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Plants sense and integrate a variety of signals from the environment through different interacting signal transduction pathways
that involve hormones and signaling molecules. Using ALTERNATIVE OXIDASE1a (AOX1a) gene expression as a model system
of retrograde or stress signaling between mitochondria and the nucleus, MYB DOMAIN PROTEIN29 (MYB29) was identified as
a negative regulator (regulator of alternative oxidase1a 7 [rao7] mutant) in a genetic screen of Arabidopsis (Arabidopsis thaliana). rao7/
myb29 mutants have increased levels of AOX1a transcript and protein compared to wild type after induction with antimycin A.
A variety of genes previously associated with the mitochondrial stress response also display enhanced transcript abundance,
indicating that RAO7/MYB29 negatively regulates mitochondrial stress responses in general. Meta-analysis of hormone-
responsive marker genes and identification of downstream transcription factor networks revealed that MYB29 functions in
the complex interplay of ethylene, jasmonic acid, salicylic acid, and reactive oxygen species signaling by regulating the
expression of various ETHYLENE RESPONSE FACTOR and WRKY transcription factors. Despite an enhanced induction of
mitochondrial stress response genes, rao7/myb29 mutants displayed an increased sensitivity to combined moderate light and
drought stress. These results uncover interactions between mitochondrial retrograde signaling and the regulation of glucosinolate
biosynthesis, both regulated by RAO7/MYB29. This common regulator can explain why perturbation of the mitochondrial
function leads to transcriptomic responses overlapping with responses to biotic stress.

Plants are exposed to a variety and combination of
abiotic and biotic stresses on a daily to seasonal basis
that can negatively affect growth. To survive and re-
produce, plants must sense and cope with a multitude
of environmental cues andmount an integrated defense
response (Suzuki et al., 2014), which is different from,
and cannot be accurately predicted from, the analysis of
single-stress responses (Rizhsky et al., 2004; Mittler,
2006). The combined response is coordinated via vari-
ous signaling pathways that converge or interact at
different levels. Plant hormones play a central role in
mediating and integrating these responses, with the
well-characterized example of abscisic acid (ABA)
that is required for acclimation to combined salt and
heat stresses (Suzuki et al., 2016). The responses can be

direct, often referred to as anterograde signaling, in
which the signal is transmitted straight to the nucleus
without any impact on organellar functions. In addi-
tion, environmental conditions may affect the organ-
elles (mitochondria or plastids) and, subsequently, elicit
a signal transduction pathway to the nucleus, often
referred to as retrograde signaling.

When plants are exposed to multiple adverse condi-
tions, they might respond by compromising or super-
seding the response to another condition. The crosstalk
between salicylic acid (SA) and ethylene (ET)/jasmonic
acid (JA) signaling pathways, both involved in biotic
stress responses, not only fine-tunes plant responses to
different pathogens, but also allows the prioritization
of one pathway above another under multiple biotic
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stimuli (Pieterse et al., 2012). In Arabidopsis (Arabi-
dopsis thaliana), treatment with the bacterial elicitor
flagellin 22 (flg22) that mimics some biotic stresses
strongly suppresses flavonol biosynthesis by UV-B
stress (abiotic stress; Schenke et al., 2011), a mechanism
believed to allow plants to prioritize secondary me-
tabolism in favor of pathogen defense (Schenke et al.,
2014). A comprehensive analysis of stress combinations
has revealed potentially negative or positive interactions
(i.e. enhanced damage or cross-protection, respectively,
due to more than one stress condition; Mittler, 2006).
Drought or heat stresses have been shown to decrease
resistance to some biotic stresses, such as high-temperature
suppression of the host resistance against Tobacco mosaic
virus (Király et al., 2008). Transcriptome responses to
sequential stress treatments have shown that significant
first-class signatures could still be detected in subsequent
stress responses, although the transcriptome signature
of the second stress applied dominated (Coolen et al.,
2016). A number of interactions of abiotic and biotic re-
sponses have been analyzed, and the underlying plant
hormones, transcription factors (TFs), and kinase sig-
naling pathways that mediate the interactions between
these pathways are beginning to be elucidated (Mittler,
2006; Atkinson and Urwin, 2012; Prasch et al., 2015).
The nucleus-encodedmitochondrial ALTERNATIVE

OXIDASE (AOX) is widely used as a model to study
mitochondrial retrograde signaling (MRS; Rhoads and
Subbaiah, 2007; Vanlerberghe, 2013; Ng et al., 2014).
AOX is induced in a variety of plants by a broad range
of adverse conditions, ranging from nutrient limitation,
drought, high/low temperature to attack by various
biotic pests (Vanlerberghe, 2013). This wide induction
array indicates that different pathways can trigger
AOX; for instance, AOX is known to be induced by

reactive oxygen species (ROS)-dependent and ROS-
independent pathways (Gray et al., 2004). However,
the crosstalk between these pathways, with a few ex-
ceptions, is not elucidated at the molecular level. AOX1a
has been shown to be regulated in Arabidopsis by
SUCROSE-NONFERMENTING-RELATED PROTEIN
KINASE CATALYTIC SUBUNIT a (KIN10) and
CYCLIN-DEPENDENT KINASE E;1 (CDKE;1; Ng et al.,
2013a) kinases and by ABSCISIC ACID INSENSITIVE4
(Giraud et al., 2009), NO APICAL MERISTEM/
ARABIDOPSIS TRANSCRIPTION ACTIVATION
FACTOR/CUP-SHAPED COTYLEDON13 (ANAC013)
and ANAC017 (De Clercq et al., 2013; Ng et al., 2013b),
and different WRKY TFs (Van Aken et al., 2013). Fur-
thermore, whereas some hormones are known to induce
or triggerAOX, such as ET and SA, respectively (Rhoads
and McIntosh, 1992; Norman et al., 2004; Ederli et al.,
2006), others, such as auxin, have been shown to be an-
tagonistic to the induction of AOX and MRS in general
(Ivanova et al., 2014). In a number of studies, the overall
changes in the transcriptome upon mitochondrial per-
turbation in Arabidopsis display most prominent over-
laps with biotic stress responses (Clifton et al., 2006;
Schwarzländer et al., 2012;Umbach et al., 2012;Cvetkovska
and Vanlerbergh, 2013), suggesting a mechanistic link
between biotic stress responses and the transcriptional
regulation of AOX1a.

While the molecular components involved in regu-
lating AOX expression are being uncovered, the role of
AOX in plant defense/stress responses still has to be
defined. Arabidopsis plants with reduced amounts of
AOX1a, the predominantly inducible AOX gene in
Arabidopsis (Clifton et al., 2005), displayed a small, but
noticeable, cold-altered phenotype (Fiorani et al., 2005).
During a combined drought and moderate light stress,
Arabidopsis aox1a mutants had a more sensitive phe-
notype, but not during drought or moderate light
treatment alone (Giraud et al., 2008). AOX also has
been reported to be induced upon a variety of biotic
challenges (Vanlerberghe, 2013), including treatment
with flg22 (Van Aken et al., 2013). Separate challenge
of Nicotiana attenuata with multiple biotic factors sug-
gested that AOX plays a role in resistance to cell
piercing-sucking insects, but not against the rapid
feeding herbivore Manduca sexta (Zhang et al., 2012).
A role for AOX in producing a superoxide burst
that promotes, without being absolutely necessary,
a hypersensitive response has been found after in-
fection with Pseudomonas syringae (Cvetkovska and
Vanlerberghe, 2013). The role of AOX in virus threats
has been reported frequently, but these results should
be interpreted carefully because the use of inhibitors to
induce AOX may have secondary effects, such as the
production of ROS or reactive nitrogen species that
can trigger defense responses (Vanlerberghe, 2013).
An overall theme that emerges from studies investi-
gating the role of AOX triggered by biotic or abiotic
stimuli is that AOX and the mitochondrial electron
transport chain, in general, are key players in gen-
erating ROS/reactive nitrogen species signals that
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are important mediators of stress signaling (Vanlerberghe,
2013; Ng et al., 2014).

A forward-genetic approach with theAOX1a promoter
driving the expression of a firefly luciferase (LUC) suc-
cessfully identified both positive and negative regulators
of AOX1a in Arabidopsis (Ng et al., 2014). Here, we dis-
covered the TF V-myb myeloblastosis viral oncogene ho-
molog29 (MYB DOMAIN PROTEIN29 [MYB29]) as a
negative regulator of AOX1a expression upon the inhibi-
tion of electron flow through the cytochrome electron
transport chain. Previously, MYB29 had been character-
ized as a regulator of Met-derived aliphatic glucosinolate
biosynthesis in Arabidopsis, along with other MYB-type
TFs (Sønderby et al., 2010), which are involved in the
defense against biotic feeding pests (Fahey et al., 2001)
and abiotic stress (Martínez-Ballesta et al., 2015). The
role of MYB29 as a negative regulator of AOX1a re-
veals a hitherto unknown interaction between mito-
chondrial retrograde/stress signaling and the regulation
of aliphatic glucosinolate levels. Amodel is presented for
how this interaction may be mediated to integrate and
optimize AOX1a expression.

