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MKKK20 works as an upstream triple-kinase
of MKK3-MPK6-MYC2 module
in Arabidopsis seedling development

Madhusmita Ojha,1,5 Deepanjali Verma,2,3,5 Nibedita Chakraborty,1 Abhideep Pal,1 Prakash Kumar Bhagat,2,4

Anshuman Singh,1 Neetu Verma,2 Alok Krishna Sinha,2,6,* and Sudip Chattopadhyay1

SUMMARY

The mitogen-activated protein kinase (MAPK) cascade is involved in several
signal transduction processes in eukaryotes. Here, we report a mechanistic
function of MAP kinase kinase kinase 20 (MKKK20) in light signal transduction
pathways. We show that MKKK20 acts as a negative regulator of photomorpho-
genic growth at various wavelengths of light. MKKK20 not only regulates the
expression of light signaling pathway regulatory genes but also gets regulated
by the same pathway genes. The atmyc2 mkkk20 double mutant analysis shows
that MYC2 works downstream to MKKK20 in the regulation of photomorpho-
genic growth. MYC2 directly binds to the promoter of MKKK20 to modulate
its expression. The protein-protein interaction study indicates that MKKK20
physically interacts with MYC2, and this interaction likely suppresses the
MYC2-mediated promotion of MKKK20 expression. Further, the protein phos-
phorylation studies demonstrate that MKKK20 works as the upstream kinase
of MKK3-MPK6-MYC2 module in photomorphogenesis.

INTRODUCTION

Plant growth and development are regulated by several environmental factors, among which light

signaling pathways play a central role. Plants have evolved with a variety of photoreceptor families that

are involved in perception of various wavelengths and intensities of light, and subsequently transmit the

information through downstream signaling components to regulate seedling development.1–8 The

transcriptional regulatory network plays an important role in light-mediated seedling development.9,10

Mitogen-activated protein kinase (MAPK) cascades are much conserved in eukaryotes, and are involved in

several signal transduction processes.11 In plants, MAPK pathways are reported to be involved in growth,

programmed cell death, and various environmental cues including heat, cold, salinity, drought, UV rays,

and pathogen attack.12–20 The MAPK cascade is usually composed of a MAPK kinase kinase (MAPKKK),

a MAPK kinase (MAPKK) and a MAPK, and it works via a phosphor-relay mechanism that links upstream

receptors to downstream targets.16,21

MYC2 (a bHLH transcription factor) acts as a negative regulator of blue light-mediated photomorphogenic

growth, and blue and far-red light-regulated gene expression.22 MYC2 has been shown to bind to the

G-box of Suppressor of Phytochrome A1(SPA1) promoter and regulates its expression during photomor-

phogenic growth.23 MYC2 physically interacts with G-box binding bZIP transcription factor (GBF1) and

works in an antagonistic manner in BL-mediated seedling development.24 The atmyc2 mutants have

altered sensitivity to abscisic acid (ABA), jasmonic acid (JA) and ethylene-jasmonate mediated re-

sponses.22,25–27 In addition, atmyc2mutants show increased resistance to leaf-infecting necrotrophic path-

ogens such as Botrytis cinerea, and the root-infecting pathogen Fusarium oxysporum.25,27,28 Thus, MYC2

has emerged as a common regulator that cross-talks with multiple signaling pathways.

It has been shown by a protein microarray study that MKKK20 is able to interact with Calmodulin 7 (CAM7),

which is a key transcription factor involved in light signaling pathways.29–33 Further studies have revealed

that whereas MPK6 works downstream of MKKK20 in the regulation of osmotic stress,34 MKKK20 works up-

stream to MKK3 in the regulation of root growth.35 The involvement of MKKK20 has been shown in ABA
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responses.36 It has been shown that MKK5-MPK6 cascade works downstream to MKKK20 in this regulatory

pathway.36 Recent studies have shown that MYC2 and CAM7 work in an antagonistic manner in the regu-

lation of Elongated hypocotyl 5(HY5) expression.37 It has been reported that MYC2 supersedes the role of

CAM7 to regulate HY5-promoter activity in Arabidopsis seedling development.37 Although the light signal

transduction pathways have well been studied, the direct connection of MAPK and light signaling pathways

remains largely unknown. A recent study reveals that MKK3-MPK6 is activated by blue light in a MYC2

dependent manner.38 MPK6 physically interacts and phosphorylates MYC2, and is phosphorylated by

MKK3. Furthermore, MYC2 binds toMPK6 promoter and regulates its expression in a feedback regulatory

mechanism in blue light. Although the MKK3-MPK6-MYC2 module has been shown to be involved in blue

light-mediated seedling development, the upstream triple kinase of this pathway remains unknown. In this

study, we have functionally characterized MKKK20 as the triple kinase working upstream to MKK3-MPK6-

MYC2 module in the regulation of photomorphogenic growth.

RESULTS

Analysis of mkkk20 Mutant lines

In a protein microarray study, it has been shown that one of the upstream triple kinases, i.e., MKKK20 can

interact with CAM7, which is a positive regulator of photomorphogenesis.29,30 We ask whether MKKK20

plays any role in light-controlled seedling development. To address this question, we searched and

obtained two transfer DNA mutant lines (SALK_124398 (mkkk20-2) and SALK_021755 (mkkk20-1)) from

Arabidopsis Biological Resource Center, Ohio, USA.39 The junctions of transfer DNA and MKKK20 of

mkkk20-2 were amplified by PCR, and the DNA sequence analyses revealed that the transfer DNA was

inserted in nucleotide position between +18 and +19 bp of the 50 UTR region (Figures S1A–S1C). In

another mutant line,mkkk20-1,35 the transfer DNAwas found to be inserted at nucleotide position between

�34 bp and �35 bp of the promoter region of MKKK20 (Figures S1F–S1H). The semiquantitative PCR and

quantitative real-time PCR (qPCR) were performed to determine the transcript levels of MKKK20 in these

two mutant backgrounds. Both the mutant lines showed reduced transcript levels as compared to the cor-

responding wildtype background, indicating that both are knockdown mutant lines (Figure S1D, S1E,S1I,

and S1J).

MKKK20 acts as a negative regulator of photomorphogenic growth

We grew wild type andmkkk20 (mkkk20-2 and mkkk20-1) seedlings in dark and white light (WL) conditions.

The 6-day-old mkkk20-2 and mkkk20-1 seedlings did not show any significant difference in hypocotyl

length as compared to wildtype in dark (Figures 1A, 1B and S2). However, the hypocotyl length of

mkkk20-2 and mkkk20-1 seedlings was found to be significantly shorter than that of wild type in WL

(Figures 1A, 1B and S2). These results suggest that MKKK20 works as a negative regulator of photomorpho-

genic growth in WL. We then asked whether the altered photomorphogenic growth of mkkk20-2 and

mkkk20-1 mutants was specific to a particular wavelength of light. To examine that, we grew the seedlings

at various wavelengths of light and measured the hypocotyl length. The hypocotyl length of 6-day-old

mkkk20-2 and mkkk20-1 seedlings was found be significantly shorter in red light (RL), blue light (BL) and

far-red light (FRL) conditions (Figures 1A, 1B and S2). Taken together, these results suggest that

MKKK20 works as a negative regulator of photomorphogenic growth at various wavelengths of light. It

is worth mentioning here that in subsequent experiments we usedmkkk20-2mutant line for further studies.

