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DNA binding-with-one-finger (Dof) proteins are plant-specific transcription factors closely associated with a variety of
physiological processes. Here, we show that the Dof protein family in Arabidopsis (Arabidopsis thaliana) functions in leaf
senescence. Disruption of Dof2.1, a jasmonate (JA)-inducible gene, led to a marked reduction in promotion of leaf
senescence and inhibition of root development as well as dark-induced and age-dependent leaf senescence, while
overexpression of Dof2.1 promoted these processes. Additionally, the dof2.1 knockout mutant showed almost no change in
the transcriptome in the absence of JA; in the presence of JA, expression of many senescence-associated genes, including
MYC2, which encodes a central regulator of JA responses, was induced to a lesser extent in the dof2.1 mutant than in the wild
type. Furthermore, direct activation of the MYC2 promoter by Dof2.1, along with the results of epistasis analysis, indicated
that Dof2.1 enhances leaf senescence mainly by promoting MYC2 expression. Interestingly, MYC2 was also identified as
a transcriptional activator responsible for JA-inducible expression of Dof2.1. Based on these results, we propose that Dof2.1
acts as an enhancer of JA-induced leaf senescence through the MYC2-Dof2.1-MYC2 feedforward transcriptional loop.

INTRODUCTION

DNA binding-with-one-finger (Dof) proteins are transcription
factors with a highly conserved DNA binding domain (reviewed in
Yanagisawa, 2002). The DNA binding domain of Dof proteins
contains a single C2-C2 zinc finger motif that is distinguishable
from the zinc finger motifs in animal and yeast proteins
(Yanagisawa, 1995, 1996). Therefore, Dof proteins are considered
unigueto plants (Yanagisawa and Sheen, 1998). Genes encoding Dof
proteins are found in a variety of photosynthetic organisms ranging
from unicellular algae to flowering plants (Moreno-Risueno et al.,
2007; Shigyo et al., 2007); however, the number of Dof genes varies
considerably among species. For example, the green alga Chla-
mydomonas reinhardtii harbors only one Dof gene, whereas flowering
plants possess ~30 copies (Yanagisawa, 2015). Although the Dof
protein in C. reinhardtii is likely involved in regulation of fatty acid
metabolism (Ibafiez-Salazar et al., 2014), Dof proteins in flowering
plants are involved in a variety of physiological processes (reviewed in
Yanagisawa, 2002, 2015), suggesting functional divergence of Dof
proteins coupled with multiple rounds of duplication of Dof genes
during evolution of flowering plants.

The Arabidopsis (Arabidopsis thaliana) genome harbors 36
genes encoding Dof proteins (Yanagisawa, 2002). Here we use the
names for Dof proteins in accordance with the complete list of A.
thaliana Dof proteins (Yanagisawa, 2002), although synonyms are
also mentioned, ifany. Four closely related Dof proteins (CYCLING
DOF FACTOR1 [CDF1]/Dof5.5, CDF2/Dof5.2, CDF3/Dof3.3, and
CDF5/Dof1.10) control photoperiodic flowering (Imaizumi et al.,
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2005; Fornara et al., 2009), whereas COGWEEL1/Dof1.5 and
CDF4/Dof2.3 are associated with phytochrome signaling and
gibberellic acid (GA) biosynthesis (Park et al., 2003; Bueso et al.,
2016). Two homologous Dof proteins, DOF AFFECTING GER-
MINATION1/Dof3.7 and DOF AFFECTING GERMINATION2/
Dof2.5, antagonistically regulate GA biosynthesis and seed ger-
mination (Gualberti et al., 2002; Gabriele et al., 2010), whereas
DOF6/Dof3.2 promotes the expression of abscisic acid (ABA)
biosynthesis- and signaling-associated genes, and negatively
regulates seed germination (Rueda-Romero et al., 2012). Addi-
tionally, DOF6/Dof3.2 physically interacts with REPRESSOR OF
GA-LIKE2, a transcriptional repressor of GA signaling, to regu-
late seed germination (Ravindran et al., 2017). OBF BINDING
PROTEIN1 (OBP1)/Dof3.4, OBP2/Dof1.1, and OBP3/Dof3.6 were
initially identified as partners of OBF4, a basic leucine zipper
transcription factor that interacts with auxin and salicylic acid-
responsive ocs elements first identified in the promoters of the
octopine synthase gene (Chen et al., 1996). Subsequently, OBP1
was shown to play a key role in cell cycle re-entry by regulating cell
cycle-related genes including CYCLIN D3;3 and Dof2.3 (Skirycz
et al., 2008), while OBP2 and OBP3 were found to influence
glucosinolate metabolism (Skirycz et al., 2006) and phytochrome
signaling (Ward et al., 2005), respectively. Furthermore, Dof4.2
influences phenylpropanoid metabolism (Skirycz et al., 2007), and
Dof4.2, together with its related Dof protein Dof4.4, regulates
shoot branching and seed coat formation (Zou et al., 2013).
Moreover, Dof4.7, Dof5.1,and STOMATAL CARPENTER1/Dof5.7
are involved in floral organ abscission (Wei et al., 2010), adaxial-
abaxial polarity (Kim et al., 2010), and guard cell maturation
(Negi et al., 2013), respectively. Involvement of HIGH CAMBIAL
ACTIVITY2 (HCA2)/Dof5.6 and Dof5.8 in vascular development
has also been shown (Guo et al., 2009; Konishi and Yanagisawa,
2015). However, nearly half of the Dof proteins in Arabidopsis have
not yet been characterized, implying that potentially several
critical roles of Dof proteins remain unidentified.
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Dof2.1-Mediated Promotion of Leaf Senescence

IN A NUTSHELL
Background: Dof (DNA-binding with one finger) proteins are plant-specific transcription factors associated with a
variety of physiological processes; however, it has not been shown that Dof proteins are involved in jasmonate (JA)
responses. JA and its derivatives are lipid-derived phytohormones involved in a variety of plant processes, including
leaf senescence, inhibition of root elongation, and responses to wounding and pathogen. In Arabidopsis, the bHLH
transcription factor MYC2 is a central regulator of JA responses. Previous intensive studies revealed that post-
translational regulation of MYC2 occupies a central position in the mechanism underlying JA signaling and responses:
In the absence of JA, JASMONATE-ZIM-DOMAIN (JAZ) proteins form complexes with MYC2, the TOPLESS
transcriptional co-repressor, and NOVEL INTERACTOR OF JAZ (NINJA) adaptor protein to inactivate MYC2. In the
presence of JA, however, JAZ proteins interact with CORONATINE INSENSITIVE 1 (COI1), an F-box protein of the
SCF E3 ubiquitin ligase complex, and then JAZ proteins are degraded by the 26S proteasome, leading to the release
of MYC2 from JAZ containing-complexes.

Question: MYC2 expression is strongly induced by JA. Thus, the induction of MYC2 expression might be associated
with JA responses. However, the biological significance and underlying molecular mechanism of this induction are not
yet understood.

Findings: Disruption of Dof2.1, a JA-inducible gene, led to a marked reduction in promotion of leaf senescence and
inhibition of root development, while overexpression of Dof2.1 promoted these processes, indicating that Dof2.1
functions as an enhancer of JA-induced leaf senescence. Furthermore, Dof2.1 enhanced JA-induced leaf senescence
by directly activating the MYC2 promoter. MYC2 was also identified as a transcriptional activator responsible for JA-
inducible expression of Dof2.1. Thus, Dof2.1 acts as an enhancer of JA-induced leaf senescence through a MYC2-
Dof2.1-MYC2 feedforward transcriptional loop. This finding also indicates that a Dof protein is involved in JA responses.

Next steps: Although we revealed that Dof2.1 directly promotes MYC2 expression, other genes whose expression
levels are directly regulated by Dof2.1 are yet to be identified. Thus, identification of other direct target genes of Dof2.1
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may expand our understanding of the function of Dof2.1 in stress responses.

I

Jasmonate (jasmonic acid, JA) and its derivatives are lipid-
derived phytohormones involved in a variety of plant processes
such as leaf senescence, root elongation inhibition, seed fertility
and development, and wounding and pathogen responses (re-
viewed in Wasternack, 2007; Wasternack and Hause, 2013; Chini
et al., 2016; Zhang et al., 2017). In Arabidopsis, MYC2, a bHLH-
type transcription factor, plays a central role in JA responses
(reviewed in Kazan and Manners, 2013). MYC2 binds to the G-box
motif and its variants in the regulatory region of many JAresponse-
related genes (Yadav et al., 2005; Dombrecht et al., 2007; Godoy
et al., 2011) to promote or reduce their expression (Dombrecht
etal.,2007). Consistent with this, disruption and overexpression of
MYC2 affect most JA-related biological processes in Arabidopsis
(Qietal.,2015; Vijayanetal., 1998; Lorenzo et al.,2004; Chenetal.,
2011). Intensive studies revealed that posttranslational regulation
of MYC2 occupies a central position in the mechanism underlying
JA signaling and responses (Chini et al., 2007; Thines et al., 2007;
Pauwels et al., 2010; Shin et al., 2012; Jung et al., 2015). In the
absence of JA, JASMONATE-ZIM-DOMAIN (JAZ) proteins form
complexes with MYC2, TOPLESS transcriptional corepressor,
and NOVEL INTERACTOR OF JAZ (NINJA) adaptor protein to
inactivate MYC2 (Pauwels et al., 2010). In the presence of JA,
however, JAZ proteins interact with CORONATINE INSENSITIVE1
(COI1), an F-box protein of the SCF E3 ubiquitin ligase com-
plex (Xie et al., 1998). Because the JAZ-COI1 complex binds to
jasmonoyl-L-isoleucine, a bioactive JA derivative (Fonseca et al.,
2009), it acts as a receptor in the JA signaling pathway (Sheard
et al., 2010). JAZ proteins are subsequently degraded by the 26S
proteasome. The JA-dependent degradation of JAZ proteins
releases MYC2 from JAZ-containing complexes, thereby trig-
gering JA responses (Thines et al., 2007; Chini et al., 2007). By

contrast, although MYC2 expression is strongly induced by JA
(Lorenzo et al., 2004), the molecular mechanism underlying this
rapid induction of MYC2 expression has not been well understood.
However, it may be relevant to JA responses because over-
expression of MYC2 enhances JA responses in Arabidopsis
(Lorenzo et al., 2004).