RESULTS

Identification of MYB29 as a Negative Regulator of
AOX1a Expression

Using the AOX1a promoter driving the expression of
LUC, we previously identified CDKE;1/REGULATOR
OF ALTERNATIVE OXIDASE1a 1 (RAO1; Ng et al.,
2013a), ANAC017/RAO2 (Ng et al., 2013b), and four
proteins involved in auxin metabolism/transport
(RAO3, RAO4, RAO5, and RAO6; Ivanova et al., 2014)
as regulators of AOX1a expression in Arabidopsis. By
means of the same approach to characterize these reg-
ulators, application of antimycin A (AA), and visuali-
zation of the luminescence signal 6 h later, another
mutation was identified that did not map to any of the
previously identified loci. This mutant displayed a
higher level of luminescence than the wild-type con-
trol (Columbia[Col]:LUC) (Fig. 1A). Map-based cloning
combined with next-generation mapping as outlined
previously (Ng et al., 2013a, 2014) revealed a mutation,
resulting in an Arg-to-His modification confirmed by
Sanger sequencing, at locus At5g07690 that encodes
the R2R3-type MYB domain-containing TF MYB29
(Stracke et al., 2001; Fig. 1B). Themutant was designated
regulator of alternative oxidase1a 7 ethyl methanesulfonate
(rao7EMS). The phenotype of the rao7EMSmutant could
be rescued by complementation with constructs con-
taining the wild-type MYB29-coding sequence that re-
stored the wild-type LUC induction in response to AA
treatment (Supplemental Fig. S1). These results confirm
that the rao7 phenotype results from a mutation in
MYB29. To prove that the luminescence signal was an
accurate proxy for AOX1a transcript and protein abun-
dance, quantitative reverse transcription (qRT)-PCR and
western-blot analyses were carried out in both the ethyl

methanesulfonate (EMS) line (rao7EMS) and in a T-DNA
knockout for MYB29 (rao7KO; Fig. 1B; Supplemental
Fig. S2). Transcript and protein abundances for AOX1a
were;2-fold greater than those of the wild-type control
under AA stress conditions (Fig. 2), in agreement with
the higher luminescence observed (Fig. 1A). Thus, RAO7/
MYB29 was concluded to be a negative regulator of the
stress-dependent AOX1a induction. Under unstressed
conditions (mock treatment), the AOX1a transcript abun-
dance was similar between the wild type and rao7/myb29
mutants, whereas the AOX protein levels were ;2-fold
higher in both mutants than those in the wild type
(Fig. 2C). However, under the unstressed growth con-
ditions used, the levels of AOX1a transcript and AOX
protein were low.

RAO7/MYB29 Mutation Alters Plant Stress Tolerance

Mutation of RAO7/MYB29 accentuates the induc-
tion of AOX1a transcript and protein levels following
stress treatment. Previously, aox1a mutants were
found to be more sensitive to combined moderate
light and drought stress treatments (Giraud et al.,
2008). Therefore, we assessed whether the RAO7/
MYB29 mutation also affected the plant tolerance
against this condition. Under unstressed conditions

Figure 1. Identification of RAO7/MYB29 as a regulator of Arabidopsis
AOX1a. A, Fourteen-day-old seedlings (left) and luminescence images of
Col:LUC and the rao7EMS mutant before (middle) and after (right) treat-
ment with 50 mM antimycin A (AA). Col:LUC plants were generated from
Col-0 plants transformed with a construct containing a firefly luciferase
reporter gene driven by theAOX1apromoter (P-AOX1a:LUC), as described
previously (Ng et al., 2013a). LUC activity was visualized in a NightOWL
bioluminescence imager. B, MYB29 gene model. The positions of the
rao7EMSmutation and the T-DNA insertion of a GABI line (GABI040H12;
Supplemental Fig. S2) are indicated. UTR, Untranslated region.
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(well watered at 120 mmol m22 s21 light intensity), the
phenotypes of the rao7EMS and rao7KO mutants did
not differ noticeably from that of wild-type seedlings
and plants, except for the significantly increased rosette
area of mature (from 5 weeks old) rao7EMS plants,
earlier stem and inflorescence emergence, and earlier
flowering (stages 5.10 and 6.00; Supplemental Fig. S3;

Boyes et al., 2001). However, under combinedmoderate
light intensity (500 mmol m22 s21) and drought stress
treatment, both rao7EMS andmyb29KO displayedmore
severe stress phenotypes than thewild type (Fig. 3A), as
also indicated by photochemical efficiency reduction
(Fig. 3B). The relative water content between rao7 mu-
tants and Col:LUC did not differ under unstressed
conditions but was 15% to 30% reduced in the rao7
mutants compared with Col:LUC after 8 d of moderate
light intensity and drought stress treatment (Fig. 3C).

Genome-Wide Transcriptional Responses to
Mitochondrial Perturbation Affected by the RAO7/
MYB29 Mutation

In a yeast (Saccharomyces cerevisiae) one-hybrid assay
spanning the 1.85-kb upstream region of the transla-
tional start site, no binding of RAO7/MYB29 to any
region of the AOX1a promoter could be detected
(Supplemental Fig. S4). To assess whether and how the
RAO7 mutation affects the genome-wide transcrip-
tional responses to AA treatment, RNA sequencing
(RNA-Seq) analysis was performed on wild-type (Col:
LUC), rao7EMS, and rao7KO plants treated with AA for
3 h. Comparison of AA responses between the three
genotypes revealed that MYB29 plays a role in regulat-
ing partly, but clearly not completely, the AA response
(Fig. 4A). To gain insight into the gene expression
changes induced by the RAO7/MYB29 mutation, we
identified transcripts for which the AA-induced fold
change differed significantly (two-way ANOVA
[treatment 3 genotype interaction] with false dis-
covery rate [FDR] , 0.05 and greater than 1.25-fold
change; see “Materials and Methods”) between rao7EMS
or rao7KO andCol:LUC. The overlap between the rao7EMS
and rao7KO positively and negatively affected transcript
levels was 730 (hypergeometric [HG] P , E-16) and
593 (HG P , E-16), respectively (Fig. 4B). Hereafter,
these transcripts will be referred to as RAO7/MYB29
negatively (increased AA fold change in both rao7
mutants [RAO7_N]) and MYB29/RAO7 positively
(decreased AA fold change in both rao7 mutants
[RAO7_P]) regulated transcripts (Supplemental Table
S1). Compared with the AA stress-responsive tran-
scriptome in wild-type plants (Col:LUC), MYB29 loss
of function affected the correct expression of ;15% of
AA-responsive genes (Fig. 4D). rao7EMS affected the
AA-responsive transcriptome more drastically than
rao7KO, with 1,114 genes with positively and 1,280
genes with negatively affected AA fold change spe-
cifically in the rao7EMS mutant (further referred to as
RAO7-EMS_N and RAO7-EMS_P, respectively; Fig.
4B; Supplemental Table S1), implying a difference
between the effects of the two types of mutations in the
rao7 mutant lines. However, this situation is reversed
under unstressed conditions. Between rao7KO and
Col:LUC, 695 genes are differentially regulated (FDR ,
0.05 and greater than 1.5-fold change), whereas in
the rao7EMS mutant compared with Col:LUC, only

Figure 2. AOX1a transcript andprotein abundance in rao7EMSand rao7KO
mutant lines. Two-week-old seedlings were sprayed with water (2AA) or
50 mM AA (+AA) and harvested 3 h (transcript abundance) or 6 h (protein
abundance) after treatment. A, qRT-PCR analysis of the transcript abun-
dance of AOX1a. Bars represent average expression from three biological
repeats6 SE. B, Quantified AOX protein abundance. AOX values were nor-
malized against the corresponding TRANSLOCASE OF THE OUTER
MITOCHONDRIAL MEMBRANE40-1 (TOM40-1) as a loading control
for mitochondrial protein abundance. Relative protein abundance,
below each blot, is expressed as a percentage of the highest value of the
set. C, AOX protein quantifications (averages 6 SE) from three biologi-
cal replicate experiments. Asterisks indicate significant differences
(P , 0.05) compared with Col:LUC as indicated by Student’s t test.
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56 transcripts were altered, among which 41 were
similarly regulated in both mutants (Fig. 4C).

Previous studies had identified potential MYB29 target
genes involved in aliphatic glucosinolate biosynthesis:
METHYLTHIOALKYLMALATE SYNTHASE1 (MAM1),
MAM-LIKE (MAML), CYTOCHROME P450 79B1
(CYP79B1), CYP79F1, CYP79F2, CYP83A1, FLAVIN-
MONOOXYGENASE GLUCOSINOLATE S-OXYGENASE1
(FMO GS-OX1), FMO GS-OX3, BRANCHED-CHAIN
AMINOTRANSFERASE4 (BCAT4), ARABIDOPSIS
SULFOTRANSFERASE5B (ATST5B), ATST5C, and
SUPERROOT1 (SUR1; Gigolashvili et al., 2008; Li et al.,
2013), of which six transcripts were decreased and one
was increased in rao7KO compared with Col:LUC plants
under unstressed conditions (Fig. 4E, 2AA). However,
all transcripts displayed similar expression levels in
rao7EMS comparedwith the wild type under unstressed
conditions (Fig. 4E, 2AA). The six rao7KO-repressed
genes were all down-regulated upon AA treatment in
the wild-type situation (Col:LUC; FDR , 0.05), and for
four of them, the expression remained lower in rao7KO
than in Col:LUC (Fig. 4E, +AA). Interestingly, three
genes also were repressed in rao7EMS compared with
Col:LUC under the AA stress conditions. As the
transcriptome of rao7EMS is very similar to that of

wild type under unstressed conditions, but clearly
altered in its response to AA, the effect of the Arg178His
amino acid change in rao7EMS is largely specific
during stress conditions.

