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ABSTRACT

Mitochondrial retrograde signaling (MRS) supports photosynthetic function under a variety of conditions.

Induction of mitochondrial dysfunction with myxothiazol (a specific inhibitor of the mitochondrial bc1 com-

plex) or antimycin A (an inhibitor of themitochondrial bc1 complex and cyclic electron transport in the chlo-

roplast under light conditions) in the light and dark revealed diurnal control of MRS. This was evidenced by

(1) significantly enhanced binding of ANAC017 to promoters in the light compared with the dark in Arabi-

dopsis plants treated with myxothiazol (but not antimycin A), (2) overlap in the experimentally determined

binding sites for ANAC017 and circadian clock regulators in the promoters of ANAC013 and AOX1a, (3) a

diurnal expression pattern for ANAC017 and transcription factors it regulates, (4) altered expression of

ANAC017-regulated genes in circadian clock mutants with and without myxothiazol treatment, and (5) a

decrease in the magnitude of LHY and CCA1 expression in an ANAC017-overexpressing line and pro-

tein–protein interaction between ANAC017 and PIF4. This study also shows a large difference in transcrip-

tome responses to antimycin A and myxothiazol in the dark: these responses are ANAC017 independent,

observed in shoots and roots, similar to biotic challenge and salicylic acid responses, and involve ERF

and ZAT transcription factors. This suggests that antimycin A treatment stimulates a secondMRS pathway

that is mediated or converges with salicylic acid signaling and provides a merging point with chloroplast

retrograde signaling.
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INTRODUCTION

Organelle signaling has been studied for almost 50 years, with

mitochondrial signaling initially studied in Saccharomyces cerevi-

siae (yeast) and plastid (chloroplast) signaling revealed in

Hordeum vulgare (barley) (B€orner, 2017). It is now clear that

organelle signaling, often referred to as retrograde signaling,

occurs in all eukaryotic organisms studied and interacts with

other signaling pathways. The distinctive feature of organelle

retrograde signaling is that the functional state of the organelle

initiates a signal transduction cascade, ultimately resulting in a

transcriptional response that effects whole-cell function. By

contrast, anterograde control regulates (internal or external)

transcriptional and post-transcriptional responses independent

of the status of organelle function. In plants, retrograde signaling

is essential for optimal growth and development, and key regula-
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tors of organelle signaling in Arabidopsis thaliana are essential for

flooding, drought, and high light tolerance (Giraud et al., 2008;

Crawford et al., 2018; Phua et al., 2018; Meng et al., 2019).

Althoughdefinitionsofanterogradeand retrograde regulatorypath-

ways are useful for classification, stimuli such as light often trigger

regulation via a variety ofmechanisms to initiate andmaintain chlo-

roplast development. By definition, organelle retrograde signaling

pathways interact with other signaling pathways to produce tran-

scriptomes that are adjusted to the prevailing conditions. Given

the interactions betweenmitochondria and chloroplasts at ameta-

bolic level (Vanlerberghe et al., 2020), integration of organelle
munications 4, 100501, January 9 2023 ª 2022 The Author(s).
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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retrograde signaling is likely to be required to coordinate the

activities of these organelles. However, studies of chloroplast and

mitochondrial retrograde signaling proceed from studies targeted

at either organelle, and overlap between pathways is then

inferred from overlapping transcriptome results. Although these

overlapping transcriptomes are useful for indicating convergence

or interactions in different signaling or regulatory pathways,

the diversity of experimental conditions may also cause

secondary responses reflected in the transcriptomic changes.

Also, converging co-expression does not necessarily mean co-

regulation (Wang et al., 2020).

Chloroplasts and mitochondria function together in metabolic

pathways, with the photorespiratory pathway as a well-known

example. Other pathways are also essential to the coordinated

function of energy and signaling processes in plant cells (Lim

et al., 2020; Selinski and Scheibe, 2019). For example, the malate

shuttle forms a communication pathway between chloroplasts

and mitochondria via the induction of cell death through

mitochondrial oxidation of reducing equivalents exported from

the chloroplast (Zhao et al., 2018). Similarly, the alternative

oxidase (AOX) in plant mitochondria is induced in a variety of

mutants or by treatments that perturb the functioning of

chloroplasts, in particular photosynthesis (Vanlerberghe et al.,

2020). Consistent with their interlinked functions in metabolism,

it is expected that there are also signaling connections between

these organelles. It was established early that the SAL1

phosphatase is targeted to both mitochondria and chloroplasts

(Estavillo et al., 2011) and thus has the potential to initiate

signaling from both organelles, although no definitive studies

exist to show that this occurs. A sal1 mutant complemented with

the protein exclusively targeted to mitochondria more closely

resembles the wild type than a mutant complemented with the

protein targeted only to chloroplasts (Ashykhmina et al., 2021).

Several dual-targeted proteins, including members of the

Whirly transcription factors, are also potential candidates for

coordination of organelle signaling (Mackenzie and Kundariya,

2020; Wu et al., 2020). Given the central role of organelle gene

expression in retrograde signaling, the dual targeting of proteins

associated with organelle transcription, editing, and maturation

may also coordinate signaling (Hedtke et al., 2000; Duchene

et al., 2005; Colcombet et al., 2013). Indeed, PROLYL-tRNA

SYNTHETASE1 (PRORS1) was the first dual-targeted protein

shown to have synergistic effects on signaling (Pesaresi

et al., 2006).

Although convergence of chloroplast andmitochondrial signaling

pathways is likely, identification of regulatory components

involved in both is limited at present. ABSCISIC ACID-INSENSI-

TIVE 4 (ABI4) was initially suggested to be involved in both chlo-

roplast and mitochondrial retrograde signaling (Koussevitzky

et al., 2007; Giraud et al., 2009), but its role in chloroplast

retrograde signaling has been re-evaluated because it does not

display the gun gene expression profile as initially reported

(Kacprzak et al., 2019). RADICAL CELL DEATH 1 (RCD1) binds

to the NAC domain transcription factors ANAC013 and

ANAC017 and is a coordination point for chloroplast and mito-

chondrial reactive oxygen species (ROS) signaling pathways

(Shapiguzov et al., 2019). The repression of ANAC017 and

ANAC013 by RCD1 raises the question of whether these NAC

transcription factors are activators of chloroplast and
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mitochondrial retrograde signaling. Another convergence point

for the integration of chloroplast and mitochondrial retrograde

signals is the Mediator complex in the nucleus (He et al., 2021).

A subunit of the Mediator complex, CYCLIN-DEPENDENT

KINASE E1 (CDKE1), is involved in mitochondrial retrograde

signaling through interaction with Sucrose non-fermenting 1

(SNF1)-related protein kinase 1.1 (KIN10) in Arabidopsis thaliana

(Ng et al., 2013b). CDKE1 also regulates the expression of LIGHT-

HARVESTING CHLOROPHYLL B-BINDING 2.4 (LHCB2.4) in

response to changes in redox status in the photosynthetic

electron transport chain (Blanco et al., 2014).

