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ABSTRACT

The plant signaling pathway that regulates pathogen-associated molecular pattern (PAMP)-triggered im-

munity (PTI) involves mitogen-activated protein kinase (MAPK) cascades that comprise sequential activa-

tion of several protein kinases and the ensuing phosphorylation ofMAPKs,which activate transcription fac-

tors (TFs) to promote downstream defense responses. To identify plant TFs that regulate MAPKs, we

investigated TF-defectivemutants ofArabidopsis thaliana and identifiedMYB44 as an essential constituent

of the PTI pathway. MYB44 confers resistance against the bacterial pathogen Pseudomonas syringae by

cooperating with MPK3 and MPK6. Under PAMP treatment, MYB44 binds to the promoters of MPK3 and

MPK6 to activate their expression, leading to phosphorylation of MPK3 and MPK6 proteins. In turn, phos-

phorylated MPK3 and MPK6 phosphorylate MYB44 in a functionally redundant manner, thus enabling

MYB44 to activateMPK3 andMPK6 expression and further activate downstream defense responses. Acti-

vation of defense responses has also been attributed to activation of EIN2 transcription by MYB44, which

has previously been shown to affect PAMP recognition andPTI development. AtMYB44 thus functions as an

integral component of the PTI pathway by connecting transcriptional and posttranscriptional regulation of

the MPK3/6 cascade.
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INTRODUCTION

Plants deploy multiple arrays of immunity to defend themselves

against pathogen attacks, while prioritizing pathogen-

associated molecular pattern (PAMP)-triggered immunity (PTI)

as the battlefront (Zipfel et al., 2004; Zhang and Zhou, 2010;

Zhang et al., 2020). PTI is activated by molecular interactions

between PAMPs (Asai et al., 2002; Asai et al., 2002) and pattern

recognition receptors (PRRs) located in the plasma membranes

(PMs) of plant cells (Zipfel et al., 2006; Zipfel, 2014; Tian et al.,

2021; Schulze et al., 2022). Typical PRRs are receptor-like

kinases that possess an extracellular ligand-binding domain to

perceive signal inputs, a single transmembrane domain to anchor

the kinase protein in the PM, and an intracellular kinase domain

essential for signal transduction via kinase cascades (Gómez-
Plant Commun
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Gómez and Boller, 2000; Asai et al., 2002; Zipfel, 2014). PRRs

directly interact with PAMPs via the ligand-binding domain to

form heterogeneous protein complexes called PAMP-PRRs

(Dunning et al., 2007; Kanyuka and Rudd, 2019). PAMP-PRRs

then bind to a different receptor-like kinase to trigger mitogen-

activated protein kinase (MAPK) cascades, which comprise

sequential phosphorylation and activation of several

kinases and lead to phosphorylation of MAPKs (Zipfel et al.,

2004; Rasmussen et al., 2012). Phosphorylated MAPKs in turn

phosphorylate and activate downstream transcription factors
ications 4, 100628, November 13 2023 ª 2023 The Author(s).
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(TFs) that function in transcriptional regulation of defense

responses (Li et al., 2016; Xu et al., 2017; Yoo et al., 2020).

However, plant TFs that regulate the expression of MAPK

genes have not been characterized to date.

More than 30 TFs have been implicated in PTI development in

Arabidopsis thaliana, but their functional mechanisms have

not been fully demonstrated (Thara et al., 1999; Asai et al.,

2002; Adachi et al., 2015; Bigeard et al., 2015; Tsuda and

Somssich, 2015; Li et al., 2016; Birkenbihl et al., 2018; Huang

et al., 2019; Offor et al., 2020). For example, ERF19 and

ERF20 were found to be related to resistance induced by the

bacterial PAMPs elf18 (Huang et al., 2019) and flg22 (Zhang

et al., 2016), respectively, but the related MAPK cascades are

not known. Although approximately 30 WRKYs were identified

as PAMP-inducible TFs (Birkenbihl et al., 2018), only WRKY29

(Asai et al., 2002) and WRKY33 (Logemann et al., 2013) have

been shown to participate in the MPK3/MPK6 cascade to regu-

late defense responses. To date, only five TFs (ASR3, BES1,

ERF6, ERF104, and WRKY33) have been demonstrated to

participate in MAPK cascades (Offor et al., 2020). ASR3

functions as a PTI repressor to inhibit the MEKK1–MKK1/2–

MPK4 cascade, which, however, promotes immunity activated

by MPK4 interactions with resistance proteins containing

nucleotide-binding leucine-rich repeats (Li et al., 2015) and

inactivation of CCCH zinc-finger proteins (Wang et al., 2022).

BES1 (Kang et al., 2015), ERF6 (Meng et al., 2013), ERF104

(Bethke et al., 2009), and WRKY33 (Logemann et al., 2013)

support PTI through the MAPKKK3/5–MKK4/5–MPK3/6

cascade (Bi et al., 2018; Liu et al., 2022). In this cascade,

BES1, ERF6, ERF104, and WRKY33 function similarly by regu-

lating defense responses following phosphorylation by MPK3

and MPK6 (Bethke et al., 2009; Logemann et al., 2013; Meng

et al., 2013; Kang et al., 2015). Evidently, a knowledge gap

exists between transcriptional regulation and biochemical

function of the cascade, because the TFs that activate MPK3

and MPK6 expression to promote kinase production as a

prerequisite for the phosphorylation cascade are yet to be

determined.

We attempted to fill this gap by searching the literature for Arabi-

dopsis TFs that have been implicated in PTI development (Offor

et al., 2020) and by determining whether PTI occurs in any of

the 37 TF-loss-of-function Arabidopsis mutants investigated in

our previous studies (Liu et al., 2010, 2011). Out of the 37 TFs,

MYB44 was identified as a multifaceted TF involved in growth

and defense regulation (Liu et al., 2010, 2011; Nguyen et al.,

2012; Shim et al., 2012; Persak and Pitzschke, 2013). MYB44

was shown to interact with MPK3, which phosphorylates it at

serine residue S145, and these events are critical for enhancing

resistance to osmotic stress (Persak and Pitzschke, 2013). It

has been demonstrated that MYB44 is phosphorylated by both

MPK3 and MPK6 at S53 and S145, and the MPK3/MPK6-

dependent phosphorylation of MYB44 is essential for seed

germination (Nguyen et al., 2012). The MYB44 gene promoter

can bind the nuclear import protein VIP1, which activates

MYB44 expression in an MPK3-dependent manner (Pitzschke

et al., 2009). MYB44 may be involved in PTI through its function

in activating expression of EIN2 by binding to its promoter (Liu

et al., 2011). EIN2 is the central regulator of ethylene signaling

not only for plant growth and development but also for innate
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immunity, including PTI (Boutrot et al., 2010; Mersmann et al.,

2010; Tintor et al., 2013; Wang et al., 2018; Zhang et al., 2022).

In wild-type (WT) Arabidopsis plants treated with a PAMP, FLS2

gene expression is induced as a critical step for induction of

defense responses (Boutrot et al., 2010; Mersmann et al., 2010;

Tintor et al., 2013). However, induction of FLS2 expression and

defense responses is seriously compromised in Arabidopsis

ein2 (EIN2-defective) mutants (Boutrot et al., 2010; Mersmann

et al., 2010; Tintor et al., 2013). Here, we show that MYB44 is

an integral component of the PTI pathway and confers disease

resistance by promoting the expression of EIN2, MPK3,

and MPK6.
RESULTS

PAMP-induced resistance is seriously impaired in the
Arabidopsis myb44 mutant

Disease susceptibility and PAMP-induced resistance to the bac-

terial leaf speck pathogen Pseudomonas syringae pv. tomato

(Pst) of 37 TF-defective Arabidopsis mutants (Supplemental

Figures 1 and 2) characterized in our previous studies (Liu et al.,

2010, 2011) were compared with those of the WT. Pure water

and an aqueous solution of flg22, a functional fragment of the

bacterial PAMP flagellin, were sprayed over the tops of 20-day-

old Arabidopsis seedlings in the control and induction groups,

respectively. After 2 days, plants in both groups were inoculated

with a bacterial suspension of the virulent Pst strain DC3000 (Pst

DC3000) by spraying over the tops. Thereafter, the plants were

investigated to evaluate disease susceptibility and flg22-

induced resistance.

Disease susceptibility was evaluated in the control group

using two conventional criteria: (1) bacterial populations of Pst

DC3000 in leaves 3 days after inoculation (dai), and (2) disease

severity at 9 dai quantified as the ratio of necrotic leaf area to total

leaf area. On the basis of these criteria, 28 mutants resembled

the WT in disease susceptibility, whereas the remaining nine

mutants (myb30, myb38, myb44, myb51, myb73, myb108,

k13n2.14, hb-7, and rap2.6) were more susceptible than the

WT (Supplemental Figures 1 and 2). Differences in disease

susceptibility due to the presence or absence of different TFs

were clearly revealed by substantial variation in bacterial

populations (Supplemental Figure 1A), chlorosis and necrosis

symptoms (Supplemental Figure 1B), and disease severity

(Supplemental Figure 1C) in leaves of the different plants.