RAO7/MYB29 Mutation Interacts with Growth, Hormone,
and Stress Signaling in Response to Mitochondrial
Perturbations

As the rao7EMS and rao7KO mutants respond in a
similar manner to AA treatment, the commonly af-
fected part of the transcriptome was functionally an-
alyzed (transcripts positively [RAO7_P] or negatively
[RAO7_N] regulated by RAO7/MYB29 in both mu-
tants; Figs. 5 and 6; Supplemental Fig. S5). In addition
to the complete RAO7_P and RAO7_N gene sets,
RAO7_P and RAO7_N subgroups based on similarity
in their expression profiles alsowere examined (Fig. 5A).
A functional enrichment analysis with the Gene Ontol-
ogy (GO) and the broad parent GO Slim categories
revealed that the MYB29 positively regulated tran-
scriptome (RAO7_P) was enriched with genes related
to growth and developmental processes, including
energy and lipid metabolism (Fig. 5B; Supplemental
Fig. S5). In contrast, RAO7_N genes are involved in

Figure 3. Physiological analysis of combined drought andmoderate-light response in rao7mutants. A, Col:LUCwild-type and rao7EMS
and rao7KOmutant plants grown under a sufficient watering regime and normal light conditions (120mmol m22 s21) for 3 weeks before
water was withheld and plants placed at moderate light intensities (500 mmol m22 s21) for 9 d (ML-D). Plants were rewatered under a
normal light regime on day 10 and reobserved after 2 d (recovery). B, Top,maximal photosystem II (PSII) quantum efficiency (Fv/Fm; Baker,
2008) of Col:LUC, rao7EMS, and rao7KO plants underML-D conditions before and after recovery. Bars represent averages of nine leaves
from three plants 6 SE. Blue shapes indicate soil water content upon water retention (triangle) and the rewatering stage (box). Asterisks
indicate significant differences compared with well-watered Col:LUC as indicated by Student’s t test (*, P , 0.05 and **, P , 0.01).
Bottom, false-color images of Fv/Fm fromML-D-treatedCol:LUC, rao7EMS, and rao7KOplants. Average values are displayed in thebottom
right corner of each image. C, Relative water content of Col:LUC and rao7 mutant plants grown under normal or ML-D conditions.
Averages6 SE of three plants are shown, and asterisks indicate significant (P, 0.05) differences comparedwith Col:LUC (Student’s t test).
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Figure 4. Changes in the transcriptome of rao7EMS and rao7KO under normal and AA-treated cellular conditions. A, Venn diagrams
comparing thenumberof up- anddown-regulated genesafterAA treatment inCol:LUC, rao7EMS, and rao7KO (FDR,0.05andgreater than
1.5-fold change). B, Identification of the number of genes for which the AA response (AA-induced fold change) is significantly affected in
rao7EMS and/or rao7KO (two-wayANOVA [treatment3genotype interaction] FDR,0.05andgreater than1.25-fold change). C,Overview
of genes differentially expressed in rao7EMS or rao7KO compared with Col:LUC under normal cellular conditions (mock treatment [2AA])
and AA stress conditions (FDR, 0.05 and greater than 1.5-fold change). D, Proportion of AA up- and down-regulated genes through the
MYB29 function. E, Expression analysis of known potential MYB29 target genes involved in aliphatic glucosinolate biosynthesis in the
transcriptome study. MYB29 targets were obtained from the literature (Gigolashvili et al., 2008; Li et al., 2013), and their expression was
analyzed with the transcriptome data from Col:LUC, rao7EMS, and rao7KO grown under normal cellular conditions (2AA) or treated with
AA for 3 h (+AA). For heat-map visualization, the z scores of log2-transformed reads per kilobase per million mapped read values were hi-
erarchically clustered based on Euclidian distance with Genesis 1.6.0 (Sturn et al., 2002). Significant differences between rao7EMS and
rao7KOmutants relative to Col:LUC are indicated with asterisks (FDR, 0.05). Genes regulated (FDR, 0.05) by AA treatment in the wild
type (Col:LUC) are indicated with arrows. Evidence from the literature about genes transcriptionally targeted by MYB29 is indicated.
Gigolashvili et al. (2008) used acotransformation of MYB29 effector and target gene promoter:reporter constructs and bqRT-PCR analysis
of MYB29 overexpression lines (MYB29OE), whereas cLi et al. (2013) used qRT-PCR analysis on the myb28myb29 mutants containing
the PromoterMYB29:MYB29 construct. +, Induced target gene/promoter; 0, unaffected target gene/promoter; N/A, data not available.
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responses to stress, cell death, secondary metabolism,
and signal transduction (Fig. 5B; Supplemental Fig.
S5). In addition to GO analysis, the Plant Gene Set
Enrichment Analysis (PlantGSEA; Yi et al., 2013) tool
was searched for differentially expressed (DE) genes
from stress or hormone treatment studies, and 41 lists
of stress- or hormone-responsive genes were found
that overlapped significantly with RAO7_P and/or
RAO7_N (see “Materials and Methods”). By means of
the gene lists from the PlantGSEA tool and from
49 nonredundant GO Biological Process (BP) terms
identified from the above analysis (Supplemental Fig.
S5), and the RAO7_P and RAO7_N genes as input, all
pairwise overlaps were calculated and visualized in a
network (Fig. 6; Supplemental Table S2; see “Materials and
Methods”). Most gene lists were connected specifically to

either RAO7_P (Fig. 6, red nodes) or RAO7_N (Fig. 6, blue
nodes). Again, RAO7_N genes were predominantly stress
up-regulated genes, with overlapping gene sets respond-
ing to biotic factors, cold, singlet oxygen-induced cell death
(fluorescent mutant), water and nutrient deprivation, and
endoplasmic reticulum (ER) stress. RAO7_N genes also
were involved in processes of mitogen-activated protein
kinase (MAPK) signaling, cell death and hypersensitive
response, and ET and auxin biosynthesis. In contrast,
RAO7_P genes were involved in fundamental cellular
processes, such as cell size regulation, polar auxin transport,
thylakoid membrane organization, and phototropism, and
include genes regulated by light and down-regulated by
several stress factors, such as temperature, osmotic stress,
and nutrient deprivation. Also interesting is the effect of
RAO7 on various hormone signaling processes, such as

Figure 5. Transcriptional response to AA regulated through the RAO7/MYB29 function. A, Heat-map representation of the ex-
pression of genes for which the AA response is either negatively or positively regulated through the RAO7/MYB29 function. Genes
were classified as negatively (RAO7_N) or positively (RAO7_P) regulated by RAO7/MYB29 when their AA fold change was in-
creased or decreased in both rao7EMS and rao7KO mutants compared to the wild type (Col:LUC), respectively. Genes were
classified in clusters (c1, c2, c3, c4, and c5) according to their expression characteristics in response to AA in the different genotypes
by means of K-means clustering. Colors represent log2 fold change (FC) of AA treatment compared with mock treatment, with blue
and red/yellow representing transcripts that are down-regulated and up-regulated by AA treatment, respectively. B, GO Slim en-
richment analysis of the RAO7_N and RAO7_P genes and their respective coexpression clusters. Color codes represent the negative
logarithm (base 10) of the FDR-adjusted P value. Significantly (FDR , 0.05) enriched GO terms are indicated in red-yellow.
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ABA, ET, JA, and SA signaling, which are negatively reg-
ulated (RAO7_N), and, in contrast, on the brassinosteroid
(BR) and gibberellic acid (GA) responses, which are posi-
tively regulated (RAO7_P), as well as on auxin responses
that are both positively and negatively regulated.
As the transcriptomes of rao7EMS and Col:LUC are very

similar under unstressed conditions and rao7EMS exhibits
AA-specific responses that are not observed in stressed
rao7KO, we also analyzed the specific transcriptional re-
sponse of rao7EMS (RAO7-EMS_P and RAO7-EMS_N;
Supplemental Figs. S6–S8). Like the RAO7_P and
RAO7_N genes, the RAO7-EMS_P genes were enriched
for functions related to growth anddevelopment,whereas
the RAO7-EMS_N genes were associated with stress
responses (Supplemental Figs. S6 and S7). Compari-
son of the four gene lists (RAO7_P, RAO7_N, RAO7-
EMS_P, and RAO7-EMS_N) in a functional correlation
network revealed that seven terms related to light re-
sponse, down-regulation by nutrient deficiency or sugar,
or thylakoid membrane organization were commonly

enriched between the RAO7_P and RAO7-EMS_P gene
lists (Supplemental Table S2, red), whereas 25 functions
were shared between the RAO7_N and RAO7-EMS_N
lists (Supplemental Table S2, blue) and were related
mainly to responses to biotic stress factors, including
up-regulation by pathogens, insects, or wounding, ET,
JA, and SA signaling, and ET biosynthesis, but also
up-regulation upon abiotic stress factors and ABA
signaling (Supplemental Fig. S8). Thus, RAO7/MYB29
seems to positively regulate growth and to negatively
affect stress responses, potentially through interfer-
ence at the hormonal crosstalk level.

