An atypical dual-specificity protein tyrosine phosphatase PFA-DSP3 is involved in plant salt response through modulating MPK3 and MPK6
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Abstract
Protein phosphorylation, especially serine/threonine and tyrosine phosphorylation, plays significant roles in signaling processes during plant growth and development as well as their responses to biotic or abiotic stresses. The dual-specificity protein tyrosine phosphatases are important to de-phosphorylate and inactivate the signaling components. In this study, we reported an atypical dual specificity protein tyrosine phosphatase ATPFA-DSP3 (DSP3), which loss-of-function mutant was insensitive to salt treatment, played a negative role in plant’s response to salinity in Arabidopsis. DSP3 protein was primarily localized in nuclei and degraded after salt treatment. The level of ROS accumulation was lower in dsp3 mutant and higher in DSP3 over-expresser than wild type control, indicating DSP3 positively affect ROS production. DSP3 can directly interact with MPK3 and MPK6, and the phosphorylated MPK3 and MPK6 over accumulate in dsp3 mutant. Moreover, the phosphatase activity of DSP3 was required for its salt response. These results provide evidences showing that DSP3 negatively mediates plant salt response by directly modulating the accumulation of phosphorylated MPK3 and MPK6. 
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Introduction
As sessile organisms, plants are easily affected by environmental conditions, such as drought, salinity, high temperature, etc. As one of the major abiotic stresses, salt affects the growth and development throughout the whole life cycle of plant, from seed germination to reproductive growth 
 ADDIN EN.CITE 

(Hanin, Ebel, Ngom, Laplaze, & Masmoudi, 2016)
. Once exposed to high salt (NaCl), plants experience both osmotic stress and ionic stress 
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(Deinlein et al., 2014)
. These stresses can trigger the increasing of free cytosolic Ca2+ concentration, which activates the downstream Salt Overly Sensitive (SOS) pathway to remove excessive Na+ into the vacuoles by a vacuolar Na+/H+ exchanger 
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(Julkowska & Testerink, 2015)
, or outside of the cell by SOS1, a PM Na+/H+ antiporter Qiu, Guo, Dietrich, Schumaker, & Zhu, 2002()
. High salt induces the rapid accumulation of reactive oxygen species (ROS), which in turn activates the MAPK cascade. The MAPK cascade can function as a central regulator in ROS detoxification process to maintain the homeostasis of ROS level, or directly phosphorylate SOS1 to maintain ironic homeostasis within the cell 
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(Yang & Guo, 2018; Yu et al., 2010)
. Other than the SOS pathway and ROS-MAPK pathway, the phosphatidic acid is another important signal that induced by salt stress in plants Hong, Zhang, & Wang, 2010()
.  Increased level of phosphatidic acid can either directly binds to microtubule binding protein to regulate microtubule organization 
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(Zhang et al., 2012)
, or directly binds to and activates MKK7/MKK9, MPK6 to modulate SOS1 activity 
 ADDIN EN.CITE 