Among all the mutants, myb44 was most susceptible to the

pathogen (Supplemental Figures 1A–1C).

Flg22-induced resistance was assessed as the percentage

reduction in bacterial populations and disease severity in flg22-

treated plants compared with control plants. On the basis of

these criteria, 33 mutants exhibited high levels of flg22-induced

resistance, similar to theWTplant, but the remaining fourmutants

(myb44, myb51, zfp6, and rap2.6) were compromised in resis-

tance induction (Supplemental Figures 1A–1C and 2). These

mutants were also impaired in resistance induction by ch8

(Supplemental Figure 3), a fungal PAMP of the chitin group.

Instead, these mutants showed high Pst DC3000 bacterial

multiplication in leaves and displayed severe symptoms,

regardless of whether ch8 was applied before plant inoculation
Author(s).
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(Supplemental Figure 3). Among the four mutants, myb44

showed the most compromised PAMP-induced resistance

(Supplemental Figures 1–3). Clearly, MYB44, MYB51, ZFP6,

and RAP2.6 are required for PAMP-induced resistance against

the bacterial pathogen in Arabidopsis; however, MYB44 is the

most important. Similar results were obtained from plants inocu-

lated by leaf infiltration, suggesting that reduced PTI in themyb44

mutant was caused by compromised resistance rather than

reduced entry of the bacteria (Supplemental Figure 4). Overall,

these results confirm the importance of MYB44 for disease

susceptibility and PAMP-induced resistance.
MYB44 is required for transcriptional regulation of
MPK3 and MPK6

According to the accepted model (Bi et al., 2018; Sun et al., 2018;

Liu et al., 2022), PTI is regulated by two distinct MAPK cascades:

MAPKKK3/5–MKK4/5–MPK3/6 (called the MPK3/6 cascade

hereafter) and MEKK1–MKK1/2–MPK4 (Supplemental Figure 5A).

We assumed that MYB44 might affect PTI by concomitantly

participating in one of the cascades or differentially participating

in both. To verify this hypothesis, we determined the expression

levels of cascade genes in leaves of WT and myb44 plants

after induction treatment with an aqueous solution of flg22 or

ch8 and treatment with water for the control. We found that

MPK4 expression levels showed little change in both WT and

myb44 plants, irrespective of flg22 treatment (Supplemental

Figure 5B). By contrast, MAPKKK3, MAPKKK5, MEKK1, MKK1,

MKK2, MKK4, and MKK5 had similar expression levels in control

(water-treated) plants, and their expression levels increased

greatly in different plants treated with flg22 (Supplemental

Figure 5B) or ch8 (Supplemental Figure 5B). Thus, induced

expression of these genes does not require MYB44. However, a

functional MYB44 gene was found to be critical for induction of

MPK3 and MPK6 expression by PAMPs (Figure 1 and

Supplemental Figures 5 and 6). The abundance of MPK3 and

MPK6 transcripts was greater at 10 min after flg22 treatment

than at 0 min (immediately) after flg22 treatment in the WT,

whereas their abundance showed little change in the myb44

mutant throughout the experimental period (Supplemental

Figure 6A). In the WT, expression levels of MPK3 and MPK6

increased maximally by 5.5 and 93 fold, respectively, in the 0–

120 min after flg22 application, whereas their expression showed

little change in myb44 during the same period. In the WT, MPK3

showed the highest expression level at 30 min, and MPK6

showed a sharp increase in expression at approximately

60 min (Supplemental Figure 6A).

We further analyzed the expression levels ofMPK3 andMPK6 at

30 and 60min after induction. At 30min, flg22 and ch8 treatments

increased MPK3 expression more than 50 and 30 fold, respec-

tively, in all plants except the myb44 mutant (Figure 1A).

Compared with that in the WT, MPK3 expression in myb44 was

reduced by 40 and 30 fold under flg22 and ch8 treatments,

respectively, at 30 min. By contrast, none of the plants

showed increased MPK6 expression under any treatment at

30 min (Figure 1A and Supplemental Figure 5B), and MPK6

expression did not increase until 60 min (Figure 1A). Up to

60 min, both flg22 and ch8 caused small but significant

increases in the expression levels of MPK6 in WT, myb51, zfp6,

and rap2.6; however, MPK6 expression levels did not increase
Plant Commun
in myb44 (Figure 1A). Moreover, both basal and PAMP-

enhanced expression of MPK3 and MPK6 were impaired

(Figure 1A). These analyses suggest that MYB44 is required for

enhancing the PAMP-induced expression of MPK3/6 cascade

genes.

To investigate whether PAMP-induced phosphorylation of MPK3

andMPK6 inmyb44differs from that in other TF-defectivemutants

(myb51, zfp6, and rap2.6), we analyzed protein extracts from

leaves of mutant and WT plants 30 min after treatment with water

(control) or an aqueous solution of flg22 or ch8. MAPK phosphor-

ylationwas detected by immunoblotting (IB)with aMAPKantibody

(a-MAPK) prepared as Phospho-p44/42 MAPK Erk1/2 Thr202/

Tyr204 rabbit monoclonal antibody (Figure 1B). In all IB

analyses, total leaf proteins were loaded in equivalent amounts,

which were verified by staining with Ponceau S (Figure 1B) and

IB with the constitutively produced protein, b-tubulin (Figure 1B).

Both MPK3 and MPK6 were phosphorylated at low basal levels

in all plants treated with water; however, their phosphorylation

was considerably increased in WT plants treated with flg22

or ch8 (Figure 1B). However, the degree of MPK3 and MPK6

phosphorylation was markedly reduced in myb44 compared

with that in the WT (Figure 1B and Supplemental Figure 6B).

Furthermore, synthesis of MPK3 and MPK6 proteins was found

to be substantially impaired in myb44 relative to that in

WT, myb51, zfp6, and rap2.6 under the same treatments

(Supplemental Figure 6C).

Taken together, these results suggest that activation of MPK3

and MPK6 expression by MYB44 and the ensuing production of

both MAPK proteins provide the molecular basis for MAPK phos-

phorylation in response to PAMP.
Genetic complementation of the myb44 mutant and
MYB44 overexpression in the WT produce stable
resistance levels

To verify the role of MYB44 in Arabidopsis resistance to Pst

DC3000, we reassessed the WT and the myb44 mutant, as well

as progenies of previously created myb44-complemented

(myb44/MYB44) andMYB44-overexpressing (MYB44-OE) trans-

genic Arabidopsis lines (Liu et al., 2011). Themyb44/MYB44 lines

were generated by transformation of the myb44 mutant with the

coding sequence (CDS) of the WT MYB44 gene fused with its

own promoter and the oligonucleotide code of the His(6) tag

(Figure 2A). Three myb44/MYB44 lines (#2, #7, and #9), which

have been well-characterized previously (Liu et al., 2011), had

been propagated to the T7 generation when the present study

was initiated. Selfing T7 progenies of the myb44/MYB44#2,

myb44/MYB44#7, and myb44/MYB44#9 Arabidopsis plant lines

were confirmed to stably harbor the backfilled MYB44-his gene,

which restoredmyb44 to WT in terms ofMYB44 expression level

(Figure 2B). Indeed, myb44 complementation was due to the

MYB44-his fusion gene (Figure 2B), which maintained genetic

constancy as shown by stable expression in different myb44/

MYB44 lines up to the T7 generation (Supplemental Figure 6A).

Complementation also restored the resistance level of myb44

to that of the WT in terms of Pst DC3000 bacterial populations

in leaves 3 dai (Figure 2C), necrosis symptoms formed on

leaves st 9 dai (Figure 2D), and disease severity scored at 9 dai

(Figure 2E and Supplemental Figure 7B).
ications 4, 100628, November 13 2023 ª 2023 The Author(s). 3



Figure 1. PAMPs fail to efficiently enhance MPK3 and MPK6 expression and protein phosphorylation in myb44
(A) Changes in MPK3 and MPK6 expression levels in leaves of the WT and TF-defective mutant plants after treatment with H2O (control) or an aqueous

solution of flg22 or ch8. Gene expression was analyzed by qRT-PCR, and fold increases in expression level (mean ±SD) were quantified relative to control

levels set to 1 in the WT plant. P values are based on two-tailed Student’s t-tests (n = 6, each with five plants), and red asterisks indicate significant

differences between the corresponding paired data. In addition to Student’s t-tests, which were performed to determine whether any of the tested plant

genotypes showed different responses to control and PAMP (flg22 or ch8) treatment, analysis of variance and Duncan’s new multiple range tests were

also performed to assess differences in gene expression levels among the tested genotypes. The results of Duncan’s new multiple range tests are

presented in the graphs, and different letters indicate significant differences (P < 0.005).

(B)Quantitative variation inMPK3 andMPK6 protein production and phosphorylation in leaves of the different plants 30min after treatments similar to (A).