Downstream Transcriptional Regulatory Network
Analysis Reveals MYB29 Direct Targets and
Intermediate TFs

To unravel the transcriptional regulatory networks
downstream of MYB29, we analyzed together DE
genes, cis-regulatory elements, andGO enrichment. For

Figure 6. Correlation of the MYB29-regulated gene sets with functional annotations. The MYB29 positively and negatively
regulated genes (RAO7_P and RAO7_N) were used for gene set enrichment analysis with GO BP (FDR , 3.00E-05; see
Supplemental Fig. S5) and DE genes (UP, up-regulated; DN, down-regulated) after hormone or stress treatments, the latter
obtained from the literature through the PlantGSEA tool (FDR, 3.00E-03; Yi et al., 2013). Afterward, all gene lists were compared
with each other in a pairwise manner. Only gene list pairs with significant overlap (FDR , E-03) and containing at least 10% of
genes from either or both gene sets were used for network construction, and only gene sets directly connected to RAO7_P or
RAO7_N were retained. Edge thickness and distance in the network correspond to the Jaccard index of similarity. Node shape
indicates the type of gene list (squares, GO BP; circles, DE gene lists from the literature [LIT]). Node color refers to whether nodes
are connected only with RAO7_P (red), only with RAO7_N (blue), or with both (gray). HL, high light; HR, hypersensitive re-
sponse; IAA, indole-3-acetic acid; PCD, programmed cell death; SAR, systemic acquired resistance.
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the identification of direct MYB29 target genes,
RAO7_P and RAO7_N gene promoters were searched
for de novo enriched motifs (see “Materials and
Methods”; Supplemental Fig. S9). The DNA-binding
site of MYB29 as well as its closest homologs (phylo-
genetic subgroup S12 within the R2R3-MYB family;
Dubos et al., 2010) had not, to our knowledge, been ex-
perimentally determined. P_Motif_6 and N_Motif_10
(Fig. 7A) were retained as putativeMYB29-binding sites,
because they resemble the consensus binding sites of
R2R3-MYB family members that are homologous to
MYB29. More specifically, MYB29 homologs have the
binding sites GGTAGGT[AG] (MYB3; subgroup S4;
Dubos et al., 2010), [AG]GT[AT]GGT[AG] (ATMYB4;
subgroup S4), [GA][GT]TAGGT[AG] (MYB111; sub-
group S7), or GGTAGGTGG (MYB15; subgroup S2;
Franco-Zorrilla et al., 2014; Weirauch et al., 2014). To
gain further insight into the MYB29 DNA-binding char-
acteristics, we searched the promoters that are potentially
targeted byMYB29 (MAM1,MAML,CYP79F1,CYP79F2,
CYP79B2, CYP83A1, FMO-GS OX1, FMO-GS OX3,
BCAT4, ATST5b, ATST5c, and SUR1; Gigolashvili et al.,
2008; Li et al., 2013) for common sequence motifs with
the Regulatory Sequence Analysis Tools (RSAT) oligo-
analysis tool (van Helden et al., 1998) and identified
TGGGTAGGT that resembled both P_Motif_6 and
N_Motif_10 (Fig. 7A). Genome-wide mapping of these
motifs revealed that the P_Motif_6 is present in 25% of
the promoters of the MYB29 positively regulated
genes (HG P = 2.4E-06) but is also, to a minor extent,
enriched in the MYB29 negatively regulated genes
(frequency of 20% and HG P = 0.036). Similarly, the
N_Motif_10 occurs in 35% of the MYB29 negatively
regulated genes (HG P = 2.51E-10) and in 28% of the
MYB29 positively regulated genes (HG P = 0.046). In
total, 584 (;44%) RAO7/MYB29-affected genes had at
least one P_Motif_6 or N_Motif_10 MYB29-binding site.

The occurrence of putative MYB29-binding sites in
less than half of the DE genes, combined with a signifi-
cant GO enrichment for sequence-specific DNA-binding
TF activity in the RAO7_P genes and nucleotide binding
in the RAO7_N genes (Fig. 5B), indicated that many of
the RAO7/MYB29-affected genes might be regulated
indirectly through TFs present in RAO7_P or RAO7_N.
To identify intermediate regulators, we devised a novel
and unbiased regulator prediction strategy based on
known binding sites for Arabidopsis TFs. After integrat-
ing and mapping 744 motifs, known to bind 671 TFs, we
performed a systematic motif enrichment analysis on the
set ofRAO7_P andRAO7_N genes. By retaining only TFs
that are part of the RAO7_N or RAO7_P DE genes and
that contain the P_Motif_6 or N_Motif_10 MYB29-
binding site, we identified 18 potential intermediate
TFs, of which 11 were specific for RAO7_N (Fig. 7B,
blue nodes), three were specific for RAO7_P (Fig. 7B,
red nodes), and four were common for both gene sets
(Fig. 7B, gray nodes; Supplemental Table S3). We de-
fined the functional TF similarity based on the target
gene overlaps and visualized them in a network with
edges representing a pairwise overlap of more than

50% (Fig. 7B). TFs from the same family (i.e. WRKY
and ETHYLENE RESPONSE FACTOR [ERF] family
TFs) clustered together, as expected from the similar-
ity in their binding sites. In addition, the function of the
respective TFs was further analyzed and compared based
on the GO functional annotations of their predicted target
genes (Fig. 7C). Various GO terms (FDR , E-4.5) were
identified, ranging from functions in developmental pro-
cesses to defense reactions to stress. Interestingly, the
predicted transcriptional regulators of RAO7_N and
those of RAO7_P clustered together.

For the RAO7_N gene set, sevenWRKYs (ATWRKY11,
WRKY15, ATWRKY30, WRKY33, WRKY38, WRKY40,
and WRKY70), two ERFs (ERF106 and CYTOKININ
RESPONSE FACTOR6), one NAC (ANAC053), and
one calmodulin-binding TF, SIGNAL RESPONSIVE1
(SR1), were found with functions in biotic, oxidative,
dehydration/salt stress, cold responses, and/or se-
nescence (Zheng et al., 2006; Galon et al., 2008; Jiang
and Deyholos, 2009; Besseau et al., 2012; Birkenbihl
et al., 2012; Lee et al., 2012; Vanderauwera et al., 2012;
Kim et al., 2013; Scarpeci et al., 2013; Jiang et al., 2016).
Interestingly, both SR1 and WRKY40 regulate gluco-
sinolate levels (Laluk et al., 2012; Schön et al., 2013).
A strong overrepresentation of WRKY-binding sites
also was obvious from the de novo motif analyses,
with WRKY-like binding sites (W-boxes) as most
significantly enriched motifs in RAO7_N (N_Motif_1
[HG P , E-16] and N_Motif_2 [HG P , E-16];
Supplemental Fig. S9). Interestingly, ATWRKY11,
WRKY33, WRKY38, WRKY40, and WRKY70 all act
at the interface of the antagonistic crosstalk between
SA and JA/ET of defense responses to biotrophic
pathogens, and necrotrophic pathogens and insects,
respectively (Journot-Catalino et al., 2006; Li et al., 2006;
Kim et al., 2008; Birkenbihl et al., 2012; Liu et al.,
2015). In contrast, intermediate TFs specifically of the
RAO7_P gene set (GOLDEN2-LIKE1 [GLK1], TEOSINTE
BRANCHED1, CYCLOIDEA AND PCF FAMILY7
[TCP7], and ZINC FINGER OF ARABIDOPSIS
THALIANA11) or shared between RAO7_P and
RAO7_N (AGAMOUS-LIKE3 [AGL3], ATAF2,
BRASSINOSTEROID ENHANCED EXPRESSION1
[BEE2], and REVEILLE1 [RVE1]) mainly have functions
in various vegetative and reproductive developmental
processes or chloroplast development, regulated, among
others, through brassinosteroid or auxin (Friedrichsen
et al., 2002; Ditta et al., 2004; Rawat et al., 2009; Waters
et al., 2009; Huh et al., 2012; Aguílar-Martínez and Sinha,
2013; Liu et al., 2014; Peng et al., 2015; Xu et al., 2015).
These results are consistent with the de novo motif
analyses: MADS box-like binding site (N_Motif_13;
P = 2.8E-14) for AGL3, RVE1-like binding site
(P_Motif_12; P = 1.0E-12; Franco-Zorrilla et al.,
2014) for RVE1, GLK1-like binding site (P_Motif_12;
P = 1.0E-12; Franco-Zorrilla et al., 2014) for GLK1,
G-box/basic helix-loop-helix-like (bHLH) binding
site (P_Motif_2; P , E-16) for BEE1, and TCP type
I-like binding site (P_Motif_1; P , E-16; Kosugi and
Ohashi, 2002) for TCP7.
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Gene regulatory networks also were predicted down-
stream of RAO7-EMS by means of a workflow similar to
that for RAO7. Genes that were specifically altered by
RAO7-EMS and not by KO mutation (RAO7-EMS_P and

RAO7-EMS_N) were searched also for de novo enriched
motifs in their promoters, but no R2R3-MYB-like bind-
ing sites were found (Supplemental Fig. S10). Therefore,
to predict intermediate TFs, the previously defined

Figure 7. Transcriptional regulatory network downstream of MYB29. A, Identification of potential MYB29-binding sites
(P_Motif_6 and N_Motif_10) by de novo motif analysis of RAO7_P and RAO7_N gene set promoters with the Amadeus software
(Linhart et al., 2008) and comparison with a de novo discovered motif in 12 knownMYB29 target genes from Figure 4E bymeans
of the RSAT (van Helden et al., 1998). Sequence logos were made with WebLogo 2.8.2 (P_Motif_6 and N_Motif_10) and
WebLogo 3.5.0 (RSAT; Crooks et al., 2004). B, Identification of intermediate regulators of MYB29-dependent genes. RAO7_P and
RAO7_N gene promoters were searched for enriched binding sites for 671 TFs of Arabidopsis. Only TFs containing the P_Motif_6
or N_Motif_10 MYB29-binding site and with MYB29-dependent expression were retained, of which 18 intermediate TFs were
predicted to regulate RAO7_P genes (red), RAO7_N genes (blue), or both (gray) downstream of MYB29. TFs were compared
based on the overlap of their target genes in a network, with edges representing pairwise overlap of more than 50%. C, Functional
analysis of intermediate TFs based on GO enrichment analysis of their target genes. Color codes represent the negative algorithm
(base 10) of the FDR-adjusted P values, with significantly enriched GO terms (FDR , E-4.5) indicated in red-yellow.
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P_Motif_6 and N_Motif_10 were used as potential
MYB29-binding sites. For RAO7-EMS_P, no intermediate
TFs were detected that contain a MYB29-binding site and
regulate gene expression downstreamofMYB29-EMS, but
for the RAO7-EMS_N genes, ATWRKY18 and WRKY53
were predicted as intermediate regulators (Supplemental
Table S3). Similar to what was observed for the RAO7
intermediate TFs, ATWRKY18 andWRKY53 are involved
in antagonistic SA - JA/ET crosstalk and in glucosinolate
homeostasis (Miao andZentgraf, 2007;Murray et al., 2007;
Schön et al., 2013).