Two physiological responses such as accumulation of chlorophyll and anthocyanin are modulated by

multiple regulatory components of light signaling pathways.22,40–42 To determine the possible role of

MKKK20 on chlorophyll and anthocyanin accumulation, we determined the level of chlorophyll and antho-

cyanin accumulation in mkkk20-2mutant background. The level of chlorophyll accumulation was signifi-

cantly increased in mkkk20-2 as compared to wild-type background (Figure 1C). The level of anthocyanin

was also found to be present at elevated level in mkkk20-2 than the corresponding wildtype background

(Figure 1D). Taken together, these results indicate that MKKK20 negatively regulates the accumulation

of chlorophyll and anthocyanin.

MKKK20 regulates the expression of light signaling pathway genes

We then asked whether the expression of light inducible genes such as Chlorophyll A/B binding protein 1

(CAB1), Ribulose bis-phosphate carboxylase small chain 1A (RBCS-1A) andChalcone synthase 1 (CHS1)was

modulated by MKKK20. To test that, we performed qPCR to determine the steady state mRNA level of light
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inducible genes. The qPCR analyses revealed that all three light inducible genes tested had higher level of

expression in mkkk20-2 than the wildtype background (Figures 1E–1G).

We then selected a few genes working as positive or negative regulators of light signaling pathways and

asked whether these genes such asHY5, SPA1,GBF1andCAM7were regulated byMKKK20. HY5, a positive

regulator of photomorphogenesis, works in an antagonistic manner with MYC2 in Arabidopsis seedling

development.37 SPA1 acts as a repressor of photomorphogenesis and is genetically and molecularly inter-

connected with MYC2.23 GBF1, a G-box binding bZIP transcription factor, plays an important role as both

positive and negative regulator of photomorphogenesis; and it antagonistically works with MYC2 in blue

light-mediated seedling development.24,43 CAM7 is a positive regulator of photomorphogenesis that

works in concert with HY5 and MYC2.30,31,33,37 We performed qPCR analysis of 6-day-old WL grown

Figure 1. MKKK20 is a negative regulator of photomorphogenesis

(A) Phenotype of 6-day-old wild type (Col-0) (left side in each panel) and mkkk20-2 mutant (right side in each panel) seedlings grown in constant dark (D),

white light (WL:10 mmol/m2/s1), blue light (BL:20 mmol/m2/s1), red light (RL:20 mmol/m2/s1), or far-red light (FRL:1.5 mmol/m2/s1) conditions. Scale bar = 5mm.

(B) Diagrammatic presentation of the mean (GSD; n = 15) values of hypocotyl length in Col-0 and mkkk20-2mutant seedlings grown in dark and at various

wavelengths of light. The asterisk on the error bars indicates significant (pvalue <0.05) differences in hypocotyl length. The data were compared by using

one-way ANOVA factorial analysis followed by Tukey’s HSD test.

(C and D) Chlorophyll and anthocyanin contents, respectively, of 6-day-old wild type (Col-0) and mkkkk20-2mutant seedlings grown under constant WL

(30 mmol/m2/s1). Values (n = 3) are presented as Mean G SEM of three biological replicates. Different small alphabetical letters on the error bars indicate

significant (pvalue <0.05) differences of chlorophyll (C) and anthocyanin (D) in mkkk20-2 mutants than wild type.

(E–G) Real-time PCR analysis of RBCS-1A, CAB and CHS, respectively in 6-day-old wild type (Col-0) andmkkk20-2mutant seedlings grown inWL (30 mmol/m2/s1).

ACTIN2was used as internal control. Values (n = 3) are presented asMeanG SEMof three biological replicates. The asterisk on the error bars indicates significant

(pvalue <0.05) differences of RBCS-1A, CAB1 andCHS transcripts inmkkk20-2 thanwild type. The datawere compared by using one-wayANOVA factorial analysis

followed by Tukey’s HSD test.
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seedlings; and the steady state mRNA level of these genes was estimated in wild type (Col-0) andmkkk20-2

mutant seedlings. The level of expression of HY5 (�1.5-fold), SPA1 (�5-fold), GBF1 (�1.3-fold) and CAM7

(�1.5-fold) was found to be significantly higher in mkkk20-2 mutant than the wildtype background. These

results suggest that the expression of HY5, SPA, GBF1 and CAM7is negatively regulated by MKKK20

(Figures 2A–2D).

MKKK20 regulates the flowering time and lateral root formation

Although propagating the mkkk20-2 mutant plants in plant growth room chambers, it was observed that

mkkk2-2 plants flowered late as compared to wildtype plants. To determine the flowering time, we moni-

tored the flowering time of mkkk20-2 mutants under long day condition (14-h/10-h light/dark cycle) and

compared with the wild type plants. As shown in Figure 3A,mkkk20-2 plants had significantly delayed flow-

ering time as compared to wildtype. Whereas wild type plants flowered with the formation of about 11

rosette leaves, mkkk20-2 mutant plants flowered after more than 14 rosette leaves formed (Figure 3B).

FLOWERING LOCUS C (FLC) encodes a MADS-box protein, which acts as a key repressor of inflorescence

by negatively regulating the expression of genes such as SUPPRESSOR OF OVEREXPRESSION OF

CONSTANS 1 (SOC1) and FLOWERING LOCUS T required to switch the meristem to a reproductive

fate.44–46 We wanted to examine whether MKKK20 affects the expression of FLC. The qPCR analysis of

6-day-old seedlings revealed that the expression of FLC was significantly elevated in mkkk20-2 mutant

as compared to wild type (Figures 3C and 3D), indicating that MKKK20 negatively regulates the expression

of FLC. Examination of root growth of 16-day-old mkkk20-2 mutant plants exhibited significantly lesser

number of lateral roots as compared to wild type plants (Figure S3 A and B). These results suggest that

MKKK20 acts as a positive regulator of flowering time and lateral root formation.

The expression of MKKK20 is regulated by CAM7, HY5 and MYC2

CAM7 and HY5 are two transcription factors of photomorphogenesis that work in various wavelengths of

light.30,47 Both these proteins bind to theHY5 promoter to regulate the expression ofHY5. MYC2 competes

with CAM7 to negatively regulate HY5-promoter activity in Arabidopsis seedling development.37 Because

mkkk20 mutants display shorter hypocotyl phenotype at various wavelengths of light (Figure 1), we ask

whether CAM7 and HY5 regulate the expression of MKKK20. We performed qPCR experiments

using wild type, cam7 and hy5mutant seedlings for this study. The transcript level of MKKK20 was about

Figure 2. MKKK20 regulates the expression of regulatory genes of light signaling pathway

(A–D) Real-time PCR analyses of HY5, GBF1, SPA1 and CAM7, respectively, in 6-day-old wild type (Col-0) and mkkk20-2

mutant seedlings grown under constant WL (30 mmol/m2/s1). ACTIN2 was used as an internal control. Values (n = 3) are

presented as MeanG SEM of three biological replicates. The asterisk on the error bars indicates significant (pvalue <0.05)

differences of transcript levels in the mkkk20-2mutant compared to the wild type background. The data were compared

by using one-way ANOVA factorial analysis followed by Tukey’s HSD test.
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Figure 3. MKKK20 is involved in the regulation of flowering time

(A) The phenotype of 35-day-old wild type (Col-0) and mkkk20-2mutant plants grown in WL (100 mmol/m2/s1) under long

day conditions (14h of light/10h of dark).