Although the light-regulated expression of genes encoding

chloroplast proteins was one of the earliest molecular studies in

plant molecular biology (Bogorad, 2001), light regulation of genes

encoding mitochondrial proteins is less well understood. Some

components in mitochondria, such as the subunits of glycine

decarboxylase, display classical light responses, linked to

their role in photorespiration (Oliver, 1994). Binding of TCP

transcription factors to the promoter regions of several genes

encoding mitochondrial proteins, and their interaction with

components of the circadian clock, results in a diurnal expression

pattern for several genes encoding mitochondrial proteins such

as TRANSLOCASE OUTER MEMBRANE 20-2 (Tom20-2),

Rieske FeS protein, and some mitochondrial carrier proteins

(Giraud et al., 2010). As many as 65% of genes that encode

mitochondrial proteins display oscillations in transcript

abundance, many of which are enriched in the night phase

(Cervela-Cardona et al., 2021b). Specific examples of genes

with a diurnal expression pattern are FUMARASE 2 (FUM2)

(Cervela-Cardona et al., 2021b), NAD-DEPENDENT MALIC

ENZYME (NAD-ME) (Tronconi et al., 2008), and ISOCITRATE

DEHYDROGENASE (ICDH) (Gibon et al., 2006). Mitochondrial

proteins and metabolites also show diurnal rhythms (Lee et al.,

2010). Thus, it appears from the above examples that genes

encoding mitochondrial proteins show diurnal changes in

transcript abundance, and this is also reflected in protein and

metabolite signatures. For the latter, it has been proposed that

changes in metabolites drive changes in gene expression, not the

other way around (Gibon et al., 2006).

Although AOX is an established marker for mitochondrial

dysfunction, it is also essential for maintenance of efficient

chloroplast (i.e. photosynthetic) function under normal, drought,

and high-light conditions (Vanlerberghe et al., 2020). We

therefore tested whether mitochondrial retrograde signaling is

affected by light (anterograde) regulation. We characterized

the transcriptome responses of ANAC017, the master regulator

of mitochondrial signaling (Ng et al., 2013b, 2014), after

perturbation of mitochondrial function in the light or dark with

antimycin A and myxothiazol to determine whether light

influences (1) the mitochondrial dysfunction response and (2)

the regulatory network of ANAC017. The results revealed signifi-

cant differences in transcriptome responses to treatment with

both inhibitors in the light and dark, as well as differential binding

of ANAC017 in the light and dark whenmitochondrial dysfunction

was imposed by myxothiazol treatment. Analysis of ChIP-seq

data sets of circadian clock regulators and the response of

marker genes to mitochondrial dysfunction confirmed that the

mitochondrial retrograde response (MRR) is coordinately modu-

lated by circadian clock regulators and ANAC017. Also, there is
thor(s).



Figure 1. Transcriptome responses to antimycin A and myxothiazol treatment in light and dark conditions.
(A) Fold changes in response to treatment compared with mock treatment were hierarchically clustered and visualized in a heatmap.

(B)Numbers of differentially expressed genes (p < 0.05, |log2(fold change)| > 1) are shown, and numbers of genes common and exclusive to light and dark

conditions are indicated.

(legend continued on next page)
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a large ANAC017-independent alteration of gene expression

induced by antimycin A in the dark that shares significant overlap

with biotic stress responses and salicylic acid signaling, repre-

senting an additional convergence point of mitochondrial and

chloroplast retrograde signaling.

RESULTS

The transcriptome response to mitochondrial
dysfunction differs between antimycin A and
myxothiazol treatments in the light and dark

Arabidopsis seedlings treated with antimycin A ormyxothiazol that

were 1 h into the light or dark phase of a 16 h light:8 h dark growth

cycle revealed substantial transcriptomic differences between

treatments and between the light and dark phases within each

treatment (Figure 1, Supplemental Data 1). Myxothiazol inhibits

complex III (cytochromebc1complex)of the respiratorychainat the

Qo site, and antimycin A inhibits this complex at the Qi site.

Antimycin A also inhibits cyclic electron transport at PROTON

GRADIENT REGULATION 5 (PGR5), i.e. it inhibits two different

functional sites in the light (Labs et al., 2016; Alber and

Vanlerberghe, 2019). Thus, an additional effect of antimycin A

compared with myxothiazol in the light was likely, although both

inhibitors were expected to produce a similar response in the

dark. The latter has been shown in Nicotiana tabacum using

marker genes (Alber and Vanlerberghe, 2019). However, here, in

the dark, antimycin A treatment resulted in 983 differentially

expressed genes (DEGs) (defined by a |log2(fold change)| > 1 and

FDR < 0.05) compared with 316 DEGs following myxothiazol

treatment (Figure 1A, 1B, and 1Ci, Supplemental Data 1). This

large difference was unexpected based on known sites of

inhibition and previous studies using marker genes (Ng et al.,

2013a; Vanlerberghe et al., 2020; Meng et al., 2022). This

difference in the dark was also observed when subsets of genes

were analyzed (Figure 1Cii–iv). Among genes encoding

mitochondrial proteins, chloroplast proteins, and transcription

factors, 52, 72, and 63 DEGs were identified under antimycin A

treatment, whereas only 18, 21, and 25 DEGs were observed

under myxothiazol treatment (Figure 1C, Supplemental Data 1).

Although there was a difference in the number of DEGs,

myxothiazol treatment still led to the expected induction of

marker genes encoding mitochondrial proteins: ALTERNATIVE

OXIDASE 1A (AOX1a and AOX1d), NAD(P)H DEHYDROGENASE

B2 (NDB2), and cytochrome bc1 synthesis (BCS1)/Outer

Membrane 66 kDa (OM66) (Supplemental Data 1). The ANAC013

transcription factor, which acts downstream of ANAC017, was

induced, as were WRKY DNA-BINDING PROTEIN 15 (WRKY 15),

which is responsible for the mitochondrial stress response under

osmotic stress (Vanderauwera et al., 2012), WRKY33, which has

been linked to submergence tolerance (Liu et al., 2021), and

cytokinin response factors 5 and 6 (Supplemental Data 1), all

previously associated with the mitochondrial retrograde response

(Selinski et al., 2018). In the dark, the magnitude of increase

displayed a pattern of being slightly higher with antimycin A

than with myxothiazol. However, the overall difference in the

magnitude of response of genes that were commonly induced by
(C) Venn diagram showing the overlap in differentially expressed genes in resp

the total gene set and genes encoding (ii)mitochondrial proteins, (iii) chloropla

dashed lines, whereas downregulated genes are below the dashed lines.