To further validate the intermediate TF network that
regulates RAO7/MYB29-affected genes, we gathered
published microarray studies on loss- and/or gain-of-
function mutants for ATAF2, ATWRKY11, WRKY15,
WRKY33, WRKY40, and SR1 (Delessert et al., 2005;
Journot-Catalino et al., 2006; Birkenbihl et al., 2012;
Vanderauwera et al., 2012; Van Aken et al., 2013; Prasad
et al., 2016). For each TF, DE genes were split into groups
of up- and down-regulated genes under control and stress
conditions. For all TFs, except ATAF2, a significant over-
lap was observed between the RAO7/MYB29-dependent
genes containing the TF-binding site and at least one of
the DE gene sets from the TF perturbation (Supplemental
Table S4). The overlapwasmost significantwithDE genes
negatively regulated by the TF in the microarray studies
and to a lesser extent or not with the positively regulated
DE genes. This result is consistent with the observation
that many WRKYs can act either as repressor or as bi-
functional activator/repressor, depending on the se-
quences surrounding the W-boxes (Miao et al., 2004;
Chen et al., 2010; Vanderauwera et al., 2012; Liu et al.,
2015). WRKY33-bound genes in chromatin immuno-
precipitation experiments also overlapped significantly
with the predicted targets of WRKY33 downstream of
RAO7/MYB29 (HG P , E-16; Liu et al., 2015). Com-
parison with WRKY33-bound targets that were dif-
ferentially regulated by WRKY33 also revealed a larger
overlap with the WRKY33-repressed genes than with
the WRKY33-induced genes. However, these results
of negative regulation do not explain the direction of
the expression changes observed in the rao7 mutants
(i.e. the TFs [ATWRKY11,WRKY15,WRKY33,WRKY40,
and SR1] and their predicted target genes downstream
of RAO7 are both up-regulated in the rao7 mutants).
Therefore, these expression changes are probably the
consequence of the concerted action of multiple TFs
on promoters and/or various heterodimer combina-
tions of activators and repressors, as described pre-
viously for WRKY TFs (Chen et al., 2010; Bakshi and
Oelmüller, 2014).

DISCUSSION

MYB29 Is a Negative Regulator of the Mitochondrial
Stress Response

We demonstrated that RAO7/MYB29 is a negative
regulator of the mitochondrial stress response using
AOX1a, an MRS marker in Arabidopsis. Transcripts of

16 of 26 mitochondrial genes that had been defined
previously as responsive under a number of different
stress treatments were identified as negatively regu-
lated byMYB29 (Van Aken et al., 2009). Included in this
list of 16 genes are not onlyAOX1d andALTERNATIVE
NAD(P)H DEHYDROGENASE genes but also the mi-
tochondrial membrane protein 66 (OM66), involved in
regulating cell death (Zhang et al., 2014). Furthermore, of
seven transcripts defined as general mitochondrial
stress markers (Schwarzländer et al., 2012), six were
up-regulated in the rao7/myb29mutants treatedwith AA,
including ANAC013, shown to be a core regulator of the
mitochondrial stress response (De Clercq et al., 2013).

MYB29, together with MYB28 and MYB76, is a
transcriptional regulator of the biosynthesis of glu-
cosinolates (Hirai et al., 2007; Beekwilder et al., 2008;
Sønderby et al., 2010), which had not been connected
previously to retrograde signaling. These secondary
metabolites occur mainly in the Brassicales order
(Mithen et al., 2010) and are correlated with plant
defense against herbivorous insects and pathogens.
After tissue damage, vacuolar glucosinolates are re-
leased and hydrolyzed into toxic compounds (Barth
and Jander, 2006). Glucosinolates also accumulate dur-
ing various abiotic stress conditions, such as salin-
ity, drought, temperature, and light (Del Carmen
Martínez-Ballesta et al., 2013), and play a role in
ABA and methyl jasmonate signaling of stomatal closure
via an unknownmechanism (Zhao et al., 2008; Islamet al.,
2009). rao7 mutants have an increased sensitivity and
exhibited a reduced leaf water content during com-
bined light and drought stress (Fig. 3), but it is unclear
whether this feature is due to altered glucosinolate
levels affecting stomatal closure.

Remarkably, the transcriptomes of the rao7EMS
and rao7KOmutants were not identical. In particular,
the rao7EMSmutant had amore drastically perturbed
transcriptome during AA treatment (Fig. 4). A pos-
sible explanation might be that, whereas probably no
MYB29 is produced in rao7KO, the single amino acid
change (Arg178His in rao7EMS that resides outside
the R2R3-MYB DNA-binding domain (Fig. 1B) might
produce a MYB29 protein that can still bind to DNA,
but without its full regulatory potential or activ-
ity. A phylogenetic analysis identified that Arg178 is
conserved in a Brassicaceae-specific clade, including
MYB28 and MYB76 (Supplemental Fig. S11). A com-
pensatory mechanism in the rao7KO mutant through
functional redundancy with MYB28/MYB76 binding
to the free MYB29-binding sites might be the reason
for the more severe stress phenotype in rao7EMS. For
example, a compensatory up-regulation of MYB28
has been shown to exist in the myb29/rao7KO mutant
(Sønderby et al., 2010). However, we cannot exclude
the possibility of any remaining EMS mutations in
rao7EMS underlying rao7EMS-specific phenotypes
and, therefore, have focused the main analyses and
conclusions on the shared rao7EMS/rao7KO tran-
scriptomic effects that are unlikely to be the results
of any side mutations (rao7EMS) or transformation
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artifacts (rao7KO). An analysis of transcripts of previ-
ously defined MYB29 targets involved in glucosinolate
biosynthesis revealed that, specifically under unstressed
conditions, rao7EMS plants displayed wild-type–like
levels, in contrast with strongly perturbed levels in the
rao7KO mutant (Fig. 4E). The dissimilarity between
rao7EMS and rao7KO under unstressed conditions also
was displayed at the genome-wide transcriptome, be-
cause rao7KO affected approximately 700 transcripts,
whereas only 56 transcripts were altered in rao7EMS.
These observations indicate that RAO7-EMS nearly
specifically affects the stress-responsive transcriptome.
Altogether, our findings support and are in agreement
with a specific/non-redundant function for MYB29
(Sønderby et al., 2010), because its impact on the mito-
chondrial stress response is clearly significant.
MYB29 did not bind to the AOX1a promoter in

yeast one-hybrid assays. Also, the predicted MYB29-
binding sites (Fig. 7A) could not be found in the
AOX1a promoter or in most other MRS marker genes
(Schwarzländer et al., 2012; De Clercq et al., 2013),
indicating that MYB29 indirectly controls mitochon-
drial retrograde gene expression. However, MYB
TFs often cooperate in dynamic complexes with bHLH
TFs for DNA binding (Pireyre and Burow, 2015),
the absence of which in the yeast system could have
prevented the DNA binding of MYB29. Indeed,
MYB29 has been shown to interact physically with the
bHLH TF MYC2 to regulate glucosinolate biosyn-
thesis (Schweizer et al., 2013). The lack of evidence for
the direct binding of MYB29 to the AOX1a promoter,
together with the lack of potential MYB-binding sites
in more than half of the promoters of transcripts
deregulated in both rao7EMS and rao7KO mutants in
response to mitochondrial stress, made us postulate
and detect that MYB29 affects part of theMRS through
a network of downstream TFs (Fig. 7B). Among these
TFs, WRKY40 has been demonstrated to be a negative
regulator of AOX1a and OM66 under AA treatment
(Van Aken et al., 2013). In addition, ANAC053 was
shown previously to be a positive regulator by binding
a cis-element in the AOX1a promoter, redundant with
other NAC family members, such as ANAC013 and
ANAC017 (De Clercq et al., 2013; Van Aken et al., 2016).