(B) Diagrammatic presentation of the mean (GSD = 15) values of number of rosette leaves produced at bolting in Col-0

andmkkk20-2. The asterisk on the error bars indicates significant (pvalue <0.05) differences in number of rosette leaves in

mkkk20-2 than the wild type.

(C) Real-time PCR analysis of FLC transcript level in 6-day-old wild type (Col-0) and mkkk20-2mutantseedlings grown in

WL (30 mmol/m2/s1). ACTIN2 was used as internal control. Values (n = 3) are presented as MeanG SEM of three biological

replicates. The asterisk on the error bars indicates significant (pvalue <0.05) differences of FLC transcript level in

mkkk20-2mutant compared to the wild type (Col-0). The data were compared by using one-way ANOVA factorial analysis

followed by Tukey’s HSD test.

(D) A model showing the role of MKKK20 in the regulation of floral initiation by FLC, SOC1 and FT.
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2.5-fold higher in cam7 and 2.7-fold higher in hy5mutant as compared to wildtype (Figure 4A), suggesting

CAM7 and HY5 both negatively regulate the expression of MKKK20.

Earlier studies have shown that MYC2 negatively regulates the expression ofMPK6 andMKK3, and it works

downstream of the MKK3-MPK6 cascade specific to BL signaling pathways.38 Recent studies have shown

that MKK3 physically interacts with MKKK20 to regulate the root microtubule functions.35 Therefore, we

Figure 4. The expression of MKKK20 is regulated by CAM7, HY5 and MYC2

(A) Real-time PCR analysis of MKKK20 transcript level in 6-day-old wild type (Col-0), cam7 and hy5mutant seedlings grown in WL (30 mmol/m2/s1). ACTIN2

was used as internal control. Values (n = 3) are presented as Mean G SEM of three biological replicates. The asterisk on the error bars indicates significant

(pvalue <0.05) differences of MKKK20 transcript level in cam7 and hy5 mutants compared to the wild type (Col-0).

(B) Real-time PCR analysis of MKKK20 transcripts in 6-day-old wild type (Col-0), atmyc2mutant and MYC2OE seedlings grown in WL (30 mmol/m2/s1) and BL

(20mmol/m2/s1) conditions. ACTIN2 was used as internal control. Values (n = 2) are presented as Mean G SEM of two biological replicates. Different small

alphabetical letters on the error bars indicate significant (pvalue <0.05) differences of MKKK20 transcript level in atmyc2mutant and MYC2OE compared to

the wild type (Col-0). The data were compared by using one-way ANOVA factorial analysis followed by Tukey’s HSD test.

(C) Transcript analysis of MKKK20 in 6-day-old dark grown wild type (Col-0) and atmyc2mutant seedlings exposed to BL for 10 min. ACTIN2 was used as

internal control. Error bars represent SD (n = 3 independent experiments, with similar results). T-test was used to calculate significant (pvalue <0.0005)

differences.

(D) Visualization of GUS expression driven by MKKK20promoter in 6-day-old BL grown wild type (Col-0) and atmyc2mutant seedlings.

(E) GUS fluorometric quantification assay showing GUS expression driven by 35S and MKKK20 promoters (M3K20) in 6-day-old BL grown wild type (Col-0)

and atmyc2mutant seedlings. Asterisks indicate the significant difference in the activity of MKKK20 promoter from wild type and atmyc2mutant (Student’s

t test, **p< 0.005).
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wanted to test the possible molecular connectivity between MYC2 and MKKK20. We first examined

whether MYC2 regulated the expression of MKKK20. To test that, we monitored the expression of

MKKK20 in wild type, atmyc2 and MYC2OE transgenic seedlings24 grown in WL and BL through qPCR

analysis. It was found that whereas the expression of MKKK20 in atmyc2mutant was significantly reduced

as compared to wildtype background, the expression level of MKKK20 was significantly enhanced in

MYC2 over-expressor (MYC2OE) background (Figure 4B). Thus, MYC2 is required for the optimum expres-

sion of MKKK20. We then examined the light induced expression of MKKK20 in atmyc2 background by

transferring the seedlings from dark to BL. The seedlings were grown in constant dark for 6 days and

then exposed to BL for 10 min. As shown in Figure 4C, the inducibility of MKKK20 promoter activity was

drastically reduced in atmyc2 background as compared to wild type.

To further examine the above observations, we monitored the activity of MKKK20 promoter in atmyc2

mutant by transient expression analysis via GUS histochemical staining. Six-day-old wild type and atmyc2

seedlings were transiently transformed to express theGUS reporter gene under the control of a 1.5-kb pro-

moter sequence of MKKK20. In wild type seedlings, GUS was strongly expressed in all the organs tested,

whereas in atmyc2, there was a drastic reduction in GUS expression (Figure 4D). We then performed GUS

fluorometric quantification assay in Col-0 and atmyc2 mutant lines and measured the activity of MKKK20

promoter. Activation of MKKK20 promoter was found to be significantly lower in atmyc2 seedlings as

compared to wild type (Figure 4E). These results altogether demonstrate that MYC2 positively regulates

the expression of MKKK20.

MYC2 directly binds to the promoter of MKKK20

Because this study reveals that MYC2 positively regulates the expression of MKKK20 either directly or

indirectly, we wanted to examine whether MYC2 binds to the promoter of MKKK20. To investigate that,

we first examined the DNA sequence of the promoter region of MKKK20 and found a G-box (CACGTG)

and an E-box (CATATG) in its promoter, which are located at�103 and�770 bp upstream to the transcrip-

tional start site (Figure 5A). We carried out chromatin immunoprecipitation (ChIP) assays to examine

MKKK20 promoter andMYC2 interaction in vivo, using 6-day-old wild type (Col-0) andMYC2OE (which con-

tains three copies of c-MYC epitopes fused to MYC248) seedlings grown under constant BL (30mmol/m2/s1).

The qPCR analyses showed the enrichment of the G-box (�2–fold) and E-box (�1.5-fold) compared to the

wild type (Figure 5B). However, no enrichment of the non-box (used as a control) was observed. These results

suggest that MYC2 binds to the G-box and E-box of the MKKK20 promoter in vivo.

We then performed Yeast-one hybrid assays to further examine the interaction of MYC2 with the G- and

E-box of the MKKK20 promoter. The protein (coding sequence of the gene) and promoter fragments

were cloned in pGADT7 and pLacZi2mm vectors, respectively. The constructs were then co-transformed

into the EGY48 strain and grown on a defined double dropout (2D) medium devoid of leucine and uracil

but supplemented with X-Gal substrate. The GAL4 activation domain-fused MYC2 (AD-MYC2) binds to

the MKKK20 promoter fragment containing the G and E-box, resulting in the lacZ reporter gene’s induc-

tion, leading to the blue coloration of the transformed yeast colonies (Figures 5C and 5A). The mutated

G-box (from CACGTG to AACGTT) with wild type E-box; and mutated E-box (from CATATG to

TTATAA) with wild type G-box also result in blue coloration of yeast colonies that indicates the binding

of MYC2 to the G-box and E-box (Figures 5C,5E, and 5F). However, the MKKK20 promoter fragment con-

taining both mutated G and E-box, and the other negative controls could not induce the reporter gene;

hence, no coloration of the yeast cells (Figures 5C, 5B–5D and 5G–5J). Taken together, these results sug-

gest that MYC2 directly binds to the G and E-box of the MKKK20 promoter.