Leaf senescence is the final stage of leaf development
that includes degradation of intracellular organelles and de-
composition of macromolecules for remobilization of nutrients
from senescing leaves to developing tissues and/or storage
organs (Woo et al., 2019). Leaf senescence is induced by un-
favorable environmental stimuli, such as drought, high salinity,
light deprivation, and pathogen attack, while the initiation of leaf
senescence is tightly regulated by endogenous developmental
factors, such as the levels of phytohormones (Woo et al., 2019).
Among phytohormones, ABA, JA, ethylene, salicylic acid, and
strigolactones are known to promote leaf senescence (Jibran
et al.,, 2013). During the JA-induced leaf senescence, MYC2
has been shown to directly activate genes encoding chloro-
phyll catabolic enzymes, including STAY-GREEN1 (SGR1) and
NON-YELLOW COLORINGT1 (Zhu et al., 2015).

In this study, we explore new connections between the Dof
plant-specific transcription factor family and regulation of bi-
ological processes unique to plants. By checking the expression
patterns of Arabidopsis Dof genes, we found that JA treatment
induced expression of Dof2.1 (At2g28510). Thus, we investigated
therole of Dof2.1in JAresponses. Theresults revealed that Dof2.1
functions as an enhancer of JA-induced leaf senescence. In-
terestingly, MYC2 directly regulated the JA-inducible expression
of Dof2.1, whereas Dof2.1 promoted MYC2 expression by directly
binding to the MYC2 promoter, indicating the presence of



244 The Plant Cell

a feedforward transcriptional loop. The physiological significance
of this MYC2- and Dof2.1-containing feedforward transcriptional
loop was verified by epistasis analysis between Dof2.1 and MYC2
using the myc2 knockout (myc2-KO) mutant overexpressing
Dof2.1 and the dof2.1 knockout (dof2.7-KO) mutant over-
expressing MYC2. The results in this study therefore reveal
a critical component of the machinery responsible for JA-induced
leaf senescence.

RESULTS

JA-inducible Expression of Dof2.1

We first checked the expression patterns of 24 Arabidopsis Dof
genes using the Arabidopsis eFP browser (http://bar.utoronto.ca/
efp/cgi-bin/efpWeb.cgi). The results of this analysis suggested
that JAmight activate Dof2.7 (At2g28510; Supplemental Figure 1).
Three Dof genes that were phylogenetically closely related to
Dof2.1 (TARGET OF MONOPTEROS 6 [TMO6]/Dof5.3, HCA2/
Dof5.6, and DOF6/Dof3.2; Yanagisawa, 2015) appeared to play
distinct roles for the following reasons: TMO6/Dof5.3 and HCA2/
Dof5.6 were not induced by JA (Supplemental Figure 1, data on
Dof3.2 expression was not available in the database); and HCA2/
Dof5.6 and DOF6/Dof3.2 have been shown to be involved in
vascular development (Guo et al., 2009) and ABA responses
(Rueda-Romero et al., 2012), respectively. To evaluate the pos-
sibility that Dof2.7 is associated with JA responses, we first
confirmed the JA-inducible expression of Dof2.1 in rosette leaves
of 3-week-old plants treated with, or left without, 100 WM of methyl
jasmonate (MeJA), a bioactive JA derivative, by RT-qPCR (Fig-
ure 1A). Expression of Dof2.1 increased during MeJA treatment,
similar to expression of VEGETATIVE STORAGE PROTEIN1
(VSPT1), atypical JA-inducible gene (Berger et al., 1995). However,
TMO6/Dof5.3, HCA2/Dof5.6, and DOF6/Dof3.2 were not induced
by MeJA treatment (Supplemental Figure 2).

To further investigate the JA-inducible expression of Dof2.1,
we generated transgenic Arabidopsis plants expressing the
B-glucuronidase (GUS) reporter enzyme under the control of the
Dof2.1 promoter (proDof2.1-GUS lines). MeJA treatment in-
creased GUS activity in proDof2.1-GUS seedlings significantly
(Figure 1B). These results indicate that, owing to the JA-inducible
Dof2.1 promoter, JA treatment induced Dof2.7 expression within
4 h (Figure 1A).

Dof2.1 Enhances JA-induced Leaf Senescence

To investigate the role of Dof2.1 in JA responses, we used an
Arabidopsis T-DNA insertion line (GK-668G12-022986). Because
the T-DNA was inserted in the second exon of Dof2.1, transcripts
of Dof2.1 were not detected in this line (Supplemental Figure 3),
indicating that it was a dof2.7-KO mutant. We also generated two
independent transgenic Arabidopsis lines expressing a Dof2.1-
GFP fusion protein under the control of the Cauliflower mosaic
virus 35S promoter. The expression level of Dof2.1-GFP in both
transgenic lines was more than 15-fold higher than that of Dof2.7 in
wild-type plants (Supplemental Figure 4). These lines, hereafter

A _
T 20 T 20
@ 2
Z 18 c 15
5] S
212
o 210
g 8 =
> >
= 0 = 0
©

8 0 2 4 6(h) I 2 4 6 (h)
(14 [v4

Treatment time Treatment time

Figure 1. MeJA-Inducible Expression of Dof2.1.

(A) MeJA-induced accumulation of Dof2.1 transcripts. Total RNA was
prepared from rosette leaves detached from 3-week-old wild-type plants
and then floated on 3 mM of MES buffer containing 100 ..M of MeJA for the
indicated times. Transcript levels of Dof2.1 and VSP1 were normalized first
against ACT2 transcript levels and then against the value obtained from
samples at time zero. Data represent the mean = sp (sp) of five biological
replicates (one rosette leaf per replicate). The different letters above each
bar indicate that means differ significantly at the 0.05 level in Tukey’s
multiple comparison test.

(B) GUS expression under the control of the Dof2.1 promoter (—1,847 to
+153 bp relative to the transcription start site) in 7-d-old seedlings sub-
jected to MeJA (100 wM) treatment (MeJA) or no treatment (Mock) for 6 h.
Each experiment was conducted twice with similar results.

referred to as Dof2.1 overexpression (Dof2.71-OX) lines, were then
subjected to phenotypic analysis.

JA promotes leaf senescence (Weidhase et al., 1987), which is
used as a marker for JA responses. Thus, we examined JA-
induced leaf senescence in wild-type, dof2.7-KO, and Dof2.1-
OX plants. Rosette leaves detached from wild-type, dof2.71-KO,
and Dof2.1-OX plants were similar in color before MeJA treatment;
however, Dof2.1-OX leaves turned yellow much faster during 3 d
of MeJA treatment, while dof2.7-KO leaves remained relatively
green throughout the treatment (Figure 2A). Additionally, after 3 d
of MeJA treatment, chlorophyll and carotenoid contents and
maximum quantum yield of photosystem Il (F /F,) were signifi-
cantly higherin dof2.7-KO leaves than in wild-type and Dof2.7-OX
leaves (Figures 2B to 2D), although no differences in yellowing,
the chlorophyll content, and the F /F,, were observed among
wild-type, dof2.7-KO, and Dof2.1-OX leaves after 3 d of mock
treatment (Supplemental Figure 5). These results indicate that
JA-induced leaf senescence is delayed by the disruption of Dof2.1
and promoted by the overexpression of Dof2.1.

This conclusion was further verified by phenotypic analysis
of three independent dof2.7-KO complementation lines, ex-
pressing Dof2.1 under the control of its native promoter (oro-
Dof2.1:Dof2.1/dof2.1-KO), and estradiol-inducible Dof2.1 transgenic
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Figure 2. Correlation between Dof2.1 Expression Level and MeJA-Induced Leaf Senescence.

(A) to (D) Effects of MeJA on color (A), total chlorophyll content (B), total carotenoid content (C), and the F,/F , (D) of fifth-rosette leaves detached from 3-
w-old plants of the wild-type, dof2.71 knockout mutant (dof2.7-KO), and two independent transgenic Dof2.1-overexpressing lines (Dof2.1-OX lines L1 and
L2). Detached rosette leaves were floated on 3 mM of MES buffer containing 100 wM of MeJA for the indicated times. In (B) to (D), data represent the mean +
sb of sox biological replicates (one rosette leaf per replicate). The same letters above each barindicate that means did not differ significantly at the 0.05 level in
Tukey’s multiple comparison test. Chl, chlorophyll; DT, days after the beginning of MeJA treatment; FW, fresh weight; WT, wild type.

(E) Expression levels of Dof2.7 and UBQ10in 7-d-old seedlings of the estradiol-inducible Dof2.1 transgenic line (Dof2.7-El) treated with 10 wM of estradiol for
the indicated times. Dof2.1 and UBQ10 transcript levels were normalized first against transcript levels of ACT2 and then against the value obtained from
samples at time zero. The same letters above each bar indicate that means did not differ significantly at the 0.05 level in Tukey’s multiple comparison test.
Data represent the mean =+ sp of six biological replicates (six seedlings per replicate).