MYB29 Interacts with ET Signaling through ERF TFs

MYB29 expression was assessed under various
stress, hormone, and chemical treatments, indicating
that it is repressed by several stresses, including
pathogens, osmotic, and mitochondrial stresses (Fig.
8B). Thus, MYB29 appears to be induced specifically
by wounding and JA (Hirai et al., 2007; Gigolashvili
et al., 2008) and probably functions downstream of
the JA signaling pathway, as shown for its interac-
tion partner MYC2 (Schweizer et al., 2013). JA sig-
naling is strongly connected with ET signaling, both
synergistically and antagonistically (Pieterse et al.,
2012). The synergistic pathway (ET/JA pathway)

mediates defense against necrotrophic pathogens,
whereas JA and ET antagonistically regulate resistance
against insects (the latter positively mediated by the
JA pathway). This negative crosstalk is mediated by
downstream TFs: ETHYLENE INSENSITIVE3 (EIN3)
and EIN3-LIKE1 (EIL1; ET/JA pathway) and MYC2
(JA pathway) reciprocally repress each other’s tran-
scriptional functions (Song et al., 2014). AOX expres-
sion in response to various stresses has been shown
independently to be mediated through ET signaling.
Salt, ozone, metal, and pathogen induction of AOX
was abolished in mutants of ETHYLENE RECEPTOR1
(ETR1) and/or EIN2 proteins that act upstream of
EIN3/EIL1 in ET signal transduction (Simons et al.,
1999; Tuominen et al., 2004; Wang et al., 2010; Keunen
et al., 2015). It is unclear how the AOX transcription
is regulated downstream from the ET signaling path-
way, but dysfunctional MYC2 due to the absence
of the functional MYB29 in the rao7 mutants could
derepress EIN3/EIL1 and activate downstream ET
transcriptional responses. An analysis of marker genes
responsive to ET and/or JA indicated that crosstalk
between ET and JA is perturbed in the rao7 mutants
specifically under AA stress conditions: most markers
of the ET and JA synergistic signaling (ET/JA) path-
way are induced, whereas several markers of the an-
tagonistic JA signaling pathway are repressed in the
mutants under AA stress (Fig. 8C). Most evident was
the negative regulation by MYB29 (up-regulated in
both rao7 mutants) of ERF family TFs that are transcrip-
tionally inducedbyET (ERF1,ATERF1,ATERF2,ATERF4,
ATERF5, ATERF6, ATERF11, and OCTADECANOID-
RESPONSIVE ARABIDOPSIS AP2/ERF 59 [ORA59])
and mediate ET signaling responses downstream of
EIN3/EIL1 by binding the GCC-box element in the
promoters of ET-responsive genes (Solano et al., 1998;
Fujimoto et al., 2000; Zarei et al., 2011; Dubois et al.,
2015). Consistently, a GCC-box-like motif (N_Motif_8;
P = 2.3E-12) as well as an ET response element
(N_Motif_12; P = 1.6E-14) are overrepresented among
the MYB29 negatively regulated genes (Supplemental
Fig. S9). In addition, an analysis of the expression of
all 122 ERF genes revealed that other ERF family
members from subfamilies VIII and IX (Nakano et al.,
2006) also are transcriptionally down-regulated by
MYB29 (up-regulated in rao7EMS and/or rao7KO;
Supplemental Table S5). This observation hints at the
involvement of repressed ET signaling/responses in
the negative regulation of AOX1a by RAO7/MYB29
(Fig. 8A). In addition, ERF106, predicted as an inter-
mediate regulator of RAO7_N genes, has been found
to be involved in the degradation of oxylipins that an-
tagonize ET signaling during oxidative stresses (Walper
et al., 2016). Moreover, ET is mandatory for the stress-
induced accumulation of ROS, and ET-regulated AOX
expression also is dependent on ET-mediated ROS pro-
duction through the up-regulation of certain NADP
(NADPH) oxidases (Jakubowicz et al., 2010; Jiang et al.,
2013; Keunen et al., 2015), among which the respiratory
burst oxidase homologs RBOHC and RBOHD also are
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Figure 8. Model for the proposed function of RAO7/MYB29 in the regulation of AOX1a. A, Diagram showing the proposed
mechanisms of AOX1a regulation induced by the RAO7 mutation. Upon the RAO7 mutation, the synthesis of aliphatic glucosi-
nolates (A-GSL) from Met is down-regulated; as a result, other biochemical pathways that use the limiting Met and S-adenosyl Met
(SAM) as substrate, such as the biosynthesis of ET (Sauter et al., 2013), are probably promoted. Concomitantly, genes encoding
aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS) that catalyze the conversion of SAM to the ET biosynthesis intermediate
ACC are up-regulated in the rao7mutants. ET signaling ismandatory for stress-inducedAOX expression that is impaired in the etr1 and
ein2 ET signaling mutants. ETworks both synergistically and antagonistically with the JA signaling pathway. Downstream TFs (ERF1 and
ORA59) andmarker genes (ERF and PDF) of the synergistic ET/JA pathway are up-regulated in the rao7mutants (see below). In contrast,
antagonistic JA responsemarkers (VEGETATIVE STORAGEPROTEIN [VSP] and LIPOXYGENASE [LOX]) are down-regulated in the rao7
mutants, indicating that MYB29 alters the crosstalk between ETand JA, with an impact on AOX transcription likely as a consequence.
This negative crosstalk is mediated at the level of downstream TFs (MYC2 for JA and EIN3 and EIL1 for ET/JA), inhibiting each other’s
functions (Song et al., 2014). MYC2 is known to interact with andwork in a transcriptional complex withMYB29 downstream of the JA
signaling (Schweizer et al., 2013). Therefore,MYB29mutation might relieve the repression of ET signaling by JA (MYC2). In addition,
genes encoding RESPIRATORY BURST OXIDASE HOMOLOG (RBOH) proteins that produce apoplastic ROS and mediate AOX ex-
pression downstream of the ET signaling (Keunen et al., 2015) also are up-regulated in the rao7mutants. JA signaling also interacts with
SA signaling, mainly antagonistically, and MYC2 can down-regulate SA biosynthesis (Zheng et al., 2012). WRKY TFs active at the
interface of the SA versus ET/JA crosstalk were identified to function downstream of MYB29. Various WRKYs function in positive or
negative regulation ofAOX1a expression (Van Aken et al., 2013). Furthermore, SA itself is known to induce mitochondrial signaling
and AOX expression through perturbations of the electron transport chain (ETC) and subsequent mitochondrial ROS production.
Arrows indicate changes observed in the rao7mutants, with orange and blue arrows representing increased and decreased levels of
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up-regulated in both rao7EMS and rao7KO mutants
specifically under AA stress, but the RBOHF expression
is not modified (Fig. 8A; Supplemental Table S1).
Another indication that ET signaling/responses are al-

tered is the early-flowering phenotype in rao7EMS plants
under normal growth conditions (Supplemental Fig. S3B).
Alternatively, the RAO7/MYB29 mutation could interfere
with ET biosynthesis through the availability of Met, the
aliphatic glucosinolate precursor (Gigolashvili et al., 2008;
Sauter et al., 2013; Fig. 8A), in accordance with the en-
richment of genes involved in ET biosynthesis among the
MYB29 negatively regulated genes, including the
aminocyclopropane-1-carboxylic acid synthase genes
ACS2 and ACS6 (Fig. 6; Supplemental Figs. S5, S7,
and S8) that are mandatory for the stress-induced
accumulation of AOX1a (Keunen et al., 2015).

MYB29 Interacts with SA Signaling through WRKY TFs

TF network analysis predicted various WRKY TFs
downstream of MYB29 (Fig. 7B). The WRKY TF super-
family is amajor regulator of SA signaling in plant defense
responses (Vidhyasekaran, 2015). SA has been shown
previously to affect AOX and other MRS gene expression
and tomediate part of its responses throughmitochondrial
ROS production (Gleason et al., 2011; Berkowitz et al.,
2016). The SAmarker genesPATHOGENESIS-RELATED1
(PR-1), PR-2, and PR-5 all were repressed in the rao7EMS
mutant, whereas 16 SA-inducible WRKY TF-encoding
genes (WRKY6, ATWRKY11, WRKY15, WRKY18,
WRKY25, WRKY26, ATWRKY30, WRKY33, WRKY39,
WRKY40, WRKY41, WRKY46, WRKY51, WRKY53,
WRKY60, and WRKY63; Dong et al., 2003), of which
some are negative or positive regulators of PR gene
expression, were up-regulated in both rao7EMS and
rao7KOmutants, implying a complex regulation of SA
responses downstream of RAO7/MYB29 (Fig. 8C;
Supplemental Table S6; Li et al., 2004, 2006; Xu et al.,
2006; Murray et al., 2007; Kim et al., 2008; Birkenbihl
et al., 2012; Hu et al., 2012; Jiang et al., 2016). Interestingly,
seven WRKY TFs that either negatively (ATWRKY11,
ATWRKY18, WRKY33, WRKY38, and WRKY40) or

positively (WRKY53 and WRKY70) regulate SA re-
sponses were predicted to be intermediate regulators
of the MYB29 negatively regulated genes (Fig. 7;
Supplemental Table S3). These WRKYs work at the
interface of antagonistic interactions between SA
and JA signaling and, concomitantly, have altered
signaling through the JA and/or ET pathways. For
example, WRKY33 stimulated JA and ET/JA marker
genes (ATERF2, ORA59, PLANT DEFENSIN1.1
[PDF1.1], PDF1.2a, and LIPOXYGENASE2) through
inhibition of the SA-mediated repression of JA signal-
ing (Birkenbihl et al., 2012). Thus, these results imply an
altered ET, JA, and SA signaling crosstalk induced by
MYB29 mutation through WRKY TFs (Fig. 8A). More-
over, the myc2 mutant was shown previously to have
elevated SA biosynthesis and responses through the
modulation of ANAC019, ANAC055, and ANAC072,
which regulate SA biosynthesis and metabolism genes
(Zheng et al., 2012). Overall, MYB29 together with
MYC2 acts in the complex interplay of ET, JA, and SA
signaling that is largely mediated at the downstream
transcriptional level (Koornneef and Pieterse, 2008;
Song et al., 2014), more specifically by the modulation
of ERF and WRKY TF levels.