(Shen et al., 2019; Yu et al., 2010)
.
Protein phosphorylation plays an important role in signal transduction during plant growth and development as well as their responses to biotic or abiotic stresses. When phosphorylated, many signaling components need to be de-phosphorylated to inactivate the signaling processes, and this is done by protein phosphatases. Protein phosphatases (PPs) can be classified into protein serine/threonine phosphatases and protein tyrosine phosphatases based on their substrate specificity. Protein tyrosine phosphatases (PTPs) are further classified into low molecular-weight PTPs (LMWPTP), tyrosine-specific PTPs and dual-specificity PTPs (DsPTPs), which later dephosphorylate both tyrosine residues and serine/threonine residues Schweighofer & Meskiene, 2015()
. Both tyrosine-specific PTPs and DsPTPs contain a highly conserved signature motif (V/I)HCxAGxGR(S/T)G (where x is any amino acid) at their catalytic core, and the cysteine residue in this motif is critical for the catalytic activity Luan, 2003()
. Unlike in animal system, which about 1/3 PTPs are tyrosine-specific, most plants PTPs are DsPTPs. In Arabidopsis genome, out of the 25 PTPs identified, only PTP1 was shown to be a tyrosine-specific PTP, and 23 are DsPTPs Schweighofer & Meskiene, 2015()
.
Although named as protein tyrosine phosphatases, several Arabidopsis PTPs were shown to either had no phosphatase activity or use non-protein as substrate Schweighofer & Meskiene, 2015()
. Among the rest, the most well studied were five DsPTPs (MKP1, MKP2, DsPTP1, IBR5 and PHS1), which were known as MAP kinase phosphatases (MKPs) 
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(Bartels et al., 2009)
, and involved in various MAPK mediated responses. For example, the Arabidopsis MKP1 and MKP2 were reported to involve in the oxidative stress response, biotic defense response, UV response, stomatal development by selectively dephosphorylating MPK3, MPK4 and/or MPK6 
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(Bartels et al., 2009; Gonzalez Besteiro, Bartels, Albert, & Ulm, 2011; Lee & Ellis, 2007; Lumbreras et al., 2010; Tamnanloo, Damen, Jangra, & Lee, 2018)
. The closet homologue of Arabidopsis MKP1 in wheat, TMKP1, was also shown to directly interact with TMPK3/TMPK6 
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(Zaidi et al., 2010)
. When TMKP1 was overexpressed in Arabidopsis, the transgenic seedlings show increased salt tolerance accompanied with increased antioxidant activities 
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(Zaidi et al., 2016)
. DsPTP1, which was the first tyrosine phosphatase reported in plant, could interact with MPK4 and negatively regulate seed germination and seedling establishment during osmotic stress 
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(Gupta, Huang, Kieber, & Luan, 1998; Liu et al., 2015)
. Arabidopsis IBR5 was reported to interact with MPK12 and regulate auxin signaling 
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(Lee, Wang, Sritubtim, Chen, & Ellis, 2009; Monroe-Augustus, Zolman, & Bartel, 2003)
. In addition, different alleles of ibr5 mutant are resistant to NaCl and mannitol during post-germination development, indicating Arabidopsis IBR5 play a negative role in response to salinity and osmotic stress 
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(Jayaweera et al., 2014)
. Similarly, the rice orthologue of AtIBR5, OsIBR5, also negatively regulates drought stress when overexpressed in tobacco, possibly by affecting drought-induced MAPK activities Li et al., 2012()
. Another Arabidopsis MKP, PHS1, showed hypersensitivity to ABA when knocked down Quettier et al., 2006()
, and interacted with MPK18 to modulate microtubule depolymerization by affecting the phosphorylation status of tubulin (Walia et al., 2009). Besides the five MKPs, AtPTP1, which expression could be induced by salt 
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(Xu, Fu, Gupta, & Luan, 1998)
, was also shown to be able to bind to and dephosphorylate MPK3/MPK6 and play a positive role in cell’s response to salt stress induced microtubule de-polymerization 
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(Zhou, Chen, Sun, & Li, 2017)
. Similarly, the closest homologue of AtPTP1 from beechnuts, FsPTP1, also displayed a salt resistance phenotype when overexpressed in Arabidopsis 
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(Alonso-Ramirez et al., 2011)
. In addition, members of another subclass in DsPTPs subfamily, the PFA-DSP group, were shown to involved in pathogen and drought stress response in rice and Arabidopsis 
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(He et al., 2012; Liu et al., 2012)
, but the relationship of MAPK with these PFA-DSPs were not clear. Besides the above mentioned PTPs, the function of other members in this family, especially in salt stress response, are largely unknown.