(D) PageMan visualization showing under- and overrepresented functional ca
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antimycin A and myxothiazol in the dark was not significant

(Supplemental Data 1).

Analysis of overrepresented functional categories in response

to antimycin A and myxothiazol treatment (PageMan ORA,

Fisher’s test, p < 0.05; Usadel et al., 2006) revealed that in the

dark, the DEGs upregulated under antimycin A were enriched in

external stimuli–biotic response, protein modification, and

solute transport, and downregulated genes were enriched in

components of photosynthesis and cell wall proteins. By

contrast, these were not significantly enriched categories in

response to myxothiazol in the dark (Figure 1D). It was notable

that many of the DEGs that were responsive to antimycin

A (823 + 160 genes) in the dark were also responsive to

myxothiazol and antimycin A treatments in the light (Figure 1A

and 1B).

Under light conditions, a larger number of DEGs was observed in

both treatments, especially comparedwith the dark for myxothia-

zol treatment, with 1649 DEGs identified in the light (Figure 1Ci).

Nevertheless, no significant enrichment was evidenced in the

functional categories for the DEGs in this set (Figure 1D). The

greatest number of DEGs (2644) was observed following

antimycin A treatment in the light (Figure 1Ci). In addition to

photosynthesis being overrepresented in downregulated genes

under antimycin A in the light, the downregulation of genes

encoding cell wall proteins was also notable (Figure 1D). Genes

encoding cell wall proteins were also enriched in the

downregulated genes under antimycin A, but not myxothiazol,

in the dark (Figure 1D).

Thus, there were significant differences in the transcriptomic re-

sponses to inhibition of mitochondrial function. This difference

was explored further to determine whether it represented an

additional signaling pathway triggered by antimycin A or whether

it represented a threshold effect due to the fact that inhibition of

mitochondrial function by antimycin A can produce more ROS

than inhibition with myxothiazol. These differences in ROS pro-

duction are related to the different sites of cytochrome bc1 com-

plex inhibition (Moller, 2001; Crofts, 2004), as confirmed

experimentally using antimycin A and myxothiazol in tobacco

leaves (Alber et al., 2017).

First, we confirmed that myxothiazol could inhibit respiration as

effectively as antimycin A. In isolated mitochondria and leaf

discs, oxygen consumption decreased by �95% under both

treatments at a concentration of 50 mM (Supplemental

Figure 1). Although antimycin A seemed to be more effective

at inhibiting oxygen consumption at low concentrations (i.e.,

0.5 mM), inhibition was the same for both inhibitors at the 50-

mM concentration used in these experiments. Residual oxygen

uptake after addition of antimycin A or myxothiazol is

abolished by addition of 10 mM SHAM (Chai et al., 2010).

Given that little AOX is present in the plants under these

growing conditions (indicated by the low rate of alternative

respiration), we could not observe any significant difference
onse to antimycin A and myxothiazol under light and dark conditions for (i)

st proteins, and (iv) transcription factors. Upregulated genes are above the

tegories in each treatment. ORA, Fisher’s test, p < 0.05.

thor(s).
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between the addition of the cytochrome chain inhibitors

(antimycin A and myxothiazol) and the subsequent addition of

SHAM (data not shown).

Among the DEGs that were exclusive to antimycin A compared

with myxothiazol in the dark, 571 increased and 151 decreased

in transcript abundance (Figure 1Ci). Those that had a

probeset, i.e. were represented within the Genevestigator

database, and encoded mitochondrial proteins (34), chloroplast

proteins (53), or transcription factors (41) were analyzed in

Genevestigator using the signature tool to identify similar

perturbations (Zimmermann et al., 2004). As well as the

expected similarity to other antimycin A treatments and

hypoxia, the responses also had high similarity to antimycin A

treatment responses in rao1 (CDKE1 mutant) and/or rao2

(ANAC017 mutant); both CDKE1 and ANAC017 are previously

characterized regulators of the response to antimycin A (Ng

et al., 2013a, 2013b) (Supplemental Figure 2, Supplemental

Data 2). Similarity to biotic challenges and Flg22, inhibition of

ethylene signaling with AgNO3, and ABA/drought treatment,

which is well characterized as being antagonistic to ethylene,

was also notable (Supplemental Figure 2, Supplemental Data

2). Based on these analyses, we carried out additional RNA-seq

experiments to determine (1) whether the genes induced by

antimycin A under dark conditions were independent of

ANAC017/RAO2 by comparing the wild type with the well-

characterized rao2-1 mutant (Ng et al., 2013a; Meng et al.,

2019) and (2) whether similar responses took place in roots and

shoots by dividing the samples into these organs rather than

using whole seedlings.

As expected, a pattern similar to that in Figure 1 was observed,

whereby antimycin A produced a substantially larger response

in terms of DEGs in all samples compared with myxothiazol

(Supplemental Figure 3). In shoots under dark conditions,

there was a large antimycin A-specific induction of genes in

the wild type (2914 genes, 1288 upregulated and 1626

downregulated), and a similar pattern was observed in rao2

(3039 genes, 1495 upregulated and 1544 downregulated). A

similar pattern of antimycin A-specific gene induction was

observed in wild-type roots under dark conditions (2232

genes, 773 upregulated and 1459 downregulated), and this

was also observed in rao2 roots (2580 genes, 909 upregulated

and 1671 downregulated) (Supplemental Figure 3). Thus, we

concluded that the antimycin A-specific changes in transcript

abundance under dark conditions were independent of

ANAC017 regulation, and this was observed in both shoots

and roots.

To characterize this antimycin A-specific, ANAC017-independent

response, we identified genes that were independent of

ANAC017 regulation by comparingwild-type responses to rao2 re-

sponses in the dark for shoots and roots (Figure 2A). This resulted

in 2104 ANAC017-independent DEG responses in the shoot

(1198 upregulated and 906 downregulated) and 1312 ANAC017-

independent DEG responses in the root (414 upregulated

and 898 downregulated) (Figure 2Ai). When genes encoding

mitochondrial proteins, chloroplast proteins, and transcription

factors were examined in shoots, the antimycin A-specific,

ANAC017-independent gene sets were larger than the ANAC017-

dependent gene sets (Figure 2Aii-iv). The ANAC017-independent
Plant Com
gene sets in shoots and roots had a small overlap, revealing that

antimycin A-specific shoot and root responses were largely

distinct (Supplemental Figure 3B). This may reflect differences

in metabolic pathways of the two tissues, given the known

mitochondrial proteome differences between roots and shoots

(Lee et al., 2008, 2011).