Protein phosphorylation was analyzed by immunoblotting (IB) with a-MAPK. Protein production levels were determined by IB with the indicated anti-

bodies. Uniform loading of total proteins was verified by Ponceau S staining and IBwith a-tubulin. Each blot image represents three experimental repeats.
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MYB44-OE lines were generated by transformation of WT plants

with the MYB44 CDS fused with a constitutive promoter and the

His(6) coding sequence (Figure 2F). TwoMYB44-OE lines (#1 and

#4) have previously shown enhanced resistance against Pst
4 Plant Communications 4, 100628, November 13 2023 ª 2023 The
DC3000 (Zou et al., 2013). Lines #1 and #4, as well as line #7,

which was identified previously (Liu et al., 2011; Zou et al.,

2013), had been propagated to the T8 generation when the

present study was initiated. We confirmed that MYB44-OE#1,
Author(s).



Figure 2. MYB44 contributes to basal and PAMP-induced resistance.
(A) Diagram of the myb44-complementation construct.

(B)MYB44 andMYB44-his expression in leaves of different plants. Gene expression was analyzed by qRT-PCRwith the constitutively expressed EF1a as

a reference gene.

(C) Chronological changes in the multiplication of bacterial populations in plant leaves.

(D) Leaf images, each representing 90 leaves 9 days after inoculation (dai) with Pst DC3000 and 11 days after treatment with flg22 or the mock reagent

(control).

(legend continued on next page)
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MYB44-OE#4, and MYB44-OE#7 showed more genetic stability

upon selfing to the T8 generation compared with that of WT

plants (Figure 2G and Supplemental Figure 7A). We further

verified that the innate MYB44 protein was produced in greater

amounts in MYB44-OE lines than in WT plants (Figure 2H). In

particular, the MYB44-His fusion protein was produced only in

the MYB44-OE plants (Figure 2H). Compared with the WT, the

MYB44-OE lines showed less Pst DC3000 bacterial

multiplication (Figure 2I). Therefore, leaf necrosis symptoms

(Figure 2J) and disease severity (Figure 2K) were considerably

reduced in the MYB44-OE lines.

Statistical analyses indicated that Pst DC3000 bacterial popula-

tions and leaf speck disease severity were significantly lower in

myb44/MYB44 than in the myb44 mutant (Figure 2C–2E).

Bacterial populations and disease severity were further

decreased owing to overproduction of MYB44 protein in the

MYB44-OE plants, in contrast to those in the WT plant (Figure 2I–

2K). In other words, plant resistance was impaired by the myb44

mutation, rescued by genetic complementation, and enhanced

by MYB44 overexpression (MYB44 overproduction). In essence,

the retrieved resistance trait was stably transferred to T7

progenies of the myb44/MYB44 Arabidopsis lines (Supplemental

Figure 7A) at the beginning of this study. Simultaneously, the

enhanced resistance trait had been stably transferred to the T8

progenies of the MYB44-OE lines (Supplemental Figure 7B).

These results confirm the function of MYB44 in conferring basal

resistance against the bacterial pathogen in Arabidopsis.
MYB44 is required for PTI development

In addition to changes in basal resistance, flg22-induced resis-

tance of the genetically complemented myb44 transgenic lines

was similar to that of the WT. The myb44/MYB44#2, myb44/

MYB44#7, and myb44/MYB44#9 lines had sufficient flg22-

induced resistance, similar to that of the WT plant, markedly alle-

viating necrosis symptoms (Figure 2D) and considerably reducing

disease severity (Figure 2E) in the complemented plants

compared with the myb44 mutant. By contrast, the myb44

mutant was highly susceptible to the disease and showed

severe symptoms (Figure 2D and 2E), regardless of whether

flg22 was applied. Clearly, MYB44 is essential for flg22-induced

resistance against the bacterial pathogen in Arabidopsis.

Compared with that in the WT, flg22-induced resistance in the

MYB44-OE#1, MYB44-OE#4, and MYB44-OE#7 transgenic lines

was further enhanced by MYB44 overexpression. Resistance

induced by flg22 was greater in these MYB44-OE lines than in

the WT, repressing bacterial multiplication (Figure 2I), alleviating

necrosis symptoms (Figure 2J), and decreasing disease

severity (Figure 2K). These results confirmed that a functional

MYB44 is required for induction of resistance by flg22.
(E) Quantification of disease severity at 9 dai.

(F) Diagram of the MYB44-overexpression construct.

(G) Northern blotting of leaf RNA hybridized with a MYB44 probe and a probe

(H) IB of leaf proteins showing thepresenceofMYB44andMYB44-His, andblot

with a commercial anti-His antibody. MYB44 was detected by hybridization wi

(I–K) Evaluation of PstDC3000 virulence based on bacterial populations in leav

E, and K) Data shown are means ± SDs (n = 6, each with 15 leaves from

test (P < 0.005). Asterisks indicate significant differences betweenmyb44 and

the different plants (I, E, and K).
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A functional MYB44 is also required induction of reactive oxygen

species (ROS) production by flg22, and ROS promote PTI devel-

opment in response to PAMPs (Tian et al., 2016; Zhang et al.,

2022). In Arabidopsis plants sprayed with an aqueous flg22

solution containing the surfactant Silwet L-77, ROS were initially

produced in single leaves at 5 min, accumulated in more leaves

from 10–35 min, and were produced in the entire plant in the

subsequent 10 min (Figure 3A). WT and myb44/MYB44

plants performed moderately; myb44 was nullified, but MYB44-

OE exceeded both WT and myb44/MYB44 in the rate and

quantity of ROS production and accumulation (Figure 3A). In

45 min, ROS (Figure 3B), particularly H2O2 (Figure 3B inset),

accumulated to the highest levels in MYB44-OE plants

compared with WT and myb44 plants. Spraying plants with

pure water, with or without Silwet L-77, also induced ROS;

however, the rate of ROS production and amount of ROS

accumulation were lower than those in plants sprayed with

flg22 (Supplemental Figure 8).

MYB44was also found to be critical for flg22 induction of defense

responses characteristic of the MPK3/6 cascade (Figure 3C–3E

and Supplemental Figures 6 and 9). The ability of PAMPs to

induce expression of MPK3 and MPK6 was inhibited in the

myb44 mutant, but myb44/MYB44 and WT plants showed

similar flg22-induced expression of both MAPKs (Supplemental

Figure 6A). Among all genotypes, the MYB44-OE plants

showed the strongest induction of MPK3 and MPK6 expression

by flg22 (Supplemental Figure 6A). In response to flg22,

defense response genes that are regarded as molecular

markers of earlier (Figure 3C) and later (Supplemental Figure 9)

PTI development were highly expressed in myb44/MYB44

plants, similar to the WT, and their expression levels were

further increased in MYB44-OE plants. Expression levels of

marker genes for earlier stages of PTI development—FRK1,

NHL10, PHI-1, and WRKY53 (Sardar et al., 2017)—were

increased 10–100 fold in the WT and myb44/MYB44 plants and

increased by additional 10 fold in MYB44-OE lines at 2 h after

flg22 application (Figure 3C). Expression of marker genes for

later stages of PTI development—PAL1, PAL2, GSL5, and

GSL6 (Wu et al., 2019; Chen et al., 2021)—was increased 5–55

fold in WT or myb44/MYB44 plants and further increased in

MYB44-OE plants at 6 h (Supplemental Figure 9). Thus, flg22

acted in a MYB44-dependent manner to induce the expression

of different PTI marker genes. In particular, GSL5 and GSL6

have been shown to be essential for callose production (L€u

et al., 2011), and callose deposition is a universal response that

is also involved in PTI (Clay et al., 2009; Luna et al., 2011; Xu

et al., 2016). We found greater callose deposition in MYB44-OE

plants than in WT and myb44/MYB44 plants (Figure 3D), which

occupied a larger area (Figure 3D) with a greater amount

(Figure 3E) on the surface of MYB44-OE leaves. By contrast,
specific to the EF1a gene used as a reference.

staining to verify uniform loading.MYB44-Hiswasdetectedbyhybridization

th a specific anti-MYB44 antibody produced by immunizing rabbit.

es 3 dai (I) and on leaf symptoms (J) and disease severity (K) at 9 dai. (C, I,

five plants); data were analyzed using Duncan’s new multiple range

the other plants (C). Different letters indicate significant differences among

Author(s).



Figure 3. MYB44 is required for PTI development.
(A) Visualization of reactive oxygen species (ROS) in plants of MYB44-related genotypes by staining with 2,7-dichlorofluorescein diacetate (DCF) at the

indicated times after treatment with flg22. Each plant image represents 15 plants from three experimental repeats.

(B) Chronological changes in relative levels of ROS quantified as DCF-staining signal densities in plants as in (A). Inset shows H2O2 concentrations in

plants 45 min after treatment. Data are means ± SDs (n = 3, each with five plants).

(legend continued on next page)
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flg22 failed to induce defense-responsive gene expression and

callose deposition in the myb44 mutant (Figure 3C–3E). Thus,

MYB44 is required for PTI development, as shown by ROS

production and induction of defense responses.