In this study, we identified an Arabidopsis loss of function mutant for gene PFA-DSP3 (simplified as DSP3 for later use), which belonged to the DsPTP subfamily, and investigated its function in salt stress responses. Our results showed that the dsp3 mutant was insensitive to salt treatment. DSP3 protein, which de-stabilized by salt application, could interact directly with MPK3 and MPK6 in vivo. Knocking out DSP3 increased the phosphorylation level of MPK3 and MPK6. These results provide evidences showing DSP3 modulates plant salt response possibly through directly de-phosphorylate MPK3 and MPK6. 
Materials and Methods
Plant materials and constructs
Arabidopsis thaliana Columbia-0 (Col-0) was used as the wild type in this study. The T-DNA insertion mutant dsp3 (Salk_038310C) was obtained from Arabidopsis Biological Resource Centre (https://abrc.osu.edu/). 
All the constructs used in this study were generated using Gateway™ technology, the pENTR™/SD/D-TOPO™ (K242020; Invitrogen, Carlsbad, CA, USA) was used as donor vector and Gateway™ LR Clonase™ II Enzyme Mix (11791020; Invitrogen) was used to put the cloned sequences into destination vectors. 
For native promoter driven constructs pDSP3::DSP3-GUS and pDSP3::DSP3-YFP, DSP3 genome sequence (with about 1000 bp sequence upstream of ATG as promoter) was amplified by PCR using DSP3P-F/DSP3-R primers (Table S1) and eventually put into pMDC163 and pCambia1300 binary vectors, respectively. For 35S promoter driven untagged DSP3 or mDSP3 (DSP3C112S), coding sequence of DSP3 was first amplified using DSP3-F and DSP3-R primers to construct DSP3/pENTR, then the mDSP3 was generated using Fast Mutagenesis System (FM111; TransGen Biotech, Beijing, China) with mDSP3-F and mDSP3-R as the overlapping mutagenic primers (Table S1) and DSP3/pENTR as template. Both the native and mutated DSP3 were cloned into destination vector pEarleyGate100. For co-immunopreciptitation assay, full length coding sequences of MPK3/MPK6 and DSP3 were cloned into pEarleyGate 202 and pEarleyGate 101 vectors respectively to generate MPK3/MPK6-Flag and DSP3-YFP tagged constructs. For the firefly luciferase complementation assays, MPK3/MPK6 and DSP3 were cloned into the pCAMBIA-nLuc and cLuc-pCAMBIA vectors, respectively. These binary expression constructs were introduced into Agrobacterium tumefaciens strain GV3101 and then transformed into A. thaliana (Col-0 or dsp3) by the floral dip method for stable transformations or co-infiltrated into four-week-old tobacco leaves for transient arrays. 
Plant growth and salt sensitivity
For germination assay, seeds were surface-sterilized in 75% ethanol for 10 min, air-dried and spread on ½  MS medium (M524; PhytoTech, Shawnee Mission, KS, USA) containing 0.5% sucrose and 0.8% GelzanTM CM (G3251; PhytoTech) with or without 175 mM or 200 mM NaCl. After stratified in darkness at 4 ℃ for 3 days, seeds were cultured in growth chamber under continuous light at 22 ℃. The germination rate was calculated 3 or 4 days after light exposure. 
For salt sensitivity analysis of older seedlings, seeds stratified for 3 days were sown into soil, and then grown in the culture room (16L/8D, 22 ℃, 55% relative humidity) for 3 weeks before salt treatment. The chlorophyll content, ion leakage rate and survival rate were analyzed 8-20 days after salt application.
For protein accumulation analysis, 13-day-old seedlings were treated in ½ MS liquid medium with or without 150 mM NaCl for indicated time. 
For phosphorylation level analysis of MPK3/6, 7-day-old seedlings were equilibrated in ½ MS liquid medium overnight, then treated in ½ MS liquid medium with or without 200 mM NaCl for indicated time. 
Measurement of Chlorophyll Content and Membrane Ion Leakage
Leaves from three-week-old soil grown plants were weighed and soaked in 80% acetone (v/v) at room temperature overnight in darkness, then the chlorophyll content was measured according to Li et al. (2013).
The ion leakage analysis was performed based on Zhou et al. (2017). In brief, leaves from three-week-old soil grown plants were incubated in deionized water (5 ml water per 1 gram leaf tissue), vacuumed briefly and shaken at room temperature for 30 min before the conductivity (C1) of the solution was measured. The leaves were then boiled in the same deionized water for 30 min, and the conductivity (C2) of the resulting solution was measured again after cooling to room temperature. The percentage of iron leakage was calculated as the ratio of C1:C2.
DAB staining
Leaves from three-week-old plants were vacuumed in fresh-made DAB solution (1 mg/mL DAB in deionized H2O with pH adjusted to 3.8 using 0.1 M HCl) for 5 min then incubated in dark for 12 hours under constant shaking. The chlorophyll of the stained leaves was bleached in ethanol: acetic: glycerol (3:1:1) solution at 95 ℃ for 5-10 min before taking pictures.
Quantitative real-time PCR analysis
Total RNA was isolated using TRIzol reagent (15596-026; Invitrogen) following manufacture’s instruction. cDNA was synthesized from 0.5-1 (g total RNA using the RevertAid First strand cDNA Synthesis Kit (K1622; Thermo) with oligo (dT)16 primer. Quantitative real-time PCR amplification was performed using gene specific primers and SYBR Premix Ex Taq reagent (RR420A; Takara). Primer sequences are listed in Table S1. PP2A was used as an internal control.
Phosphatase activity assay
