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SUMMARY

Leaf senescence represents the final stage of leaf growth and development, and its onset and progression

are strictly regulated; however, the underlying regulatory mechanisms remain largely unknown. In this

study we found that WRKY42 was highly induced during leaf senescence. Loss-of-function wrky42 mutants

showed delayed leaf senescence whereas the overexpression of WRKY42 accelerated senescence. Transcrip-

tome analysis revealed 2721 differentially expressed genes between wild-type and WRKY42-overexpressing

plants, including genes involved in salicylic acid (SA) and reactive oxygen species (ROS) synthesis as well as

several senescence-associated genes (SAGs). Moreover, WRKY42 activated the transcription of isochoris-

mate synthase 1 (ICS1), respiratory burst oxidase homolog F (RbohF) and a few SAG genes. Consistently,

the expression of these genes was reduced in wrky42 mutants but was markedly increased in transgenic

Arabidopsis overexpressing WRKY42. Both in vitro electrophoretic mobility shift assays (EMSAs) and in vivo

chromatin immunoprecipitation and dual luciferase assays demonstrated that WRKY42 directly bound to

the promoters of ICS1 and RbohF, as well as a few SAGs, to activate their expression. Genetic analysis fur-

ther showed that mutations of ICS1 and RbohF suppressed the early senescence phenotype evoked by

WRKY42 overexpression. Thus, we have identified WRKY42 as a novel transcription factor positively regulat-

ing leaf senescence by directly activating the transcription of ICS1, RbohF and SAGs, without any seed yield

penalty.

Keywords: Arabidopsis, leaf senescence, reactive oxygen species, salicylic acid, WRKY42.

INTRODUCTION

Leaf senescence, an important developmental process that

is critical for plant fitness, orderly disassembles macro-

molecules to remobilize nutrients to growing leaves, fruits

and seeds (Gan and Amasino, 1997; Lim et al., 2007; Schip-

pers et al., 2015). It is regulated by developmental pro-

grams integrated with other internal and external

environmental signals (Lim et al., 2007; Schippers et al.,

2015). The internal signals include reproductive develop-

ment, reactive oxygen species (ROS) and various phyto-

hormones. The hormones abscisic acid (ABA), ethylene

(ET), jasmonic acid (JA) and salicylic acid (SA) accelerate

senescence, whereas cytokinin and auxin delay senescence

(Grbi�c and Bleecker, 1995; Gan and Amasino, 1997; Morris

et al., 2000; He et al., 2002; Lim et al., 2007; Mhamdi and

Van Breusegem, 2018). Environmental cues for the onset

and progression of senescence include darkness, nutrient

limitation, drought, and oxidative and osmotic stresses

(Guo and Gan, 2005; Lim et al., 2007; Woo et al., 2016).

Leaf senescence is also a form of programmed cell death

(PCD) that is coordinated by massive gene regulatory net-

works, and involving a specific set of senescence-associ-

ated genes (SAGs) (Gepstein et al., 2003; Lim et al., 2007).

The proteins encoded by SAGs are diverse and are impli-

cated in macromolecule degradation, nutrient remobiliza-

tion, the transport and detoxification of metabolites as well

as stress tolerance (Gepstein et al., 2003; Lim et al., 2007).

It has been documented that the expression of many SAGs

is also affected by environmental stressors and hormones

(Lim et al., 2007), suggesting extensive crosstalk between

senescence and stress responses. Precocious leaf senes-

cence usually causes a dramatic reduction in crop yields;
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therefore it is challenging to breed a crop with a shortened

life cycle without any loss in yield.

Salicylic acid (SA) regulates innate immunity and vari-

ous developmental processes in plants (Dempsey et al.,

2011). SA concentration is controlled by its biosynthesis

and catabolism (Zhang and Li, 2019). SA is mainly synthe-

sized through the isochorismate pathway in the chloro-

plasts of plants, with ICS1 (isochorismate synthase 1, also

termed SA induction-deficient 2, SID2) being a critical

enzyme (Wildermuth et al., 2001). In Arabidopsis, ICS1

appears to be responsible for 90% of SA production

induced by pathogens or UV light, whereas ICS2 con-

tributes to the basal SA synthesis (Garcion et al., 2008).

More recently, two independent reports have elucidated

the last two steps in the isochorismate-derived SA biosyn-

thetic pathway, in which the cytosolic enzyme avrPphB

susceptible 3 (PBS3) catalyzes the conversion of isochoris-

mate into an unstable intermediate, isochorismate isocho-

rismoyl-glutamate (ISC-9-Glu), which then spontaneously

forms SA, although EPS1, a BAHD acyltransferase-family

protein, accelerates this process (Rekhter et al., 2019; Tor-

rens-Spence et al., 2019).

A crucial role for SA in leaf senescence has been estab-

lished based on several observations. First, SA concentra-

tion increases in an age-related manner during leaf

development, altering the expression of a number of SAGs

(Morris et al., 2000; Breeze et al., 2011). Second, transgenic

plants overexpressing the NahG salicylate hydroxylase

have considerably reduced SA concentrations, and exhibit

a delayed leaf senescence phenotype in an age-dependent

manner (Morris et al., 2000; Lim et al., 2007). Third,

mutants defective in SA signaling in Arabidopsis, such as

nonexpressor of pathogenesis-related genes 1 (npr1) and

phytoalexin deficient 4 (pad4), exhibit dramatically reduced

SAG expression and delayed leaf senescence (Morris et al.,

2000; Lim et al., 2007).

As one of the earliest cellular responses during senes-

cence, ROS production has been reported to play a crucial

role in regulating this process (Leshem, 1988; Khanna-Cho-

pra, 2012; Woo et al., 2013). The concentration of hydrogen

peroxide (H2O2), a relatively stable ROS, increases during

the developmental transition to bolting (Ye et al., 2000;

Zimmermann et al., 2006). High concentrations of ROS

cause oxidation, and damage proteins, lipids and other

macromolecules (Apel and Hirt, 2004), which is typical of

the degradation of cellular components observed during

senescence (Lim et al., 2007). At lower concentrations,

ROS function as signaling molecules to regulate many bio-

logical processes (Mittler, 2017). In plants, a small family

of respiratory burst oxidase homologs (Rbohs; orthologs

of mammalian NADPH oxidases), are localized at the

plasma membrane and generate ROS in the apoplast (Tor-

res and Dangl, 2005). Among these, RbohD and RbohF also

function in ROS-dependent ABA signaling (Kwak et al.,

2003). RbohD also plays an important role in cell death

control, and systemic signaling upon challenge by biotic

and abiotic stresses, and RbohF may act redundantly with

RbohD in some pathways (Torres et al., 2002; Torres et al.,

2005; Miller et al., 2009). It has been reported that there is

crosstalk between ROS and SA, in that H2O2 stimulates SA

biosynthesis in Nicotiana tabacum (tobacco) and SA influ-

ences H2O2 production and H2O2-metabolizing enzymes

(Leon et al., 1995; Rao et al., 1997). A more recent study

indicates that SA accumulation is not induced by H2O2 in

Arabidopsis, however (Hieno et al., 2019). Whether SA and

H2O2 production is controlled by a single transcription fac-

tor (TF) remains unknown.