MKKK20 physically interacts with MYC2

Because the earlier study has revealed that MYC2 binds to theMPK6 promoter and interacts with MPK6 in a

feedback regulatory mechanism,38 we ask whether MKKK20 and MYC2 physically interact with each other.

Todetermine thephysical interactionbetweenMYC2andMKKK20, we first carriedout yeast two-hybridpro-

tein-protein interaction study. For this experiment, the full length coding sequence (CDS) of MYC2 and

CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1) (as control) fused with GAL4 DNA-binding domain

(BD-MYC2 and BD-COP1), and full length CDS ofMKKK20 andHY5were fusedwithGAL4 activating domain

(AD-MKKK20 and AD-HY5). The protein-protein interaction between COP1 and HY5 was used as positive

control.47 The fusion constructs were co-transformed into yeast AH109 strain and observed the growth of

co-transformed yeast cells on 2D (devoid of leucine and tryptophan) and 4D (devoid of leucine, tryptophan,
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adenine, histidine) plates. As shown in Figure 6A, MYC2 was able to interact with MKKK20. The empty vec-

tors (AD and BD) and their respective combinations withMYC2 andMKKK20 used as negative controls were

not able to interact. The COP1 and HY5, as expected, did interact with each other.47

To further substantiate the physical interaction between MYC2 and MKKK20, Bimolecular Fluorescence

Complementation (BiFC) assay was performed. For this study, the CDS of MYC2 and MKKK20 were cloned

into pSPYCE and pSPYNE vectors (MYC2-cYFP and MKKK20-nYFP), respectively. The MYC2-cYFP and

ARR16-nYFP were used as positive control48(Srivastava et al., 2019; PhD thesis title- Molecular and Func-

tional Characterization of MYC2-Regulated ARR16 in Arabidopsis thaliana, submitted by Archana Kumari

Srivastava at NIT Durgapur in 2018). The constructs were transformed into Agrobacterium GV3101 strain,

which then agroinfiltrated in onion epidermal cells for co-expression. Reconstituted YFP fluorescence was

observed between MYC2-cYFP and MKKK20-nYFP (Figure 6B), whereas no YFP fluorescence was observed

either in the empty vectors (cYFP + nYFP) or their respective combinations with MYC2 and MKKK20.

A strong YFP fluorescence was also observed in MYC2-cYFP and ARR16-nYFP.49 The pCAMBIA1303 was

used as a transformation control. We further analyzed the interaction between MYC2 and other MKKKs

(MKKK15 and MKKK16) (Figure S4) to test the specificity of interaction. However, no interaction of MYC2

was observed with MKKK15 and MKKK16, suggesting the specificity of interaction between MYC2 and

MKKK20. Taken together, these results suggest that MYC2 physically interacts with MKKK20.

MYC2 and MKKK20 work in a common pathway of Arabidopsis seedling development

Because MYC2 binds to the promoter ofMKKK20 and also physically interacts with MKKK20, we wanted to

determine the physiological relationship between MYC2 and MKKK20 through genetic studies. For this

Figure 5. MYC2 binds to the promoter of MKKK20

(A) Schematic representation ofMKKK20 promoter fragment showing the positions of G- and E-box. The position (+1) indicates the transcriptional start site.

The red arrows indicate the positions of DNA fragments used for ChIP assays. The blue arrow indicates the position of DNA fragment without any LRE

(termed ‘Non-box’) used as negative control for ChIP assay.

(B) Chromatin immunoprecipitation (ChIP) assay of MKKK20 promoter from 6-day-old BL (30 mmol/m2/s1)grown Col-0 and MYC2OE transgenic seedlings

using antibodies to cMyc. The ChIP values were first normalized by their respective input values, and fold enrichment was then calculated relative to the wild-

type. Values (n = 3) are presented as Mean G SEM of three biological replicates. Different small alphabetical letters on the error bars indicate significant

(pvalue <0.05) differences ofMKKK20 promoter enrichment in MYC2OE lines compared to the wild type (Col-0). The data were compared by using one-way

ANOVA factorial analysis followed by Tukey’s HSD test.

(C) Yeast one-hybrid interaction between MKKK20 promoter fragment and MYC2 by co-transforming Yeast EGY48 strain, and plating on double drop-out

media (2D) devoid of leucine and uracil however supplemented with X-gal. Result of one representative experiment out of three has been shown.
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investigation,mkkk20-2 atmyc2 double mutant plants were generated through genetic crosses. The homo-

zygous mkkk20-2mutant plants were genetically crossed with atmyc2-3homozygous lines.22 The homozy-

gous mkkk20-2atmyc2 double mutant plants were then used for further studies (Figure S5). We grew

6-day-old wild type (Col-0), mkkk20-2, atmyc2, andmkkk20-2 atmyc2 seedlings in dark and WL conditions.

The dark-grown seedlings of mkkk20-2, atmyc2 and mkkk20-2 atmyc2 mutants did not exhibit any signifi-

cant difference in hypocotyl length compared to wild type seedlings (Figures 7A and 7D). Measurements of

hypocotyl length of 6-day-old seedlings grown in WL revealed that the mkkk20-2 atmyc2 double mutants

exhibited significantly shorter hypocotyl length than each of the single mutants, suggesting that

MKKK20and MYC2 work in an additive manner to control the hypocotyl length in WL (Figures 7B and

7E). Because atmyc2 seedlings display shorter hypocotyl specifically in BL,22–24 we examined the possible

genetic interrelations between atmyc2 andmkkk20-2 in BL. Themeasurement of hypocotyl length of 6-day-

old BL-grown seedlings revealed that the mkkk20-2 and atmyc2 mutants had shorter hypocotyl than the

wild type. However, the hypocotyl length of mkkk20-2 atmyc2 double mutant was found to be similar to

atmyc2 single mutant, suggesting that MYC2 and MKKK20 work in a common pathway to regulate the

hypocotyl growth in BL (Figures 7C and 7F).

To examine whether MKKK20, MKK3, MPK6 and MYC2 work in the same branched pathway of light

signal transduction, we examined the seedling growth of mkkk20, mkk3, mpk6 and atmyc2 mutant seed-

lings in WL and measured the hypocotyl length. As shown in Figures 7G and 7H, the mutant seedlings

displayed similar hypocotyl length and shorter than the wild type. Taking together, these results indicate

that MKKK20, MKK3, MPK6 and MYC2 work in a common pathway of light-mediated seedling

development.

Figure 6. MKKK20 physically interacts with MYC2

(A)Yeast two-hybrid assay of full length MKKK20 and MYC2. Co-transformed yeast cells were grown in 2D (lacking Leu and Trp amino acids) and 4D (lacking

Leu, Trp, Ade and His nutrients) selective media to test the protein-protein interactions. pGBKT7-COP1+ pGADT7-HY5 was used as positive control. The

empty vectors (pGBKT7 and pGADT7) and their combinations with MKKK20 (pGBKT7 + pGADT7-MKKK20) and MYC2 (pGBKT7-MYC2 + pGADT7) were

used as negative controls. Numbers above the panel indicate dilutions of the starting culture spotted on dropout media.