The coding sequence of DSP3/mDSP3 were cloned into the pMAL2C vector and transformed into E. coli BL21 competent cell. The recombinant MBP-DSP3 and MBP-mDSP3 proteins were purified and used for phosphatase activity assay using Tyrosine Phosphatase Assay System (V2471; Promega). The assay was carried out in a 96-well plate using 1 μg purified recombinant protein and 100 μM Tyr Phosphopeptide-2 (P2) as substrate in 25 mM imidazole-HCl buffer (pH 7.2) containing 0.1% BSA and 0.02% β-mercaptoethanol. The reaction mixture was incubated at 37(C for 45 min before stopped by 50 μL of Molybdate Dye/Additive mixture. After incubation at room temperature for another 15 min, the optical density of each reaction was measured using a plate reader with a 630 nm filter. 
Protein-protein interaction analysis
For the firefly luciferase complementation assay, the tobacco leaves co-expressing cLuc-MPK3/MPK6 and DSP3/mDSP3-nLuc were sprayed with luciferase substrate D-luciferin 2 days after co-infiltration. The leaves were kept in dark for 5 min before the LUC signal was captured by a CCD camera (Fusion FX 7; Vilber, France).
For co-immunopreciptitation assay, the tobacco leaves transiently co-expressing MPK3/MPK6-Flag and DSP3-YFP were harvested and cross-linked in 1% formaldehyde (F8775; Sigam-Aldrich) 2 days after co-infiltration. Total protein was extracted using NEBT buffer (20 mM HEPES pH 7.5, 40 mM KCl, 1 mM EDTA, 1 % Triton X-100, protease inhibitor cocktail). After centrifugation at 4 (C, 20,000×g for 10 min, the supernatant was incubated with anti-GFP magnetic beads (ABP-nAb-GFPX025; Allele Biotechnology, San Diego, CA, USA) at 4 (C for 1 h with rotation. The beads were then washed 3 times with wash buffer (20 mM HEPES pH 7.5, 40 mM KCl, 0.1% Triton X-100) and eluted with 2 x SDS loading buffer (125 mM Tris-HCl, pH 6.8, 4% SDS, 2% β-mercaptoethanol, 20% glycerol) at 95 (C for 10 min. The immunoprecipitated proteins were subjected to western blot analysis with anti-GFP (HT801-01; TransGen) or anti-Flag (M20008M; Abmart) antibodies. 
Results
Mutation in ATPFA-DSP3 displays salinity related phenotypes in Arabidopsis 
To investigate the function of Arabidopsis none-MKP DsPTPs during salt response, the T-DNA insertion mutants of these genes were obtained from ABRC. Homozygote seeds were screened using germination rate and survival rate to identify mutants with altered response to salt stress. One mutant pfa-dsp3, with T-DNA inserted in the first intron of gene PFA-DSP3 (DSP3) (Fig. 1a), displayed significantly enhanced tolerance to NaCl treatment during seed germination and vegetative growth (in terms of survival rate, Fig. 1c, e). The mutant seedlings showed lower number of yellow leaves than wild type Col after treated with 200 mM NaCl (Fig. 1d). Further analysis of the chlorophyll content using rosette leaves from three-week-old soil-grown seedlings showed that, the mutant contained 50% more chlorophyll than that of Col after salt treatment (Fig. 1f). Gene expression analysis using both semi-quantitative RT-PCR and quantitative RT-PCR (qRT-PCR) showed the transcript level of DSP3 was reduced to less that 5% in the mutant (Fig. 1a,b), confirming this is a nearly knock-out mutant. To further confirm that the salt-insensitive phenotype of dsp3 was caused by knock-out of DSP3, we generated transgenic complementation plants using native promoter driven DSP3 genomic sequence tagged with YFP or GUS (pDSP3::DSP3-YFP/GUS) in dsp3 background, as well as overexpressing plants using 35S promoter driven untagged DSP3 cDNA in Col background. The qRT-PCR analysis showed that the expression level of DSP3 in over-expression plants ranged from 50-200 folds and the seedlings displayed a very small stature together with an early senescence phenotype (Fig. S1). In seedlings transformed with native promoter driven constructs, the expression levels of DSP3-YFP (Com6-2, Com10-4, Fig. S2a) or DSP3-GUS (Com8-2, Com4-5, Fig. S3) in independent homozygote transgenic seedlings were about 1-6 folds of that in Col control, and showed a phenotype similar to Col, thus were used for future phenotype analysis. As shown in Fig. 2, upon 175 mM NaCl treatment, the germination rate of the GUS tagged lines was significantly reduced to wild type level or even lower (Fig. 2a,b). During vegetative growth, comparing to dsp3 mutant background, the chlorophyll content, survival rate as well as the iron leakage rate of the GUS tagged lines were also restored to levels close to wild type (Fig. 2c to f), and the levels of reduction/induction corresponded with the levels of transcript. Similar to the GUS-tagged lines, the YFP-tagged complementation lines were also able to reduce the salt-insensitivity of dsp3 mutant in terms of chlorophyll content and survival rate (Fig. S2b,c). These results confirm that salt insensitivity of this mutant is indeed caused by loss of function of DSP3, and the DSP3-GUS/DSP3-YFP proteins are functional and able to complement the loss of function mutation. These results also indicate that DSP3 plays a negative role in plant’s response to salt stress during seed germination and vegetative growth.
High concentration of NaCl in growth environment causes both ionic stress and osmotic stress to plants 
 ADDIN EN.CITE 