Because of the large size of the overlapping sets of genes in

shoots and roots, 400 genes were randomly selected and exam-

ined using the signature tool in Genevestigator (Figure 2Bi and ii).

Apart from other antimycin A studies, the response in shoots was

dominated by biotic stress-associated studies, such as Flg22 and

Pseudomonas syringae (Figure 2B, Supplemental Data 3).

Although the antimycin A-specific root set differed from the shoot

set and the root and shoot common set, there were still biotic

stress-associated studies in the root-specific set, such as eds-1

(enhanced disease susceptibility), fls2-17 (flagellin-sensitive 2),

ubc-13 (ubiquitin conjugating), and pad4-1 (phytoalexin defi-

cient). In the shoot, the flu mutant studies revealed overlap with

singlet oxygen signaling (1O2) (Wang et al., 2016), which is

distinct from the role of ANAC017 for which signaling overlaps

with H2O2 signatures (Ng et al., 2013a). This is also consistent

with the different sites inhibited by antimycin A and myxothiazol

and the production of more superoxide (Brand, 2016). Notably,

there was also similarity to ozone treatment, in which

constitutive activation of salicylic acid signaling is linked to

Arabidopsis accessions that are tolerant to ozone (Xu et al., 2015).

In terms of transcription factors associated with the antimycin A-

specific response (Figure 2Aiv), many were associated with biotic

defense responses, and some were associated with suppression

of ROS responses, including CALMODULIN BINDING

TRANSCRIPTION ACTIVATOR 3 (CAMTA3), which inhibits sali-

cylic acid synthesis (Kim et al., 2013), HBI1, which suppresses

ROS by inducing Catalase 2 expression (Chu et al., 2021),

WRKY 11, which is a negative regulator of basal resistance to

P. syringae (Ali et al., 2018), and ERF11, which balances stress

versus growth responses (Dubois et al., 2015). The transcription

factors ZAT10 and 12, which are involved in photooxidative and

ROS stress responses (Davletova et al., 2005; Rossel et al.,

2007; Le et al., 2016), a number of ERF transcription factors

involved in thermotolerance (Supplemental Data 3), and WRKY

transcription factors associated with salicylic acid and

senescence signaling pathways were also observed in this set.
ChIP-seq analysis reveals light-dependent binding of
ANAC017 in myxothiazol treatment

To complement the above transcriptome analyses, we treated

transgenic plants expressing a GFP-ANAC017 fusion protein un-

der control of the native promoter (proANAC017:GFP-ANAC017)

with myxothiazol or antimycin A after 1 h into the light or dark

phase of a 16 h light:8 h dark growth cycle and then performed

ChIP-seq experiments to identify ANAC017 binding sites and

corresponding target genes (Supplemental Data 4A). After

treatment with antimycin A, the number of peaks detected in

the dark (732 peaks) was similar to that detected in the light

(961 peaks) (Figure 3A, Supplemental Data 4A). By contrast,

there was a greater than four-fold difference between treatment

in the dark (233 peaks) and in the light (1234 peaks) for

myxothiazol (Figure 3A, Supplemental Data 4A).
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Figure 2. Characterization of the antimycin A-specific response in dark conditions.
(A) Venn diagrams showing numbers of overlapping DEGs between wild-type and ANAC017 mutant (rao2) lines after antimycin A (AA) treatment in the

dark (D) in shoots (S) and roots (R).

(B) Fold changes of genes differentially expressed in response to AA in the dark in shoots and roots were analyzed using the signature tool in Gene-

vestigator to identify studies (perturbations) that showed the most similar fold-change responses; similarity scores (S) are indicated. Two hundred

randomly selected upregulated genes and 200 randomly selected downregulated genes from the overlapping total sets in (A)were used. (i)Shoots and (ii)

roots were viewed (348 and 354 of these matched probesets from the database in shoots and roots, respectively). (iii) The overlapping set of genes

responsive in both roots and shoots to antimycin A treatment in the dark from (B) were also examined using the signature tool (137 matched probesets).

The top 10 studies in which the most similar fold-change responses were observed for these genes are shown. Each subset contained antimycin

A-treated rao mutant studies (indicated in bold).
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Toexamine thedifferential binding ofANAC017 to its target sites af-

ter myxothiazol treatment, we used a conservative approach of se-

lecting only genes with more than two-fold (FDR < 0.05) stronger

binding of ANAC017 to their promoters in the light than in the dark
6 Plant Communications 4, 100501, January 9 2023 ª 2022 The Au
(Figure 3B and 3C; Supplemental Data 4B). For antimycin A, no

quantitative light-dependent differences were observed. However,

promoters of genes encoding a variety of functions displayed

increased binding in the light after myxothiazol treatment
thor(s).



Figure 3. Light-dependent quantitative differences in ANAC017 binding to target genes after treatment with myxothiazol.
A ChIP-seq assay was performed using an ANAC017-GFP transgenic line with the ANAC017 native promoter. Plants were treated with myxothiazol (myx)

or a solvent control (cont.) for 3 h in the light and dark periods.

(A) Number of peaks detected for the different treatments in the light and dark and their overlapping genes.

(B)Differential binding of ANAC017 to the promoters of target genes in the light versus dark were quantified using the DiffBind algorithm. Genes shown in

(C) are highlighted in orange.

(C) ChIP-seq peaks in the promoters of ANAC017 target genes (gene loci indicated with orange bars) were determined after read alignment and are

represented by heatmaps. ChIP–qPCR data are shown as percentage of input (% input) for each sample, which consisted of three independent im-

munoprecipitations. Data aremean ±SE (n = 3, with triplicate qPCR reactions). Asterisks (*) indicate statistical significance (Student’s t-test with p < 0.05).
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(Figure 3B). The gene with the largest difference was URIDINE

DIPHOSPHATE GLYCOSYLTRANSFERASE 74E2 (UGT74E2),

with four-fold enriched binding of ANAC017 in the light (Figure

3B). UGT74E2 is a UDP-glucosyltransferase that transfers glucose
Plant Com
to indole-3-butyric acid and is induced upon inhibition of auxin

signaling as part of the mitochondrial dysfunction response

via the mitochondrial dysfunction motif, to which ANAC017

binds (De Clercq et al., 2013). The second highest was
munications 4, 100501, January 9 2023 ª 2022 The Author(s). 7
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DON-GLUCOSYLTRANSFERASE 1 (DOGT1) (Figure 3B), which

glucosylates brassinosteroids (Poppenberger et al., 2005) and

plays a central role in growth, development, and stress responses

(Nolan et al., 2020). Although it is unknown whether the amount

or activity of these enzymes increases with increased transcript

abundance, it appears that upon mitochondrial dysfunction

in the light, the two growth-promoting hormones auxin and

brassinosteroids may be targeted for inactivation by upregulation

of conjugating enzymes through ANAC017 (Figure 3). Other

stress-responsive transcription factors were also activated,

including BASIC REGION/LEUCINE ZIPPER MOTIF 60 (bZIP60)

and HEAT SHOCK TRANSCRIPTION FACTOR A4A (HSFA4A).