(B) The BiFC study of full length MKKK20-YFPN�ter (MKKK20-nYFP) and MYC2-YFPC�ter(MYC2-c-YFP). Epifluorescence images of onion epidermal cells co-

infiltrated with a mixture of Agrobacterium suspensions harboring constructs encoding the indicated fusion proteins. Bar represents 100 mm.
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MKKK20 affects the phosphorylation status and activity of MPK6 in blue light

MYC2 is part of the module of MKK3-MPK6-MYC2 involved in BL signaling pathways.38 Considering the

molecular and functional interconnection of MKKK20 and MYC2 in this study, we ask whether MKKK20 is

the upstream regulator of MKK3-MPK6-MYC2 module. Recent studies have shown that MKKK20 physically

interacts with MKK3.35 To determine and further test the interaction observed in the previous report, we

examined whether MKKK20 physically interacts with MKK3 in a yeast two-hybrid assay. As shown in

Figure S6, MKK3 indeed can specifically interact with MKKK20.

Figure 7. MKKK20 genetically interacts with MYC2

(A–C) Phenotype of 6-day-old wild type (Col-0), mkkk20-2, atmyc2 and mkkk20-2 atmyc2 seedlings grown in dark (D), WL (10 mmol/m2/s1), and BL (10 mmol/

m2/s1). Scale bar = 2 mm.

(D–F) Diagrammatic presentation of the mean (GSD; n = 15) values of hypocotyl length in different genotypes grown in dark, WL, and BL, respectively.

Different small alphabetical letters on the error bars indicate significant (pvalue <0.05) differences in hypocotyl length. The data were compared by using

one-way ANOVA factorial analysis followed by Tukey’s HSD test.

(G) Phenotypic analysis ofmkkk20, mkk3, mpk6, and atmyc2mutant seedlings. Phenotype of 6-day-old wild type (Col-0), atmyc2,mpk6,mkk3 andmkkk20-2

seedlings grown in WL (20 mmol/m2/s1).

(H) Diagrammatic presentation of the mean (GSD; n = 10) values of hypocotyl length in different genotypes grown in WL. Different small alphabetical letters

on the error bars indicate significant (pvalue <0.05) differences in hypocotyl length. The data were compared by using one-way ANOVA factorial analysis

followed by Tukey’s HSD test. Bar = 5 mm.

ll
OPEN ACCESS

10 iScience 26, 106049, February 17, 2023

iScience
Article



To test the specific role of MKKK20 upstream to MKK3-MPK6-MYC2 module in BL, we examined the phos-

phorylation status of MPK6 in mkkk20 and various other map3k mutants in BL. For this experiment, wild

type, mkkk15, mkkk16, mkkk17, mkkk18, mkkk19 and mkkk20 seedlings were grown in constant dark for

6-day and then exposed to BL for 10min. The homozygosity of all themutants was examined by genotyping

PCR using allele specific primers (Figure S7A). Firstly, the phosphorylation status of MPK6 inmap3kmutant

was analyzed by immunoprecipitating the crude protein extract of the seedlings with pTEpY antibody,

which specifically interacts with phosphorylated MAPKs.38 Subsequently, the immunoblot experiment

was performed using anti-MPK6 antibody to detect the phosphorylated MPK6. MPK6 phosphorylation

level was increased on BL in wild type seedlings (Figure 8A, left panel). Although the level of

Figure 8. MKKK20 regulates the activity of MPK6

(A) Immunoprecipitation of 10-day-old WT and map3kmutant seedlings treated with BL for 10min with pTEpY antibody,

followed by immunoblotting with anti-MPK6 antibody to determine the phosphorylation status of MPK6.

(B) Immunoprecipitation of MPK6 from 10-day-oldWT andmap3kmutant seedlings treated with BL for 10min, followed by

incubation with MBP as substrate in the kinase reaction mixture to determine kinase activity. All immunoblotting

experiments were performed in three independent replicates.

(C) Involvement of MKKK20 inMPK6 phosphorylation after blue light treatment in the seedlings of WT andmap3kmutants

shown by Phos-tag mobility sift assay. Separation of proteins of crude protein extracts of WT and map3k mutants after

dark and blue light treatments using Phos-tag containing SDS PAGE gel followed by immunoblotting with anti-MPK6

antibody to determine the phosphorylation status of MPK6 by observing the up-sift of phosphorylated protein band.

Numbers represent the intensity of MPK6 protein bands relative to Rubisco bands in ponceau staining.

(D) A model showing the MAPK signaling cascade in blue light. The model shows the involvement of MKKK20-MKK3-

MPK6 module working upstream to MYC2 in photomorphogenesis. MKKK20 phosphorylates MKK3, which transfers the

phosphate moiety to MPK6, which then subsequently phosphorylates MYC2 (Sethi et al., 2014; Benhamman et al.,

201735,38; this study). The expression of MKKK20 is enhanced by MYC2, whereas MPK6 expression is inhibited by MYC2.

MYC2-mediated regulation of expression of MKKK20 and MPK6 is nullified by the physical interaction of MYC2 with

MKKK20 and MPK6, respectively.
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phosphorylation of MPK6 remained similar in dark and BL in mkkk15 to mkkk19, the level of phosphoryla-

tion was drastically reduced in mkkk20 background (Figure 8A, right panel). We also studied the transcript

level ofMPK6 in wild type andmap3kmutant seedlings under dark and blue light conditions to determine

whether the variation in protein activity among WT and different map3k mutants is the consequence of

transcriptional regulation. No significant difference in transcript level of MPK6 was observed between

wild type and map3k mutants as well as among different map3k mutants under dark and BL treatments

(Figure S7B).

Because the phosphorylated MPK6 protein was reduced inmkkk20mutants, it was important to determine

the activity of MPK6, because increase or decrease in protein level does not always resonate with activity of

the protein. To determine the activity, crude protein extract of BL-grown wild type, mkkk19 and mkkk20

seedlings was immunoprecipitated with anti-MPK6 antibody, and then the immunoprecipitated sample

was used as kinase in in-vitro phosphorylation assays. Myelin Basic Protein (MBP) was used as a substrate

in in-vitro kinase assays. An increase in the activity of MPK6 was observed after BL treatment in wild type

background (Figure 8B). Although a drastic reduction was observed in the activity of MPK6 in mkkk20

mutant, no significant difference in MPK6 activity was found in mkkk19 (Figure 8B). These results indicate

that MKKK20 is specifically involved in the phosphorylation of MPK6. Furthermore, to confirm the involve-

ment of MKKK20 in the phosphorylation of MPK6 under in vivo condition, we performed the Phos-tag

mobility shift assay using the protein extracts of wild type and different mkkk mutants after dark and

blue light treatments (Figure 8C). Protein extracts of these seedlings were separated in a phos-tag gel,

and western blot analysis of MPK6 protein was carried out using anti-MPK6 antibody. No difference in

the mobility of MPK6 protein band was observed in the seedlings of wild type and map3k mutants after

dark treatment. Although in case of BL treatment, wild type and all the map3k mutants except mkkk20

showed retardation in the mobility of MPK6 protein band (Figure 8C), indicating that phosphorylation of

MPK6 was abolished in mkkk20 background. Taken together, these results suggest that MKKK20 is

specifically involved in the phosphorylation of MPK6.