(Deinlein et al., 2014; Munns & Tester, 2008)
. To determine which specific stress DSP3 was involved in, seeds from Col and dsp3 mutant were germinated in ½ MS medium containing various concentrations of KCl or mannitol. The results showed seeds from dsp3 displayed a lower sensitivity to both KCl and mannitol during germination comparing to Col seeds (Fig. S4), indicating DSP3 is involved in both ionic stress and osmotic stress.
DSP3 affects the expression of salt-responsive genes
Salt stress can induce the expression of stress-responsive genes 
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(Huang et al., 2012; Narusaka et al., 2003)
. To exam if the expression of these genes were also altered in dsp3 mutant and complementary lines, 3-week-old soil-grown seedlings were treated with mock or 200 mM NaCl for 3 days, and rosette leaves were used for total RNA extraction. The transcribe levels of RAB18, RD29B, KIN1, P5CS1, RD22 and RD29A were compared with those in wild type Col. As shown in Fig. 3, in mock treated seedlings, the expression levels of these genes in mutant or complementary lines were relatively similar as in wild type. Salt treatment dramatically increased the expression of these genes in wild type, ranging from 6 to 200 folds. However, in dsp3 mutant, three genes (RD29B, KIN1 and RD29A) showed no obvious induction, and the increasing levels of the other genes were significantly lower (less than 1/3) than that in wild type after salt treatment. In the complementary lines, the induction levels of these genes were restored to wild type level or even higher. Taken together that the loss-of-function mutants of RD29A, and RD29B have been reported to be salt-insensitive 
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(Msanne, Lin, Stone, & Awada, 2011)
, our results showed that DSP3 is involved in plants response to salinity by affecting the expression of salt responsive genes.
DSP3 positively affects cellular ROS level
It had been reported that salt stress could induce a rapid accumulation of reactive oxygen species (ROS) 
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(Mittova, Tal, Volokita, & Guy, 2002; Zhou et al., 2018)
. To exam whether the salt insensitive phenotype of dsp3 has a relationship with ROS level, the quantity of H2O2, which is the major reactive oxygen species, was evaluated by 3,3-diaminobenzidine (DAB) staining using 3-week-old leaves from dsp3 mutant and DSP3-GUS complementation lines with or without 200 mM NaCl treatment. As shown in Fig. 4a, without salt treatment, the H2O2 level in dsp3 mutant was slightly lower than in Col and the two complementation lines, and significantly higher in DSP3 overexpression plants (Fig. S5a). After salt application, the H2O2 levels in Col and the two complementation lines were dramatically increased, indicating a salt induced H2O2 production. However, the H2O2 level in dsp3 mutant remained almost unchanged after salt treatment, confirming this mutant was salt insensitive.  
To further confirm this result, the expression levels of AtrbohD, AtrbohF and CAT1 were analyzed by qRT-PCR. As important ROS producers, the transcribes of AtrbohD and AtrbohF were significantly lower in dsp3 mutant and higher in DSP3 overexpresser plants, comparing to Col and complementation lines before salt treatment (Fig. 4 b,c and Fig. S5b,c). After salt treatment, though the expression were induced in all four genotypes, the absolute levels of these two genes in dsp3 mutant were still significantly lower comparing to Col and complementation lines, which was consistent with the DAB staining result (Fig. 4b,c). As a H2O2 scavenger, the expression of CAT1 will be induced by the increased cellular H2O2 level 
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(Xing, Jia, & Zhang, 2008)
. In consistent, CAT1 transcript was significantly increased in Col and complementation lines after salt treatment but not in dsp3 mutant (Fig. 4d), possibly because that the H2O2 level in mutant was not obviously increased.
DSP3 is primarily localized in nucleus and universally expressed in the plant
In addition to the complementation analysis, the pDSP3::DSP3-YFP and pDSP3::DSP3-GUS transgenic lines were also used to exam the sub-cellular and tissue specific localization of DSP3, respectively. By exam the root tip of the DSP3-YFP transgenic seedling, the confocal microscopy showed the DSP3-YFP fluorescence signal was primarily localized in nucleus, indicating DSP3 is a nuclear protein (Fig. S6a).
The DSP3-GUS transgenic seedlings at various developmental stage were stained for GUS activity. During germinating, DSP3-GUS was first expressed in the radical root (Fig. S6b) then spread to the whole vegetative tissue since 3-day-old and the expression in root tip remains the strongest (Fig. S6c to f). During reproductive growth, the DSP3-GUS also expressed in young flower buds, stigma and stamens of older flowers (Fig. S6g). These results showed that DSP3 was a universal expressed protein in most plant tissues. 
DSP3 protein accumulation was negatively regulated by NaCl
To investigate the DSP3 protein accumulation pattern after salt stress, 7-day-old DSP3-YFP seedlings were treated with mock or 150 mM NaCl for 0 or 4 hours, and YFP fluorescence from root tip was analyzed under confocal microscope. As shown in Fig. 5a, the DSP3-YFP signal was slightly decreased after mock treatment, but after salt treatment, the YFP signal was reduced dramatically. Quantification of the YFP fluorescence showed 4 hours NaCl treatment reduced the DSP3-YFP level to about 50% of the mock treatment (Fig. 5b). To investigate if the reduction of protein accumulation was caused by protein degradation, total protein was extracted from the root of two-week-old salt treated seedlings and analyzed by immunoblot. The result showed that the level of DSP3-YFP protein started to decreased at 2 hours after 150 mM NaCl treatment, and reached the lowest level at 4 hours. Pretreating the seedlings with mock solution (1% DMSO) for 2 hours before salt had no obvious effect on the degradation pattern. However, when the seedlings were pretreated with proteasome inhibitor MG132, the salt induced degradation of DSP3-YFP was inhibited (Fig. 5c). These results suggested DSP3 was negatively regulated by NaCl at post-translational level, possibly through 26S proteasome pathway.
The phosphatase activity of DSP3 is required for salt response
DSP3 has been predicted to be a dual-specificity protein tyrosine phosphatase 
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(Roma-Mateo et al., 2011)
. The highly conserved catalytic motif [(I/V)HCxAGxGR(S/T)] in PTP superfamily Luan, 2003()
 was also identified in DSP3 
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(Roma-Mateo et al., 2011)