MYB44 affects MPK3 and MPK6 phosphorylation by
activating both MAPK genes

To determine the functional relationship between MYB44 and

MPK3/6 in the PTI pathway, we analyzed related Arabidopsis ge-

notypes, including the GVG:DD transgenic line, in which MPK3

and MPK6 phosphorylation is enhanced under dexamethasone

(DEX) treatment (Wang et al., 2007). The conditional mpk3 mpk6

(mpk3/6) double mutant (Ren et al., 2008; Xu et al., 2014) was

also tested. At the transcriptional level, MYB44 expression was

enhanced by flg22 to a similar extent in the WT, the mpk3 and

mpk6 single mutants, and the conditional mpk3/6 double mutant

(Figure 4A). GVG:DD plants did not show evident changes in

flg22-induced MYB44 expression (Figure 4A). Therefore, single

or concurrent disruption or activation of MPK3 and MPK6 did

not affect the ability of flg22 to induce MYB44 expression. By

contrast, MPK3 and MPK6 expression was considerably

enhanced by flg22 in a MYB44-dependent manner (Figure 4B).

Their expression was greatly enhanced in MYB44-OE plants but

considerably impaired in the myb44 mutant compared with the

moderate expression found in WT and myb44/MYB44 plants

(Figure 4B). MAPK protein production and phosphorylation

levels showed similar patterns (Figure 4C). Phosphorylation of

MPK3 and MPK6 was induced by flg22 in WT, myb44/MYB44,

and MYB44-OE plants but not in the myb44 mutant, in which

MPK3 and MPK6 proteins were produced in small amounts

(Figure 4C). Compared with the WT and myb44/MYB44 plants,

MYB44-OE showed greater induction of MPK3 and MPK6

phosphorylation by flg22 (Figure 4D). Thus, MYB44 functions

upstream of MPK3/6 in the PTI pathway. Moreover, flg22

induced the phosphorylation of MPK3 and MPK6 proteins while

affecting the expression of both the MAPK genes, which

displayed MYB44-dependent increases in expression after

PAMP application in WT, myb44/MYB44, and MYB44-OE plants

(Supplemental Figure 6A). In these plants, expression of MPK3

and MPK6 genes (Supplemental Figure 6A) and phosphorylation

of both MAPK proteins (Figure 4C) occurred quickly (in 10 min)

after PAMP application. Furthermore, flg22 induced MPK4

phosphorylation in a MYB44-dependent manner, although phos-

phorylation intensity was considerably lower in MPK4 than in

MPK3 and MPK6 (Figure 4C).

The promoters ofMPK3 andMPK6 contain the previously identi-

fied consensus MYB recognition motif AAACCA (Serpa et al.,

2007), suggesting that MYB44 may activate the expression of

MPK3 and MPK6 by directly targeting their promoters. This

speculation was verified by chromatin immunoprecipitation

(ChIP) assays with pertinent Arabidopsis genotypes. The myb44

mutant was complemented with the CDS of the WT MYB44
(C)Changes in transcript levels of defense response genes known as early PTI

with those at 0 hat (immediately after treatment). Data are shown as means ±

ferences among different plants based on Duncan’s new multiple range test

(D and E) Callose deposition on leaf surfaces at 24 hat. In (D), leaf images are

created by amplifying the lower left 1/4 leaf area of 1 mm2. In (E), different let

multiple range test (P < 0.001; n = 6, each with 300–350 cells).
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gene fused to its own promoter and his(6) (Liu et al., 2011). The

myb44-complemented lines were confirmed to produce large

amounts of MYB44-His fusion protein (Figure 2H). In response

to flg22 or ch8, MYB44-His bound directly to the promoters of

MPK3 (Supplemental Figure 10A) and MPK6 (Figure 4E and 4F),

activating their expression (Figure 4G). Both ChIP PCR

(Figure 4E and Supplemental Figure 10B) and ChIP qPCR

(Figure 4F) demonstrated that MYB44-His bound to the MAPK

promoter. By contrast, MYB44-His did not bind to the CDS of

MPK3 or MPK6 (Supplemental Figure 10B).

Expression ofMPK3 andMPK6was also activated by MYB44DD,

the constitutively active form of MYB44 generated by replacing

53S and 145S with L-aspartic acid (Nguyen et al., 2012).

MYB44DD could bind to the promoters of MPK3 and MPK6

(Figures 4E and 5F, Supplemental Figure 10A) and activate the

expression of both MAPKs (Figure 4G) in myb44/MYB44DD-his

plants with and without PAMP treatment. MPK3 and MPK6

were constitutively expressed in myb44/MYB44DD-his plants, and

their relative expression levels were significantly higher after

treatment with flg22 or ch8 (Figure 4G). By contrast, both

PAMPs failed to enhance the expression of MPK3 and MPK6 in

myb44 plants transformed with MYB44AA-his (Figure 4F), in

which MYB44AA was generated by substituting 53S and 145S

in the original MYB44 sequence with the phosphodeficient

residue arginine (Nguyen et al., 2012). MYB44AA-His did not

bind to the MAPK promoters (Figure 4E and Supplemental

Figure 10A). In this case, flg22 and ch8 did not enhance the

expression of MPK3 and MPK6 (Figure 4F). These analyses

suggest that MYB44 activates the expression of both MAPK

genes by directly binding to their promoters and that MYB44

executes this function only in the phosphorylated form.

MYB44 is phosphorylated by MPK3 and MPK6 to
support PTI

Wewanted to knowwhether MPK3 andMPK6 directly phosphor-

ylate MYB44 to activate its function in providing immunity. In

in vivo luciferin (Luc) imaging assays, the LucN-MPK3 fusion pro-

tein generated by linking the Luc N-terminal half to MPK3 had a

strong interaction with the LucC-MYB44 protein generated by

fusing the Luc C-terminal half to MYB44 (Figure 5A). An

interaction also occurred between LucN-MPK6 and LucC-

MYB44 (Figure 5A). Both protein–protein interactions were

specific, and no interaction occurred between protein

combinations in the controls (Figure 5A), thus providing the

molecular basis for phosphorylation of MYB44 by MPK3 and/or

MPK6 in response to PAMP treatment.

The Phos-tag assay is an efficient method for detecting protein

phosphorylation on the basis of reduced electrophoretic

mobilities of phosphorylated proteins compared with their non-

phosphorylated counterparts (Nagy et al., 2018). To determine

whether flg22 induces MYB44 phosphorylation and whether
markers in leaves of flg22-treated plants 2 h after treatment (hat) compared

SDs (n = 6, each with 15 plants); different letters indicate significant dif-

(P < 0.001).

shown on top two rows, and the lower two row include close-up images

ters on the graph indicate significant differences based on Duncan’s new

Author(s).



Figure 4. MYB44 activates MPK3/6 expression to promote kinase phosphorylation.
(A‒‒G)MYB44-related plants were treated with water (control), an aqueous solution of flg22 (Flg22), or an aqueous solution of ch8 (Ch8) and then used in

the following assays. (A and B) MYB44 and MAPK expression in MYB44-related plants 30 (A) or 60 (B) minutes after treatment. Gene expression was

analyzed by qRT-PCR with EF1a as the reference gene. (C and D) Presence or absence of MPK3 and MPK6 phosphorylation in MYB44-related plants

(legend continued on next page)
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MPK3 and MPK6 are required, we performed Phos-tag assays on

WT,mpk3,mpk6, andmpk3/6plants transformedwith theMYB44-

his fusion gene and treated with flg22. On the basis of Phos-tag

a-His IB of proteins extracted from leaves and tested at equal

amounts, flg22 treatment effectively induced phosphorylation of

the MYB44-His fusion protein in the presence of functionalMPK3

orMPK6 (Figure 5B).MYB44-Hiswasphosphorylated inWTplants

at 5 and 30min after treatment (mat) with flg22; however, no phos-

phorylation signals were detected at 0 mat (immediately before

flg22 treatment). MYB44-His phosphorylation was also induced

by flg22 in the mpk3 and mpk6 single mutants but not in the

mpk3/6 double mutant (Figure 5B). Thus, MPK3 and MPK6 are

required for induction of MYB44 phosphorylation by flg22.

We next determined whether phosphorylation of MPK3 and

MPK6 was necessary for their phosphorylation of MYB44. It

has been shown that MPK3 and MPK6 can be activated by the

expression of MKK5DD, a constitutively active form of MKK5

created by replacing threonine 215 and tyrosine 221 with as-

partic acid (Li et al., 2017). Using a prokaryotic expression

system, MKK5DD was expressed together with MPK3 or MPK6

linked to a haemagglutinin (HA) tag and with MYB44-His or

MYB44AA-His (Figure 5C). On the basis of Phos-tag a-His IB,

MYB44-His was phosphorylated only when MKK5DD was

present in combination with phosphorylated MPK3-HA or

MPK6-HA; however, MYB44AA-His did not exhibit phosphoryla-

tion in any protein combination (Figure 5C). In essence, these

results suggest that MPK3 and MPK6 must be phosphorylated

in order to phosphorylate MYB44.