DISCUSSION

This study provides evidences that MKKK20 works as an upstream kinase in MKK3-MPK6-MYC2 module to

regulate photomorphogenic growth and gene expression. It has been shown earlier that the MKK3-MPK6

module phosphorylates MYC2, and MYC2 specifically interacts with the MPK6 promoter to regulate its

expression.38 The present study also reveals a similar feedback regulation between MKKK20 and MYC2

in Arabidopsis seedling development (Figure 8D).

This study reveals that MKKK20 works as a negative regulator of photomorphogenic growth at various

wavelengths of light. Thus, the BL specific function of the MKK3-MPK6-MYC2 module is not observed in

MKKK20. However, MKKK20 works in a MYC2 dependent manner in MKKK20-MKK3-MPK6-MYC2 module

during BL-mediated Arabidopsis seedling development. The genetic studies have also revealed that

whereas MYC2 works downstream to MKKK20 in BL, it is likely to work in a branched pathway in WL-medi-

ated photomorphogenic growth (Figure 7).

One plausible reason for MKKK20 being functional at various wavelengths of light might be that being the

first component of MAP kinase pathways, MKKK20 can cross-talk with other regulatory proteins (in RL and

FRL) working downstream to phytochrome signaling pathways. Consistent with this notion, it has recently

been shown that MKK10-MPK6 module can phosphorylate and activate PIF3 in regulating the cotyledon

opening in RL.50 The overlap among the functions of the photoreceptors has already been demonstrated.

HY5 works at various wavelengths of light to promote photomorphogenesis.31,47 HY5 and MYC2 directly

interact with each other and work in an antagonistic manner to regulate BL-mediated photomorphogenic

growth.37 Similarly, SPA1, an associated factor of COP1, acts as a negative regulator of photomorphogen-

esis in FR and also in other wavelengths of light.23,51,52 On the other hand, the function of another COP1

associated factor, SHORT HYPOCOTYL IN WHITE LIGHT 1 (SHW1), is restricted only to WL.53,54

The analyses ofmkkk20mutants exhibit higher level of chlorophyll and anthocyanin content, and the gene

expression studies show that MKKK20 represses the expression of light inducible genes such as CAB1,

RBCS-1A and CHS1. Although the expression of various key regulatory genes of light signaling pathways

were tested, it was observed thatGBF1,HY5, CAM7 and SPA1 showed higher level of expression inmkkk20

background (Figure 2), indicating that MKKK20 negatively regulates the expression of these genes. Thus
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overall, MKKK20 appears to be a negative regulator of photomorphogenesis. Both negative and positive

regulators intimately work in light signaling pathway.10 This is likely to be the reason that a master regulator

of MAP kinase pathway (MKKK20) triggers the expression of both types of regulators, negative and posi-

tive, to maintain the homeostasis of the regulatory pathways and gene expression.

The analysis of adult mkkk20 plants has revealed delayed flowering time under long-day condition similar

to atmyc2 mutants.22 These findings suggest that MKKK20 positively regulates the flowering time under

long-day conditions. FLC encodes a MADS-box protein, which acts as a key repressor of inflorescence

by negatively regulating the expression of genes such as SOC1 and FT required to switch the meristem

to a reproductive fate.44–46 The qPCR analyses show the elevated level of FLC expression inmkkk20mutant,

indicating that MKKK20 negatively regulates the expression of FLC. Therefore, considering the delayed

flowering phenotype of mkkk20, it is tempting to speculate that MKKK20-mediated suppression of FLC

might play an important role in controlling the flowering time (Figure 3F).

Among the multiple MAP3Ks tested in this study, the phosphorylation of MPK6 appears to be specifically

carried out by MKKK20 pathway. The immunoprecipitation assay with pTEpY antibody followed by immu-

noblot analysis with anti-MPK6 antibody demonstrates that the level of phosphorylated MPK6 drastically

reduced in mkkk20 mutant as compared to other MAP3Ks tested in BL (Figure 8A). This is further substan-

tiated by using Phos-tag mobility shift assays where retardation in the mobility of MPK6 protein bands in

wild type and all map3k mutants except in mkkk20 was observed (Figure 8C). The retardation in mobility

is observed as high molecular weight phosphorylated proteins bind to Phos-tag immobilized in the

resolving gel and hence migrate more slowly than the non-phosphorylated proteins.55

The DNA-protein interaction studies by ChIP and yeast-one hybrid assays demonstrate that MYC2 directly

binds to the G-box (CACGTG) and E-box (CATATG) of theMKKK20 promoter. The binding of MYC2 to the

promoter of its target genes through two cis-acting elements has already been reported.56 It will be inter-

esting to investigate in future whether binding of MYC2 to the promoter ofMKKK20 is influenced by other

transcription factors through heterodimer formation. As reported earlier, MYC2 physically interacts with

other classes of transcription factors, and the resulted heterodimer binds to the promoter of its target

genes to regulate the expression differentially.24

It has already been shown that MKK3 phosphorylates MPK6, and MPK6 phosphorylates MYC2.38 We have

shown here that MKKK20 specifically interacts with MKK3 (Figure S6). Furthermore, it has been shown that

MKKK20 phosphorylates MKK3.35 Here, we show that phosphorylation of MPK6 is dependent on MKKK20

(Figure 8C). Therefore, the MKKK20-mediated phosphorylation is likely to be operative through MKK3-

MPK6-MYC2 module. MKK3 works as a downstream kinase and specifically interacts with MKKK20 to regu-

late the root microtubule functions.35 The protein-protein interaction studies have revealed that MKKK20

and MYC2 physically interact with each other (Figure 6). Thus, whereas MKKK20 regulates the activity of

MYC2 by phosphorylation through MKKK20-MKK3-MPK6 module, MYC2 binds to the promoters of

MPK6 andMKKK20 to regulate their transcription. The IP assays carried out by Sethi et al., 2014 have shown

that MKK3 activates MPK6 in BL, and the activation of MPK6 in BL is MYC2 dependent.38 Therefore, consid-

ering the findings of Sethi et al., 2014 and the present study, it is tempting to speculate thatMYC2 regulates

the expression of MKKK20 and MPK6, and once MYC2 is phosphorylated by MPK6, the phosphorylated

MYC2 may physically interact withMPK6 and MKKK20 to regulate the pathway through a feedback

regulatory function in BL. The interdependent and independent networks of phosphorylation have been

reported in eukaryotes. It has been shown that a complex interdependent phosphorylation network is

present to work for ChK2 activity in cellular DNA damage repair.57 Besides, it has been shown that ERF1

binds to the promoters of MKKK6 and MPK5, whereas MPK5 in turn phosphorylates and activates ERF1.58-

Taken together, this study demonstrates that MKKK20 is the upstream kinase of MKK3-MPK6-MYC2

module that is intimately involved in the regulation of photomorphogenesis.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Anti- MPK6 Sigma-Aldrich Cat#A7104