. To confirm DSP3 has tyrosine phosphatase activity, the E.coli expressed recombinant MBP-DSP3 protein was isolated and used for activity assay. As expected, the MBP-DSP3 displayed a significantly increased phosphate release upon addition of phosphorylated tyrosine substrate P2, and this activity could be inhibited significantly by tyrosine phosphatase inhibitor sodium vanadate but not significantly by serine/threonine phosphatase inhibitor sodium fluoride (Fig. 6a), confirming DSP3 had protein tyrosine phosphatase activity.
It has been demonstrated that disruption of the conserved cysteine in the catalytic motif will result in loss of catalytic activity in DsPTPs 
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(Xu et al., 1998)
. To test if the phosphatase activity of DSP3 is required for salt response, a mutation form of DSP3 (mDSP3) was generated by mutating the conserved cysteine 112 to serine (C112S). The phosphatase activity assay confirmed mDSP3 was truly inactive (Fig. 6b). Then both the wild type DSP3 or mutated DSP3 were transformed into Col under the control of 35S promoter and at least 150 T1 transgenic plants for each genotype were generated. The phenotype of T1 plants was classified into four groups (WT-like, mild, medium and strong) based on the severity of dwarfism and level of early senescence (Fig. 6c). All of the plants over-expressing wild type DSP3 displayed some level of reduced size, with majority of plants showed smaller size with or without early senescence phenotype, and were categorized into either medium (45%) or strong (41%) group, and none of the plants were wild type-like. However, majority (92%) of the transgenic plant overexpression mDSP3 were wild type-like, only a small proportion (8%) showed slightly smaller in size, and there were no plants displayed a medium or strong phenotype as wild type DSP3 transgenic lines (Fig. 6c). To eliminate the possibility that the weak phenotype from mDSP3 transgene is caused by low expression of mDSP3, three lines, one overexpressing DSP3 (DSP3OX-1) with medium phenotype and two overexpressing mDSP3 (mDSP3OX-1, -2) with WT-like phenotype were selected, and the transcribe level of DSP3/mDSP3 were compared within these lines. The result showed levels of DSP3/mDSP3 transcribes were similar among these lines (Fig. 6d), confirming the C112S mutation indeed disrupted the majority function of DSP3. Then the salt sensitivity of these three lines were compared with Col. As shown in Fig. 6e,f, the germination rate and survival rate of DSP3OX-1 were significantly lower than wild type Col after NaCl treatment, indicating it was hypersensitive to salt. However, the germination rate of mDSP3OX-1, -2 was higher than Col, while the survival rate was similar to Col, indicating the mutated protein was not functional under salt treatment. Taken together, these data confirmed that the DSP3-mediated salt response was depended on its phosphatase activity.
DSP3 interacts with and possibly de-phosphorylates MPK3/6 
In animal system, the dual specificity PTPs were recognized as MAP kinase phosphatases. In Arabidopsis, though 5 DsPTPs had been reported as MKP to de-phosphorylate members of MAPK cascade and involve in MAPK regulated processes, this cannot rule out the possibility that other DsPTPs can also de-phosphorylate MAP kinases. To investigate if DSP3 can de-phosphorylate MAPK, DSP3 and MPK3/6 were fused with the N-terminal half (DSP3-nLuc) and C-terminal half (cLuc-MPK3 or cLuc-MPK6) of firefly luciferase, respectively, and co-infiltrated into Nicotiana benthamiana leaves. As shown in Fig. 7a, co-expression of DSP3-nLuc and cLuc-MPK3/6 displayed a strong luciferase fluorescence while the two negative controls (DSP3-nLuc+cLuc and nLuc+cLuc-MPK3/6) showed almost no signal, demonstrating the direct interaction of DSP3 with MPK3/6 in vivo. Then, a co-immunoprecipitation assay was employed to using Nicotiana benthamiana leaves transiently expressing DSP-YFP and MPK3/6-Flag. Result showed MPK3/6-Flag could be co-precipitated only when DSP3-YFP was present (Fig. 7b), further confirmed the interaction between DSP3 and MPK3 or MPK6. In addition, the firefly luciferase assay showed that C112S mutation in DSP3 did not affect its interaction with MPK3/6 (Fig. 7c), indicating the conserved cysteine or phosphatase activity was not required for this interaction, which was consistent with previous finding that the binding with its MAPK substrate causes catalytic activation of the DsPTP Keyse, 2000()
.
It has been reported that the phosphorylation level of MAPKs were increased under high salt condition Moustafa, Abuqamar, Jarrar, Al-Rajab, & Tremouillaux-Guiller, 2014()
. If DSP3 de-phosphorylates MPK3/6 and mediates salt response, we should expect a further increased level of phosphorylated MPK3/6 after salt treatment in dsp3 mutant. To test this hypothesis, the phosphorylation levels of MPK3 and MPK6 in Col and dsp3 mutant were compared by immunoblot using antibody against phosphorylated MPK3/6. As shown in figure 7d, after series time of salt treatment, though the MPK3/6’s protein level remained largely unchanged, their phosphorylation level was induced in both Col and dsp3 mutant, and the level of phosphorylated MPK3/6 were much higher in dsp3 mutant than in Col. Considering the time for salt treatment was as short as 15 mins, these results imply that DSP3 mediates salt response through directly de-phosphorylate MPK3/6.   
Discussion
High salinity is one of the major environmental stresses affecting plant growth and development. Under high salt, the seed germination, root elongation and photosynthesis of plants are inhibited, which leads to smaller and weaker plants with less seeds. During plant salt stress responses, MAPK signaling cascade is rapidly activated. To maintain the cellular homeostasis, MAPK activity needs to be tightly controlled. Several classic MAP kinase phosphatases were reported to involve in MAPK mediated salt response by dephosphorylate MAPK, but the function of other members in DsPTPs family in plant salt stress response was not clear. In this study, we reported that an atypical DsPTP, AtPFA-DSP3, when knocked out, was insensitive to high salinity, and the phosphatase activity of DSP3 was indispensable for its salt related function. Moreover, DSP3 can directly interact with MPK3 and MPK6. In consistent, the rapid accumulation of phosphorylated MPK3/MPK6 after salt treatment was increased in dsp3 mutant. Our data provides evidences showing DSP3 plays a negative role in plant salt response by directly modulating the accumulation of phosphorylated MPK3 and MPK6. 
Based on the catalytic motif identified in mammalian system that all so named MAP kinase phosphatases possess an extended sequence AYLM five amino acids away from the PTP signature motif (V/I)HCxAGxGR(S/T)G, only 5 DsPTPs were classified as MAP kinase phosphatases in Arabidopsis genome Bartels, Gonzalez Besteiro, Lang, & Ulm, 2010()
. However, there are multiple reports showing that protein serine/threonine phosphatases and AtPTP1, the tyrosine specific PTP, could also dephosphorylate MAPK 
 ADDIN EN.CITE 