Many TFs are differentially expressed during leaf senes-

cence in Arabidopsis and other plants, including several

members of the WRKY family (Guo et al., 2004; Balazadeh

et al., 2008; Breeze et al., 2011). Furthermore, SA treatment

affects the expression of more than 70% of the WRKY gene

family members in Arabidopsis, suggesting an important

role for WRKY-mediated transcriptional control in leaf

senescence (Dong et al., 2003). So far, the functions and

regulatory mechanisms of a few WRKY TFs in leaf senes-

cence have been characterized in Arabidopsis (Robatzek

and Somssich, 2001; Miao et al., 2004; Zhou et al., 2011;

Besseau et al., 2012; Jiang et al., 2014; Chen et al., 2017).

These WRKY TFs do not exert their functions in leaf senes-

cence through SA and/or ROS, however, except for the two

most recent reports, in which AtWRKY75 was shown to

positively regulate leaf senescence through increasing SA

production by inducing SID2 transcription (Guo et al.,

2017; Zhang et al., 2017) and repressing H2O2 scavenging

by suppressing catalase 2 (CAT2) transcription (Guo et al.,

2017). However, whether any TFs positively regulate ROS-

and SA-synthesis-related gene expression remains

unknown. Moreover, the roles that many other WRKY TFs

play in leaf senescence remain largely unknown. In a previ-

ous transcriptome sequencing (RNA-seq) study, we found

that the expression of WRKY42 was highly induced during

the progression of leaf senescence, and also found that the

ICS1 promoter was regulated by WRKY42 through a yeast

one-hybrid screening. We thus hypothesized that WRKY42

may play an important role in leaf senescence, except the

reported role in phosphate homeostasis (Su et al., 2015). In

the present study, we show that WRKY42 is a novel senes-

cence TF (sen-TF) that positively regulates leaf senescence

by modulating SA and H2O2 production in Arabidopsis,

without seed yield penalty.

RESULTS

WRKY42 is a senescence-associated gene

WRKY42 encodes a transcription factor that harbors a sin-

gle DNA-binding WRKY domain and is localized exclu-

sively to the nucleus (Figure S1a,b). A yeast two-hybrid
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assay indicated that WRKY42 interacted with itself, which

was further confirmed through a bimolecular fluorescence

complementation (BiFC) assay (Figure S1c,d). To study the

role of WRKY42 in leaf senescence, we first used qRT-PCR

to measure transcript levels of WRKY42 during the pro-

gression of leaf senescence. We assayed Arabidopsis

leaves at four developmental stages, namely: young (YL),

mature (ML), early senescence (ES) and late senescence

(LS) (Figure 1a). The results showed that the WRKY42 tran-

script level was significantly increased in ES, compared

with the earlier stages, and then increased further in LS

(Figure 1b). Moreover, WRKY42 was expressed in a spatial

gradient along the long axis (tip, middle and base) of late

senescent leaves (Figure 1b). Furthermore, a histochemical

staining of 35-day-old transgenic Arabidopsis expressing

b-glucuronidase (GUS) driven by the 2-kb WRKY42

upstream genomic region displayed higher GUS activity in

yellowing and senescing leaves than that in young and

green leaves (Figure 1c), supporting the finding that

WRKY42 transcription is induced during leaf aging and is a

senescence-associated gene.

Overexpression of WRKY42 promotes age-dependent leaf

senescence

To investigate the function of WRKY42 in senescence fur-

ther, we produced two WRKY42-overexpressing transgenic

plants (WRKY42-OE29 and -OE13) under the control of the

cauliflower mosaic virus (CaMV) 35S promoter. GFP-over-

expressing transgenic plants were generated as controls

besides the wild-type (wt) controls. The accumulation of

WRKY42 transcripts and proteins in these two transgenic

lines of OE29 and OE13 was quantified by quantitative

reverse transcriptase polymerase chain reaction (qRT-PCR;

Figure 2a) and immunoblotting (Figure 2b), respectively.

The phenotypes of transgenic plants were examined at

several different developmental stages. WRKY42-OE plants

displayed obviously precocious leaf senescence symptoms

compared with wild-type and GFP lines at 35 days old (Fig-

ure 2c). The WRKY42-OE plants started to exhibit leaf yel-

lowing symptoms at 30 days (Figures S2 and S3a,c) and

showed serious leaf cell death at 42 days (Figure S3a),

whereas the rosette leaves of wt and GFP plants began to

turn yellow at 35 days (Figure S3a). Changes in the chloro-

phyll abundance (Figure 2e) and ion leakage (Figure 2f) of

rosette leaves were consistent with precocious leaf senes-

cence in the overexpression lines, which resulted in a

lower chlorophyll content and higher ion leakage (repre-

sented by relative conductivity) (Figure 2e–f). We also

monitored the expression of a senescence marker gene

SAG12 (Noh and Amasino, 1999) and found that the

SAG12 expression level was significantly higher in

WRKY42-OE plants than in controls, whereas its level was

markedly lower in the two wrky42 mutants than in the wt

(Figure S4). In addition, an earlier flowering phenotype

was observed in WRKY42-OE lines (Figure S3e,f), indicat-

ing that WRKY42 accelerates the reproductive transition

along with leaf aging and shortens plant lifespan. Interest-

ingly, no significant difference in the seed mass per plant

was observed among the wrky42 mutants, WRKY42-OE

plants and controls (Figure S5), showing that the over-

expression of WRKY42 can shorten the life cycle of

Arabidopsis without affecting its yield.

Leaf aging is also accompanied by increasing ROS

levels, and H2O2 (one type of ROS) could act as a signal for

triggering cell death during senescence (Van Breusegem

and Dat, 2006). We therefore tested whether WRKY42-in-

duced leaf senescence is dependent on H2O2 accumulation.

H2O2 production was visualized using 3,30-diaminoben-

zidine (DAB) staining, which produced a denser blue color

in WRKY42-OE lines than in wt and GFP plants (Figure 2d).

The content of H2O2 in the rosette leaves of WRKY42-OE

plants was further quantified, and it was higher than in the

wt or GFP control plants (Figure 2g). These results show

Figure 1. Expression analysis of WRKY42 during leaf senescence in Ara-

bidopsis.

(a) Wild-type (wt) leaves at different developmental stages. YL, young leaf

at 21 days old; ML, mature leaf at 28 days old; ES, early senescent leaf at

35 days old; LS, late senescent leaf at 42 days old. B, M and T indicate the

base, middle and tip section of a late senescent leaf at 42 days old, respec-

tively.

(b) qRT-PCR analysis of WRKY42 transcript levels in leaves at different

developmental stages. Data are means � standard error (SE) of three inde-

pendent biological replicates. UBQ10 and UBC21 were used as internal con-

trols. (c) GUS staining of rosette leaves of 35-day-old ProWRKY42-GUS

transgenic plant. The seedling before stained was shown beside. Bar, 1 cm.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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that constitutive overexpression of WRKY42 accelerates

leaf senescence in an age-dependent manner, which could

be associated with increased H2O2 accumulation.

Loss of WRKY42 function delays age-dependent leaf

senescence

To further confirm the role of WRKY42 in age-triggered leaf

senescence, two T-DNA insertion mutants, SALK_121674

(wrky42-1) and SALK_203446 (wrky42-2), were obtained.

An RT-PCR assay indicated that these two mutants are

knockout alleles, as WRKY42 transcript was not detectable

in either of the two mutant lines (Figure 3a,b). A signifi-

cantly delayed leaf senescence was observed in both

wrky42 mutants compared with the wt at 35 days (Fig-

ure 3c), and also at 42 and 49 days (Figure S3b). The DAB

staining, indicating the H2O2 level, also supported the

delayed leaf senescence symptom (Figure 3d).