RRID: AB_476760

Rabbit Anti- pTEpY Cell signaling Cat# 4370

RRID: AB_2315112

Rabbit polyclonal anti-c-Myc Sigma-Aldrich Cat#C3956

RRID: AB_439680

Bacterial and virus strains

DH5a N/A N/A

BL21(DE3)pLysS N/A N/A

GV3101 N/A N/A

Chemicals, peptides, and recombinant proteins

Glutathione Sephasose GE Healthcare Cat#17075605

Ni-NTA Agarose BR-BiochemLifeSciences Cat#BCBSP079

Dyna beads Protein A Invitrogen Cat#10002D

Dyna beads Protein G Invitrogen Cat#10004D

Protease Inhibitor cocktail Sigma-Aldrich Cat#p9599

Phos-tag Acrylamide AAL-107 Nard Institute, Ltd Cat#AAL-107

Critical commercial assays

5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid Sigma-Aldrich Cat#B6650

4-Methylumbelliferyl-b-D-glucuronide hydrate Sigma-Aldrich Cat#M9130

ATP Sigma-Aldrich Cat#A6559

Experimental models: Organisms/strains

Arabidopsis mkkk15 ABRC SALK_102721C

Genebank: N666898

Arabidopsis mkkk16 ABRC SALK_003255C

Genebank: N660683

Arabidopsis mkkk17 ABRC SALK_080309C

Genebank: N675893

Arabidopsis mkkk18 ABRC CS877670

Genebank: N877670

Arabidopsis mkkk19 ABRC CS825913

Genebank: N825913

Arabidopsis mkkk20 ABRC SALK_124398

Genebank: N624398

Arabidopsis mpk6 ABRC CS31099

Genebank: N31099

Arabidopsis myc2 ABRC CS428097

Genebank: N428097

Arabidopsis mkk3 ABRC CS66016

Genebank: N66016

Arabidopsis pMKKK20:GUS This Paper N/A

Arabidopsis MYC2OE This Paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Requests for resources and reagents should be written to and will be fulfilled by the Lead Contact, Alok

Krishna Sinha (alok@nipgr.ac.in).

Materials availability

This study did not generate new material.

Data and code availability

d This paper uses existing, publicly available data. The accession numbers for the genotypes used, are

listed in the key resources table.

d This paper does not report original code.

d Any additional information reported in this paper is available from the lead contact upon request.

d List of primers used in the study is mentioned in Table S1.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The wild-type A. thaliana and mutants used in this study are in Columbia (Col-0) background. The transfer

DNA insertionmkkk20mutant lines (SALK_124398, SALK_021755) has been ordered from Arabidopsis Bio-

logical Research Center (ABRC). The homozygosity for mkkk20 mutants were confirmed by Genomic PCR

analysis. Primers used for genomic PCR and to detect the exact position of transfer DNA, are gene specific

left primer (LP), gene specific reverse primer (RP), and transfer DNA specific left border primer (transfer

DNA LBP). The other mutant lines used in this study are:mkkk15 (SALK_102721C);mkkk16 (SALK_003255C);

mkkk17 (SALK_080309C);mkkk18 (CS877670);mkkk19 (CS825913). The seeds were surface sterilized (using

sodium hypochlorite, Triton X-100) and plated on Murashige and Skoog basal medium (MS plates) with 1%

sucrose. The plates were then kept at 4⁰ in darkness for 4 days to allow stratification prior to germination of

the seeds. After stratification the plates were transferred in to the Arabidopsis growth chamber at a main-

tained temperature of 21 G 2�C with the required wavelength and intensity of light. For phenotypic study,

the 6 daysold seedlings were used for hypocotyl length measurements using ImageJ (Fiji) 1.41 software.

The intensities of light were used for WL (10 mmol m�2 s�1), blue light (20 mmol m�2 s�1), red light

(20 mmol m�2 s�1) and far-red light (1.5 mmol m�2 s�1). Adult Arabidopsis plants were grown under a

long day (LD) condition with 14h of white light and 10h of darkness (14 h L/10 D).

METHOD DETAILS

Chlorophyll and anthocyanin analyses

Chlorophyll and Anthocyanin contents were estimated as described in Yadav et al.(2005).22

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

See Table S1 in Supplemental information Sigma-Aldrich Custom Order

Recombinant DNA

pMKKK20:GUS This Paper N/A

pSPYCE: MYC2-cYFP This Paper N/A

pSPYNE: MKKK20-nYFP This Paper N/A

BD-MYC2 This Paper N/A

AD-MKKK20 This paper N/A

Software and algorithms

Image J National Institutes of Health 1.48u
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Quantitative reverse transcriptase PCR (qPCR) analysis

Total RNAwas isolated from the 6-day-old seedlings grown under respective light conditions using RNeasy

plant mini kit (Qiagen). Reverse transcription was performed from 1 mg of total RNA using Thermo Scientific

RevertAID HMinus First Strand cDNA synthesis Kit followed by qPCR using Power SYBR Green PCRMaster

Mix (Applied Biosystems). For qPCR gene specific primers were used. The ACTIN2 was used as reference

gene to normalize the qPCR values.

Yeast two-hybrid assay

The yeast two-hybrid assays were carried out following the Matchmaker GAL4 Two-Hybrid System (Clon-

tech, USA). To generate constructs for yeast two-hybrid assays, the full length CDS of MYC2 was cloned in

pGBKT7 vector usingNdeI and PstI restriction enzymes to produce GAL4 DNA-binding domain (BD) fused

MYC2 as bait protein. Similarly, the full length CDS of MKKK20 was cloned in pGADT7 vector using EcoRI

and BamHI restriction enzymes to produce GAL4 Activating domain (AD) fused MKKK20 as prey protein.

The constructs were co-transformed into AH109 yeast strain following small scale LiAC transformation

Clontech protocol. The co-transformed AH109 yeast colonies were selected on synthetic double drop-

out plate (2D) devoid of Leucine and Tryptophan (-Leu,-Trp). Then the protein-protein interaction was stud-

ied by examining the growth of the transformed colonies on synthetic quadruple drop-out plate (4D)

devoid of Leucine, Tryptophan, Histidine, Adenine (- Leu,-Trp,-His,-Ade).

Bimolecular Fluorescence Complementation (BiFC) assay

For the BiFC studies, full length CDS of MYC2 was cloned in pSPYCE vector using SpeI and KpnI restriction

enzymes to generate MYC2-YFPC�ter (MYC2-cYFP) and full length CDS of MKKK20 was cloned in pSPYNE-

35S vector using SpeI and KpnI restriction enzymes to generate MKKK20 -YFPN�ter (MKKK20-nYFP). All the

constructs along with pBin-HC-Pro (Helper plasmid) were transformed individually into Agrobacterium

GV3101 strain. The Agrobacterium strain harboring the respective constructs were mixed in a ratio 1:1:1

and allowed it to co-express in onion epidermal cells following the protocol described in Xu et al., 2014.

Reconstitution of YFP was identified by yellow fluorescence underLeica TCS SP8 Confocal laser scanning

microscope (Leica microsystems, Germany). Empty BiFC vectors (cYFP + nYFP) and their combinations

with MYC2- cYFP (MYC2-cYFP + nYFP) and MKKK20-nYFP (MKKK20-nYFP + cYFP) were co-expressed in

onion epidermal cells as negative controls.

Chromatin immunoprecipitation assay (ChIP)

The ChIP assays were performed as described by Gangappa et al. (2010) with some modifications.23 Six-

day-old blue light (30 mmol/m2/s1) grown wild type and transgenic MYC2OE seedlings were used for the

experiment. The anti-c-Myc antibody (Sigma-Aldrich) was used for the immunoprecipitation. The immuno-

precipitated products were subjected to real-time PCR analysis for monitoring the enrichment of the

promoter fragment usingMKKK20 promoter-specific primers and non-box primers. For real-time PCR anal-

ysis, we have used Power SYBR� Green PCR Master Mix (Applied Biosystems).