MYB29, a Molecular Link between Retrograde, Growth,
and Stress Signaling

RAO7/MYB29 mutation also affected the levels of
transcripts related to growth, developmental processes,
and energy metabolism, in addition to stress responses,
albeit regulated in an opposite direction (Figs. 5 and 6;
Supplemental Figs. S6 and S8). Adverse growth con-
ditions compromise photosynthesis and respiration
and deplete the plant’s energy resources. As a result,
plants need to adapt their energy metabolism and
balance vegetative and reproductive growth in re-
sponse to stresses. An important sensor and integra-
tor of energy depletion signals during stress is KIN10
(Baena-González et al., 2007). Interestingly, RAO7
coregulated genes also are coregulated by KIN10 and
by sugar availability (Supplemental Fig. S12, A–F;

Figure 8. (Continued.)
expression compared to the wild type, respectively. Dashed lines mark indirect or uncertain regulations/effects. COI1, CORONA-
TINE INSENSITIVE1. B, Expression characteristics of MYB29 in response to various stress and hormone treatments compared with
those of AOX1a, ATP-BINDINGCASSETTE B4 (ABCB4), andURIDINE DIPHOSPHATE GLYCOSYLTRANSFERASE 74E2 (UGT74E2)
genes that are negatively regulated through MYB29. Expression data were obtained from the AtGenExpress global stress expression
data set (Kilian et al., 2007) and the AtGenExpress hormone and chemical treatment data set (Goda et al., 2008) withGenevestigator
(Hruz et al., 2008) and from the public microarray database Genevestigator (Hruz et al., 2008; www.genevestigator.com). Signif-
icant differences ofMYB29 expression between stress or hormone and control treatments are indicated with asterisks: *, P, 0.05;
**, P, 0.01; and ***, P, 0.001 (Student’s t test). The heat mapwas generatedwith Genesis 1.6.0 (Sturn et al., 2002). BL, Brassinolide;
flg22, flagellin 22;G, green tissue;GST-NPP1,GLUTATHIONE S-TRANSFERASE-NECROSIS-INDUCINGPHYTOPHTHORAPROTEIN1;
Hrpz, hairpin Z; LPS, lipopolysaccharide; MeJa, methyl jasmonate; R, root tissue. C, Meta-analysis of the expression of marker genes
responsive to ET, JA, and SA in the rao7mutants grown under nonstress (2AA) conditions or AA-induced stress (+AA). The color code
represents log2 fold change (FC) in the rao7mutants compared with the wild type, with red and blue representing transcripts with
increased and decreased expression, respectively, in the mutant versus the wild type (FDR , 0.05). ATHCOR1, ARABIDOPSIS
THALIANA CORONATINE-INDUCED PROTEIN1; GLIP1, GDSL LIPASE1; TAT, TYROSINE AMINOTRANSFERASE.
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Gonzali et al., 2006). KIN10 was shown previously to
integrate energy sensing with mitochondrial signal-
ing through its physical interaction with a cyclin-
dependent kinase, CDKE;1, in the regulation of AOX1a
(Ng et al., 2013a). Interestingly, ET also was previously
linked to growth regulation upon stress sensing by reg-
ulation of the CDKA activity and the cell cycle (Skirycz
et al., 2011). Thus, MYB29 and CDKE;1 probably inte-
grate a wide variety of cellular signals to control stress
responses, partially through KIN10 and ET signaling.
Thus, whereas AOX in general is induced by various
treatments, it now appears that it is also repressed at the
transcriptional level by different stress signals. Auxin is
considered a negative regulator, but this is hypothesized
to be linked to growth optimization and stress response
turning off. Here, a TF that regulates responses to biotic
stimuli represses the induction of AOX. Thus, although
AOX has been linked to biotic stress responses, it is clear
that important regulators of aliphatic glucosinolates
involved in biotic stress responses act to repress AOX,
hence allowing the prioritization of different stress
response pathways. Alternatively, the repression of AOX
during biotic stress may function to amplify mitochon-
drial ROS signaling that, in turn, amplifies biotic stress
defense responses.

MATERIALS AND METHODS

Plant Material and Forward Genetic Screening

The cloning of the 2-kb AOX1a upstream promoter region and the gener-
ation of the Arabidopsis (Arabidopsis thaliana) Col:LUC line were described
previously (Ng et al., 2013a). EMS mutagenesis, stress treatments, screening,
genetic mapping, gene identification, and verifications were done as de-
scribed previously (Ng et al., 2013a). The EMS mutant (M2) was homozygous
for the mutation and was backcrossed to Col:LUC twice to reduce the number
of noncausal mutations (Jander et al., 2003).

The T-DNA insertion line forMYB29 (GABI_040H12) was obtained from the
European Arabidopsis Stock Centre. The T-DNA insertion homozygous lines
were confirmed by PCR with gene-specific primers (LP and RP) and a T-DNA-
specific primer (LB; Supplemental Table S7). The location of the T-DNA insert
was confirmed by sequencing. From RNA-Seq data, GABI_040H12 has 20%
residual MYB29 mRNA levels compared with the wild type.

rao7EMS mutant plants were complemented with the full-length coding
sequence of MYB29 that was PCR amplified from Columbia-0 cDNA and
cloned into the binary vector pK7WG2 (Karimi et al., 2002) under the control of
the constitutive cauliflower mosaic virus 35S promoter. This binary vector was
transformed into rao7EMS mutant plants with Agrobacterium tumefaciens. T1
transformants were screened on kanamycin, and the presence of the transgene
was confirmed by PCR analysis. LUC assays were conducted on the hetero-
zygous T2 complemented plants.

Plant Growth Conditions, Stress Treatments, and
LUC Assays

Fourteen-day-old seedlings were grown on Gamborg’s B5 medium
(PhytoTechnology) supplemented with 3% (w/v) Suc and 0.75% (w/v) agar
at 22°Cwith 16 h of light (120 mmolm22 s21)/8 h of darkness. Stress treatments
were carried out by spraying the plants with 50mMAA orwater (mock) for 6 h.
After treatments, plants were sprayed with 2.5 mM luciferin (GoldBio) and
incubated in the dark for 30 min, and luminescence was measured with a
NightOWL bioluminescence imaging system (Berthold Technologies) and
analyzedwith Image Lab software (version 5, build 18; Bio-Rad Laboratories).

Fordrought andmoderate-light treatments, plantswere grown in soil at 22°C
with 16 h of light (120 mmol m22 s21)/8 h of darkness with watering every 3 d,

referred as normal conditions. After 21 d, plants were not watered for 3 d and
then transferred to 500 mmol m22 s21 light without subsequent watering, re-
ferred to drought and moderate-light stress conditions. Progressive drought
and moderate-light responsiveness was monitored for 9 d. Plants were
rewatered and placed under the normal light regime on day 10. For the de-
termination of relative water contents, whole rosettes were weighed directly
after excision from the plant (FW, fresh weight), after submersion in water for
4 h (TW, turgid weight), or after dehydration at 80°C overnight (DW, dry
weight) as described previously (Giraud et al., 2008). Relative water content
was calculated as (FW 2 DW)/(TW 2 DW) 3 100 (%).

Phenotypic Analysis

Detailed growth and developmental phenotypic analyses of Col:LUC and
mutant lines were carried out according to Boyes et al. (2001). At least 15 plants
per genotype were used for analysis.

qRT-PCR

Green tissue from 14-d-old Col:LUC, rao7EMS, and rao7KO (GABI_040H12)
seedlings treated with 50 mM AA or water as a mock treatment were harvested
in biological triplicates at 3 h after treatment. RNA isolation, cDNA synthesis,
and qRT-PCR were done as described previously (Giraud et al., 2008).

Mitochondrial Isolation and Immunoblotting

Mitochondria were isolated from 2-week-old seedlings 6 h after treatment
with 50 mM AA (Murcha and Whelan, 2015). Immunodetection was carried out
as described previously (Wang et al., 2012) with antibodies to AOX (Elthon
et al., 1989) and TOM40-1 (Carrie et al., 2009). To ensure the linearity of de-
tection, two dilutions of mitochondria were loaded. The band intensity was
quantitated with Quantity One imaging software (Bio-Rad). The intensity of the
cross-reacting bands probed with the antibody to AOX was adjusted to the
intensity of TOM40-1 that was used as a loading control. The pixel density was
set to 100 for the highest band detected (i.e. rao7EMS treated with AA) and that
of the remaining bands relative to it.

Yeast One-Hybrid Assays

The coding sequence ofMYB29was amplified from Arabidopsis cDNA and
cloned into the pGADT7-rec2 prey vector (Clontech) with EcoRI and BamHI
restriction digestion and T4 ligation. In total, 25 AOX1a promoter fragments
spanning the 1.85-kb upstream region were cloned into the pHIS2 bait vector
with EcoRI and SacI restriction sites. Each fragment was ;100 bp long and
overlapped with the previous and next fragment for 25 bp (for primer se-
quences, see Supplemental Table S7). Yeast transformations and yeast one-
hybrid assays were performed as described previously (Van Aken et al., 2013).