Next, we assessed the abilities of MPK3-HA and MPK6-HA to

phosphorylate MYB44-His in vivo in myb44/MYB44-his#2

(Figure 2D) plants transformed with the HA gene (control) or the

fusion genes MPK3:HA and MPK6:HA. MYB44 did not display

evident phosphorylation in plants transformed with HA or in

those transformed with MPK3:HA or MPK6:HA but not treated

with flg22 (Figure 5D). After flg22 treatment, high levels of

MPK3 and MPK6 phosphorylation were detected by a-MAPK

IB of protein extracts from myb44/MYB44#2 seedlings

transformed with MPK-HA or MPK6-HA (Figure 5D). Phos-tag

a-His IB of the same proteins revealed that MYB44 was

effectively phosphorylated by MPK3-HA and MPK6-HA

(Figure 5D). However, MYB44 phosphorylation was nearly

eliminated when calf intestinal alkaline phosphatase was

applied to the protein extracts (Figure 5D). Phosphatase

application also led to inhibition of MPK3 and MPK6

phosphorylation (Figure 5D). These analyses suggest that

MPK3 and MPK6 phosphorylate MYB44 in response to flg22

treatment.
10 min after treatment with flg22 or water (control). Phosphorylation was an

induced by flg22 (Supplemental Figure 6A). In (C), phosphorylated MPK3 and

phosphorylation at low levels. The production of MPK3 andMPK6 was determ

by Ponceau S staining and hybridization with b-tubulin antibody. In (D), phos

different plants shown under the graph. (E) ChIP PCR analyses were used to

was isolated from leaves of different plants 60 min after treatment. Input, DNA

DNA fragments from chromatin extracts precipitated using the specific antib

precipitation in the presence of the non-immune IgG protein, but not a-His.

were performed to confirm MYB44 binding to the MPK6 promoter. (G) qRT-P

in (E) to verify that MYB44 promotes MAPK expression. (A, B, D, F, and G)

Duncan’s new multiple range test at P < 0.005 (n = 3, each with 15 plants).
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Wenext analyzed expression of defense response genes in leaves

of myb44/MYB44-his#2 plants expressing HA, MPK3:HA, or

MPK6:HA and treated with pure water (control) or an aqueous so-

lution of flg22. Expression levels of marker genes for earlier stages

of PTI (FRK11, NHL10, PHI-1, and WRKY53) and later stages of

PTI (PAL1, PAL2, GSL5, and GSL6) were greatly enhanced by

flg22 treatment comparedwith the control in all plants, and the de-

gree of enhancement was higher with MPK3:HA or MPK6:HA

compared withHA, which was used as an inactive gene reference

(Supplemental Figure 11). These results demonstrate that genetic

cooperation of MYB44 with both MPK3 and MPK6 is critical for

complete activation of the PTI pathway.
MYB44-dependent PTI involves EIN2 and FLS2

In response to flg22, MYB44 was related to the expression of

EIN2 and FLS2 genes. Both EIN2 and FLS2 were strongly ex-

pressed in the concurrent presence of functional MYB44 (in the

WT or in myb44/MYB44-his) and flg22 treatment, and flg22-

enhanced EIN2 and FLS2 expression was further enhanced by

MYB44 overexpression (Figure 6A). By contrast, there was little

accumulation of EIN2 and FLS2 transcripts in control (water-

treated) plants or the myb44 mutant (Figure 6A). MYB44-

dependent flg22-induced expression of EIN2 and FLS2 showed

quantitative chronological changes (Figure 6B) that were highly

consistent with the expression patterns of MPK3 and MPK6

after flg22 application (Supplemental Figure 6A). Thus, EIN2

and FLS2 displayed different chronological changes in

expression pattern in WT, myb44/MYB44-his, and MYB44-OE

plants (Figure 6B). In these plants, expression levels of EIN2

increased for 2 h after flg22 application (Figure 6, body),

whereas those of FLS2 peaked in 15 min and then declined

(Figure 6, inset), consistent with the function of FLS2 at early

stage of PTI signal transduction (Zipfel, et al., 2004).

It has been shown that EIN2 is required for PAMP-induced

expression of FLS2 (Tintor et al., 2013) and, consequently, for

expression of defense-related genes (Liu et al., 2011).

Consistent with these findings, we found that EIN2 was critical

for flg22 induction of FLS2 and PTI response genes—FRK1,

NHL10, PHI-1, and WRKY53 (Figure 6C)—which are molecular

makers of PTI (Sardar et al., 2017). We also found that the EIN2

loss-of-function mutation, ein2-5 (Alonso et al., 1999), inhibited

flg22-induced phosphorylation of both MPK3 and MPK6

(Figure 6D). Both MAPKs were strongly phosphorylated in WT

plants, whereas MAPK phosphorylation decreased in the ein2-5

mutant 30 min after flg22 treatment (Figure 6D; Supplemental

Table 1). Interestingly, MPK3 and MPK6 were substantially

phosphorylated 10 min after flg22 application in the mutant, but
alyzed at the time when MPK3 and MPK6 expression was substantially

MPK6 are shown as PMPK3 and PMPK6, and arrowheads indicate MPK4

ined by IB with the corresponding antibodies. Uniform loading was verified

phorylation levels of MPK3 and MPK6 are quantified as sum values in the

verify that MYB44 binds to the promoters of MPK3 and MPK6. Chromatin

fragments from chromatin extracts before immunoprecipitation; +a-His,

ody a-His; +IgG, DNA fragments from chromatin extracts that underwent

(F) Chromatin samples from (E) were used in ChIP qPCR analyses that

CR analyses were performed using RNA extracts from plants treated as

Different letters on bar graphs indicate significant differences based on

Author(s).



Figure 5. MYB44 is phosphorylated by MPK3 and MPK6.
(A) In vivoluciferin image assays of MYB44, MPK3, MPK6, and control proteins in tobacco and Arabidopsis leaves. Color changes from blue to red

represent increasing intensity of the interaction signal.

(B) Phosphorylation of MYB44 by MPK3 and MPK6. Proteins were isolated from flg22-treated WT and mutant plants, analyzed using Phos-tag to show

the phosphorylated and nonphosphorylated proteins, and analyzed by IB to verify uniform loading.

(C) Phos-tag and IB assays of MYB44 and MYB44AA in combination with MPK3 or MPK6 that had been activated via phosphorylation by GST-MKK5DD.

All proteins were produced in a prokaryotic expression system and were analyzed in combinations. MYB44 was detected using Phos-tag a-His IB (top

blot) to show phosphorylation or by conventional a-His IB (bottom blot) to confirm uniform loading. GST-MKK5DD and MAPK-HA (MPK3-HA and MPK6-

HA) were detected using IB with a-GST (middle upper) and a-HA (bottom lower) antibodies, respectively.

(D) Phos-tag and conventional IB assays of MYB44-His and MAPK-HA (MPK3-HA and MPK6-HA) from different transformed plants. Proteins were

isolated from plants with or without prior flg22 treatment and incubated with or without phosphatase (an inhibitor of protein phosphorylation). MYB44

phosphorylation was detected by Phos-tag a-His IB (top blot). IB with a-MAPK was used to assess MPK3 and MPK6 phosphorylation. IB with a-His

(middle) and a-HA (bottom) was used to indicate the presence or absence of the corresponding proteins, and asterisks indicate that HAwas too small (1.1

kDa) to detect.
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flg22-induced phosphorylation of MPK3 and MPK6 was abol-

ished after 20 and 30 min, respectively (Figure 6E). By contrast,

MPK3 and MPK6 phosphorylation displayed a chronologically

stable pattern in the WT for 30 min after flg22 application, and

phosphorylation levels declined only at 60 min (Figure 6E). After

60 min, defense response genes could be expressed as a

downstream event of PTI signal transduction (Figure 4C and

Supplemental Figure 9). These analyses suggest that EIN2

participates in the MYB44-dependent development of PTI at

the stage of MPK3/6 phosphorylation.

DISCUSSION

Plant innate immunity systems comprising different signaling path-

ways are deployed under sophisticated regulation, including intri-

cate interplays among distinct pathways (Li et al., 2021; Ngou

et al., 2021; Yuan et al., 2021) and multiple regulatory

mechanisms applied to a particular pathway (Zhang and Zhou,
Plant Commun
2010; Zhang et al., 2020). Transcriptional regulation provides a

core scaffold at the midstream of the PTI pathway to control

signaling and intensity of the defense response (Tsuda and

Somssich, 2015; Li et al., 2016). According to previous studies on

TFs implicated in PTI and the multifaceted roles of MYB44 in

plant defense against pathogens, MYB44 was screened out of

37 TF-defective Arabidopsismutants based on its positive effects

on basal resistance and PTI responses (Figures 1, 2, 3, and

Supplemental Figures 1–7). Further studies disclosed the

functional relationships between MYB44 and the MPK3/6

cascade (Figures 4, 5, and Supplemental Figures 8–11) and

between MYB44 and EIN2, which is the central regulator of

ethylene signaling required for PAMP recognition and PTI

development (Boutrot et al., 2010; Mersmann et al., 2010; Liu

et al., 2011; Tintor et al., 2013; Ye et al., 2015; Zhang et al., 2021).