(F) and (G) Leaf color (F) and total chlorophyll content (G) of 7-d—old Dof2.1-El seedlings floated on 3 mM of MES buffer containing 10 uM of estradiol and
then on 3 mM of MES buffer containing both 10 wM of estradiol and 100 uM of MeJA for the indicated times. In (G), data present the mean = sp of six biological
replicates (six seedlings per replicate), and the same letters above each bar indicate that means did not differ significantly at the 0.05 level in Tukey’s multiple
comparison test. Each experiment was conducted twice (A) to (E) or three times ([F] and [G]) with similar results. Chl, chlorophyll; EST, estradiol; FW, fresh
weight.
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line (Dof2.1-El). Because Dof2.1 is expressed under the control of
a B-estradiol-inducible promoter (Zuo et al., 2000) in the Dof2.1-El
line, estradiol treatment rapidly induced Dof2.7 expression (Figure 2E).
Adelay in JA-induced leaf senescence by the dof2.7 mutation was
mostly diminished in three complementation lines, although the
chlorophyll content retained slightly higher in two complemen-
tation lines after 3 d of MeJA treatment, compared with wild type
(Supplemental Figure 6). On the other hand, JA-induced leaf
senescence of the Dof2.1-Elline was enhanced by the presence of
estradiol, while estradiol alone did not affect leaf senescence
(Figures 2F and 2G). Furthermore, we show that JA-induced leaf
senescence was facilitated in a T-DNA activation tagging line
(dof2.1-D) in which Dof2.1 expression was enhanced by the in-
sertion of a T-DNA carrying constitutive enhancer elements into
the promoter region (Supplemental Figure 7). These results
conclusively indicate that Dof2.1 acts as an enhancer of JA-
induced leaf senescence.

Dof2.1 Promotes Both Dark-induced and Age-dependent
Leaf Senescence

JA signaling promotes leaf senescence in response to light
deprivation and natural aging (Qi et al., 2015). Similar to expression
of SGR1, a senescence-associated marker gene (Sakuraba et al.,
2014b), expression of Dof2.1 increased during both dark-induced
and age-dependent leaf senescence, although Dof2.71 expression
peaked earlier than SGR1 expression in both dark-induced and
natural senescence (Figures 3A and 3B). Thus, we investigated the
effects of Dof2.1 disruption and overexpression on dark-induced
and age-dependent leaf senescence. The dof2.7-KO mutant
exhibited delayed leaf yellowing, retaining of chlorophyll during
dark-induced senescence; however, both phenotypes were en-
hanced in the Dof2.7-OX lines (Figures 3C and 3D). Furthermore,
under dark treatment, the dof2.7-KO mutant and Dof2.7-OX line
showed contrasting differences in the levels of photosynthesis-
associated proteins (RbcL, PsbC, Lhcb1, and Lhcb4; Figure 3E).
Furthermore, although wild-type, dof2.7-KO, and Dof2.7-OX
plants did not show any differences in the number of rosette leaves
at bolting and the time to bolting (Supplemental Figure 8), the dof2.
1 KO mutation and overexpression of Dof2.1 also caused con-
trasting differences in the chlorophyll content and F /F,, of 6-
week-old plants but not in those of 4-week-old plants (Figures 3F
to 3l). These results suggest that Dof2.1 also promotes both dark-
induced and age-dependent leaf senescence.

Dof2.1 Enhances JA-Dependent Inhibition of Root
Development and Germination as Well as
Wounding Responses

Because JA signaling also inhibits root growth and elongation
(Dathe et al., 1981), we investigated JA responses in roots of wild-
type, dof2.1-KO, and Dof2.1-OX seedlings (Figure 4). We mea-
sured the primary root length, lateral root number, total lateral root
length, and fresh root weight of wild-type, dof2.7-KO, and Dof2.
1-OX seedlings grown in the absence of MeJA for 5 d and then
grown in the presence or absence of 5 WM of MeJA for 4 d. Primary
root length and fresh root weight of wild-type, dof2.7-KO, and

Dof2.1-OX seedlings were similar when they were transferred onto
MeJA-containing plates (Figures 4A to 4C). Furthermore, root de-
velopment of wild-type, dof2.7-KO, and Dof2.7-OX seedlings that
were additionally grown for 4 d in the absence of MeJA was
comparable. However, MeJA-induced inhibition of root de-
velopment was alleviated in dof2.7-KO seedlings but enhanced in
Dof2.1-OX seedlings (Figures 4A, 4D, and 4G). We note that at-
tenuation and enhancement of JA-induced inhibition of primary
root elongation was similarly observed in the dof2.7-KO and
Dof2.1-OX seedlings, respectively, that were continuously grown
in the presence of MeJA ever since germination on MeJA-
containing plates (Supplemental Figure 9). Moreover, inhibition
of germination by JA (Dave et al., 2011) was enhanced by over-
expression of Dof2.1 but attenuated by the dof2.7 KO mutation
(Supplemental Figure 10).

Consistent with the fact that wounding response is a typical
JA-regulated process (Yan et al., 2007), wounding was found
to elevate the expression level of Dof2.1 in parallel with increases
in the expression of a wounding response marker gene, LIP-
OXYGENASE 2 (LOX2; Figure 5A; Reymond et al., 2000).
Wounding was also shown to activate the Dof2.7 promoter
(Figure 5B). Thus, we further investigated wounding responses in
dof2.1-KO and Dof2.1-OX plants. The results of the analysis
suggested that the response to wounding was reduced and
enhanced in dof2.7-KO and Dof2.1-OX plants, respectively
(Figure 5C), accompanied with decreased or increased expres-
sion of LOX2 marker gene (Figure 5D). Interestingly, it was found
that wounding-induced expression of MYC2, a key gene for JA
signaling, was also modified in dof2.7-KO and Dof2.7-OX plants
(Figure 5D). These results suggest that Dof2.1 may be involved in
not only JA-induced leaf senescence but also other JAresponses.

Disruption of Dof2.1 Modifies Expression Levels of JA
Signaling- and Senescence-Related Genes in the Presence
of MeJA

Next, to investigate the molecular mechanism underlying Dof2.1-
mediated enhancement of leaf senescence, we performed tran-
scriptome analysis using wild-type and dof2.7-KO rosette leaves
treated with or without MeJA. The results showed minimal dif-
ferences in gene expression between the dof2.7-KO mutant and
wild-type leaves in the absence of MeJA but significant differ-
ences in expression levels of numerous genes in the presence of
MeJA; compared with wild-type leaves, the dof2.7-KO mutant
leaves exhibited significant upregulation (>2-fold) of 1,745 genes
and significant downregulation (<0.5-fold) of 665 genes in the
presence of MeJA (Figure 6A; Supplemental Data Sets 1 and 2).

Hierarchical average linkage cluster analysis further clarified the
role of Dof2.1 in JA-responsive gene expression (Supplemental
Figure 11). Importantly, 263 genes out of 533 genes whose ex-
pression levels were strongly elevated by MeJA treatment (>5-
fold) in wild-type leaves were significantly downregulated in the
dof2.1-KO leaves in the presence of MeJA, while 309 genes out of
692 genes whose expression levels were strongly reduced by
MeJA treatment (<0.2-fold) in wild-type leaves were significantly
upregulated in the dof2.7-KO leaves in the presence of MeJA
(Figure 6B). Scatterplot analysis further clarified that the dof2.1
KO mutation significantly alleviated both MeJA-dependent
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upregulation and downregulation in the gene expression profile
(Figure 6C). These results are concordant with the results of
phenotypic analysis and suggest that Dof2.1 globally en-
hances JA-responsive gene expression during JA-induced
leaf senescence.

To verify the results of transcriptome analysis, expression levels
of typical JA response- and leaf senescence-associated genes in
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wild-type, dof2.1-KO, and Dof2.1-OX plants during JA-induced
leaf senescence were examined by RT-gPCR (Figure 7A). The
results of RT-gPCR were consistent with those of DNA
microarray-based transcriptome analysis and further revealed
that dof2.17 KO mutation and Dof2.17 overexpression exerted
opposite effects on expression of MeJA-responsive genes. Im-
portantly, the results clearly demonstrate that expression levels
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Figure 3. Dof2.1-Mediated Acceleration of Dark-Induced and Age-Dependent Leaf Senescence.

(A) and (B) Upregulation of Dof2.1 transcripts during dark-induced (A) and age-dependent (B) leaf senescence. Total RNA was isolated from the fifth rosette
leaf detached from 3-week—old plants and floated on 3 mM of MES buffer in the dark for the indicated times (A) and from the fifth rosette leaf of 3- to 6-
week-old plants grown under continuous light (B). Expression levels of Dof2.1 and SGR1 (control) were normalized first against transcript levels of ACT2 and
then against the value obtained from samples at time zero (A) or 3-week-old plants (B). Data represent the mean = sp of four biological replicates (one rosette
leaf per replicate). The same letters above each bar indicate that means did not differ significantly at the 0.05 level in Tukey’s multiple comparison test.
(C) to (E) Color (C), total chlorophyll content (D), and levels of photosynthesis-associated proteins (E) in fifth rosette leaves detached from 3-week-old wild-
type, dof2.1-KO, and Dof2.7-OX (lines L1 and L2) plants. Detached rosette leaves were floated on 3 mM of MES buffer in the dark for the indicated times. In
(D), data represent the mean + sb of six biological replicates (one rosette leaf per replicate). Asterisks ("P < 0.01) above each bar indicate significant
differences identified between wild type and other samples using Student’s ttest. In (E), PsbC, Lhcb1, and Lhcb4 proteins were detected by immunoblotting,
while the large subunit of RbsC was detected by Coomassie Brilliant Blue staining. a-Tubulin was used as a loading control. FW, fresh weight; DDI, days of
dark incubation; WT, wild type.