Consistently, both mutants displayed higher chlorophyll

content (Figures 3e and S3d), lower electrolyte leakage

(Figure 3f) and less H2O2 accumulation than the wt (Fig-

ure 3g). Furthermore, the expression level of SAG12 in the

two mutant lines was significantly lower than that in the

wt (Figure S4b). These results were therefore consistent

and complementary to precocious senescence in WRKY42-

OE lines, indicating that WRKY42 functions as a positive

regulator in age-dependent leaf senescence.

Transcriptome profiling reveals differentially expressed

genes regulated by WRKY42

Next, to explore how WRKY42 regulates leaf senescence,

we conducted genome-wide mRNA expression analysis of

WRKY42-OE29 and wt plants at 30 days of age using RNA

sequencing (RNA-seq). We identified 2721 differentially

expressed genes (DEGs) between WRKY42-OE29 and the

wt (|log2FC| ≥ 1 and P < 0.05) (Figure 4a). Among the

DEGs, 1498 genes were upregulated and 1223 genes were

downregulated in the WRKY42-OE29 line, compared with

wt (Figure 4a). Gene ontology (GO) enrichment analysis of

these DEGs revealed that a wide array of functional

Figure 2. Overexpression of WRKY42 promotes age-dependent leaf senes-

cence.

(a) qRT-PCR analysis of WRKY42 transcript levels in wt, two overexpression

lines OE29, OE13 and GFP transgenic line. Data are means � SE of three

independent biological replicates. UBQ10 and UBC21 were used as internal

controls. The expression level of WRKY42 in wt was set as 1. (b) Western

blot analysis of WRKY42 expression level in overexpression lines and GFP

transgenic plants. Anti-HA antibody was used to detect the WRKY42-HA or

GF-HA protein. Ponceau S staining of the large subunit of Rubisco (RbcL) as

a sample loading control was shown at the bottom. (c) Leaf senescence

phenotype of 35-day-old wt, WRKY42-OE29, OE13 and GFP transgenic

plants. The rosette leaves (true leaves) 1st �9th were placed for comparing

the senescent phenotype. Scale bar, 1 cm. (d) DAB staining of the 5th �9th

rosette leaves (true leaves, from the same set of plants as shown in c) of dif-

ferent genotypes. (e–g) Quantification of chlorophyll content (e), relative

conductivity (f), H2O2 content (g) and SA content (h) of the 5th-8th rosette

leaves. Values are means � SE of three independent biological replicates.

Identical and different letters represent non-significant and significant differ-

ences (two-way ANOVA, P < 0.05).

Figure 3. Loss of WRKY42 function delays age-triggered leaf senescence.

(a) Gene structure of WRKY42 and location of T-DNA insertions. Rectangles

represent exons and lines denote introns. Two SALK mutants were obtained

for WRKY42. (b) RT-PCR analysis of WRKY42 expression in two T-DNA

insertion lines and wt. ACTIN2 was amplified as an internal control. (c) Leaf

senescence phenotype of 35-day-old wt, wrky42-1 and wrky42-2. The rosette

leaves (true leaves) 1st �9th were placed in a row for comparison. Scale

bar, 1 cm. (d) DAB staining of the 5th-9th rosette leaves (true leaves, from

the same set of plants as shown in c) of wt and two wrky42 mutant lines.

（e–g）Measurements of chlorophyll content (e), relative conductivity (f),

H2O2 content (g) and SA content (h) in the 5th-8th rosette leaves. Values are

means � SE of four independent biological replicates. Identical and differ-

ent letters represent non-significant and significant differences (two-way

ANOVA, P < 0.05).

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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biological processes, including responses to oxygen-con-

taining compounds, defense response, SA biosynthesis

and signaling, JA signaling, PCD, ROS metabolic process

and aging (Figures 4b and S6).

Among the DEGs, we identified several distinct groups

of genes, some of which have been reported to positively

regulate leaf senescence (Lim et al., 2007; Li et al., 2012).

The first group is the SAG group, including SAG13,

SAG21, SAG24, SAG101, SAG103, SAG201 and YLS9/

NHL10 (yellow leaf-specific 9/NDR1/HIN1-like 10) (Fig-

ure 4c). The second group contains genes implicated in SA

biosynthesis and signaling, including ICS1, PBS3, en-

hanced disease susceptibility 1 (EDS 1), EDS5, pathogene-

sis-related 1 (PR1), PR5, NPR3, SIRK, CBP60G and SARD1.

The third group comprises genes involved in PCD, which

are metacaspase 1 (MC), MC6, MC8, CEP1 and CYP76C2.

The fourth group comprises genes implicated in the

biosynthesis of ethylene, including 1-aminocyclopropane-

1-carboxylate oxidase 2 (ACO2), 1-aminocyclopropane-1-

carboxylic acid (ACC) synthase 2 (ACS 2) and ACS6. The

fifth group includes ABA synthesis-related genes: 9-cis-

epoxycarotenoid dioxygenases 4 (NCED 4), NCED5 and

aldehyde oxidase 1 (AAO1). The sixth group contains JA

biosynthesis- and signaling-related genes, and these are

lipoxygenase 1 (LOX 1), LOX5, plant defensin 1.3

(PDF 1.3), PDF1.4 and PDF2.1. The seventh group contains

genes involved in ROS production and signaling, including

RbohF, ZAT12 and many H2O2-responsive TF-encoding

genes of the WRKY, NAC and ethylene response factor

(ERF) families (Hieno et al., 2019). Interestingly, a few TF

genes, including those well-known sen-TF genes, were

also upregulated, e.g. NAC016, NAC046, NAC055, WRKY6,

WRKY45 and WRKY75 (Figure 4c). In contrast, a few senes-

cence downregulated genes (SDGs) were found to be

repressed in the WRKY42-OE line. For example, auxin-re-

sponsive genes (IAA1, IAA3, IAA5, AUX1, ARF18, etc.),

early light-inducible protein 1 (ELIP1), leucoanthocyanidin

dioxygenase (LDOX), RVE3 (encoding an MYB-like TF regu-

lating circadian rhythm) and SWEET13 (a member of the

sucrose efflux transporter family) were downregulated in

the WRKY42-OE29 line (Figure 4c). These results suggest

that WRKY42 modulates leaf senescence through a com-

plex regulatory network.

Furthermore, to validate the RNA-seq data, 25 upregu-

lated and four downregulated genes were chosen for

examination by qRT-PCR in both WRKY42-overexpressing

and mutant lines, compared with the wt control. Consistent

with the RNA-seq analysis, the transcript levels of the 25

upregulated genes were all dramatically increased in the

WRKY42-OE29 line, whereas most of them were signifi-

cantly decreased in the wrky42-1 mutant (Figure 5a,b). In

contrast, the four downregulated genes (IAA1, PIN1, ELIP1

and LDOX) also showed an opposite altered expression

pattern in the WRKY42-OE and mutant plants, compared

with the wt (Figure 5b).

The WRKY TFs function by binding directly to the canon-

ical cis-element W-box (TTGACC/T) in promoters of target

genes (Eulgem et al., 2000). We therefore searched for

W-box sequences in the promoters (including the 50

untranslated region, 50-UTR) of upregulated genes identi-

fied by our RNA-seq analysis, and we found that 1164 (out

of 1498) genes have at least one canonical W-box in the 1-

kb promoter regions.