On the basis of these analyses, we propose a model in which

MYB44 cooperates with the MPK3/6 cascade and EIN2
ications 4, 100628, November 13 2023 ª 2023 The Author(s). 11



Figure 6. MYB44 and EIN2 are related to flg22-induced expression of FLS2 and PTI-related defense genes and phosphorylation of
MPK3 and MPK6.
(A–C) Fold increases in gene expression levels at different time points after treatment with an aqueous solution of flg22. Data are shown asmean values ±

SDs (n = 3, each with 15 plants). In (A), different letters in orange and blue indicate significant differences based on Duncan’s new multiple range tests

(P < 0.001) comparing expression levels of EIN2 and FLS2, respectively. In (B), EIN2 expression is provided as the main curve graph, while

FLS2 expression is shown in inset. In (C), P values are based on two-tailed Student’s t-tests.

(D) Protein production and phosphorylation of MPK3 and MPK6 in leaves of different plants 30 min after treatments similar to those in (A). Protein

phosphorylation was analyzed by IB with a-MAPK, a specific antibody against phosphorylated MAPKs prepared as Phospho-p44/42 MAPK Erk1/2

Thr202/Tyr204 D13.14.4E XP Rabbit mAb (Cell Signaling Technology). Protein production levels were determined by IB with the indicated antibodies.

Uniform loading of total proteins was verified by Ponceau S staining and IB with a-tubulin. Each blot image represents three experimental repeats.

(E) Chronological changes in the phosphorylation levels of MPK3 and MPK6 after plant treatment similar to that in (A). Uniform loading of total proteins

was verified by IB with a-tubulin. Relative levels of MPK3 and MPK6 phosphorylation are shown as means ± SDs of phosphorylation signal density

quantified with an imaging system scanner (n = 3, each with 10 plants).
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to regulate PTI development in Arabidopsis (Figure 7).

Upon application, PAMPs simultaneously induce expression of

MYB44, MPK3, and MPK6, leading to protein production in Ara-

bidopsis (Figures 1, 4, and Supplemental Figure 6). MYB44

activates the expression of MPK3 and MPK6 by targeting their

promoters, thus providing the molecular basis for protein

production and phosphorylation (Figure 4 and Supplemental

Figures 6 and 10). Phosphorylated MPK3 and MPK6

phosphorylate MYB44 in a functionally redundant manner,

thereby enabling MYB44 to activate the expression of MPK3,

MPK6, EIN2, and downstream defense responses (Figures 5

and 6). In particular, activation of MPK3 and MPK6 expression

by MYB44 acts as a positive feedback regulatory mechanism
12 Plant Communications 4, 100628, November 13 2023 ª 2023 The
for phosphorylation of MYB44 itself and both MAPKs (Figure 7).

Through transcriptional and posttranscriptional regulation,

MYB44, MPK3, and MPK6 constitute a functional cascade

that effectively promotes PTI development (Figure 7). MPK4

may also have a role in this cascade, as it was slightly

phosphorylated after flg22 treatment in the plants that carried a

functional MYB44 (Figure 4); however, we do not have evidence

to validate this hypothesis at present. PTI development also

involves activation of EIN2 transcription by MYB44 (Liu et al.,

2011), and EIN2 is required for FLS2 expression (Figure 6),

which is an essential step in PAMP recognition (Zipfel, et al.,

2006; Zipfel, 2014) and PTI development (Singh et al., 2014;

Sardar et al., 2017; Zhang et al., 2021; Figure 7). In summary,
Author(s).



Figure 7. Model depicting the role of MYB44 in PTI regulation.
MYB44 regulates PTI by a main route (arrowheads in black) and an

accessory route (arrowheads in green). In the former, a PAMP induces

expression of MYB44, MPK3, and MPK6, leading to protein production.

MYB44 binds to the promoters of MPK3 and MPK6 to activate their

expression, thereby facilitating the phosphorylation of both kinases.

Phosphorylated MPK3 and MPK6 function redundantly to phosphory-

late MYB44, thus enabling it to activate MPK3 and MPK6 expression

and further activate defense responses downstream of the PTI pathway

(Figures 1–6). Transcriptional regulation by MYB44 and phosphorylation

of MYB44 and both the MAPKs form a positive feedback regulatory

loop (lines and arrowheads in orange) to intensify the defense

responses. In the accessory route, defense responses are attributed

to the role of MYB44 in activating EIN2 transcription (Liu et al., 2011),

which is required for FLS2 expression, an essential step in PAMP

recognition (Zipfel et al., 2006; Zipfel, 2014) and PTI development

(Singh et al., 2014; Sardar et al., 2017; Zhang et al., 2021). Overall,

MYB44 regulates the PTI pathway by promoting EIN2 and MPK3/6

expression.
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MYB44 regulates the PTI pathway by promoting EIN2 andMPK3/

6 expression (Figure 7).

Thismodel is particularly focused on the function ofMYB44 as an

integral component of the PTI pathway and especially as an

essential constituent of the MPK3/6 cascade (Figure 7).

However, it omits information about the additional known

activities of MPK3, MPK6, and MYB44 in plants. Functional

multiplicity is a common characteristic of many PTI regulators,

including MPK3 and MPK6. In addition to regulating PTI, MPK3

and MPK6 also regulate phytohormone-mediated basal resis-

tance (Wang et al., 2018), mechanical damage–triggered

immunity, and microbial effector–triggered immunity pathways

(Ye et al., 2015). In addition to regulating the innate

immunity systems, MPK3 and MPK6 also regulate growth and

development (Li et al., 2017; Shao et al., 2020). Similarly,
Plant Commun
MYB44 has been demonstrated to have multiple effects in

plants (Liu et al., 2010, 2011; Nguyen et al., 2012; Shim et al.,

2012; Persak and Pitzschke, 2013; Qin et al., 2022; Zhao et al.,

2022). MYB44 confers basal resistance through the salicylic

acid signaling pathway (Zou et al., 2013) and is involved in

crosstalk with phytohormone signaling (Jung et al., 2008; Hieno

et al., 2016). MYB44 also enhances plant resistance against

bacterial wilt by activating spermidine synthase (Qiu et al.,

2019), suggesting a role for polyamines in MYB44-dependent

immunity. Furthermore, MYB44 was implicated in a protein

complex that suppresses a phosphatase involved in

abscisic acid signaling (Nguyen and Cheong, 2018), which,

however, often antagonizes disease resistance (de Torres

Zabala et al., 2009). In addition, MYB44 contains a putative

transcriptional repression (ethylene responsive element binding

factor-associated amphiphilic repression) motif. This motif may

have a suppressive effect on MYB44-mediated salinity toler-

ance, which can be impaired by adding an artificial ethylene

responsive element binding factor-associated amphiphilic

repression motif (LDLDL) to the C terminus of MYB44 (Persak

and Pitzschke, 2014). Therefore, MYB44 participates in

multiple immunity pathways by distinct mechanisms, among

which the MPK3/6 cascade is merely responsible for MYB44-

dependent PTI development that causes expression of defense

response genes (Figure 7).

Thismodel highlights the specific function of theMYB44–MPK3/6

cascade that is consistent with previous studies relating MYB44

to defense responses against pathogens (Zou et al., 2013), but it

raises questions about possible existence of different

mechanisms (Liu et al., 2011; Qiu et al., 2019). MPK3 and

MPK6 are phosphorylated at basal levels in the myb44 mutant

(Figure 4C), suggesting possible roles of different TFs in MPK3

and MPK6 phosphorylation. This possibility cannot be

excluded, especially because only 37 of the thousands of

Arabidopsis TFs were tested in the present study. In addition to

MYB44, three other TFs (MYB51, ZFP6, and RAP2.6) also

affect PTI responses (Supplemental Figures 1 and 3); however,

their mechanisms remain to be investigated. Furthermore,

MYB44 may use different mechanisms to affect PTI. In

Arabidopsis plants infested by the green peach aphid, MYB44

binds to the promoter of EIN2 to activate its expression,

thereby enhancing plant resistance against further infestation

by the same insect (Liu et al., 2011). In Arabidopsis plants

treated with flg22, EIN2 participates in MYB44-dependent PTI

development at the stage of MPK3/6 phosphorylation and there-

fore affects downstream defense responses (Bethke et al., 2009;

Boutrot et al., 2010; Mersmann et al., 2010; Tintor et al., 2013;

Figure 6). In contrast to the WT EIN2 gene, both of the ein2

alleles—ein2-1 and ein2-5—reduce, but do not eliminate,

phosphorylation of MPK3 and MPK6 (Bethke et al., 2009;

Boutrot et al., 2010; Figure 6), their phosphorylating activities

(Bethke et al., 2009), FSL2 gene expression (Tintor et al., 2013),

and FLS2 protein production (Tintor et al., 2013). Thus, EIN2

contributes to a substantial part, rather than the full level, of

PTI. In Arabidopsis plants treated with flg22, EIN2 is required

for expression of FLS2 (Figure 6) and for ROS production and

subsequent PTI responses to Pst infection (Mersmann et al.,

2010; Figure 6). Thus, MYB44-dependent ROS generation

(Figure 3) may be attributed to the role of MYB44 in EIN2

activation (Mersmann et al., 2010; Figure 6) and the role of EIN2
ications 4, 100628, November 13 2023 ª 2023 The Author(s). 13
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in FLS2 signaling for ROS generation as well as MPK3 and MPK6

activation; however, this hypothesis requires verification in the

future.