(Bartels et al., 2009; Brock et al., 2010; Huang et al., 2000; Sidonskaya et al., 2016; Su et al., 2017)
. This is not surprising since the tyrosine and threonine in the activation loop (Thr-X-Tyr) need to be both phosphorylated to activate MAPK Goldsmith, 1995()
. In addition, it was reported that all DsPTPs share a very similar structural fold Luan, 2003()
. So, it is quite possible that, even without the AYLM extension, other DsPTPs might also able to dephosphorylate MAPK.  In fact, our data shows that DSP3, an atypical dual-specificity PTP, can bind to MPK3/MPK6 and affect their phosphorylation status. The presence of its phosphatase activity (Fig. 6) 
 ADDIN EN.CITE 

(Roma-Mateo, Rios, Tabernero, Attwood, & Pulido, 2007; Roma-Mateo et al., 2011)
 strongly support that DSP3 can directly de-phosphorylate MPK3/MPK6. It had been shown that besides DSP3, other four PFA-DSP proteins, which with high sequence similarity with DSP3, also displayed phosphatase activity toward either phospho-tyrosine or PI (3,5) P2, implying these proteins might also be able to de-phosphorylate MAP kinase (Roma´-Mateo et al., 2011). However, other than the phosphatase catalytic domain, the DSP3 and its homologue proteins showed little sequence similarity with the five MKPs. In addition, even though MKP1 and DSP3 both de-phosphorylate MPK3/MPK6 and played negative role in plant salt stress response, the loss-of-function phenotype of dsp3 and mkp1 are different: the mkp1 null mutant display a salt insensitive phenotype in young seedlings when growth on germination medium 
 ADDIN EN.CITE 