Figure 4. RNA-seq analysis reveals senescence-related genes regulated by

WRKY42.

(a) Differentially expressed genes (DEGs) from RNA-seq analysis of the 7th

and 8th rosette leaves of 30-day-old WRKY42-OE29 and wild-type (wt). (b)

Functional analysis of the DEGs from RNA-seq through GO analysis, bar

represents -log (P-value). C, Cluster heatmap analysis of expression of

selected DEGs in WRKY42-OE29 and wt from RNA-seq. The expressions of

DEGs are hierarchically clustered on the y-axis, and plant samples are hier-

archically clustered on the x-axis. The values of DEGs in the six samples are

normalized by a scale function. The transcription levels are presented in red

and green, which indicate upregulated and downregulated genes by

WRKY42, respectively.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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WRKY42 modulates the transcription of SAGs, ROS and

SA-synthesis-related genes

To establish a regulatory connection between WRKY42 and

the putative downstream targets identified above, we per-

formed a dual luciferase (LUC)-based reporter assay. Differ-

ent combinations of reporters and effectors, in which 35S:

GFP was used as the control of the effector and 35S:REN

was used an internal control (Figure 6a), were co-ex-

pressed, with LUC and REN activities measured sequen-

tially to reflect the transcriptional activity of individual

promoters in vivo at two different time points. The results

showed that co-expression of 35S:WRKY42 with LUC dri-

ven by 17 promoters significantly increased the LUC/REN

ratios compared with the GFP effector control at one or

two time points (Figure 6b). These promoters included

upstream regions from six SAGs (SAG13, 21, 24, 101, 103

and YLS9), four SA-related genes (ICS1, PBS3, PR1 and

SIRK), two ROS-related genes (RbohF and ZAT12), three

PCD and autophagy-related genes (MC6, MC8 and ATG8E),

PDF1.4 and ACS6, indicating that these 17 genes tested

were dramatically activated by WRKY42. As a control, one

of the downregulated genes, LDOX, was also included in

the dual LUC assay. The result showed that the promoter

activity of LDOX was significantly repressed by WRKY42

(Figure 6b); however, co-expression of 35S:WRKY42 and

LUC driven by promoters of a few other upregulated

genes, such as ACS2, NCED4, LOX5 and PR5, did not sig-

nificantly change the LUC/REN ratios (Figure S6), indicat-

ing that these genes are not directly regulated by WRKY42.

Moreover, WRKY42 expression significantly repressed the

LUC expression driven by promoters of NCED5, LOX1,

PDF1.3, PDF2.1 and MC2 at one or two time points (Fig-

ure S7), suggesting that these genes are not likely to be

direct targets of WRKY42. In total, among the DEGs exam-

ined further, eight genes were dramatically activated by

WRKY42 in the dual LUC assay and were also induced in

the WRKY42-OE29 line, whereas they were significantly

repressed in the wrky42-1 mutant line. These include three

SAGs (SAG13, SAG24 and SAG103), three genes involved

in SA synthesis and signaling (ICS1, PBS3 and PR1), RbohF

and YLS9.

WRKY42 positively regulates the accumulation of SA

Considering the fact that RNA-seq and subsequent path-

way and GO analyses uncovered many genes implicated in

Figure 5. qRT-PCR analysis of transcript levels of senescence-related genes

identified through RNA-seq.

(a-b) qRT–PCR was conducted to determine transcript levels of senescence-

related genes in 7th and 8th rosette leaves of 30-day-old wt, wrky42-1 and

WRKY42-OE29 lines. UBQ10 and UBC21 were used as internal controls.

Value represents the mean � SE of four biological replicates. Asterisks rep-

resent significant differences compared to wt by Student’s t-test (*P < 0.05,

**P < 0.01, ***P < 0.001).

Figure 6. WRKY42 activates the transcription of senescence-related, SA and

ROS synthesis, and defense response genes by dual LUC reporter assays.

(a) Schematic diagram of reporter and effector constructs used in the dual

luciferase reporter assay. In the reporter plasmids, Renilla (REN) luciferase

gene driven by CaMV35S promoter was used as the internal control and,

the target gene promoters are fused to the LUC (Firefly Luciferase). In the

effector plasmids, GFP (control) and WRKY42 are driven by CaMV35S pro-

moter. Ter, transcriptional terminator sequence. (b) Dual luciferase reporter

assay results. Different combinations of reporter and effecter plasmids were

co-infiltrated into leaves of N. benthamiana. The ability of WRKY42 to acti-

vate the reporter LUC gene was represented by the ratios of LUC to REN.

The 35S:REN served as an internal control. Values indicate the mean � SE

of three biological replicates. Asterisks represent significant differences

between WRKY42 and GFP by Student’s t-test (*P < 0.05, **P < 0.01,

***P < 0.001).

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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the biosynthesis of leaf senescence-promoting hormones,

including SA, JA and ABA, we measured the contents of

SA, JA and ABA in WRKY42-OE and mutant lines, as well

as in control lines, in order to further dissect the regulatory

roles of WRKY42 in leaf senescence. The free SA contents

in the WRKY42-OE29 and WRKY42-OE13 leaves were five-

fold and fourfold higher than those of the wt and the GFP

line, respectively (Figure 2h). In contrast, the free SA levels

in the two wrky42 mutants were significantly lower than

those of the wt and the GFP controls (Figure 3h). Although

the levels of JA and ABA were significantly increased in

the OE29 line compared with the controls, no significant

difference was observed between wrky42 mutants and

control plants (Figure S8a,b). Taken together, these data

suggest that, besides inducing ROS accumulation,

WRKY42 positively regulates leaf senescence partly by

inducing SA accumulation, and that ABA and JA are only

likely to exert an indirect or minor role in WRKY42-induced

leaf senescence.

WRKY42 directly binds to the promoters of SAGs, ROS

and SA biosynthesis-related target genes

We further examined the binding of WRKY42 to the pro-

moter regions of the putative target genes in vitro and

in vivo. We identified that there are one or more candidate

binding sites, the W-box elements, in the promoters of

SAG13, SAG24, SAG103, ICS1, PBS3, RbohF, PR1 and

YLS9 (Figure 7a). To test whether WRKY42 can directly

bind to the promoter regions of these target genes, we first

performed an electrophoretic mobility shift assay (EMSA)

using unlabeled probes as competitors and glutathione-S-

transferase (GST) as the control protein. The results

revealed that WRKY42 protein tagged with GST (GST-

WRKY42) bound to probe 1 (P1) of the SAG13, SAG24,

SAG103, ICS1, PR1, RbohF and YLS9 promoters, and to P2

of the PBS3 promoter, whereas GST alone could not bind

to the promoters (Figure 7b–i). Competitive binding assays

were also performed to confirm binding specificity by add-

ing an excess of unlabeled probes, which competed with

the labeled binding in all cases (Figure 7b–i). GST-WRKY42

did not bind to the other probes in the promoters of these

eight genes, however (Figure S9). Moreover, to confirm

binding, we further conducted a competitive assay using

both unlabeled and mutant probes harboring mutations in

the W-box of ProICS1 and ProRbohF (Figure S10). The

results showed that an excess of unlabeled native probes

showed good competition, whereas mutant probes did

not, which indicates that WRKY42 binds to the target genes

through the W-box (Figure S10).

We next employed chromatin immunoprecipitation

(ChIP) to further test the affinity of WRKY42 for its target

gene promoters. For this assay, 2-week-old WRKY42-HA

transgenic seedlings were used, and age-matched wrky42-

1 mutant seedlings were used as the control.