(F) to (I) Color (F), total chlorophyll content (G), F,/F,,image (H), and F /F,, values (l) of the rosette leaves of 4- and 6-week-old wild-type, dof2.7-KO, and
Dof2.1-OX (line L1) plants grown under continuous light. In (G) and (l), data represent the mean = sp of six biological replicates (one rosette leaf per replicate),
and asterisks (P < 0.01) above each bar indicate significant differences identified between wild type and other samples using Student’s t test. Each
experiment was conducted twice (A), (B), (E) to (I) or three times (C) and (D) with similar results. FW, fresh weight; WT, wild type.
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(A) Root growth of wild-type, dof2.7-KO, Dof2.1-OX line L1, and Dof2.1-OX line L2 seedlings grown on half strength MS agar plates for 5 d (upper
representations, 0 d after the beginning of MeJA treatment) and then on half strength MS agar plates containing 5 uM of MeJA or no MeJA (Mock) for an



of Dof2.1 affect expression of MYC2 (Supplemental Data Sets 1
and 2; Figure 7A). Unlike most genes under the control of Dof2.1,
MYC2 expression in the dof2.7-KO mutant and Dof2.7-OX lines
was modified significantly in the absence of MeJA (Figures 6A, 7A,
and B7B). Thus, we hypothesized that Dof2.1 enhances leaf se-
nescence by elevating MYC2 expression. This hypothesis was
further supported by the observation that expression levels of
many MYC2-regulated genes, which were previously identified
using a myc2-KO mutant (jin1-9; Dombrecht et al., 2007), were
also modified by the dof2.7 KO mutation (Figure 6C; Supplemental
Figure 12). Furthermore, time-course analysis revealed that
changes in MYC2 expression observed in the dof2.7-KO mutant
and Dof2.1-OX lines appeared to precede those in LOX2,aMYC2-
regulated gene, during 3 d of MeJA treatment (Figure 7). We also
show that the rapid induction of MYC2 expression by MeJA (within
3 h) was reduced and enhanced in the dof2.7-KO and Dof2.71-OX
leaves, respectively (Supplemental Figure 13), consistent with the
modifications of wound-induced MYC2 expression in the dof2.1-
KO and Dof2.1-OX plants (Figure 5D).

Dof2.1 Directly Activates the MYC2 Promoter

To further investigate the relationship between Dof2.1 function
and MYC2 expression, we first examined the relationship between
the expression level of Dof2.1 and MYC2 in the Dof2.1-El line
(Figure 2E). Inthisline, expression of MYC2 and a MY C2-regulated
gene, VSP1 (Berger et al., 1995), was elevated during 10 n.M of
estradiol treatment (Figure 8A), similar to elevation of Dof2.1
expression shown in Figure 2E, indicating a positive relationship
between Dof2.1 and MYC2 expression levels. Furthermore, the
MYC2 promoter region (—1,051 to +494 bp relative to the tran-
scription start site) harbors a number of putative Dof binding
motifs: 5'-(T/A)AAAG-3’ or its inverse sequence, 5'-CTTT(T/A)-3’
(Figure 8B; Yanagisawa and Schmidt, 1999). Thus, we divided the
MYC2 promoter into five regions and examined direct binding of
Dof2.1 to these regions in vivo in a chromatin immunoprecipitation
(ChlP)assay using Dof2.1-OX plants. Among the five regions in the
MYC2 promoter (Figure 8B), regions b and d were slightly or highly
enriched in theimmunoprecipitate, whereas other regions showed
no enrichment (Figure 8C). Furthermore, cotransfection assays
with reporter plasmids containing the luciferase (LUC) gene driven
by the 35S promoter (control) or MYC2 promoter (Figure 8D) re-
vealed that Dof2.1 activated the MYC2 promoter but not the 35S
control promoter (Figure 8E). These results strongly suggest that
Dof2.1 transactivates the MYC2 promoter through its interaction
with the Dof binding sites in regions b and d.
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myc2 KO Mutation Is Epistatic to Dof2.1 Overexpression in
the Modulation of JA-Induced Leaf Senescence and Root
Growth Inhibition

Genetic epistasis between Dof2.17 and MYC2 was analyzed to
obtain evidence for the regulation of MYC2 expression by Dof2.1
and to determine the physiological significance of this interaction.
The Dof2.1-OX line was crossed to the myc2-KO mutant
(SALK_083483), previously referred to as the atmyc2-2 mutant
(Boter et al., 2004). Then, phenotypic traits of plants homozygous
for both the atmyc2-2 mutation and 35S-Dof2.7-GFP transgene
(hereafter referred to as the Dof2.1-OX atmyc2-2 line) were
compared with those of wild-type, Dof2.7-OX, and atmyc2-2
plants in the presence and absence of MeJA (Figure 8F;
Supplemental Figure 15). In the absence of MeJA, no differences
were detected in leaf color and F /F,, among the different genetic
backgrounds. In the presence of MeJA, Dof2.7-OX leaves turned
yellow much faster than wild-type leaves, whereas atmyc2-2
mutant leaves remained green, similar to the result reported
previously by Qi et al. (2015). Like atmyc2-2 leaves, rosette leaves
of the Dof2.1-OX atmyc2-2 line also remained green (Figure 8F).
We note that the expression level of Dof2.1 was similar in the Dof2.
71-OX and Dof2.1-OX atmyc2-2 lines (Supplemental Figure 14).
Furthermore, the effects of Dof2.1 overexpression on the chlo-
rophyll content and F /F,,, of MeJA-treated leaves were abolished
by the atmyc2-2 mutation, and no difference was observed in the
chlorophyll content and F,/F,, between the atmyc2-2 mutant and
Dof2.1-OX atmyc2-2 line (Figures 8G and 8H). Like atmyc2-2
leaves, but unlike Dof2.7-OX leaves, Dof2.1-OX atmyc2-2
leaves showed resistance to dark treatment (Supplemental Fig-
ure 15). Furthermore, Dof2.1-OX, atmyc2-2, and Dof2.1-OX
atmyc2-2 seedlings showed comparable root growth in the ab-
sence of MeJA; however, in the presence of MeJA, root growth of
wild-type seedlings was better than that of Dof2.7-OX seedlings
but worse than those of atmyc2-2 and Dof2.1-OX atmyc2-2
seedlings (Supplemental Figure 16). These results indicate that
MYC2 is necessary for the manifestation of effects by Dof2.1
overexpression on JA-induced leaf senescence and root growth
inhibition.

MYC2 Is Responsible for JA-dependent Dof2.1 Expression

Expression of both Dof2.7 and VSP1 (a MYC2-regulated gene)
was similarly induced by MeJA treatment (Figure 1A). Therefore,
we investigated possible involvement of MYC2 in JA-inducible
Dof2.1 expression. We generated transgenic Arabidopsis lines

Figure 4. (continued).

additional 4 d (lower representations, 4 d after the beginning of MeJA treatment). Scale bars = 1 cm. DT, days after the beginning of MeJA treatment; WT,

wild type.

(B) and (C) Primary root length (B) and fresh root weight (C) of wild-type, dof2.7-KO, and Dof2.71-OX (lines L1 and L2) at O d after the beginning of MeJA
treatment. Data represent the mean = sp of six biological replicates (one seedling per replicate), and the same letters above each bar indicate that means did
not differ significantly at the 0.05 level in Tukey’s multiple comparison test. DT, days after the beginning of MeJA treatment; WT, wild type.

(D) to (G) Primary root length (D), fresh root weight (E), lateral root number (F), and lateral root length (G) of wild-type, dof2.7-KO, and Dof2.1-OX (lines L1 and
L2) seedlings at 4 d after the beginning of MeJA treatment. Data represent the mean = sp of six biological replicates (one seedling per replicate), and the same
letters above each bar indicate that means did not differ significantly at the 0.05 level in Tukey’s multiple comparison test. Each experiment was conducted

twice with similar results. DT, days after the beginning of MeJA treatment.
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Figure 5. Dof2.1 Modulates Wounding Responses.

(A) The effect of wounding stress on expression of Dof2.7 and LOX2 in wild-type seedlings. Total RNA from rosette leaves of 3-week—-old wild-type plants that
were wounded and then incubated under continuous light condition for indicated periods was used for RT-gPCR analysis. Expression levels of Dof2.7 and
LOX2 were normalized first against transcript levels of ACT2 and then against the value obtained with rosette leaves before wounding treatment. Data
represent the mean = sp of four biological replicates (one rosette leaf per replicate), and the same letters above each bar indicate that means did not differ
significantly at the 0.05 level in Tukey’s multiple comparison test.

(B) GUS expression under the control of the Dof2.17 promoter (—1,847 to +153 bp relative to the transcription start site) in 3-week-old plants subjected to
wounding stress or no treatment (Mock) for 6 h. Wounding stress was applied by blades.

(C) Rosette leaves of 2.5-week-old wild-type, dof2.7-KO, and Dof2.7-OX L1 plants that were wounded by cutting with a blade and then incubated under
continuous light condition for 5 d. WT, wild type.

(D) LOX2 and MYC2 expression in rosette leaves of 2.5-week-old wild-type, dof2.7-KO, and Dof2.7-OX L1 plants that were wounded and then incubated for
the indicated periods. Expression levels of LOX2 and MYC2 were normalized first against transcript levels of ACT2 and then against the value obtained from
wild-type leaves at time zero. Data represent the mean = sp of four biological replicates (one rosette leaf per replicate), and asterisks (P < 0.05; “P < 0.01)
indicate significant differences identified between wild type and other seedlings by Student’s ¢ test. Each experiment was conducted twice with similar
results. WT, wild type.

overexpressing MYC2 (MYC2-OX lines), and those showing >5- In the absence of MeJA, Dof2.1 expression was slightly but sig-
fold higher mRNA levels than wild-type plants were selected for nificantly higher in the MYC2-OXlines thanin the atmyc2-2 mutant
subsequent analysis (Supplemental Figure 17). In the presence of (Figure 9A).

MeJA, JA-induced Dof2.1 expression was mostly diminished in MY C2 binds to the G-box motif (CACGTG) and its variants such
the atmyc2-2 mutant but enhanced in the MYC2-OX lines, sug- as the E-box (CANNTG), G/A box (CACGAG), and G/C box
gesting that MYC2 is a regulator of Dof2.1 expression (Figure 9A). (CACGCQ) to regulate expression of target genes (Dombrecht
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Figure 6. Overlap between JA-Responsive Genes and Dof2.1-Regulated Genes.

