tomato yellow leaf curl virus infec-

tion mitigates the heat stress response of plants grown at high temperatures. Sci Rep-Uk. 2016; 6.

91. Xu J, Xie J, Yan CF, Zou XQ, Ren DT, Zhang SQ. A chemical genetic approach demonstrates that

MPK3/MPK6 activation and NADPH oxidase-mediated oxidative burst are two independent signaling

events in plant immunity. Plant Journal. 2014; 77(2):222–234. doi: 10.1111/tpj.12382 PMID:

24245741

92. Leon J, Lawton MA, Raskin I. Hydrogen-Peroxide Stimulates Salicylic-Acid Biosynthesis in Tobacco.

Plant Physiology. 1995; 108(4):1673–1678. PMID: 12228572

93. Devadas SK, Raina R. Preexisting systemic acquired resistance suppresses hypersensitive

response-associated cell death in Arabidopsis hrl1 mutant. Plant Physiology. 2002; 128(4):1234–

1244. doi: 10.1104/pp.010941 PMID: 11950972

94. Tsuda K, Mine A, Bethke G, Igarashi D, Botanga CJ, Tsuda Y, et al. Dual Regulation of Gene Expres-

sion Mediated by Extended MAPK Activation and Salicylic Acid Contributes to Robust Innate Immunity

in Arabidopsis thaliana. Plos Genetics. 2013; 9(12).

95. Huang L, Ren Q, Sun Y, Ye L, Cao H, Ge F. Lower incidence and severity of tomato virus in elevated

CO2 is accompanied by modulated plant induced defence in tomato. Plant Biology. 2012; 14(6):905–

13. doi: 10.1111/j.1438-8677.2012.00582.x PMID: 22512888

SlMAPK3-mediated response/tolerance to virus

PLOS ONE | DOI:10.1371/journal.pone.0172466 February 21, 2017 20 / 21

http://dx.doi.org/10.1074/jbc.M313388200
http://www.ncbi.nlm.nih.gov/pubmed/14742423
http://dx.doi.org/10.1104/pp.114.237891
http://www.ncbi.nlm.nih.gov/pubmed/24676858
http://dx.doi.org/10.1016/j.bbrc.2013.11.061
http://www.ncbi.nlm.nih.gov/pubmed/24275141
http://dx.doi.org/10.1105/tpc.112.109074
http://www.ncbi.nlm.nih.gov/pubmed/23524660
http://dx.doi.org/10.1111/jpi.12314
http://www.ncbi.nlm.nih.gov/pubmed/26927635
http://dx.doi.org/10.1094/MPMI-20-11-1376
http://dx.doi.org/10.1094/MPMI-20-11-1376
http://www.ncbi.nlm.nih.gov/pubmed/17977149
http://dx.doi.org/10.1165/ajrcmb.24.5.4280
http://www.ncbi.nlm.nih.gov/pubmed/11350834
http://dx.doi.org/10.1046/j.1364-3703.2002.00141.x
http://www.ncbi.nlm.nih.gov/pubmed/20569353
http://dx.doi.org/10.1111/tpj.12382
http://www.ncbi.nlm.nih.gov/pubmed/24245741
http://www.ncbi.nlm.nih.gov/pubmed/12228572
http://dx.doi.org/10.1104/pp.010941
http://www.ncbi.nlm.nih.gov/pubmed/11950972
http://dx.doi.org/10.1111/j.1438-8677.2012.00582.x
http://www.ncbi.nlm.nih.gov/pubmed/22512888


96. Vlot AC, Dempsey DMA, Klessig DF. Salicylic acid, a multifaceted hormone to combat disease.

Annual review of phytopathology. 2009; 47:177–206. doi: 10.1146/annurev.phyto.050908.135202

PMID: 19400653

97. Seo S, Sano H, Ohashi Y. Jasmonate-based wound signal transduction requires activation of WIPK, a

tobacco mitogen-activated protein kinase. The Plant Cell. 1999; 11(2):289–298. PMID: 9927645

98. Kumar KRR, Srinivasan T, Kirti PB. A mitogen-activated protein kinase gene, AhMPK3 of peanut:

molecular cloning, genomic organization, and heterologous expression conferring resistance against

Spodoptera litura in tobacco. Mol Genet Genomics. 2009; 282(1):65–81. doi: 10.1007/s00438-009-

0446-6 PMID: 19352711

99. Lewsey M, Surette M, Robertson FC, Ziebell H, Choi SH, Ryu KH, et al. The Role of the Cucumber

mosaic virus 2b Protein in Viral Movement and Symptom Induction. Molecular Plant-Microbe Interac-

tions. 2009; 22(6):642–54. doi: 10.1094/MPMI-22-6-0642 PMID: 19445589

100. Campos L, Granell P, Tarraga S, Lopez-Gresa P, Conejero V, Belles JM, et al. Salicylic acid and genti-

sic acid induce RNA silencing-related genes and plant resistance to RNA pathogens. Plant Physiol

Bioch. 2014; 77:35–43.

101. Alamillo JM, Saénz P, Garcı́a JA. Salicylic acid-mediated and RNA-silencing defense mechanisms

cooperate in the restriction of systemic spread of plum pox virus in tobacco. Plant Journal. 2006; 48

(2):217–227. doi: 10.1111/j.1365-313X.2006.02861.x PMID: 17018032

SlMAPK3-mediated response/tolerance to virus

PLOS ONE | DOI:10.1371/journal.pone.0172466 February 21, 2017 21 / 21

http://dx.doi.org/10.1146/annurev.phyto.050908.135202
http://www.ncbi.nlm.nih.gov/pubmed/19400653
http://www.ncbi.nlm.nih.gov/pubmed/9927645
http://dx.doi.org/10.1007/s00438-009-0446-6
http://dx.doi.org/10.1007/s00438-009-0446-6
http://www.ncbi.nlm.nih.gov/pubmed/19352711
http://dx.doi.org/10.1094/MPMI-22-6-0642
http://www.ncbi.nlm.nih.gov/pubmed/19445589
http://dx.doi.org/10.1111/j.1365-313X.2006.02861.x
http://www.ncbi.nlm.nih.gov/pubmed/17018032