bZIP60 is linked to several chloroplast retrograde signaling path-

ways, i.e., singlet oxygen (1O2) and b-cyclocitral signaling (Ramel

et al., 2012; Beaugelin et al., 2020), heat shock response, and

maintenance of chlorophyll synthesis gene expression (Li et al.,

2020b), and to methylerythritol cyclodiphosphate signaling

(Walley et al., 2015; Benn et al., 2016). HSFA4Amediates salt toler-

anceandactsdownstreamofMITOGEN-ACTIVATEDPROTEINKI-

NASE 3 (MPK3) and 6 (Pérez-Salamó et al., 2014). ACONITASE 3

(ACO3), which requires ANAC017 signaling for phosphorylation

and the negative regulator of endoplasmic reticulum (ER)-bound

NAC transcription factors, RCD1, also showed increased binding

in the light, as did genes encoding mitochondrial proteins such as

AOX1a and NAD(P)H DEHYDROGENASE B4 (NDB4), as well

as other NAC transcription factors, including ANAC053 and

ANAC081 (Figure 3). To confirm the observed differences in

binding, we carried out ChIP–qPCR of three independently grown

biological replicates and tested whether a similar pattern was

observed. Overall, as with the ChIP-seq, increased binding in light

was observed after myxothiazol treatments, although in some

cases this difference was not statistically significant (p < 0.05).

Thus, the differential binding patterns observed for ANC017 in the

light comparedwith the dark, aswell as the number of binding sites

(Figure 3A) and the amount of binding (Figure 3B and 3C),

suggested light-dependent MRR regulated by ANAC017.
Co-regulation of mitochondrial retrograde signaling by
light and the clock via ANAC017

TodeterminewhetherMRRwasdirectly regulatedbyclockor light

regulators, we determined binding of ANAC017 to the promoter

regions of AOX1a, the pre-eminent MRR marker gene, and

ANAC013 after treatment with antimycin A and myxothiazol. The

binding site of ANAC017 to theAOX1apromoter has been defined

previously (Ng et al., 2013b) and was confirmed by our ChIP-seq

analysis (Figure 3C). Analyses of the experimentally determined

target sites contained in the ReMap catalog for 423 transcription

factors (Hammal et al., 2022) revealed that a variety of clock- or

diurnal-related transcription factors bind to the promoter

regions ofAOX1a andANAC013 and overlapwith ANAC017 bind-

ing sites (Figure 4A and 4B, Supplemental Table 1). The binding

sites of LATE ELONGATED HYPOCOTYL (LHY), CIRCADIAN

CLOCK-ASSOCIATED 1 (CCA1), GIGANTEA (GI), PHYTO-

CHROME-INTERACTING FACTOR 4 (PIF4), PIF5, ELONGATED

HYPOCOTYL 5 (HY5), PSEUDO-RESPONSE REGULATOR 7

(APRR7), and APRR5 were within 100–200 bp of each other and

all overlapped with the ANAC017 binding region (Figure 4A).

EARLYFLOWERING3 (ELF3) has twobinding sites, one that over-

laps with the ANAC017 site and one further upstream (Figure 4A).

For ANAC013, a binding site for LHY and HY5 also overlapped
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with the ANAC017 ChIP-seq peak, whereas several binding sites

for LHY, HY5, EARLY FLOWERING 3 (ELF3), CCA1, GIGANTEA

(GI), PIF3, and four REVEILLE transcription factors (RVE4,5,6,7)

were further upstream in the ANAC013 promoter (Figure 4B).

For a genome-wide view of the interaction of ANAC017 target

genes, the ReMap catalog was further analyzed to determine

their overlap with the ANAC017 binding sites identified in

our ChIP-seq experiment. As expected, the binding sites of

ANAC017 in both datasets overlapped with those of the closely

related ER-tethered ANAC013, ANAC053, and ANAC078, as

well as ANAC017 itself, all of which share the commonmitochon-

drial dysfunction motif (De Clercq et al., 2013) (Figure 4C,

Supplemental Table 2). Also in the list of the 50 most significant

regulators that share binding sites with ANAC017 were HY5,

LHY, ELF3, and TANDEM ZINC KNUCKLE PROTEIN (TZP),

which are important regulators of light-dependent (HY5, TZP) or

clock-dependent (LHY, ELF3) transcriptional cascades (Alabadı́

et al., 2001; Andronis et al., 2008; Loudet et al., 2008; Nusinow

et al., 2011), suggesting a role for ANAC017 in the co-regulation

of mitochondrial retrograde signaling by light and the clock.
Diurnal control of the mitochondrial stress response

To determine whether the mitochondrial stress response was

controlled diurnally, gene expression in wild-type (Col-0) plants

was determined over a 48 h time course, first over 24 h in a 16 h

light:8 h dark photoperiod with samples harvested at 1.3, 6, and

15 h into the light cycle (L) and then at 17.3 and 23 h, which were

1.3 and 7 h into the dark cycle (Figure 5A). The same sampling

times were then used for the next 24 h in continuous

light (Figure 5A). After filtering only genes that showed differential

expression (|log2(fold change)| > 1, p < 0.05), the transcripts per

million values were normalized to the maximum, and the 4446

genes (12.2% of all genes) were visualized in a heatmap,

displaying a rhythmic pattern in either the light/dark cycle or

continuous light (Figure 5B; Supplemental Data 5). This was

consistent with previous microarray studies, which indicated that

about 10% of the Arabidopsis transcriptome shows diurnal

variation in expression (Harmer et al., 2000; Schaffer et al., 2001;

Edwards et al., 2006; Covington and Harmer, 2007). The core

circadian clock regulators displayed the expected rhythmic

patterns and peak expression times (Figure 5C), as characterized

previously (Staiger et al., 2013). The morning genes LHY

and CCA1 oscillated with a peak around dawn, followed by

sequential expression of the PRR gene family from APRR9 to

APRR1/TOC1 (TIMING OF CAB EXPRESSION 1), which peaked

around dusk (Figure 5C). As expected, genes encoding proteins

involved in photosynthesis were enriched (GO biological process;

Fisher’s test, p < 0.05) in the set of 4446 DEGs, but surprisingly,

many genes responsive to oxygen and hypoxia were also

enriched (Figure 5D). To understand how light responses and

specific inhibition of mitochondrial function interact, the 4466

genes that displayed a diurnal pattern were compared with the

1703 genes that showed differential expression upon treatment

withmyxothiazol. Of the 4446DEGsover the light-dark and contin-

uous light time series, 746 were also differentially expressed in

response to myxothiazol treatments in the light/dark, making up

16.8% of the 4446 genes in the diurnal set. This is a statistically

significant overrepresentation (chi-square; p < 0.001) compared

with the myxothiazol-responsive genes in the genome (6%).
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Figure 4. Overlap of ANAC017 binding sites with those of light or circadian clock regulators in the promoter regions of AOX1a and
ANAC013.
(A andB)Genome browser view showing the ChIP-seq peaks identified in theAOX1a (A) andANAC013 (B) promoters (top panels) and the binding sites of

transcription factors involved in circadian clock and light regulation (bottom panels). These binding sites were retrieved from the ReMap2022 database

(https://remap.univ-amu.fr/).