(A) Venn diagrams showing the overlap of upregulated (>2-fold) or downregulated (<0.5-fold) genes in the dof2.7-KO mutant in the presence of MeJA (100
M) with those in the absence of MeJA (Mock). Numbers of genes are shown. Representative MeJA-inducible genes upregulated or downregulated in the
dof2.1-KO mutant in both presence and absence of MeJA are also indicated. WT, wild type.
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et al., 2007; Godoy et al., 2011). Because the Dof2.17 promoter
(—1,347 to +153 bp relative to the transcription start site) harbors
two E-boxes (Figure 9B), we performed a ChIP assay using MYC2-
OX plants to determine whether MYC2 binds directly to the Dof2.1
promoter in vivo. The results indicated strong binding of MYC2 to
region b inthe Dof2.1 promoter containing the second E-box motif
(Figure 9C). Next, to investigate whether MYC2 activates the
Dof2.1 promoter, we performed protoplast cotransfection assays
using an effector plasmid containing the MYC2 gene and a re-
porter plasmid containing the LUC reporter gene under the control
of the Dof2.1 promoter (Figure 9D). In the protoplasts, MYC2
expression increased activity of the Dof2.7 promoter but not
that of the 35S promoter (control; Figure 9E), consistent with the
effect of MYC2 overexpression on Dof2.1 expression in planta
(Figure 9A).

Furthermore, two mutant Dof2.1 promoters (Mut1 and Mut2), in
which either one of the two E-box motifs was disrupted, were
differentially activated by MYC2 expression (Figure 9E). Although
the disruption of the first E-box motif (— 1,235 to — 1,230 bp) did not
affect transactivation of the Dof2.1 promoter by MYC2, disruption
of the second E-box motif (—1,016 to —1,011 bp) significantly
decreased transactivation of the Dof2.1 promoter by MYC2
(Figure 9E). This result suggests that MYC2 activates the Dof2.1
promoter mainly by direct interaction with the second E-box motif
in region b; these results were consistent with those of the
ChlIP assay.

The finding that MYC2 is a transcriptional activator responsible
for JA-inducible expression of Dof2.1 was further validated by
protoplast transient assays using protoplasts prepared from wild-
type and atmyc2-2 leaves. In wild-type protoplasts, MeJA treat-
ment strongly activated the Dof2.7 promoter, and disruption of the
second E-box motif significantly diminished JA response of the
Dof2.1 promoter (Figure 9F). However, in atmyc2-2 protoplasts,
MeJA treatment caused only minimal activation of any Dof2.1
promoters (Figure 9F). Thus, the second E-box motif in the Dof2.1
promoter mediates both transactivation by MYC2 and activation
by JA.

The MYC2-Dof2.1-MYC2 Feedforward Transcriptional Loop
Underlies the Dof2.1-Mediated Enhancement of JA-induced
Leaf Senescence

Dof2.1 promoted MYC2 expression and enhanced MYC2-
controlled leaf senescence (Figure 8), whereas MYC2 mediated
JA-dependent Dof2.1 expression (Figures 9A to 9F). Thus, we
hypothesized that a feedforward transcriptional loop consisting of
Dof2.1 and MYC2 operates at the cellular level. To evaluate this

hypothesis, we crossed the dof2.7-KO mutant with the MYC2-OX
line and atmyc2-2. The MYC2 expression level in MYC2-OX
dof2.1-KO plants was similar to that in MYC2-OX plants
(Supplemental Figure 18). Nevertheless, the effects of MYC2-OX
on JA-induced promotion of leaf yellowing and reduction in
chlorophyll content and F /F,, were attenuated in the dof2.1
mutant background (Figures 9G to 9l). Furthermore, dof2.7-KO
and atmyc2-2 did not additively attenuate reductions in the
chlorophyll content and inhibition of root development in
the presence of MeJA (Supplemental Figures 19 and 20).
These results support our hypothesis that activation of leaf
senescence-associated genes by MYC2 is enhanced through
the MYC2-Dof2.1-MYC2 loop. Additionally, the dof2.7 KO
mutation alleviated the effect of MYC2 OX on root development
(Supplemental Figure 21), suggesting that the MYC2-Dof2.
1-MYC2 transcriptional loop may also be involved in JA re-
sponse in roots.

DISCUSSION

Dof2.1 Acts as an Enhancer of JA-Induced Leaf Senescence

In this study, we showed that Arabidopsis Dof2.1 activates MYC2
expression and thereby plays an important role in JA-induced and
MY C2-regulated leaf senescence, thereby connecting a member
of the Dof protein family and a plant-specific physiological
process.

A recent study suggests that Dof2.1, together with its closely
related Dof proteins (TMO6/Dof5.3 and DOF6/Dof3.2), re-
dundantly controls cytokinin-dependent vascular cell proliferation
(Smet et al., 2019). The dof2.1 tom6/dof5.3 dof6/dof3.2 triple
mutant showed a small number of cell files in the root meristem,
although the dof2.1 single mutant showed no difference in the
number of cell files compared with the wild type (Smet et al., 2019).
Because the dof2.7-KO mutant showed almost no changes in
gene expression profiles in the absence of JA compared with the
wild type (Figure 6A; Supplemental Data Sets 1 and 2), it is cur-
rently unclear how Dof2.1 contributes to vascular cell proliferation.
However, it is possible that the dof2.7 mutation assists in tom6/
dof5.3-dependent and/or dof6/dof3.2-dependent changes in
gene expression profiles. Although no correlation between JA
signaling and vascular cell proliferation has been reported to date,
an antagonistic interplay between JA and cytokinin has been
implicated in a small number of studies (reviewed in O’Brien and
Benkova, 2013). Thus, disruption of Dof2.7 might indirectly in-
fluence cytokinin signaling, resulting in phenotypic changes. The

Figure 6. (continued).

(B) Venn diagrams showing the overlap between MeJA-regulated genes and Dof2.1-regulated genes in the presence of MeJA. Numbers of genes are shown.
Representative genes displaying both MeJA-induced upregulation (>5-fold) and dof2.7 KO mutation-dependent downregulation (<0.5-fold), and genes
displaying both MeJA-induced downregulation (<0.2-fold) and dof2.7 KO mutation-dependent upregulation (>2-fold) are indicated. WT, wild type.

(C) Scatterplot showing effects of the dof2.7 KO mutation on JA-induced or -reduced gene expression. The y-axis indicates MeJA response and the x-axis
represents dof2.1 KO mutation-dependent modulation of gene expression in the presence of MeJA. Yellow dots represent genes whose expression levels
were modified in the dof2.7-KO mutant (x > log,2 or x < —log,2) and also regulated by MeJA treatment (y > log,5 or y < —10g,5). Red dots represent all genes
previously identified as MYC2-regulated genes by Dombrecht et al. (2007). Other genes detected in the microarray analysis of this study are indicated by

blue dots.
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Figure 7. Opposite Effects of Dof2.1 Overexpression and the dof2.1 KO Mutation on the Expression of JA Response- and Leaf Senescence-Related Genes.

(A) Time-course analysis of the effects of the dof2.7 KO mutation and Dof2.1 overexpression on MeJA-inducible expression of JA response- and leaf
senescence-related genes using rosette leaves detached from 3-week-old wild type, dof2.7-KO, and Dof2.71-OX (line L1) plants. Detached rosette leaves
were floated on 3 mM of MES buffer containing 100 M of MeJA or no MeJA for the indicated times. Expression levels of each gene were normalized first
against expression levels of ACT2 and then against expression levels in wild-type leaves. DT, days after the beginning of MeJA treatment.; WT, wild type.
(B) and (C) Time-course analysis of dof2.7 KO mutation- and Dof2.1 overexpression-dependent changes in MeJA-induced MYC2 (B) and LOX2 (C)
expression. Expression levels of MYC2 and LOX2 were normalized first against transcript levels of ACT2 and then against the value obtained from wild-type
leaves at time zero. The insets in (B) and (C) show expression levels of MYC2 and LOX2 at 0 D, respectively. Data represent the mean =+ sp of four
biological replicates (three rosette leaves per replicate), and asterisks (P < 0.05; “P < 0.01) indicate significant differences identified between wild type and
other seedlings using Student’s t test. Each experiment was conducted twice with similar results. WT, wild type.

results in this study provided three lines of evidence, including
(1) changes in gene expression caused by the dof2.7 KO
mutation; (2) phenotypes of the dof2.7-KO mutant and Dof2.1-
OX lines; and (3) identification of MYC2 as a direct target of
Dof2.1, in that the role of Dof2.1 is associated with JA re-
sponses (however, it is possible to speculate that Dof2.1 might
indirectly influence a variety of currently unpredictable pro-
cesses through the modulation of expression of MYC2 and
other target genes).

MYC2-Dof2.1-MYC2 Feedforward Loop Acts as a Positive
Regulatory Module for JA-Induced Leaf Senescence

Dof2.1is apositive regulator of MYC2 (Figures 7 and 8). MYC2 also
activates Dof2.1 transcription (Figure 9). Furthermore, analysis of
epistasis between Dof2.1 and MYC2 (Figures 7 and 8) indicates
that the myc2 KO mutation is epistatic to overexpression of Dof2.1
in controlling JA-induced leaf senescence, whereas the dof2.7 KO
mutation alleviated (but did not completely suppress) MYC2
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Figure 8. Direct Activation of the MYC2 Promoter by Dof2.1 is Relevant to Leaf Senescence.

(A) Time-course analysis of Dof2.1-dependent MYC2 and VSP1 expression in 7-d-old Dof2.1-El seedlings. To induce Dof2.1 expression, leaves were
exposed to 10 uM of estradiol for the indicated times. Expression levels of MYC2 and VSP1 were normalized first against transcript levels of ACT2 and then
against the value obtained from samples at time zero. Data represent the mean * sp of six biological replicates (six seedlings per replicate), and the same
letters above each bar indicate that means did not differ significantly at the 0.05 level in Tukey’s multiple comparison test.

(B) Structure of the MYC2 promoter. Regions amplified in the ChIP assay and used for transient expression-based transactivation assay are indicated using
green and orange horizontal bars, respectively. Regions a, b, ¢, d, and e contained 3, 3, 4, 5, and 0 putative Dof binding sites indicated using vertical blue bars,
respectively.

(C) ChIP assay to analyze binding of Dof2.1 to the MYC2 promoter in 10-d-old Dof2.7-OX seedlings. Five regions were amplified by PCR with im-
munoprecipitated DNA. Enrichment of a promoter region of an unrelated gene, PP2A, served as a negative control. Data represent the mean =+ sp of four
biological replicates, and asterisks (“P < 0.01) above each bar indicate significant differences identified between PP2A and other samples using Student’s
t test.