The multifaceted roles of MYB44 in defense and the multiple

functions of MPK3 and MPK6 in development and immunity

explain why the MYB44–MPK3/6 cascade (Figure 7) has not

been characterized and why the knowledge gap between

transcriptional and biochemical regulation of MAPKs has not

been bridged until now. An apparent reason is the difficulty of

performing detailed genetic analyses using stable transgenic

and mutant plants because of the embryo lethality of the

mpk3/6 double mutant (Xu et al., 2014). Combined use of a

conditional rescue strategy (Wang et al., 2007) and a chemical

genetic approach has greatly accelerated dissection of MPK3

and MPK6 signaling in different immunity pathways (Ye et al.,

2015). In the present study, we used the chemical genetic

approach (Xu et al., 2014) to grow mpk3/6 and GVG:DD plants

so that the different versions of MYB44 could be introduced

(Figures 5 and 6). This allowed us to elucidate the functional

relationship between MYB44 and the MPK3/6 cascade and

illustrate this relationship with a working model (Figure 7). The

model highlights the transcriptional regulation of MPK3 and

MPK6 by MYB44 and the phosphorylation of MYB44 by MPK3

and MPK6; however, it does not include the involvement of

MYB44 in ROS generation (Figure 3).

PAMP-induced generation of an H2O2 signal in plant apoplasts

and signal transport into plant cells are pivotal events in PTI signal

transduction (Tian et al., 2016; Lu et al., 2022; Zhang et al.,

2022), especially the MYB44–MPK3/6 cascade (Figure 3 and

Supplemental Figure 8). Such a signal flux is consistent with

previous demonstrations that PAMP-induced H2O2 generation

in plant apoplasts and ensuing transport of the H2O2 signal into

the cytosol facilitates PTI development and elicits downstream

defense responses (Tian et al., 2016; Lu et al., 2022). H2O2 is

generated in the apoplasts by the enzymatic activity of PM-

associated RbohD when plants are infected by a pathogen or

treated with a PAMP (Xu et al., 2014; Tian et al., 2016), and

H2O2 is imported to the cytoplasm through aquaporin channels

in the PM (Tian et al., 2016; Rodrigues et al., 2017; Zhang et al.,

2022). However, subsequent steps, including how H2O2 joins

the PTI pathway, have been unclear. Related studies (such as

Segonzac et al., 2011; Xu et al., 2014; Tian et al., 2016

Rodrigues et al., 2017; Li et al., 2021; Lu et al., 2022; Zhang

et al., 2022) support the notion that ROS production and MAPK

activation are independent signaling branches; however, they

simultaneously contribute to PAMP-induced resistance. In an

Arabidopsis mutant lacking a functional RbohD, the PAMP-

induced rapid ROS burst is completely blocked (Tian et al.,

2016), but activation of the MPK3/6 cascade is unaffected (Xu

et al., 2014; Tian et al., 2016). Indeed, the PAMP-induced

RbohD-mediated ROS burst occurs similarly in the mpk3,

mpk6, and mpk3/6 mutants and in WT plants (Xu et al., 2014).

Therefore, the rapid ROS burst and MPK3/6 activation are two

early independent signaling events in PTI development.

Moreover, H2O2 is not only involved in PTI but also participates

in basal resistance, DTI, and effector-triggered immunity (Li

et al., 2021). However, how H2O2 signaling is related to these

distinct immunity pathways is an enduring question that

remains to be answered.
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Plant materials and growth conditions

All Arabidopsis plants used in this study are in the Col-0 background.

Seeds of TF-defective mutants were purchased from The Arabidopsis In-

formation Resource (https://www.arabidopsis.org/). The mutants were

characterized, myb44/MYB44 and MYB44OE transgenic lines were

generated and characterized (Liu et al., 2010; Zou et al., 2013), and all

these plants were reproduced in the H.D. lab. Seeds of mpk3, mpk6,

mpk3/6, and GVG:DD were provided by Professor Shuqun Zhang

(University of Missouri). Seeds were incubated and plants were grown in

9-cm pots in plant growth chambers at 23�C ± 1�C with 8 h of illumination

at 250 ± 50 mM quanta/m2/s. In all experiments, 20-day-old uniform seed-

lings were used unless otherwise specified.

Plant treatments

The conditional mpk3/6 double mutant carries an MPK6 variant (Wang

et al., 2007) that has a defect at the ATP-binding site and therefore allows

binding of amino-tert-butyl-naphthyl pyrazolo-pyrimidine (NA-PP1), an

ATP analog that inhibits MPK6 phosphorylation (Xu et al., 2014). For this

reason, treating conditional mpk3/6 double mutant plants with NA-PP1

causes MPK6 to lose its phosphorylation activity in the mutant (Wang

et al., 2007, Xu et al., 2014; Su et al., 2017). Therefore, NA-PP1 was

used previously (Xu et al., 2014; Su et al., 2017) and in the present study

to eliminate MPK6 phosphorylation activity in the conditional mpk3/6

double mutant. In independent experiments, flg22 and ch8 were applied

to all plant genotypes to induce PTI responses; DEX was used to treat

GVG:DD plants to induce expression of NtMEK2DD, thus triggering phos-

phorylation of bothMPK3 andMPK6 (Wang et al., 2018); and NA-PP1 was

applied to the conditional mpk3/6 double mutant (Xu et al., 2014). Flg22,

ch8, and DEX were prepared as 1-mM aqueous solutions amended with

the surfactant Silwet L-77 at 0.03% v/v. An NA-PP1 stock solution of

1 mM was prepared with dimethyl sulfoxide (DMSO) by dissolving 4.5

mg NA-PP1 in 14.5 ml of DMSO, then diluted with pure water to

1 mM and amended with 0.03% v/v Silwet L-77 before use. Each solution

was applied to plants by spraying over the plant tops using an atomizer.

Similar treatment with an aqueous solution containing 0.03% v/v Silwet

L-77 alone or both 0.03% Silwet L-77 and 14.5% DMSO (v/v) was used

as an inactive control. Plants were treated as described above unless

otherwise specified. Treated plants were subjected to different analyses

according to the study purposes.

Bacterial infection assessment

Pst DC3000 inoculum was prepared as an aqueous bacterial suspension

and adjusted to an optical density at 600 nm of 0.05 and a final MgCl2 con-

centration of 10 mM. This inoculum and the mock control agent (10 mM

MgCl2) were amended with 0.03% v/v Silwet L-77 and applied to plants

by spraying over the plant tops unless otherwise specified. The bacterial

population in the leaves was determined at 3 dpi to assess the extent of

infection. At 9 dpi, leaf chlorosis and necrosis symptoms were docu-

mented by photography, and disease severity was quantified as the

ratio of lesion area to leaf area. Variations in leaf bacterial populations

and symptom severity among different plant genotypes were used as

criteria to evaluate the effects of different genes on immunity levels.

Gene expression analysis

All qRT-PCR experiments were performed with the QuantStudio3 Real-

Time PCR System (Thermo Fisher Scientific), SYBR Premix-Ex Taq

(TaKaRa), leaf RNA extracted using the TRIzol Total RNA Isolation Kit

(TaKaRa), and specific primers (Supplemental Table 2). The expression

level of each tested gene was determined by the 2�DDCt method relative

to that of the constitutively expressed EF1a reference gene.

IB of plant proteins

Leaf protein extracts (Li et al., 2017) were separated by SDS–PAGE and

blotted onto polyvinylidene fluoride membranes (Immobilon-p Transfer
Author(s).
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membrane, Millipore) in a semi-dry transfer cell (Trans-Blot SD, Bio-Rad).

MYB44 and MYB44-His were detected by hybridization with specific a-

MYB44 antibodies prepared by immunizing Dutch white rabbits and a-His

(Beyotime Biotech), respectively (Figure 2H). MPK3 and MPK6 were

detected by hybridization with the specific a-MAPK antibody (Phospho-

p44/42 MAPK Erk1/2 Thr202/Tyr204 D13.14.4E XP Rabbit mAb, Cell

Signaling Technology, Shanghai, China; Figures 1B, 4C, 5D, 6D, and 6E).

MPK3 and MPK6 were also detected by specific a-MPK3 and a-MPK6

antibodies (PHYTOAB, San Jose, CA, USA) (Figures 1D, 4C, 5D, and 6D).

The IB signals were captured with an automatic imaging system

(ChemiScope series, Clinx Science Instruments).