(C) Genome-wide analysis of overlap in binding sites of ANAC017 and other transcriptional regulators. Binding sites of the 423 transcriptional regulators

contained in the ReMap2022 catalog were compared with ANAC017 ChIP-seq peaks. The x axis represents the ratio of binding sites for the 50 most

significant transcription factors included in the catalog and overlapping with ANAC017. Members of the ER-bound ANACs closely related to ANAC017

and with a similar binding motif are highlighted in green. Regulators of light and circadian processes are highlighted in red. The regulators are ordered by

dot size, which represents the number of overlapping binding sites across the Arabidopsis genome. The color scale represents the significance of

enrichment for these overlapping regions.
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Thus, almost 44% (i.e. 746 genes) of the 1703 genes that were

differentially expressed in response to myxothiazol treatment in

the light/dark were also differentially expressed in the diurnal set,

indicating a possible link between the myxothiazol-responsive

genes and light-responsive genes (Supplemental Data 8).

The master regulator ANAC017 displayed variation over the 24 h

diurnal period, with a peak in the early night (Figure 6A).ANAC017

transcript abundance is not induced by a variety of stress

treatments (Meng et al., 2019), and the slight variation observed

over the 24-h diurnal period has been observed only in the

current study (|log2(fold-change)| < 1). AOX1a, a marker gene

for mitochondrial retrograde signaling, showed a diurnal rhythm

during the light–dark cycle, with substantially higher expression

in the light than in the dark, and this continued to increase

gradually after growth in continuous light (Figure 6A). Two

NAD(P)H dehydrogenases, NDA1 and NDB2, and BCS1/
Plant Com
OM66 also displayed a significant diurnal rhythm and peaked

around dawn (Figure 6A). A list of experimentally characterized

regulators of AOX1a and genes encoding transcription factors

that are targets of ANAC017 was compiled to investigate whether

they displayed diurnal patterns of transcript abundance and

whether increased binding of ANAC017 was observed in the light

compared with the dark (Figure 6A). Of the nine known regulators

of AOX1a, six showed a diurnal rhythm, including ANAC017 and

RCD1 with a log2 fold change of less than 1. ANAC017, together

withMYB DOMAIN PROTEIN 30 (MYB30) and RCD1, displayed a

similar diurnal pattern with a peak of transcript abundance in the

dark, and these expression patterns persisted in continuous light

(Figure 6A). RCD1 is also a target of ANAC017 and displayed

increased binding in the light compared with the dark under myx-

othiazol treatment (Figure 6A). RCD1 protein was previously

shown to interact with and negatively regulate ANAC017

(Shapiguzov et al., 2019). Thus, ANAC017 is a positive regulator
munications 4, 100501, January 9 2023 ª 2022 The Author(s). 9
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Figure 5. Diurnal changes in transcript abundance.
(A) Time points at which samples were collected for RNA-seq in the 16 h light (L):8 h dark (D) growth period (LD) and in continuous light (CL).

(B) Average transcripts per million (TPM) were calculated, expressed relative to the maximum, and hierarchically clustered. A total of 4446 genes were

significantly differentially expressed (p < 0.05, |log2(fold change)| > 1) at any time point compared with 23h_D or 23h_CL.

(C) The transcript abundance patterns of known diurnally expressed marker genes are shown.

(D) GO overrepresentation analysis (Fisher’s test, Benjamini–Hochberg p < 0.05) was performed, and the top 15 overrepresented categories are indi-

cated.
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of a negative feedback loop that controls its own activity.

Although ANAC013 is a target of ANAC017 (Ng et al., 2013b;

De Clercq et al., 2013), it was not observed to increase its

binding in the light (Figure 3), but it did show a peak in

expression at dawn (Figure 6A).

At least 12 genes encoding transcription factorswere direct targets

of ANAC017, and 8 of these showed increased binding in the light
10 Plant Communications 4, 100501, January 9 2023 ª 2022 The Au
under myxothiazol treatment (Figure 6A, Supplemental Data 4A,

4B, and 6). Many of the 12 transcription factors that are direct

targets of ANAC017 displayedmore than four-fold diurnal variation

in transcript abundance, includingANAC0102,WRKY25, HSFA4A,

RESPONSIVE TO HIGH LIGHT 41 (ZAT12), and NITRATE-INDUC-

IBLE GARP-TYPE TRANSCRIPTIONAL REPRESSOR 1 (NIGT1.1)

(Figure 6A). bZIP60 plays a central role in the ER stress response

(Howell, 2013), and this has been linked to activation of
thor(s).



Figure 6. Expression of genes encoding mitochondrial proteins under light (L)–dark (D) conditions and under continuous light (CL)
and their protein interaction with circadian clock components.
(A) Expression levels of regulators of AOX1a and targets of ANAC017. The average TPM values at 23 h D, 1.3 h L, 6 h L, 15 h L, and 17.3 h D and at the

same time points under CL were expressed relative to the maximum, and these values are shown. Gene IDs for genes that showed significant differential

(legend continued on next page)
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mitochondrial retrograde signaling (Fuchs et al., 2022). Increased

ANAC017 binding at bZIP60 was observed in the light with

myxothiazol treatment (Figure 3B and 3C). bZIP60 is a regulator

of several chloroplast retrograde signaling pathways involving

singlet oxygen (1O2) and b-cyclocitral signaling (Ramel et al.,

2012; Beaugelin et al., 2020), heat shock response, maintenance

of chlorophyll synthesis gene expression (Li et al., 2020b), and

methylerythritol cyclodiphosphate signaling (Walley et al., 2015;

Benn et al., 2016). Thus, it appears that mitochondrial retrograde

signaling both responds to and is a positive regulator of the

unfolded protein response in the ER. The link between bZIP60

and protein homeostasis prompted us to search for any other

transcription factors that might be linked to the proteasomal

system. Another direct target of ANAC017, ANAC053 (Figures 3B,

6A, and 6B), is a direct regulator of proteotoxic stress (Gladman

et al., 2016) and also controls the abundance of Golden2-

like transcription factors that promote chloroplast biogenesis

(Fitter et al., 2002). Cytosolic protein folding stress is linked to the

chloroplast GUN signaling retrograde pathway (Wu et al., 2019).