(D) Reporter and effector constructs used in the transactivation assay.

(E) Activation of the MYC2 promoter (— 1,051 to +494 bp) by Dof2.1. An expression vector harboring Dof2.1 fused to a MYC epitope tag (35S:Dof2.1-MYC)
was cotransfected into protoplasts, together with a reporter plasmid containing the MYC2 promoter or the 35S promoter. The 35S promoter and an empty
expression vector harboring the MYC epitope tag alone (35S:MYC) were used as negative controls. Data represent the mean *+ sp of four biological
replicates, and asterisks (“P < 0.01) above the bar indicate significant differences identified between 35S:MYC and 35S:Dof2.1-MYC samples using
Student’s t test. NS, not significant.

(F) to (H) Change in color (F), total chlorophyll content (G), and F /F,, (H) of detached rosette leaves under MeJA treatment. Rosette leaves were detached
from 3-week-old wild type, Dof2.7-OX (line L1),atmyc2-2, and Dof2.1-OX atmyc2-2 plants and floated on 3 mM of MES buffer containing 100 wM of MeJA for
3d. Datarepresent the mean = sp of seven biological replicates (one rosette leaf per replicate), and the same letters above each bar indicate that means did
not differ significantly at the 0.05 level in Tukey’s multiple comparison test. Each experiment was conducted twice with similar results. DT, days after the
beginning of treatment; FW, fresh weight; WT, wild type.
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Figure 9. MYC2 Directly Activates the Dof2.1 Promoter to Enhance JA Responses.
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(A) Time-course analysis of MeJA-induced expression of Dof2.1 in rosette leaves detached from 3-week-old wild type, atmyc2-2, and MYC2-OX (lines L1
and L2) plants. Detached rosette leaves were floated on 3 mM of MES buffer containing 100 .M of MeJA for the indicated times. Expression levels of Dof2.1
were normalized first against transcript levels of ACT2 and then against the value obtained from wild-type rosette leaves at time zero. The inset shows
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overexpression-induced effects. Given that MYC2 directly reg-
ulates the expression of JA response-associated genes, our
findings indicate that Dof2.1 and MYC2 form a MYC2-Dof2.1-
MYC2 feedforward transcriptional loop for the enhancement of
JA-induced leaf senescence. Thus, we propose a model for the en-
hancement of JA-induced leaf senescence in Arabidopsis (Figure 10).
This model includes both the well-established posttranslational
repression of MYC2 activity by the JAZ-NINJA-TOPLESS complex
(Pauwels et al., 2010) and the MYC2-Dof2.1-MYC2 feedforward
transcriptional loop-mediated enhancement of JA signaling identified
in this study. In the absence of JA, MYC2 activity is repressed by the
JAZ-NINJA-TOPLESS complex; therefore, MYC2 expression is not
enhanced via the MYC2-Dof2.1-MYC2 feedforward transcriptional
loop. Inthe presence of JA, the SCFCO'" complexes interact with JAZ
proteins, leading to degradation of JAZ proteins and induction of
MYC2 activity. Then, MYC2 directly promotes expression of
a number of genes associated with JA-induced leaf senescence as
well as that of Dof2.1. Eventually, Dof2.1 promotes MYC2 expression
by directly binding to its promoter, thereby increasing MYC2 activity
and enhancing JA-induced leaf senescence. In the dof2.7-KO mu-
tant, MYC2 expression is not strongly activated in response to JA,
resulting in weak JA-induced leaf senescence.

The feedforward transcriptional loop in this model is a mecha-
nism for positive autoregulation of MYC2. Positive autoregulation
where a transcription factor enhances its own expression causes
slower response time and enhanced variation, resulting in an
S-shaped expression curve (Alon, 2007). Thus, responses on the
basis of positive autoregulation are not apparent until signal in-
tensity is beyond a threshold, while strong responses occur when
the signal intensity exceeds the threshold. Because leaf senes-
cence is an irreversible process after passing a checkpoint
(Schildhauer et al., 2008), the MYC2-Dof2.1-MYC2 feedforward
transcriptional loop may be relevant to the regulation of JA-
induced leaf senescence.

It is noteworthy that overexpression of Dof2.1 also enhanced
JA-induced inhibition of root development and germination and
wounding response, while the dof2.7 KO mutation reduced them
(Figures 4 and 5; Supplemental Figures 9 and 10). Accordingly, the
MYC2-Dof2.1-MYC2 feedforward loop may be involved in other
MYC2-regulated JA responses, which include pathogen defense
responses and wounding responses (Chini et al., 2016; Zhang
et al., 2017; Goossens et al., 2017). In agreement with this hy-
pothesis, enhanced and reduced expression levels of MYC2
during wounding responses were observed in the Dof2.7-OX and
dof2.1-KO plants, respectively (Figure 5D). Further analyses of the
MYC2-Dof2.1-MYC2 feedforward loop may reveal the connec-
tion of the loop with a variety of JA responses, leading to deeper
understanding of the mechanism underlying JA responses.

Transcriptional Regulation of MYC2

The model in Figure 10 highlights the significance of transcrip-
tional activation of MYC2 in JA signaling and responses. Although
the mitogen-activated protein kinase (MAPK) cascade involving
MAPK kinase3 and MAPKG6 was previously suggested to nega-
tively affect MYC2 expression (Takahashi et al., 2007), the
physiological significance of the regulatory mechanism underly-
ing JA-inducible MYC2 expression remained elusive. Our findings
clarify that JA-induced MYC2 expression via the MYC2-
Dof2.1-MYC2 feedforward loop is critical for JA-induced leaf
senescence at the appropriate level. Because the importance of
transcriptional regulation of MYC2 in JA responses has been
overlooked in the past, our findings provide new insights into the
mechanism underlying JA responses.

However, these findings also raise new questions about the
transcriptional regulation of MYC2. First, although MYC2 ex-
pression was quickly accelerated by Dof2.1 in response to MeJA
treatment (Figures 7A and 7B, Supplemental Figure 13A; also

Figure 9. (continued).

expression levels of Dof2.7 atOh. Datarepresentthe mean = sp of six biological replicates (one rosette leaf per replicate). Asterisks ("P < 0.01) above each
bar indicate significant differences identified between wild type and other samples using Student’s ¢t test. WT, wild type.

(B) Structure of the Dof2.1 promoter. Two copies of the E-box (CACATG) are indicated using blue vertical bars. Regions amplified in the ChIP assay and used
for transient expression assays are indicated using green and orange horizontal bars, respectively.

(C) ChiP assay. Binding of MYC2 to specific regions of the Dof2.7 promoter was examined using 10-d-old MYC2-OX seedlings. Five regions were amplified
by gPCR withimmunoprecipitated DNA. Enrichment of a promoter region of an unrelated gene, PP2A, served as a negative control. Data represent the mean
+ sp of four biological replicates, and asterisks (P < 0.01) above each bar indicate significant differences identified between PP2A and other samples using
Student’s t test.

(D) Reporter and effector constructs used inthe transactivation assay. InDof2.1 Mut1and Mut2 promoters, either one of the two E-box motifs was changed
to CAttTt. Two expression vectors containing MYC2 fused to a MYC epitope or MYC epitope alone were used as effector plasmids. LUC, firefly luciferase
gene; NOS, the transcriptional terminator of the nopaline synthase gene from Agrobacterium tumefaciens.

(E) Activation of the wild-type (pDof2.1) and mutated (Mut1 and Mut2) Dof2.1 promoters (— 1,347 to +153) by MYC2 in protoplasts. The 35S promoter and an
empty expression vector (35S:MYC) served as negative controls. Data represent the mean = sp of four biological replicates. Asterisks (P < 0.01) indicate
significant differences identified between 35S:MYC and 35S:Dof2.1-MYC samples using Student’s t test. NS, not significant.

(F) Activation of the Dof2.71 promoter by MeJA in mesophyll protoplasts prepared from wild-type or atmyc2-2 mutant plants. Protoplasts transfected with
pDof2.1-LUC reporter construct were incubated in the protoplast culture solution in the presence or absence of 5 .M or 100 .M of MeJA. The 35S promoter
served as anegative control. Data represent the mean = sp of four biological replicates, and the same letters above each barindicate that means did not differ
significantly at the 0.05 level in Tukey’s multiple comparison test.

(G) to (I) Changes in color (G), total chlorophyll content (H), and F /F,,, (I) due to MeJA treatment in rosette leaves detached from 3-week-old wild type, MYC2-
OX (line L1), dof2.1-KO, and MYC2-OX dof2.1-KO plants. The leaves were floated on 3 mM of MES buffer containing 100 uM of MeJA. Data represent the
mean = sp of six biological replicates (one rosette leaf per replicate), and the same letters above each bar indicate that means did not differ significantly at the
0.05 level in Tukey’s multiple comparison test. Each experiment was conducted twice with similar results. DT, days after the beginning of MeJA treatment;
WT, wild type.
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Figure 10. A Model for Dof2.1-Mediated Enhancement of JA-Induced Leaf Senescence in Arabidopsis.