(Ulm et al., 2002)
, but dsp3 mutant shows only very mild salt insensitivity in the similar condition. Meanwhile, the mpk1 null mutant displayed growth defects such as dwarfism, aberrant leaf and early senescence 
 ADDIN EN.CITE 

(Bartels et al., 2009)
, but the dsp3 null mutant generated by Crispr/Cas9 in our lab showed no obvious phenotype. It will be worthwhile to investigate if DSP3 and the MKPs share the same function mechanism to mediate MAPK regulated salt response. It is also worth investigating if DSP3 is involved in all MPK3/MPK6 regulated processes. 
Environmental stresses can induce a rapid ROS burst within the cell. While ROS functions as signaling molecules at low non-toxic level, continues high level of ROS causes damage to cell or tissue and inhibit plant growth 
 ADDIN EN.CITE 

(Das & Roychoudhury, 2014; Hancock, Desikan, & Neill, 2001)
. And the signal associated-ROS was produced by RBOH family proteins Miller, Suzuki, Ciftci-Yilmaz, & Mittler, 2010()
. Our data showed that, in DSP3 overexpression plants, increased ROS level was in consistent with increased expression of AtrbohD and AtrbohF, and this significantly higher ROS level could be the reason for their growth defect comparing to background Col. Meantime, in dsp3 mutant, the induction level of AtrbohD and AtrbohF as well as the ROS accumulation after salt application were significantly lower than in wild type control. Similar phenotypes were also observed in the Increased Tolerance to NaCl1 (int1) mutant  
 ADDIN EN.CITE 

(Sakamoto, Matsuda, & Iba, 2008)
. It is likely that in these mutants, even the cellular ROS level is reduced, it is still maintained at a functional level for signaling. After salt encounter, the rapid induction of ROS is also restricted to a level that has little cytotoxic effect. However, how the low level of ROS homeostasis is maintained and whether it involves MAPK cascade requires further investigation. 
It is well known that ROS signaling is associated with MAPK cascade in plant stress response 
 ADDIN EN.CITE 

(Jalmi & Sinha, 2015; Liu & He, 2016)
. MAPK cascade can be activated by increased ROS level 
 ADDIN EN.CITE 

(Moon et al., 2003; Yuasa, Ichimura, Mizoguchi, & Shinozaki, 2001)
, as well as regulates ROS production and detoxification upon environmental stimuli 
 ADDIN EN.CITE 

(Li et al., 2014; Wang, Du, Zhao, Miao, & Song, 2013; Xing, Bachstetter, & Van Eldik, 2015)
. In this study, ROS level is reduced in dsp3 mutant. Together with that DSP3 directly interacted with MPK3/MPK6 and the phosphorylated MPK3/MPK6 over accumulated in dsp3 mutant within 15 min, it is easy to propose that the DSP3-MPK3/6 complex function upstream of ROS production and MPK3/6 play a negative role in ROS production. In consistent with our result, a recent publication also showed that the activity of MPK3/MPK6 in AtrbohD/F double mutant was similar to Col control Zhao et al., 2020()
. However, it is also possible that the lower ROS level is not a direct regulation result from MAPK cascade activation. Previous publications showed that different members of the MAPK cascade could play different roles in ROS mediated stress response. For example, MPK4 and MPK8 were shown to negatively regulate AtrbohD-dependent ROS production 
 ADDIN EN.CITE 

(Berriri et al., 2012; Nakagami, Soukupova, Schikora, Zarsky, & Hirt, 2006; Takahashi, Mizoguchi, Yoshida, Ichimura, & Shinozaki, 2011)
. However, MPK6 was reported to function together with transcription factors WRKY or ERF6 to positively regulate the expression of AtrbohD 
 ADDIN EN.CITE 

(Adachi et al., 2015; Wang et al., 2013; Zhao et al., 2020)
. There was also report showing that activation of MPK3/MPK6 was independent of ROS production 
 ADDIN EN.CITE 

(Xu et al., 2014)
. It is likely that the differences in the relationship of ROS with the same MAPK member could be a time dependent manner since the uncoupling of MAPK and ROS mostly happened within 1 hour of treatment 
 ADDIN EN.CITE 

(Liu & He, 2016)
. In addition, same stress condition could activate different MPKs. In salt stress particularly, except MPK3 and MPK6, MPK4 was also reported to play a positive role in response to salt 
 ADDIN EN.CITE 

(Teige et al., 2004)
, but surprisingly, ROS over accumulate in mpk4 mutant Nakagami et al., 2006()
. It is obvious that ROS and MAPK cascade forms a complexed network and the reduced ROS level in dsp3 mutant could due to the long-term effect from this network. 
In conclusion, in this study we reported PFA-DSP3, a member of DsPTPs family, played a negative role in plant salt stress response, possibly through directly regulating the activity of MPK3 and MPK6 and indirectly regulating the expression of RBOH genes.
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