Immunoblotting and agarose gel electrophoresis assays

indicated the utility of the anti-HA antibody and the good

quality of sonicated chromatin DNA, respectively (Fig-

ure S11). Primers for each of the putative binding sites

were designed to flank promoter regions that contained

W-box elements and that had shown positive bindings in

the EMSA assay (Figure 8a). The ChIP-qPCR results

showed that WRKY42 significantly enriched the fragments

containing F1 of ProSAG13 (Figure 8b), F1 and F3 of Pro-

SAG24 (Figure 8c), F2 of ProSAG103 (Figure 8d), F1 and F2
of ProICS1 (Figure 8e), F1–F3 of ProPBS3 (Figure 8f), F1 and

F2 of ProRbohF (Figure 8g), F1–F3 of ProPR1 (Figure 8h)

and F1 of ProYSL9 (Figure 8i), whereas WRKY42 did not

show any binding to the promoter of ACTIN2 and the CF

controls of different target genes (Figure 8b–i).Our results

from both in vitro and in vivo assays therefore consistently

indicated that WRKY42 directly binds to the promoters of

SAG13, SAG24, SAG103, ICS1, PBS3, PR1, RbohF and

YLS9.

Figure 7. Electrophoretic mobility shift assays (EMSA) of WRKY42 binding

to different regions of promoters of putative target genes.

(a) Schematic representation of SAG13, SAG24, SAG103, ICS1, PBS3,

RbohF, PR1 and YLS9 promoter regions containing W-box cis-elements.

Only canonical W-boxes (TTGACC/T, black vertical bars) are represented.

The approximate positions of W-boxes relative to ATG start codon in

respective promoters are indicated. The lines below W-boxes indicate the

probes used in EMSA. (b–i) Competitive EMSA to detect the binding of

WRKY42 to promoters of target genes. The DNA binding assays were per-

formed using purified GST-WRKY42 protein and biotin-labelled fragments

of the promoters containing the W-boxes, using GST protein as a negative

control, and non-labeled fragments were used as competitors. The + and �
symbols indicate the presence and absence of components. The bands at

the upper and lower part of membranes indicate shift (protein-probe com-

plex) and unbound free probes, respectively.
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Mutation of ICS1 suppresses the early leaf senescence

phenotype of WRKY42-overexpressing plants

As our previous data indicate that WRKY42 induced leaf

senescence through positively regulating ROS and SA syn-

thesis, we determined to provide genetic evidence. Being a

critical enzyme involved in SA synthesis (Wildermuth

et al., 2001), ICS1 (also called SID2) was chosen first. We

generated WRKY42-OE29/sid2-2 plants to investigate

whether ICS1 was responsible for the increased SA level

and accelerated leaf senescence evoked by the expression

of WRKY42. We crossed the WRKY42-OE29 transgenic line

with a sid2-2 mutant and obtained F3 WRKY42-OE29/sid2-2

plants. Again, seeds of different genotypes were harvested

at the same time and under the same growth conditions

before being used for phenotypic comparison. The expres-

sion of WRKY42 and ICS1 in the different genotypes was

tested by qRT-PCR and the expected results were seen

(Figure 9b). Under normal growth conditions, WRKY42-

OE29/sid2-2 plants showed an obvious delayed senescence

phenotype compared with the WRKY42-OE29 line (Fig-

ure 9a). Moreover, the mutation of ICS1 also abolished the

increased SA levels in the WRKY42-OE29 background, and

the free SA level in WRKY42-OE29/sid2-2 plants was simi-

lar to that in the sid2-2 mutant (Figure 9c). A higher chloro-

phyll content and lower relative conductivity further

confirmed the delayed senescence phenotype in WRKY42-

OE29/sid2-2 plants (Figure 9d,e). Taken together, our

results above suggest that the mutation of ICS1 abolished

the early senescence phenotype in WRKY42-OE lines by

reducing the SA level and, hence, a positive regulatory

module is proposed in which WRKY42-ICS1 modulates SA

biosynthesis and thereby leaf senescence.

Figure 8. Chromatin immunoprecipitation (ChIP)-qPCR assay to examine

the association between WRKY42 and its targets.

(a) Schematic diagrams of W-box elements in promoter regions of SAG13,

SAG24, SAG103, ICS1, PBS3, PR1 and YLS9 genes with control primers in

the coding regions or intergenic regions indicated by CF. Only perfect

W-boxes (TTGACC/T, black vertical bars) are represented. ATG represents

the translational start codon. The lines below W-boxes and CF indicate the

sequences detected in ChIP-qPCR assay. (b–i) Association of WRKY42 with

its targets by ChIP-qPCR assay. Chromatin prepared from 14-day-old

WRKY42-HA plants using anti-HA antibody (IP) were detected with qPCR

with chromatins prepared from wrky42-1 as the control. Enrichment of

specific fragments is expressed as percentage of input. ACTIN2 promoter

was also detected as a negative control. Data are means � SE of four inde-

pendent biological replicates. Statistical analysis was performed with Stu-

dent’s t-test (*P < 0.05, **P < 0.01, ***P < 0.001).

Figure 9. Mutation of SID2 suppresses the early senescence phenotype of

WRKY42-overexpressing plants.

(a) Leaf senescence phenotype of 35-day-old WRKY42-OE29/sid2-2 #1, #2,

WRKY42-OE29, wt and sid2-2 plants. (b) qRT-PCR analysis of WRKY42 and

ICS1/SID2 transcript levels in rosette leaves of plants shown in (a). Data are

means � SE of three independent biological replicates. Transcript levels of

genes in wt were arbitrarily set to 1. (c–e) Measurements of free SA con-

tents (c), chlorophyll contents (d) and relative conductivity (e) in the 5th-8th

rosette leaves. Data are means � SE of three to four independent biological

replicates. Identical and different letters represent non-significant and signif-

icant differences (P < 0.05).
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RbohF mutation suppresses the early senescence

phenotype of WRKY42-overexpression plants

As WRKY42 overexpression promotes H2O2 accumulation

and also binds strongly to the W-box element in the pro-

moter of RbohF, and activates its expression, we decided

to explore the genetic relationship between RbohF and

WRKY42. Loss-of-function mutants of rbohf had delayed

senescence compared with the wt (Figure 10a). Plants with

the combined WRKY42-OE29/rbohf genotype also had

delayed senescence, compared with WRKY42-OE29 (Fig-

ure 10a). Transcript abundance of WRKY42 and RbohF was

measured and was found to be consistent with the respec-

tive genotypes (Figure 10b). Furthermore, H2O2 concentra-

tion in WRKY42-OE29/rbohf plants was significantly lower

than in WRKY42-OE29 plants, and the H2O2 content in the

rbohf mutant was significantly lower than that of the wt

(Figure 10c). Finally, the higher chlorophyll content and

lower relative conductivity in the WRKY42-OE29/rbohf

plants further confirmed the delayed senescence pheno-

type (Figure 10d,e). These results suggest that mutation of

rbohf suppressed the early senescence phenotype caused

by WRKY42 overexpression, by suppressing H2O2 accumu-

lation. Hence, a WRKY42-RbohF pathway modulates ROS-

dependent leaf senescence.