In the absence of JA, MYC2 remains inactive because of its interaction with the JAZ-NINJA-TOPLESS complex. In the presence of JA, the interaction
between JAZ and COI1, an F-box protein of the SCF complex, leads to ubiquitination of JAZ proteins by COI1-containing SCF complexes (SCFC©'") and their
degradation by the 26S proteasome system. Consequently, MYC2 promotes or represses the expression of genes associated with JA-induced leaf
senescence, including Dof2.1, via interactions with G-, E-, (G/A)-, and (G/C)-boxes. Promotion of Dof2.1 expression by MYC2 then enhances MYC2
expression. Thereby, JA-induced leaf senescence is enhanced through a feedforward transcriptional loop involving MYC2 and Dof2.1. In the dof2.7-KO
mutant, MYC2 expression is not reinforced; thus, JA-induced leaf senescence is reduced. TPL, TOPLESS; Ub, ubiquitin; WT, wild type.

shown by Lorenzo et al., 2004), a previous report suggests that
MYC2 negatively affects its own expression; this is based on the
observation that the level of endogenous MYC2 transcripts was
significantly reduced when MYC2 was overexpressed in the
myc2-KO mutant (Dombrecht et al., 2007). The reason for the
seemingly irreconcilable observations is unclear at this stage;
however, a possible explanation is that JA induces MYC2 ex-
pression via the MYC2-Dof2.1-MYC2 transcriptional loop to
enhance short-term responses to JA, while autorepression of
MYC2 may be effective only when MYC2 activity is overinduced by
JA and associated with modulation of long-term responses to JA.
Second, there are questions regarding the relationships between
the MYC2-Dof2.1-MYC2 transcriptional loop-mediated tran-
scription regulation of MYC2 and different types of post-
translational regulation of MYC2. Besides the complex formation
with JAZ proteins that represses MYC2 activity in the absence of
JA, MYC2 activity is also complicatedly regulated by other
posttranslational mechanisms. MYC2 protein is stabilized by
JA and light (Chico et al., 2014). On the other hand, a circadian-
clock component TIME FOR COFFEE interacts with MYC2
and promotes MYC2 protein degradation (Shin et al., 2012).
Phosphorylation-coupled proteolysis of MYC2 also affects its
transcription activity (Zhai et al., 2013). Because the MYC2-Dof2.
1-MYC2 transcriptional loop depends on MYC2 activity, the re-
lationships with these posttranslational regulations for repression
or induction of MYC2 activity are remaining questions. Third,
transcriptome and RT-gPCR analyses revealed that expression of
MYC3 and MYC4, which redundantly regulate JA responses in-
cluding both defense and senescence, together with MYC2
(Fernandez-Calvo et al., 2011; Goossens et al., 2017; Schweizer

etal.,2013; Zhang et al., 2015), are also under the control of Dof2.1
(Figure 7A; Supplemental Figure 22A); however, a ChIP assay
revealed that Dof2.1 did not bind to the promoters of MYC3 and
MYC4 genes (Supplemental Figures 22B to 22D). Because the
result of epistatic analysis suggested that the Dof2.1-MYC2
cascade is the main route for Dof2.1-dependent enhancement of
JA-induced leaf senescence (Figure 8), Dof2.1 may activate these
genes through MYC2 activity, although we cannot exclude the
possibility that Dof2.1 promotes the expression of these genes
through its interaction with Dof binding sites outside the analyzed
regions. Thus, a new question associated with similarity and
difference among transcriptional regulations of MYC2, MYC3, and
MYC4 is emerging. These examples of new questions emphasize
theimportance of further investigation of transcriptional regulation
of MYC2 expression to fully understand the mechanism of JA
responses. Such analyses would help identify the currently un-
known mechanisms of JA responses.

METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia (Col-0) was used as
the wild type in all experiments, and all mutants and transgenic lines were
generated in Col-0 background. Arabidopsis T-DNA insertion lines, GK-
668G12-022986 (dof2.71-KO) and SALK_083483 (atmyc2-2), an estradiol-
inducible Dof2.1 transgenic line CS2104416 (Dof2.1-El), and a T-DNA
activation tagging line SAIL_1230_B08 (dof2.7-D) were obtained from the
Arabidopsis Biological Resource Center. The Dof2.1-OXatmyc2-2 line was
generated by crossing the atmyc2-2 mutant with Dof2.7-OX line L1. The
MYC2-OX dof2.1-KO line was also generated by crossing the dof2.7-KO
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mutant with MYC2-OX line L2. Plants homozygous for both the T-DNA
insertion disrupting Dof2.7 or MYC2 and the introduced transgene
were selected by PCR-based genotyping using primers listed in the
Supplemental Table. Arabidopsis seeds were cold stratified at 4°C for 3to 4
d. Arabidopsis seedlings were grown on half-strength Murashige and
Skoog (MS) agar plates (half-strength MS salts [Murashige and Skoog,
1962], 0.8% [w/v] agar, 0.5% [w/v] Suc, 3 mM of MES-KOH at pH 5.8) or
nutrient-supplemented peat moss (Jiffy, Sakata Seed) at 22°C under
continuous light in a growth chamber equipped with cool white fluorescent
light (70 wmol m=2 s~7), unless stated otherwise.

Plasmid Construction and Plant Transformation

Dof2.1 and MYC2 cDNAs were obtained by RT-PCR of RNA isolated from
wild-type seedlings and cloned into the pGWB15 Gateway binary vector
(Nakagawa et al., 2009) between the 35S promoter and GFP gene
to produce the 35S:Dof2.1-GFP and 35S:MYC2-GFP constructs, re-
spectively. To construct the proDof2.1:GUS plasmid, the Dof2.7 promoter
(—1,847 to +153 bp relative to the transcription start site) was PCR-
amplified from genomic DNA isolated from wild-type leaves and
cloned into the pMDC164 Gateway binary vector. To construct the
proDof2.1:Dof2.1-MYC plasmid, necessary for generating the pro-
Dof2.1:Dof2.1/dof2.1-KO complementation lines, the Dof2.1 promoter
and cDNA were inserted upstream of a sequence encoding four copies of
MYC epitope tag in the pGWB16 Gateway binary vector. Sequences of all
constructs were verified by sequencing. PCR primers used for cloning are
listed in the Supplemental Table.

Agrobacterium-mediated transformation of Arabidopsis plants was
performed using the Agrobacterium tumefaciens strain GV3101 and the
floral-dip method (Zhang et al., 2006). Binary vectors containing the
35S:Dof2.1-GFP,35S:MYC2-GFP, or proDof2.1:GUS construct were used
for the transformation of wild-type plants to generate Dof2.7-OX, MYC2-
OX, and proDof2.1:GUS lines, respectively, while vectors containing the
proDof2.1:Dof2.1-MYC construct were used for transformation of dof2.7-
KO plants to produce the transgenic complementation line, pro-
Dof2.1:Dof2.1/dof2.1-KO. Transgenic plants in the T2 generation with
T-DNA insertion(s) at a single locus were selected, and T3 or T4 homo-
zygotes were used for all analyses.

RNA Extraction and RT-qPCR Analysis

Total RNA was isolated from rosette leaves of Arabidopsis seedlings using
the ISOSPIN Plant RNAKit (Nippon Gene), according to the manufacturer’s
instructions. First-strand cDNA was synthesized using 1 pg of total RNA,
SuperScript Il reverse transcriptase, and oligo(dT),5 primer (Invitrogen).
Subsequently, RT-gPCR was conducted on the StepOnePlus instrument
(Applied Biosystems) using the KAPA SYBR FAST gPCR Kit (KAPA Bio-
systems) and gene-specific primers (Supplemental Table). Transcript
levels of each gene were normalized relative to those of the ACTIN2 (ACT2)
or the Glyceraldehyde-3-Phosphate Dehydrogenase gene. The number of
biological replicates in each experiment is indicated in figure legends.

GUS Staining

Transgenic seedlings harboring the proDof2.1:GUS construct were fixed in
90% (v/v) acetone and then incubated in 5-bromo-4-chloro-3-indolyl-
B-D-glucuronide solution (0.5 mg/mL of 5-bromo-4-chloro-3-indolyl-B-D-
glucuronide, 0.5 mM of potassium ferricyanide, 0.5 mM of potassium
ferrocyanide, and 0.1 M of sodium phosphate, at pH 7.4) at 37°C for 1 h.
Subsequently, seedlings were destained using 70% (v/v) ethanol. GUS
staining was observed using a light microscope (MZ 16F; Leica Micro-
systems) equipped with a DXM 1200C digital camera (Nikon). Images were
captured using the control software ACT-1C for DXM1200C (Nikon).

Phenotypic Analysis

To examine the MeJA-induced leaf senescence phenotype, rosette leaves
were detached from 3-week-old plants and floated on 3 mM of MES-KOH
buffer (pH 5.8) with or without 100 uM of MeJA at 22°C under continuous
light for periods indicated in each figure. To examine the dark-induced leaf
senescence phenotype, rosette leaves were detached from 3-week-old
plants and floated on 3 mM of MES-KOH buffer (pH 5.8) in the dark, as
described previously by Sakuraba et al. (2014a). To examine the phenotype
of the Dof2.1-El line, 10-d-old seedlings grown on agar plates under
continuous light were treated with 10 wM of estradiol for 6 h in liquid
medium containing half-strength MS salts, 0.5% (w/v) Suc, and 3 mM of
MES-KOH (pH 5.8). Then, MeJA was added to the liquid medium to a final
concentration of 100 wM, and seedlings were further incubated for 4 d. To
investigate phenotypes associated with root development, seedlings were
grown on vertically oriented agar plates under continuous light for 5 d and
then further grown on agar plates supplemented with 5 uM of MeJAfor 4 d.
Root growth was also investigated by a different experimental approach as
described previously by Chini et al. (2018). Seeds were sown on agar plates
supplemented with 0, 10, or 50 M of MeJA. After germination, seedlings
were grown on the plates for 5 d, transferred onto new agar plates con-
taining same concentrations of MeJA, and then further grown for 5 d to
examine root development. To examine the MeJA-induced inhibition of
seed germination, seeds were sown on agar plates supplemented with 0,
10, or 50 pM of MeJA and incubated at 22°C under continuous light for 5 d.
The germination experiment was performed with six biological replicates,
each of which contained 30 to 40 seeds from one individual plant. All the
seeds used for each assay were harvested from plants grown at the same
time and stored for at least two months at room temperature. To examine
the response induced by mechanical wounding stress, rosette leaves of
2.5-week-old plants grown on peat moss under continuous light con-
ditions were wounded with a blade. Then, plants were grown under the
same growth conditions for 7 d for phenotypic characterization orfor2 h, 3
h, and 6 h for gene expression analysis. The number of biological replicates
in each experiment is indicated in figure legends.