Other proteotoxic-stress-responsive transcription factors that are

also direct targets of ANAC017 are ANAC013, ANAC044,

ANAC081, and WRKY25 (Supplemental Data 2A) (Gladman et al.,

2016). The stress-response roles of CRF6 and the light-associated

functions of ZAT12, B-BOX PROTEIN 11 (BBX11), and HSFA4 are

all previously documented (Davletova et al., 2005; Pérez-Salamó

et al., 2014; Zwack et al., 2016; Job et al., 2022). Thus, these

results suggest that most of the regulators of AOX1a and target

genes of ANAC017 displayed diurnal rhythms, and many showed

increased binding of ANAC017 in the light compared with the

dark upon myxothiazol treatment.
Expression of mitochondrial genes is altered in mutants
for regulators of the circadian clock

We next examined the effects of mutation of circadian clock

regulators on ANAC017 target gene expression following

myxothiazol treatment in the light and dark to see whether clock

components coordinately regulate MRR. Several circadian

clock regulator mutants (toc1-1, cca1-1 lhy-11, elf3-7, elf4-101,

and prr7-3) and bzip60 were included (Supplemental Table 3).

Target genes that showed increased binding of ANAC017 in

the light were selected (Figure 3, Supplemental Data 4B).

Interestingly, many of the ANAC017 targets were downregulated

or shifted in periodicity of expression in the clock mutants, even

before myxothiazol treatment (Figure 6B). This suggests

involvement of the clock in regulation of these genes in the

absence of perturbed mitochondrial function. In the cca1-1 lhy-

11 double mutant, BZIP60 and NDA1 transcript levels were low
expression (p < 0.05) are indicated with an * for genes that showed (|log2(fold c

point compared with 23 h dark (D) or 23 h CL.

(B) Transcript abundance of selected ANAC017 target genes measured by q

abundance is expressed as the fold change relative to wild-type (Col-0) mock

boxed cells denote a significant difference versus the wild type for the same

(C) Expression of indicated genes was determined relative to the reference

ANAC017 overexpression line (ANAC017OE). Plants were harvested at the ind

transfer to continuous light conditions. The mean ± SE of three biological rep

(D) Coding sequences for ANAC017 and circadian genes were cloned into p

Y2HGold or Y187 strain. Successful mating was confirmed by growth on SD/-L

Leu/-Trp/-His/-Ade (with or without x-Gal) medium with the serial dilutions s

mated with pGADT7-T in Y187 as positive and negative controls. Self-activat
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in the light with and without myxothiazol treatment. In the light

with myxothiazol treatment, UGT74E2, AOX1a, and AOX1d

showed increased transcript levels in clock mutants compared

with the wild type for the same treatment (Figure 6B). In elf4-101

and toc1-101 mutants, there was a two-fold increase in AOX1a

and AOX1d abundance compared with the wild type (Col-0)

treated with myxothiazol (Figure 6B). In the dark, many target

genes were also downregulated or shifted in periodicity of

expression, especially in the cca1-1 lhy-11 double mutant

(Figure 6B). The bzip60 mutant showed significant differential

expression of 6 out of the 10 genes after myxothiazol treatment

in the dark. bZIP60 also showed a diurnal pattern that peaked

at dusk, similar to that of ANAC017, suggesting the light-

dependent co-expression of BZIP60 and ANAC017 in MRR

(Figure 6A). We also investigated binding sites of transcription

factors that regulate clock- and light-dependent processes by

examining the 56 genes (Supplemental Data 4B) that showed

enhanced binding of ANAC017 in the light upon myxothiazol

treatment, using data retrieved from ReMap2022 (https://remap.

univ-amu.fr/) (Supplemental Table 4). Similar binding sites

were bound by clock or light components for all 56 genes,

further supporting a role for the coordinated regulation of these

genes by known clock regulators and ANAC017 (Supplemental

Table 4).

The effects of mitochondrial retrograde signaling on circadian

gene expression were tested by examining the expression of

core clock regulators in an ANAC017 overexpression line

(Meng et al., 2019). The peak expression of CCA1 and LHY

before dawn was greatly suppressed in the ANAC017

overexpression line (Figure 6C). However, other regulators such

as PIF4 and PPR5 were not affected (Figure 6C). To determine

whether there was a direct interaction between ANAC017 and

regulators of the circadian clock, yeast two-hybrid interaction as-

says were performed, and interaction of CCA1 and LHYwas used

as a positive control. Direct interaction was detected only be-

tween ANAC017 and PIF4, but not with the other components

tested (Figure 6D, Supplemental Figure 4).

Thus, the direct targets of ANAC017 are strongly linked to chloro-

plast function/dysfunction and retrograde signaling, as well as

the ER unfolded protein response. Many genes showed diurnal

rhythms and increased binding of ANAC017 in the light compared

with the dark upon myxothiazol treatment. Transcript abundance

of these target genes was also significantly affected in many

clock mutants, with and/or without myxothiazol treatment, and

the expression of core clock regulators was also altered in an

ANAC017 overexpression line. Collectively, these results suggest
hange)| > 1) or^ for genes that showed (|log2(fold change)| < 1) at any time

RT–PCR after myxothiazol (MYX) treatment in the light or dark. Transcript

after normalization to the reference gene UBC21 (AT5G25760). Bold and

treatment using a Student’s t-test (p < 0.05).

gene UBC21 (AT5G25760) by qRT–PCR in the wild type (Col-0) and the

icated times under long-day (16 h light:8 h dark) growth conditions or after

licates is given.

GBKT7 and pGADT7, followed by separate transformation into the yeast

eu/-Trp medium. Positive interactions were determined by growth on SD/-

hown. pGBKT7-53 and pGBKT7-Lam transformed into Y2HGOLD were

ion tests are presented in Supplemental Figure 4.
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coordinated regulation of the mitochondrial retrograde response

by circadian clock regulators and ANAC017.

DISCUSSION

Organelle retrograde signaling is initiated by the functional state of

organelles tooptimizegrowth inprevailing conditions. Thus, organ-

elle signaling must be integrated with a variety of other signaling

pathways to achieve the optimal outcome. Unexpectedly, a large

difference in transcriptome response was observed between

treatment with antimycin A and myxothiazol in the light and dark

(Figure 1). Although both chemicals inhibit mitochondrial electron

transport via the cytochrome bc1 complex, they differ in their

sites of inhibition. Antimycin A inhibits the formation of an unstable

Qo-site semiquinone, whereas inhibitionwithmyxothiazol prevents

formation of ubisemiquinone. Thus, inhibition with antimycin A will

produce more mitochondrial superoxide than inhibition with

myxothiazol (Moller, 2001; Alber and Vanlerberghe, 2019). Also,

the topology of ROS production differs. ROS produced by

myxothiazol will be almost exclusively on the matrix side of the

inner mitochondrial membrane, whereas ROS produced by

antimycin A has been demonstrated to be on both the matrix and

cytoplasmic sides of the mitochondrial inner membrane (Quinlan

et al., 2013; Goncalves et al., 2015; Brand, 2016).