Higher levels of SA and H2O2 inhibit the expression of

WRKY42

According to the above results, mutations of ICS1 and

RbohF suppress the early leaf senescence phenotype of

WRKY42-overexpressing plants. It was interesting to find

that the H2O2 content in WRKY42-OE/sid2-2 plants was sig-

nificantly decreased compared with the WRKY42-OE29 line

(Figure S12a). Similarly, the SA content in WRKY42-OE29/

rbohf plants was also significantly lower than that of

WRKY42-OE29 plants (Figure S12b). These results suggest

that SA and H2O2 levels are highly correlated, at least in

WKRY42-overexpression plants.

Next, we further explored the influence of SA and H2O2

on the expression of WRKY42 via qRT-PCR. The results

showed that the expression of WRKY42 was significantly

reduced under 10 mM H2O2 and 500 lM SA treatments at 1,

3 and 12 h, whereas lower concentrations of H2O2 and SA

had no such effect (Figure S13). Thus, WRKY42 overex-

pression can accelerate SA and H2O2 accumulation

through directly regulating the transcription of ICS1 and

RbohF; however, its own expression was suppressed by

high levels of SA and H2O2, which forms a complex nega-

tive feedback network to fine-tune leaf senescence and

growth in Arabidopsis.

DISCUSSION

Leaf senescence is the last stage of leaf development and

is crucial for plant reproduction, fitness and adaptation to

various environments (Schippers et al., 2015). Dissecting

the molecular mechanisms underlying leaf senescence

may provide the theoretical basis for breeding more pro-

ductive and environmentally adaptable varieties, as some

functional stay-green mutants were found to have the

potential to increase plant productivity (Thomas and

Howarth, 2000; Yoo et al., 2007; Hortensteiner, 2009). Dur-

ing the past decades, transcriptomic analyses have defined

a large number of genes as SAGs, but only a small portion

of them have been functionally characterized. In this study,

we identified a novel positive regulator WRKY42 that func-

tions in the onset of age-dependent leaf senescence.

Our study demonstrated that WRKY42 exhibited high

expression levels in senescent leaves compared with

young leaves (Figure 1), implying that WRKY42 acts as a

functional sen-TF. Overexpression of WRKY42 dramatically

accelerated leaf senescence at several developmental

stages examined, whereas loss-of-function mutation of

WRKY42 delayed leaf senescence (Figures 2, 3, S2 and S3),

Figure 10. RbohF mutation suppresses the early senescence phenotype of

WRKY42-overexpressing plants.

(a) Leaf senescence phenotype of 35-day-old WRKY42-OE29/rbohf #1, #2,

WRKY42-OE29, wt and rbohf plants. (b) qRT-PCR analysis of WRKY42 and

RbohF transcript levels in rosette leaves of plants shown in (a). Data are

means � SE of four independent biological replicates. Transcript levels of

genes in wt were arbitrarily set to 1. (c–e) Measurements of H2O2 contents

(c), chlorophyll contents (d) and relative conductivity (e) in the 5th-8th

rosette leaves. Data are means � SE of three to four independent biological

replicates. Identical and different letters represent non-significant and signif-

icant differences (P < 0.05).
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further supporting its SAG function. Interestingly, altering

the expression of WRKY42 affected the progression of leaf

senescence but had no influence on the seed mass per

plant (Figure S4), demonstrating that overexpression of

WRKY42 can shorten the life cycle of transgenic Arabidop-

sis without affecting its yield at all. An RNA-seq profiling of

differentially expressed genes between WRKY42-OE29 and

the wt (Col-0) uncovered an array of genes implicated in

the synthesis and signaling of senescence-associated phy-

tohormones and ROS, as well as many well-known SAGs

and TF genes (Figure 4). Therefore, WRKY42 functions dur-

ing leaf senescence by regulating the expression of many

SAGs. Among the SAGs, SAG13, SAG24 and SAG103

showed opposite expression patterns in wrky42 mutants

and overexpression lines (Figure 5), and promoters of

these were found to contain at least one canonical W-box

element. Our EMSA and ChIP experiments demonstrated

that WRKY42 bound directly to the SAG13, SAG24 and

SAG103 promoters, indicating that these SAGs are direct

targets of WRKY42. A more recent report also identifies

SAG12 and SAG13 as a direct target of WRKY45 in age-

triggered leaf senescence through a gibberellin-mediated

signaling pathway (Chen et al., 2017). SAG12 was not

found among the DEGs in our RNA-seq analysis, however.

WRKY6 is the first WRKY gene reported to regulate leaf

senescence in Arabidopsis; however, the genetic evidence

of the regulatory components, such as SIRK, is not clear

(Robatzek and Somssich, 2001; Robatzek and Somssich,

2002). As the closest homolog of WRKY6, we provided

experimental evidence to show the positive role played by

WRKY42 here. Furthermore, SIRK, one target gene of

WRKY6, was also indicated as a candidate target of

WRKY42 (Figures 5 and 6). Previously, WRKY6 and

WRKY42 were shown to play similar roles in response to

low Pi stress by regulating PHOSPHATE 1 (PHO1) expres-

sion (Chen et al., 2009; Su et al., 2015). These reports

suggest that both WRKY6 and WRKY42 participate in the

fine-tuning of signaling and regulatory network of leaf

senescence and nutrient starvation responses.

A transcriptomic comparison between WRKY42 over-

expression and wild-type plants revealed the enrichment of

SA, ROS, and abiotic and biotic stress-related biological pro-

cesses, and a large portion of the genes involved in these

processes are upregulated in WRKY42-overexpressing

plants (Figure S5). In line with this finding, we found that

free SA and H2O2 levels were dramatically increased in

WRKY42-OE lines but decreased in the wrky42 mutant

plants (Figures 2, 3 and S7). As SA and H2O2 are two well-

defined inducers of leaf senescence and longevity (Khanna-

Chopra, 2012; Zhang et al., 2013), we focused on dissecting

the molecular mechanisms mediated by WRKY42. Three

putative target genes involved in SA biosynthesis and H2O2

production were identified within the RNA-seq results: ICS1,

PBS3 and RbohF. ICS1 is a key gene responsible for SA

biosynthesis (Dempsey et al., 2011), but its role in natural

senescence is not well established. Our study indicates that

ICS1 is a direct target of WRKY42 (Figures 7 and 8), and

genetic evidence further demonstrates that the mutation of

ICS1 repressed the SA accumulation and early senescence

phenotype of WRKY42-overexpressing plants (Figure 9).

From these results, we concluded that WRKY42 promotes

SA production and leaf senescence partially by inducing

ICS1 expression.

Previous studies have revealed H2O2 as an important

signaling molecule that plays an essential role in many dif-

ferent process, including plant senescence (Lee et al., 2012;

Guo et al., 2017; Waszczak et al., 2018). In Arabidopsis,

there are 10 Rboh genes that may play a role in a tissue or

organ-specific manner (Torres and Dangl, 2005; Suzuki

et al., 2011; Daniel et al., 2012). Although some of them

may function redundantly, their tissue-specific expression

also suggests their functional specialization (Steinhorst

and Kudla, 2013; Morales et al., 2016). In this study, we

found that one of the Rbohs, RbohF, was directly upregu-

lated by WRKY42. RbohF is a multifunctional NADPH oxi-

dase that participates in diverse physiological processes

(Chaouch et al., 2012; Yuree et al., 2013; Morales et al.,

2016); however, the TFs that regulate the expression of

RbohF expression have not been reported. Our study

reveals that WRKY42 acts as an upstream factor of RbohF

expression to determine leaf senescence progression (Fig-

ure 10). Previous studies have shown that AtRbohF may

function redundantly with RbohD in defense against patho-

gens, cell-death control and ABA-induced stomatal closure,

as the double mutant rbohd rbohf demonstrates a stronger

phenotype (Kwak et al., 2003; Torres et al., 2005). RbohD

was not identified to be differentially expressed in our

RNA-seq data, however. Later, it was found that RbohF

also has a specific role in protecting shoot cells from

excessive Na+ (Jiang et al., 2012).