Measurement of Photosynthetic Parameters

Chlorophyll fluorescence emission of 21-d-old seedlings exposed to normal
growth conditions ormoderate-light and drought conditions for 3, 7, 9, and 10 d
andafter 1and2dof recoverywasmeasuredwithapulse amplitudemodulation
fluorometer (PAM-101) and analyzed with ImagingWin software (Walz). After
10 min of dark acclimation, Fv/Fmwas determined as (Fm2 F0)/Fm, where Fm is
the maximum photosystem II (PSII) fluorescence in the dark-adapted state and
F0 is the initial (minimum) PSII fluorescence in the dark-adapted state (Baker,
2008). For each line, data were averaged over three biological repeats with three
leaves from individual plants per replicate.

RNA-Seq Data Analysis

The analysis was performed with the R software package edgeR (version
3.10.5; Robinson et al., 2010; R Core Team, 2014). Prior to our analysis, reads
mapped to rRNA, pre-tRNA, small nuclear/nucleolar RNA, and other RNA
(The Arabidopsis Information Resource 10 annotation) were omitted. Only
genes with a minimum of five read counts in at least three samples were
retained for the analysis; in our analysis, i.e. 19,889 genes. Trimmed mean of
M-values (TMM) normalization (Robinson and Oshlack, 2010) was applied by
means of the calcNormFactors function. Variability in the data set was assessed
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with MDSplot. All three biological replicates clustered together, except the
second biological replicate of the mock-treated EMS mutant. Thus, TMM nor-
malization was repeated without this sample. Trended negative binomial dis-
persion parameters were estimatedwith the default Cox-Reidmethod based on a
model with main effects of treatment, genotype and replicate, and an interaction
term between treatment and genotype with the estimateGLMTrendedDisp
function, followed by the estimation of the empirical Bayes dispersion for each
gene. A negative binomial regression model was then used to model the
overdispersed counts for each gene separately, with fixed values for the dis-
persion parameter as outlined by McCarthy et al. (2012) and as implemented
in the function glmFit using the model described above. A likelihood ratio test
(LRT) was applied to compare this model with a model without replicate to
assess possible replicate (batch) effects. No genes were found with a signifi-
cant batch effect (FDR , 0.05, Benjamini-Hochberg (BH) adjustment), as was
expected by theMDS plot. The estimate of the dispersions and the fitting of the
model were repeated with now only the main effects of genotype and treat-
ment and their interaction. The significance of the interaction term was
assessed with the LRT comparing the full model with the main effects model.
At an FDR level of 0.05, 3,894 genes were found with a significant interaction.
To test user-defined hypotheses, the model was reparameterized. The factors
were combined to one factor with six levels (three genotypes 3 two treat-
ments), and a no-intercept single-factor model was fitted to the data. With this
design, dispersions were reestimated and the model was refit. Contrasts of
interest were the difference between treatments for each genotype and the
difference between genotypes for each treatment. The treatment contrast in
each genotype was contrasted with those of other genotypes to assess the
interaction between genotype and treatment. Significance was assessed with
the LRT, and, as before, FDR adjustments of P values were applied. All edgeR
functions were applied with default values. RNA-Seq data were deposited to
the National Center for Biotechnology Information Sequence Read Archive
database under project identifier PRJNA342199.

Gene Functional Enrichment Analysis

First, for each of the four RAO7/MYB29-regulated gene sets (RAO7_P,
RAO7_N, RAO7-EMS_P, and RAO7-EMS_N), genes were clustered by means
of the centroid-based K-means clustering (Hartigan and Wong, 1979) as fol-
lows. The total within-group sum of squares was calculated by increasing the
cluster size from k = 2 to 20 (Supplemental Fig. S13). Based on this analysis and
from visual inspection of the clustering results in heat maps, we determined an
appropriate number of clusters as k = 5 (RAO7_N) or k = 6 (RAO7_P, RAO7-
EMS_P, and RAO7-EMS_N). For the K-means clustering, the kmeans function
in R was used with 25 random sets of centers. Clusters with less than 25 genes
were omitted for further analysis. GO enrichment analysis was done on the
complete RAO7-regulated gene sets and on their respective clusters using
the HG distribution. P values were corrected for multiple testing by means of
the BH FDR correction. GO annotations were obtained from The Arabidopsis
Information Resource (March 2015), and all annotations were extended to in-
clude all parental GO terms to compute fold enrichments (ratio of frequency in
the test set over frequency in the genome). Nonredundant GO results refer to
enriched GO terms discarding parental GO terms. Results were visualized in
heat maps by means of the Partek Genomics Suite software, version 6.6 (www.
partek.com), for gene expression or Genesis 1.6.0 (Sturn et al., 2002) for GO.

For the network construction of enriched gene sets, MYB29 positively and
negatively regulated gene sets (RAO7_P, RAO7_N, RAO7-EMS_P, and RAO7-
EMS_N) were searched against the PlantGSEA database for enrichment of DE
gene sets from stress or hormone treatments (FDR, 3.00E-03; Yi et al., 2013). In
addition, nonredundant GO BP terms from the above GO enrichment analysis
(FDR, 3.00E-05) were included. Closely resembling PlantGSEA and/or GOBP
terms as well as GO general biological processes were removed manually prior
to analyses, resulting in a set of 90 enriched gene sets. All pairwise overlaps and
Jaccard indices (intersection of two sets divided by union) were calculated be-
tween the MYB29 regulated genes and enriched gene sets and, in addition,
between the enriched gene setsmutually. The P value of an overlap size equal to
or greater than observedwas calculatedwith a cumulative HG test in R for gene
sets sharing at least one gene. Afterward, the BH adjustment was used for
multiple testing correction. Only pairwise overlaps were retained with an FDR
value lower than E-03 and containing at least 10% of genes from either or both
gene sets. Only gene sets (nodes) showing interaction with MYB29 were
retained, and their pairwise overlapswere loaded into Cytoscape (version 3.1.0;
Shannon et al., 2003). The edge-weighted spring-embedded optionwas used for
layout with the Jaccard index as edge weight. Furthermore, edge visualization
was augmented by correlating edge transparency and width with the Jaccard

index and setting a minimum baseline for visibility. Node color and shape were
in accordance with the MYB29 relation (MYB29 negative regulation, blue;
MYB29 positive regulation, red; both, black), whereas the node size was cor-
related with the total number of genes in the gene set.

Promoter Analysis

De novo motif examination was performed on intergenic regions 1 kb up-
stream from the translational start site with Amadeus and default settings and
motif length 8 (Linhart et al., 2008). Motif logoswere createdwithWebLogo and
with 8-mers as input and without the small sample correction option (Crooks
et al., 2004). De novo motifs were compared with known plant cis-regulatory
elements in the Similarity, Tree-building, and Alignment of DNA Motifs and
Profiles database (Mahony and Benos, 2007).

To identify intermediate TF regulators, first, known TF-binding sites were
mapped as positional count matrices on the 2-kb upstream intergenic sequence for
all genes usingmatrix-scanwith aPvalue cutoff of less than 1E-05 (Thomas-Chollier
et al., 2008). All Arabidopsis TF-binding sites from the CIS-BP database (Weirauch
et al., 2014) were integrated together with positional count matrices fromAthaMap
(Steffens et al., 2004). In total, 671 TFs could be associated with one or more DNA
motifs (744 motifs with known binding TFs). Motif enrichment was determined
with the HG distribution and BH FDR correction. Only significantly (P , 1E-03)
enrichedmotifs were retained, and TFs with binding sites present in at least 10% of
either of the RAO7 DE gene lists were considered as candidate regulators.

Accession Numbers

Sequence data can be found in the TAIR database under Locus identifiers
(Arabidopsis Genome Initiative codes) displayed in Supplemental Table S8.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Complementation of rao7EMS with wild-type
MYB29 restoring normal AA induction of the P-AOX1a:LUC-driven
luminescence.

Supplemental Figure S2. Confirmation of the T-DNA knockout line for the
gene encoding RAO7/MYB29.

Supplemental Figure S3. Phenotypic analysis of rao7 mutants under non-
stress conditions.

Supplemental Figure S4. Yeast one-hybrid analysis for MYB29 binding to
the AOX1a 1.85-kb promoter.

Supplemental Figure S5. GO enrichment analysis of genes regulated by
RAO7/MYB29.

Supplemental Figure S6. Transcriptional response to AA regulated
through the RAO7/MYB29-EMS function.

Supplemental Figure S7. GO enrichment analysis of genes regulated by
RAO7/MYB29-EMS.

Supplemental Figure S8. Correlation of the MYB29-EMS-regulated gene
sets with functional annotations.

Supplemental Figure S9. De novo promoter motif discovery in RAO7/
MYB29-regulated genes.

Supplemental Figure S10. De novo promoter motif discovery in RAO7/
MYB29-EMS-regulated genes.

Supplemental Figure S11. Sequence conservation of potential MYB29
homologs.

Supplemental Figure S12. Comparison of genes regulated by RAO7,
KIN10, and Suc.

Supplemental Figure S13. Plot of the total within-group sum of squares
against the number of clusters in K-means solutions.

Supplemental Table S1. Summary of RNA-Seq data.

Supplemental Table S2. Overview of GO terms and transcriptome
studies used in the functional correlation network of RAO7/MYB29-
regulated genes.
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Supplemental Table S3. Overview of identified intermediate TFs and their
predicted target genes.

Supplemental Table S4. Validation of the predicted target genes of the
intermediate TFs with public transcriptome studies.

Supplemental Table S5. Expression of the ERF family genes in rao7
mutants.

Supplemental Table S6. Expression of SA-responsive WRKY genes in the
rao7 mutants.

Supplemental Table S7. List of primers used.

Supplemental Table S8. Locus identifiers (Arabidopsis Genome Initiative
codes) for genes analyzed in this study.
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