Yeast one-hybrid assay

To perform Yeast One-Hybrid assay, 750 bp of the promoter fragment having G-box and E-box was used.

We have cloned 750 bp promoter fragment in the pLazZi2mm vector using EcoRI and XhoI restriction sites.

The DNA fragment containing the mutated E-box, mutated G-box, and both mutated E-box and G-box

were constructed by primer-based site-directed mutagenesis using the same restriction sites and vector

mentioned above. MYC2 full-length CDS was cloned in AD-vector using NdeI and ClaI. All the constructs,

including negative controls, were co-transformed into EGY48 yeast strain following Clontech small scale

LiAc transformation protocol and plated on double dropout (2D) plate devoid of Leucine and Uracil. Trans-

formed colonies on 2D plate were selected and re-streaked on Leucine and Uracil devoid plate but supple-

mented with X-gal substrate to check the interaction of the questioned protein to the promoter fragment.

In vitro kinase assay

In-vitro activation assay was done according to the method described by Takahashi et al. (2007).16 Protein

(Kinase or phosphatase and substrate) were incubated in 10 mL of kinase reaction buffer (50 mM Tris–HCl,

pH 7.5, 1 mMDTT, 10 mMMgCl2, 10 mMMnCl2, 50 mMATP, and 0.037 MBq of (g32P ATP) [60 Ci/mmol]) at

30�C for 30min. Kinase reactions were stopped after 30min by adding 2X SDS loading dye and heating for
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5 minat 95�C. Reaction products were run on SDS-PAGE gel, and were analyzed by autoradiography, and

Coomassie Brilliant Blue R 250 staining.

Plant protein extraction and immunoblot

Crude plant protein extract was isolated from Arabidopsis seedlings using kinase extraction buffer (50 mM

HEPES (pH 7.5), 5 mM EDTA, 5mMEGTA, 10 mM dithiothreitol, 10 mMNa3VO4, 10 mMNaF, 50 mM b-glyc-

erolphosphate, 1 mM phenylmethylsulfonyl fluoride, protease inhibitor cocktail, 10% glycerol) and were

quantified using Bradford assay.59

Approximately, 30 mg of plant protein was run on 12% SDS-PAGE until front dye reached bottom of the gel.

Stacked gel was removed and the resolved gel was kept in transfer buffer. Nylon-P was pre-wetted in ab-

solute methanol for 15–20min and the gel was equilibrated in transfer buffer for 10 min. The transfer stack

was assembled by first keeping sponge pad on the surface of trans blot semi dry transfer cell (Biorad, USA)

followed by 2–3 layers of wet Whatman filter papers. PVDF membrane was placed on the Whatman filter

paper. Equilibrated gel was positioned on the PVDF membrane and gel surface was wetted with a few

drops of transfer buffer. The remaining filter papers (2–3) were laid on the gel and air bubbles were

removed using glass rod by rolling, this was followed by layering with sponge. The assembly was closed

and transfer was carried out at 25 mA for 1h. After run, membrane was stained with Ponceau stain and

washed with water. The membrane was kept in blocking buffer for overnight at 4�C and washed thrice

with washing buffer (TBST) for 10min each. After washing, the membrane was incubated with primary

antibody for 1hat dilution 1:15,000. Themembrane was again washed with TBST for 10min 3 times and incu-

bated with secondary antibody at dilution 1:15,000 in blocking solution for 1h. Membrane was washed with

TBST and signal was detected using Supersignal west Pico chemiluminescent substrate (Pierce, USA).

Immunoprecipitation and immuno-kinase assays

For Immunoprecipitation, 300 mg of crude protein was incubated anti-pTEpY antibody (Cell Signaling

Technology, Danvers, MA, USA; catalog #9101) or rabbit polyclonal anti-MPK6 antibody (Sigma, catalog

#A7104) along with protein A Sepharose beads (Sigma). For this, protein A Sepharose beads were firstly

pre-equilibrated using 1X PBS buffer followed by incubation with appropriate amount of anti-pTEpY or

anti-MPK6 antibody in an Eppendorf tube rotator at 4�C. After �5 h, antibody-beads complexes were

washed thrice with 1X PBS buffer and incubated with plant extract for �5 h on an Eppendorf tube rotator

at 4�C. Finally, the beads containing antibody bound plant protein were washed with 1X PBS buffer and

used as sample for Western blotting or kinase assay. For immuno-kinase assay, samples were incubated

with MBP as substrate, in a reaction mixture containing 25 mM Tris/HCl (pH 7.5), 10 mM MgCl2, 5 mM

MnCl2, 1 mM DTT, 1 mM b-glycerol-phosphate, 1M Na3VO4, 0.5 mg/mL MBP, 25 mM ATP, and1mCi

[g�32P] ATP) and incubated at 30�C for 30 min. Finally, 5mLof 5X SDS sample buffer was added, samples

were boiled at 95�C for 5 min, and then separated in 15% SDS/PAGE gel. The radioactive gels were visu-

alized using phos-phor imager (Typhoon, Phosphor Imaging System, GE Health Care, Life Sciences, USA).

Phos-tag mobility shift assay

Phos-tagmobility shift assay was performed using the Phos-tag reagent (NARD Institute) as described by Li

et al. (2017).55 Proteins were extracted from the seedlings and resolved in 8% SDS-PAGE gel having 40 mM

Phos-tag and 100 mM MnCl2. After electrophoresis, the gel was washed three times for 10 min each using

the transfer buffer containing 10 mM EDTA and finally with the transfer buffer without EDTA for 10 min, and

then the resolved proteins were transferred to nitrocellulose membrane. Anti MPK6 antibody (sigma) was

used to detect MPK6 protein.

GUS staining

Histochemical staining for GUS activity in transgenic plants was performed as described by Jefferson et al.

(1987) and DeBlock and DeBrouwer (1992).60,61 Different tissues of transgenic plants were harvested and

immediately immersed in the reaction solution composed of 1 mM 5-bromo-4-chloro-3-indolyl-b-D-

glucuronic acid, 50 mM sodium phosphate, 1 mM ferricyanide, 1 mM ferrocyanide and 0.1% Triton

X-100, pH 7.0. After 5 min of vacuum infiltration, samples were incubated overnight at 37�C. Chlorophyll
of stained tissues was bleached by serial washes of decreasing concentrations of ethanol (from 90% to

50%), each for 30 min and pictures of the stained tissues were taken with a stereomicroscope.
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Quantification of GUS activity

Total protein from the tissue was extracted in GUS extraction buffer followed by protein quantification by

Bradford0s method.59 Flourometric GUS assays using 4-methylumberrifyl-b-glucuronide (MUG) substrate

were performed according to a method described by Jefferson et al. (1987).60 The product

4-methylumbelliferone (MU) of reaction was quantitated at excitation wavelength of 360 nm and emission

wavelength of 460 nm. GUS activity was recorded for two time points one for 10 and another for 20 min for

each sample. GUS activity was calculated as pmol MU/min/mg protein.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of proteins was carried out by quantifying the intensity of protein bands using ImageJ. Three

independent replicates of each experiment were performed. Data was presented in the form of mean of

three replicates G SD. Significant difference between two groups of data was calculated using one-way

ANOVA factorial analysis followed by Tukey’s HSD test and Student’s T test.
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