In summary, our study has identified WRKY42 as a novel

transcription factor in the senescence regulatory network,

through directly regulating the transcription of ICS1 and

RbohF to promote SA and H2O2 accumulation, as well as

several well-known SAGs and YLS9. We therefore propose

a working model for the function of WRKY42 in integrating

ROS and SA signaling to control the onset and progression

of leaf senescence (Figure S14). In the future, it will be

interesting to determine whether this mechanism is appli-

cable to other WRKY TFs and how WRKY42 regulates the

expression of other putative target genes uncovered from

the RNA-seq analysis.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

The Arabidopsis thaliana ecotype Columbia (Col-0) was used as
the wt for this study. T-DNA insertion mutants of wrky42-1
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(Salk_121674), wrky42-2 (Salk_203446), rbohf (Salk_034674), pbs3
(Salk_018225) and sid2-2 (Dewdney et al., 2000) were ordered from
the Arabidopsis Biological Resource Center (ABRC, https://abrc.
osu.edu) and Nottingham Arabidopsis Stock Center (NASC, http://
arabidopsis.info).

Seeds were surface-sterilized and plated on half-strength Mura-
shige and Skoog (MS) medium with 1% sucrose and 0.8% Phyto-
blend (Caissonlabs, https://www.caissonlabs.com), stratified at 4°C
for 2 days, and then transferred to a growth chamber with 14-h
light/10-h dark cycle at 22°C, and a light intensity of approximately
120 lmol m�2 sec�1, with a relative humidity of 60–70%. Homozy-
gous mutants were screened by PCR and expression levels were
determined by RT-PCR.

Construction of transgenic overexpression lines

To generate Pro35S:WRKY42-HA-overexpression lines, the coding
region of WRKY42 was amplified using high-fidelity PrimeSTAR
HS DNA polymerase (TaKaRa, https://www.takarabio.com) with
the primers listed in Table S1 before being cloned into the previ-
ously described binary vector pYJHA (Niu et al., 2016) to obtain
the pYJHA-WRKY42 with a 2 9 HA tag at the 30 end. For generat-
ing the Pro35S:GFP-HA control lines, GFP was constructed into
pYJHA separately. After confirmation, both constructs were indi-
vidually transformed into the wt (Col-0) through Agrobacterium-
mediated floral dip (Clough and Bent, 1998). The transformants
were selected on half-strength MS medium supplemented with
1% sucrose and 25 lg ml�1 hygromycin B. High expression lines
were identified through qRT-PCR and confirmed by Western blot.
Homozygous T3 lines were used for phenotypic and qRT-PCR
assays.

Quantitative RT-PCR (qRT-PCR) assay

Total RNA was extracted from leaves of different ages or age-
matched rosette leaves of triplicates using the Plant RNA kit and
treated with RNase-free DNase (Omega Bio-tek, https://www.ome
gabiotek.com) according to the manufacturer’s instructions. Rev-
erse transcription was performed with 2.5 µg of total RNA in a 20-
ll reaction mixture using H–MMLV reverse transcriptase and oligo
(dT)18 (TaKaRa). Ten-fold diluted cDNA samples were then used
as templates for qRT-PCR, using SYBR Premix Ex Taq (TaKaRa) on
the CFX96 real-time thermocycler (Bio-Rad, https://www.bio-rad.c
om). UBQ10 and UBC21 were used as internal controls to normal-
ize expression levels of target genes (Jiang and Deyholos, 2009).
The primers used are listed in Table S1.

For H2O2 and SA treatments, 10-day-old wt (Col-0) seedlings
grown on half-strength MS medium were transferred to half-
strength MS medium containing 1 or 10 mM H2O2 (Alfa Aesar,
http://www.alfa.com), 50 or 500 lM SA (Sigma-Aldrich, https://
www.sigmaaldrich.com), respectively. Seedlings transferred to
normal half-strength MS medium were used as the control. Seed-
lings were harvested at 1, 3 and 12 h after treatments, flash-frozen
in liquid nitrogen and stored at �80°C. The planting, treatments
and harvesting were repeated three times independently. Then
RNA extraction and qRT-PCR were performed with the primers
listed in Table S1.

Protein extraction and Western blot assay

To analyze the expression levels of HA-tagged WRKY42 and GFP
proteins in transgenic lines, total proteins from rosette leaves
were extracted in a lysis buffer (0.7 M sucrose, 500 mM Tris-HCl,
pH 7.5, 50 mM EDTA-Na, pH 8.0, 0.1 M KCl, 1.0% Triton X-100, full-
strength protease inhibitor cocktail; Pierce, now ThermoFisher

Scientific, https://www.thermofisher.com). For immunoblot analy-
sis, equal quantities of proteins were separated on a 10% SDS-
PAGE gel, followed by target protein detection with anti-HA
(1:2000) antibody (Sigma-Aldrich) and horseradish peroxide
(HRP)-conjugated secondary antibody (Pierce, https://www.ther
mofisher.com/). The chemiluminescence signals were visualized
using a SuperSignal West Pico PLUS Chemiluminescent substrate
(Pierce, now ThermoFisher Scientific) on a ChemDoc system (Bio-
Rad), according to the manufacturer’s instructions.

Promoter-b-glucuronidase (GUS) fusion and histochemical

staining

To construct ProWRKY42:GUS, a 2-kb genomic sequence upstream
of the WRKY42 start codon was amplified from genomic DNA and
inserted into a modified linearized pRD420 vector (Datla et al.,
1992), in which the original GUS gene was replaced with intron-
containing GUS from pCAMBIA1391Z. The construct was con-
firmed by DNA sequencing and then transformed into Arabidopsis
Col-0, as described above. Seeds were selected on half-strength
MS medium containing 25 lg ml�1 kanamycin. Homozygous T2

lines were used for GUS staining, as described previously (Jiang
and Deyholos, 2009). Over 10 independent seedlings grown in half-
strength MS medium or soil were subjected to staining and dis-
played similar staining patterns. Representative data are shown.

Leaf senescence assays

Seeds of different genotypes were harvested from plants grown at
the same time and under the same growth conditions. For pheno-
typic assay, seeds were germinated on half-strength MS medium
supplemented with 1% sucrose for 7 days and then seedlings
were transferred into soil and continued to grow under the same
conditions. Age-matched rosette leaves among different geno-
types were used for the leaf senescence assay. Leaves 5–8 from
35-day-old plants were used for measurements of chlorophyll con-
tent, relative conductivity and H2O2 content, as described previ-
ously (Chen et al., 2016). In addition, the rosette leaves 5–9 were
subjected to DAB staining (Sun et al., 2014).