Quantification of Chlorophyll and Carotenoid Pigments

Chlorophyll pigments were extracted (using 80% [v/v] ice-cold acetone)
from rosette leaves homogenized with zirconia beads (Nikkato). Absor-
bance of extracts was measured at 470, 647, and 664 nm, and chlorophyll
and carotenoid contents were calculated as described previously by Porra
et al. (1989). The number of biological replicates in each experiment is
indicated in the figure legends.

Measurement of the F /F,

Chlorophyll fluorescence and the F,/F,, were measured using a kinetics
multispectral fluorescence imaging system (FluorCam 800 MF; Photon
System Instruments), according to the manufacturer’s instructions. The
number of biological replicates in each experiment is indicated in figure
legends.

Immunoblot Analysis

Proteins were extracted from leaves ground in liquid nitrogen using SDS-
PAGE loading buffer (10% [w/v] glycerol, 50 mM of Tris-HCl at pH 8.0, 2%
[w/v] SDS, 6% [v/v] 2-mercaptoethanol, and 0.003% [v/v] bromophenol
blue). Proteins were separated on a 12% (w/v) SDS-polyacrylamide gel,
transferred onto an Immobilon-P transfer membrane (Merck Millipore), and
detected using anti-PsbC (cat. no. AS111787; Agrisera), anti-Lhcb1 (cat.
no. AS09522; Agrisera), anti-Lhcb4 antibodies (cat. no. AS04045; Agri-
sera), and anti-a tubulin antibody (cat. no. 10680; Agrisera), followed by an
anti-rabbit IgG HRP-linked antibody (cat. no. 7074; Cell Signaling
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Technology) and Supersignal West Dura Extended Duration Substrate
(Thermo Fisher Scientific), according to the manufacturer’s protocol. RbcL
protein was detected by Coomassie Brilliant Blue staining.

DNA Microarray Analysis

Rosette leaves were detached from 3-week-old wild-type and dof2.7-KO
plants grown on peat moss and then floated for 3 d on 3 mM of MES-KOH
buffer (pH 5.8) with or without 100 M of MeJA. Total RNA was extracted
from leaf samples using the ISOSPIN Plant RNA Kit (Nippon Gene).
Preparation of Cyanine-3-labeled cRNA using the Low Input Quick Amp
Labeling Kit (One-Color; Agilent Technologies), hybridization with the
Arabidopsis Oligo Microarray (V4; Agilent Technologies), and scanning of
microarrays on the DNA Microarray Scanner (G2565BA; Agilent Tech-
nologies) were performed according to the manufacturer’s instructions for
“One-Color Microarray-Based Expression Analysis.” Fluorescent signal
intensities were detected with the software Scan Control (v7.0.03; Agilent
Technologies). Data were extracted with the software Feature Extraction
(v9.1; Agilent Technologies) and raw data were produced by calculating the
average of three independent biological replicates. Welch’s approximate
Student’s t test was used for the comparison of different groups and
differences were considered significant at a P value < 0.05. Sample groups
were compared in a pairwise manner to determine the differential ex-
pression between groups, which was calculated and expressed as
a fold-change (FC). Hierarchical average linkage clustering analysis was
performed using 2,464 genes differentially expressed between wild-type
and dof2.7-KO mutant plants (FC > 2 or FC < 0.5). Hierarchical clustering
was performed as implemented with the function “heatmap.2” in the gplots
package of R (ver. 3.5.2).

ChIP Assay

Dof2.1-OX, MYC2-0OX, and wild-type seedlings grown on agar plates for
10 d were crosslinked using 1% (v/v) formaldehyde for 30 min under
vacuum. Then, nuclei were isolated and lysed, and chromatin complexes
were isolated and sonicated, as described previously by Saleh et al. (2008).
DNA was sonicated using a Bioruptor Il (Cosmo Bio). Anti-GFP poly-
clonal antibody (cat. no. 290; Abcam) and protein A agarose beads (Merck
Millipore) were used for immunoprecipitation. DNA recovered from agarose
beads was purified using the DNeasy Plant Mini Kit (Qiagen). gPCR was
performed using the KAPA SYBR FAST gPCR Kit (KAPA Biosystems) and
gene-specific primers (Supplemental Table). Fold-enrichment was cal-
culated as described previously by Sakuraba et al. (2014a). The number of
biological replicates in each experiment is indicated in figure legends.

Protoplast Transient Assay

Reporter plasmids were constructed by the insertion of Dof2.1 (—1,347
to +153 bp) and MYC2 (—1,051 to +494 bp) promoters into the pJD301
vector (Luehrsen et al., 1992). Introduction of nucleotide substitutionsin the
Dof2.1 promoter was performed using the Megaprimer PCR method (Ke
and Madison, 1997). To construct effector plasmids, Dof2.1 and MYC2
cDNAs were cloned upstream of a sequence encoding four copies of
aMYC epitope tag in the pGWB17 Gateway binary vector (Nakagawa et al.,
2009). Arabidopsis mesophyll protoplasts were isolated from rosette
leaves of 3-week-old wild-type or atmyc2-2 plants grown on peat moss, as
described previously by Wu et al. (2009). A reporter plasmid (2 ng) and an
effector plasmid (4 j.g) were cotransfected, together with 1 g of aninternal
control plasmid (pUBQ10-GUS), into 5 X 10* protoplasts using the
polyethylene glycol-mediated transfection method (Yoo et al., 2007).
Transfected protoplasts were incubated in protoplast culture solution
(0.4 M of mannitol, 15 mM of MgCl,, and 4 mM of MES-KOH at pH 5.8) in the
dark at room temperature for 16 h. To examine the effect of MeJA on the
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activity of the Dof2.1 promoter, 5 or 100 uM of MeJA was added to the
protoplast culture solution. LUC activity in each cell lysate was determined
using the Luciferase Assay System Kit (Promega). LUC activity was nor-
malized against GUS activity derived from the internal control plasmid. The
number of biological replicates in each experiment is indicated in figure
legends.

Accession Numbers

Sequence data generated in this study were deposited in the Arabidopsis
Genome Initiative Database under the following accession numbers: ACT2
(At3g18780), ANAC016 (At1g34180), ANAC029 (At1g69490), ANAC092
(At5g39610), COI1 (At2g39940), COR1 (At1g19670), Dof2.1 (At2g28510),
JAZ7 (At2g34600), LOX2 (At3g45140), MYC2 (At1g32640), MYC3
(At5g46760), MYC4 (At4g17880), NON-YELLOW COLORING1 (At4g13250),
PDF1.2b (At2g26020), SAG12 (At5g45890), SAG13 (At2g29350), SEN4
(At4g30270), SGR1 (At4g22920), UBQ10 (At4g05320), VSP1 (At5g24780),
and the glyceraldehyde-3-phosphate dehydrogenase gene (At1g16300).
Microarray data generated in this study was deposited in the Gene Ex-
pression Omnibus (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE129682) under the accession number GSE129682.

Supplemental Data

Supplemental Figure 1. Phytohormone response of 24 Arabidopsis
Dof genes.

Supplemental Figure 2. MeJA does not induce the expression of
Dof5.3, HCA2/Dof5.6, and DOF6/Dof2.3.

Supplemental Figure 3. Characterization of the dof2.7-KO mutant.
Supplemental Figure 4. Characterization of Dof2.7-OX lines.

Supplemental Figure 5. Wild-type, dof2.7-KO, and Dof2.1-OX leaves
floated on 3 mM of MES buffer in the absence of MeJA.

Supplemental Figure 6. Phenotypic characterization of proDof2.1:
Dof2.1/dof2.1-KO complementation lines.

Supplemental Figure 7. Accelerated yellowing of dof2.7-D leaves in
the presence of MeJA.

Supplemental Figure 8. Numbers of rosette leaves at bolting and the
time to bolting of wild-type, dof2.7-KO, and Dof2.1-OX plants.

Supplemental Figure 9. Alleviated and enhanced inhibitory effects of
MedJA on primary root elongation in dof2.7-KO and Dof2.1-OX seed-
lings that were grown from seeds sown on MeJA-containing plates.

Supplemental Figure 10. Alleviated and enhanced inhibitory effects of
MeJA on germination in the dof2.7-KO and Dof2.71-OX lines.

Supplemental Figure 11. Hierarchical average linkage clustering of
2,464 genes showing differential expression between wild-type and
dof2.1-KO mutant plants subjected to mock or MeJA treatment.

Supplemental Figure 12. Expression levels of MYC2-regulated genes
in myc2-KO and dof2.7-KO mutants.

Supplemental Figure 13. Rapid MeJA-induction of MYC2 and LOX2
expression is modified in dof2.7-KO and Dof2.7-OX leaves.

Supplemental Figure 14. The myc2-2 mutation does not affect the
expression of Dof2.1 in the Dof2.1-OX line.

Supplemental Figure 15. Effects of Dof2.17 overexpression on dark-
induced leaf senescence in the atmyc2-2 background.

Supplemental Figure 16. Effects of Dof2.1 overexpression on root
growth in the atmyc2-2 mutant background.

Supplemental Figure 17. Characterization of MYC2-OX lines.
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Supplemental Figure 18. The dof2.7 KO mutation does not affect the
expression of MYC2 in the MYC2-OX line.

Supplemental Figure 19. dof2.7 KO and atmyc2-2 mutations did not
additively attenuate reductions in the chlorophyll content.

Supplemental Figure 20. Root growth of dof2.7-KO atmyc2-2 seed-
lings in the presence of MeJA.

Supplemental Figure 21. Root growth of MYC2-OX dof2.1-KO
seedlings.

Supplemental Figure 22. Dof2.1 affects MYC3 and MYC4 expression
but does not bind to MYC3 and MYC4 promoters.

Supplemental Table. List of primers used in this study.

Supplemental Data Set 1. List of genes upregulated or downregu-
lated in dof2.7-KO seedlings in the absence of MeJA.

Supplemental Data Set 2. List of genes upregulated or downregu-
lated in dof2.7-KO seedlings in the presence of MeJA.
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