Gene modification

Site-directed mutation was applied to theMYB44 nucleotide sequence at

sites 157 and 433 to change both codes for serine to L-aspartic

acid (D) and L-alanine (A), yielding the MYB44 gene mutants MYB44DD

and MYB44AA, respectively. MYB44DD and MYB44AA were fused sepa-

rately to a his(6)-tag by RT-PCR using leaf RNA and specific primer

pairs in which the downstream primer was linked with his(6)
(Supplemental Table 2), yielding the recombinant genes MYB44DD-his

and MYB44AA-his. MYB44DD-his and MYB44AA-his were inserted

separately into the plant binary vector pCAMBIA1300 (Liu et al., 2011).

Subsequently, each of the recombinant vectors was used to

transform the myb44 mutant for ChIP assays (Figure 4E).

Site-directed mutation was also applied to the MKK5 nucleotide

sequence at sites 643 and 661 to change both codes for threonine and

serine to L-aspartic acid, yielding the gene mutant MKK5DD (Li et al.,

2017). The GST-MKK5DD fusion gene was generated by ligating both

sequences generated by overlapping PCR and cloned into the pET32(a)

prokaryotic expression vector. The recombinant vector was used for

prokaryotic production of the GST-MKK5DD fusion protein for use in phos-

phorylation assays (Figure 5C).

The HA coding sequence containing 27 nucleotides was added

to the 30-terminal end of MPK3 and MPK6 by RT-PCR using leaf

RNA and specific primer pairs in which the downstream primer

was linked with the HA code (Supplemental Table 2). A similar

method was used for MYB44 fusion to his(6). The MPK3-HA, MPK6-

HA, MYB44-his, and MYB44AA-his fusion genes were individually

inserted into pET32(a), followed by prokaryotic production of the fusion

proteins for use in in vitro phosphorylation assays (Figure 5C). In

independent experiments, MPK3-HA and MPK6-HA were inserted

separately into pCAMBIA1300, and each of the resulting recombinant

vectors was transferred into myb44/MYB44-his#2 seedlings; in vivo

phosphorylation assays were performed 48 h after plant transformation

(Figure 5D).

Protein phosphorylation analysis

The in vitro and in vivo phosphorylation assays were performed using the

Phos-tag reagent kit (NARD Institute) and its companion protocol. For the

in vitro assay (Figure 5C), the tested proteins were fused to an HA, GST, or

His tag as described above; the fusion proteins were produced by

prokaryotic expression and purified by affinity chromatography using

the corresponding resins. Protein concentrations were quantified using

a BCA kit (Beijing Solarbio Technology, Beijing). A total of 0.2 mg of

purified MPK3-HA or MPK6-HA protein was activated by incubation

with 0.05 mg of purified GST-MKK5DD in the reaction buffer at 30�C for

30 min. The reaction buffer consisted of 20 mM Tris–HCl (pH 7.5), 10

mM MgCl2, 50 mM ATP, and 1 mM DTT dissolved in pure water. With

the same buffer and incubation conditions, activated MPK3 or MPK6

was used to phosphorylate MYB44-His or MYB44AA-His fusion protein

at a 1:10 ratio. The phosphorylation reaction was stopped by addition of

63 protein loading buffer. For the in vivo assay (Figure 5B and 5D),

MYB44-His phosphorylated in planta was detected by the Phos-

tag a-His IB technique. In brief, the technique involved protein electropho-
Plant Commun
resis in a 12% SDS–PAGE gel amended with 50 mM Phos-tag and 100

mM MnCl2, protein blotting onto polyvinylidene fluoride membranes, hy-

bridization with a-His, and automatic documentation of the hybridization

signals.

Callose visualization

Callose deposition on leaf surfaces of flg22-treated and water-treated

(control) plants was observed 45 min after treatment. Callose deposition

was visualized as a violet color after staining the leaves with aniline blue

(Tian et al., 2016). The relative level of callose deposition was quantified

as the number of callose deposition sites per leaf.

Whole-plant ROS live imaging

ROS live imaging with intact plants was performed using a previously

described protocol (Matsuo et al., 2015). The ROS-probing dye H2DCFDA

(Millipore-Sigma) was prepared as a 50 mM aqueous solution in 50 mM

phosphate buffer (pH 7.4) and amended with 0.03% v/v Silwet L-77

(Tian et al., 2016). Plants were treated with this solution by spraying

over the tops, then maintained in the dark for 30 min. The dye-treated

and etiolated plants were further treated with pure water or an aqueous

solution containing 0.03% Silwet L-77 or both 0.03% Silwet L-77 and 1

mM flg22. The plants were observed immediately and then at 5-

min intervals over the next 45 min. Images were acquired on an IVIS

Lumina S2 platform using Living Image 3.1 software in acquisition mode

(PerkinElmer, Waltham, MA, USA) via a constant image set at excita-

tion/emission 500 nm, F 1, 1-s exposure, and medium binning.

Luc imaging

Recombinant genes (LucC-MYB44, LucN-MPK3, LucN-MPK6) were in-

serted into the P35S:LucN or P35S:LucC vector (Zhou et al., 2018). Each

recombinant vector was transferred into cells of Agrobacterium

tumefaciens strain GV3101. A suspension mixture of recombinant

bacteria carrying LucN and LucC alone or fused to one of the tested

proteins was infiltrated into the intercellular spaces of tobacco

(Nicotiana benthamiana) or Arabidopsis leaves. Two days later, leaves

were observed with an in vivo imaging system (Zhou et al., 2018).

Arabidopsis plants were grown as described above, and tobacco plants

were grown similarly but at 25�C ± 1�C.

ChIP PCR and ChIP qPCR analyses

The EpiQuik Plant ChIP Kit (Epigentek) and its accompanying instructions

were used for ChIP experiments performed on themyb44-complemented

transgenic line myb44/MYB44-his#2 and myb44 mutant seedlings trans-

formed withMYB44DD-his andMYB44AA-his. With tightly scheduled oper-

ation steps, the experiments began with incubation of antibodies,

including a-His used to precipitate DNA fragments from chromatin and

the non-immune protein immunoglobulin G (IgG) used as an antibody-

free control. The a-His or IgG protein was incubated with antibody buffer

solution in the provided assay strips at room temperature for 2 h. During

this period, chromatin was isolated from plant leaves.

To extract plant chromatin, a 30-ml aqueous solution of 1% v/v formalde-

hyde was poured into a 50-ml plastic tube, and excised leaves were

added to the tube. The tube was immediately vacuumed with a pump

for 10min, and gas was then released back into the tube to allow sufficient

crosslinking between the plant tissues and the formaldehyde. Approxi-

mately 1 min later, the crosslinking reaction was stopped by adding

300 ml of 0.125 M glycine into the formaldehyde solution in the tube, fol-

lowed by vacuum infiltration for 5 min and gas flow back into the tube

one more time. The formaldehyde-linked leaves were removed from the

tube, wiped with clear tissue papers to remove surface water, and ground

into powder with a mortar and pestle. The leaf powder was transferred to

another 50-ml plastic tube and suspended in 20 ml of lysis buffer solution,

then centrifuged at 4�C and 14 000 rpm for 45 min. The supernatant was

removed, and the chromatin pellet was resuspended in 300 ml of the same

lysis buffer in a 1.5-ml plastic tube. The chromatin was fragmented by
ications 4, 100628, November 13 2023 ª 2023 The Author(s). 15
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sonication at moderate power for 10 min to produce 200–500 bp DNA

fragments in the supernatant.

This supernatant was divided into three groups for PCR. In the

first group, the supernatant was used directly as input for the PCR anal-

ysis. In the second group, DNA fragments in the supernatant were

subjected to immunoprecipitation. In brief, 100 ml of the supernatant

was mixed with an a-His antibody buffer solution already incubated

in the assay strip, incubated at room temperature for 90 min, and

then centrifuged as above. The final supernatant (containing a-His

and the DNA fragment mixture) was transferred to a resin spin column

and eluted with elution buffer to yield purified DNA fragments. In

the third group, the operations performed with a-His antibody

buffer solution were performed with buffer solution that contained the

IgG protein. PCR was performed with pairs of primers specific to the

MPK3 or MPK6 promoters and CDSs (Supplemental Table 2). Each

pair of primers was used in combination with the DNA template

from the input (in the first group) or from the DNA samples

precipitated with a-His (in the second group), or in combination with

the eluate from the mixture of IgG and chromatin fragments (in the

third group).

TheChIP qPCRanalysiswas performedusing a standard protocol (Kim and

Dekker, 2015). Each of the supernatants containing immunoprecipitated

DNA was amplified by qPCR performed with primers specific to the

MAPK promoter (Supplemental Table 2). Enrichment fold of the promoter

through amplification by ChIP qPCR was used to quantify the protein–

DNA interaction. Enrichment fold was determined as described

previously (Kim and Dekker, 2015).

Statistical analysis

Quantitative data were subjected to Student’s t-tests or analysis of vari-

ance and Duncan’s new multiple range tests using GraphPad Prism 8.0

(https://www.graphpad.com/). Numbers of experimental repeats are

specified in the figure legends.
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