Hormone measurements

The rosette leaves of various genotypes from soil-grown plants
were used and four biological replicates were prepared for each
genotype. Approximately 200 mg of fresh leaf sample for each
genotype was collected and flash-frozen in liquid nitrogen, with
hormone concentrations detected using a previously described
protocol (Wu et al., 2007; Yang et al., 2012). In brief, 1 ml ethyl
acetate containing 200 ng of 2H4-SA,

6H-ABA and D6-JA used as
internal standards for SA, ABA and JA respectively, were added to
each sample. Samples were then homogenized using a FastPrep
homogenizer (ThermoFisher Scietific). Next, the homogenized
samples were centrifuged at 16 100 g for 10 min at 4°C and the
supernatants were transferred to 2-ml tubes. The precipitate was
extracted with 0.5 ml of ethyl acetate again, and the supernatants
were combined and evaporated to dryness using a vacuum con-
centrator (Eppendorf, https://www.eppendorf.com). The residue of
each sample was resuspended in 0.5 ml of 70% methanol (v/v),
centrifuged at 16 100 g for 15 min and the supernatants were
transferred into glass vials and used for hormone detection. The
analyses of SA, ABA and JA were performed on an ultra-perfor-
mance liquid chromatography (UPLC) system with a Shim-pack
XR-ODS (2.0 mm I.D. 9 75 mm L.,1.6 lm) column coupled to a tri-
ple quadrupole mass spectrometer (LC-MS8040; Shimazu, https://
www.shimadzu.com) with an electrospray source (ESI).
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RNA-seq assay

Rosette leaves 7 and 8 of 30-day-old wt (Col-0) and WRKY42-OE29
plants were individually collected from plants of three biological
replicates, frozen in liquid nitrogen and stored at �80°C. The RNA-
seq analysis was performed by CapitalBio Technology Inc. (http://
www.capitalbiotech.com), with three biological replicates. Briefly,
RNA quality was evaluated on an Agilent 2100 BioAnalyzer (Agi-
lent, https://explore.agilent.com). Sequencing libraries were gener-
ated following the manufacturer’s protocol of NEBNext Ultra RNA
Library Prep Kit for Illumina (#E7530S; New England Biolabs,
https://international.neb.com). After quality control and cluster
generation, the sequencing was performed on an Illumina HiSeq
2000 platform. The FastQC (Wingett and Andrews, 2018) and
NGSQC (Patel and Jain, 2012) were used to evaluate and filter the
raw data. The high-quality filtered reads were then mapped to
Arabidopsis reference genome (TAIR10) with TOPHAT. DEG analysis
was performed using CUFFDIFF. Genes with |log2FC| ≥ 1 and P < 0.05
were identified as DEGs. GO enrichment analysis was conducted
by using BINGO (https://www.psb.ugent.be/cbd/papers).

Dual luciferase reporter assay

Promoters of individual target genes were amplified from Ara-
bidopsis genomic DNA and cloned into the transient expression
vector pGreenII0800-LUC to serve as the reporter plasmids. The
individual promoters were inserted into upstream of firefly lucifer-
ase (LUC) gene and the Renilla luciferase (REN) gene under the
control of the CaMV 35S promoter was used as the endogenous
control (Hellens et al., 2005). The pYJHA-WRKY42 was used as an
effector plasmid, with pYJHA-GFP used as a negative control plas-
mid. The effector plasmids and reporter plasmids were trans-
formed into Agrobacterium tumefaciens GV3101 (pSoup)
individually. The effector and the reporter plasmids were then
mixed at a ratio of 9:1(v/v), and then infiltrated into the 28 days
old N.benthamiana leaves. At 2 and 3 dpi (day post-infiltration),
three leaf discs of 1 cm in diameter were harvested and the dual
luciferase reporter assay was performed using the Dual-Luciferase
Reporter Assay System kit (Promega, USA, https://www.prome
ga.com/) according to manufacturer’s instructions. Primers used
are listed in Table S1.

Electrophoretic mobility shift assay (EMSA)

The coding region of WRKY42 was amplified and cloned into
pGEX4T-1 vector. The GST-WRKY42 fusion protein and GST (as
the control) were expressed in E. coli strain Rosetta (DE3) (Nova-
gen, Germany, http://www.merckmillipore.com). The recombinant
proteins were induced with 0.2 mM isopropyl-b-D-1-thiogalactopy-
ranoside (IPTG) at 25°C for 4 h and purified with GST-bind resin
(Novagen) following the manufacturer’s instructions. EMSA was
performed using the Light Shift Chemiluminescent EMSA Kit
(Pierce, USA, https://www.thermofisher.com/) according to the
manufacturer’s instructions. The oligonucleotide sequences and
primers of biotin-labeled probes, unlabeled probes and mutant
probes are listed in Table S1.

ChIP-qPCR assay

Two-week-old WRKY42-HA transgenic seedlings and wrky42-1
mutant seedlings were used as materials according to (Saleh
et al., 2008). In brief, about 3 g seedlings were collected and
cross-linked with 1% formaldehyde (Sigma-Aldrich) under a vac-
uum for 10 min. The reaction was stopped by adding glycine at a
final concentration of 100 mM for another 5 min. Then the

samples were washed twice with distilled water and frozen in liq-
uid nitrogen. Next, the chromatin DNA was isolated, sonicated
and then precleared with salmon sperm DNA/protein A agarose
beads (Upstate, USA, http://www.merckmillipore.com) for 1 h.
Afterwards immunoprecipitation was performed with HA antibody
(#H6908, Sigma-Aldrich) at 4�C overnight with gentle rotation. The
immunoprecipitated complexes were then precipitated with sal-
mon sperm DNA/protein A agarose beads at 4�C with gentle rota-
tion for 4 h. Finally, the precipitated DNA was recovered after
reverse cross-linking and protein digestion, and then analyzed by
quantitative PCR (qPCR). The precipitated chromatin DNA of
wrky42-1 mutant was used as the negative control, while soni-
cated chromatin DNA without precipitation served as an input
control. For data analysis, ChIP results are presented as a percent-
age of input DNA. ACTIN2 and gene-specific primers annealing to
regions located at least 1 kb downstream of the translational start
site were used as controls. Primers used are listed in Table S1.

Statistical analysis

All experiments were repeated with at least three biological repli-
cates. All presented data were statistically analyzed by using SPSS
16.0 software.

ACCESSION NUMBERS

RNA-seq raw data are available at the Sequence Read Archive

(SRA) database (https://dataview.ncbi.nlm.nih.gov/) under the

accession number SUB5690510. Sequence data from this arti-

cle can be found in the TAIR website (https://www.arabidop

sis.org) under the following AGI codes: WRKY42

(AT4G04450), ICS1 (AT1G74710), RbohF (AT1G64060), SAG13

(AT2G29350), SAG21 (AT4G02380), SAG24 (AT1G66580),

SAG101 (AT5G14930), SAG103 (AT1G10140), YLS9

(AT2G35980), ZAT12 (AT5G59820), ACS2 (AT1G01480), ACS6

(AT4G11280), NCED4 (AT4G19170), NCED5 (AT1G30100),

LOX1 (AT1G55020), LOX5 (AT3G22400), PBS3 (AT5G13320),

SIRK (AT2G19190), PR1 (AT2G14610), PR5 (AT1G75040),

PDF1.4 (AT1G19610), PDF2.1 (AT2G02120), ATG8E

(AT2G45170), MC2 (AT4G25110), MC6 (AT4G25111), MC8

(AT1G16420), IAA1 (AT4G14560), PIN1 (AT1G73590), ELIP1

(AT3G22840), LDOX (AT4G22880), UBQ10 (AT4G05320),

UBC21 (AT5G25760) and ACTIN2 (AT3G18780).
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