Characteristics of the antimycin A-specific response were:

I. Transcriptomic changes occurred independently of CDKE1

and ANAC017 (Supplemental Figure 2, Supplemental Data

2). This was experimentally confirmed for ANAC017 inde-

pendence using mutant analysis (Figure 2).

II. Changes occurred in both shoots and roots, and the over-

lap in transcriptomic response between these organs was

small.

III. Overall, the transcriptomic response showed similarities to

biotic stresses, particularly Flg22, suggesting the involve-

ment of salicylic acid. Notably, the antimycin A-specific

transcription factor set contained many ERF and ZAT tran-

scription factors associated with light and various stress

signaling pathways.

There were no significant differences in magnitude in the common

genes that were induced by myxothiazol and antimycin A, and it

thus appears that the additional DEGs under antimycin A in the

dark represent an additional signaling pathway (Figure 7). The

presence of a salicylic acid-related mitochondrial signaling

pathway has been reported for plant mitochondria (Gleason et al.,

2011; Belt et al., 2017). This pathway is associated with the

DISRUPTED IN STRESS RESPONSES 1 (DSR1) gene, which

encodes subunit 1 of succinate dehydrogenase and whose

corresponding mutant has a reduced response to salicylic

acid and increased susceptibility to pathogens (Gleason et al.,

2011; Belt et al., 2017). It has also been demonstrated that

salicylic acid likely interacts with the ubiquinone binding site of

succinate dehydrogenase, suggesting that it has a similar effect

to antimycin A in increasing the production of the superoxide

oxygen radical (Belt et al., 2017). Although superoxide is highly

reactive and unlikely to travel beyond mitochondria, it is

converted to H2O2, which can leave mitochondria (Bienert et al.,

2007). Also, an earlier report noted a salicylic acid-dependent

pathway for induction of MRS marker genes that was dependent

on PHYTOALEXIN-DEFICIENT 4 (PAD4), which acts upstream of
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salicylic acid and is essential for salicylic acid defense pathways,

and ENHANCED DISEASE SUCEPTIBILITY4 (EDS4), which acts

downstream of salicylic acid but not NONEXPRESSER OF PR

GENES (NPR1) (Ho et al., 2008). Salicylic acid induction of AOX in

the voodoo lily inflorescence was also reported 30 years ago

(Rhoads and McIntosh, 1992). In addition, inhibition of QH2

oxidation by antimycin A will cause the QH2/Q ratio to increase,

and electrons from the QH2/Q pool may block other centers,

such as complex II, linked to salicylic acid signaling as outlined

above (Brand, 2016). Thus, the additional DEGs with antimycin A

likely result from a combination of more ROS and the topology of

ROS production, triggering an additional pathway (Alber et al.,

2017; Alber and Vanlerberghe, 2021).

Although antimycin A appears to induce at least two distinct

mitochondrial signaling pathways, i.e. ANAC017 dependent and

independent, there is likely to be overlap between them. AOX1a

is induced by salicylic acid (see above), whereas transcripts

encoding OUTER MITOCHONDRIAL MEMBRANE PROTEIN OF

66 KDA (OM66), whose induction is sensitive to components of

salicylic acid signaling, PAD4, and EDS4 are induced by antimy-

cin A. Likewise, ANAC053, the only NAC transcription factor

that is induced after antimycin A treatment in the dark, is also a

target of ANAC017. Thus, defining the antimycin A, ANAC017-

dependent and -independent gene sets will now provide gene

markers to identify components associated with this pathway

by forward or reverse genetic approaches, which were used to

elucidate the ER-NAC-dependent pathway.

The chloroplast site of inhibition for antimycin A is located in

one of the pathways involved in cyclic electron flow and should

not be operational in the dark. However, given that the exact

mechanistic role of the thylakoid protein PROTON GRADIENT

REGULATION 5 (PGR5) is still not fully elucidated (Wu et al.,

2021) and that it may have an ancient role in iron delivery

(Leister et al., 2022), we cannot exclude the possibility that

some of the changes in shoots could be due to binding to

PGR5 in the dark, resulting in instability of protein complexes

(R€uhle et al., 2021). Although the chloroplast is unlikely to be

the initiator of the signals that cause these changes under

antimycin A in the dark, there are well-defined molecular links

between salicylic acid and chloroplast retrograde signaling.

Pathogen-associated molecular pattern signals are relayed to

chloroplasts, where 1O2 signaling is induced (Nomura et al.,

2012; Medina-Puche et al., 2020). This 1O2 signaling pathway is

linked to salicylic acid signaling by the dual targeting of SIGMA

FACTOR BINDING PROTEIN 1 (SIB1) to the nucleus and chloro-

plast and antagonistic regulation of Golden2-like transcription

factors by LESION-STIMULATING DISEASE 1 (LSD1) and SIB1

(Li et al., 2022). Thus, previous comparisons of transcriptome-

level similarity between ANAC017 and chloroplast retrograde

signaling need to be re-interpreted, as not all changes caused

by antimycin A are mediated by ANAC017 (Van Aken and

Pogson, 2017).

When we investigated the effect of light on MRS with the mito-

chondria-specific inhibitor myxothiazol, there was a clear and

significant difference in binding of ANAC017 to promoters of

approximately 56 genes in light compared with dark conditions

(Figure 3). The functionality of this differential binding was

supported by the diurnal expression pattern of transcription
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Figure 7. Model for the mode of action of myxothiazol and antimycin A in plant cells and interaction of mitochondrial signaling with
circadian clock regulators.
In the dark, myxothiazol (yellow) and antimycin A (blue) produce a common mitochondrial dysfunction response mediated by ANAC017 and ANAC013

(orange). In the dark, antimycin A also induces an additional mitochondrial response, which displays similarity to salicylic acid signaling responses,

indicated by a dotted blue line, and is independent of ANAC017. Antimycin A likely has no inhibitory effect on chloroplasts in the dark, but this cannot be

ruled out based on the shoot transcriptome response to antimycin A in the dark that bears similarity to some chloroplast stress responses. In the light,

antimycin A inhibits cyclic electron transport that will induce additional responses, indicated by a solid black line. This mitochondrial retrograde response

that is regulated by ANAC017 interacts with circadian clock regulators (purple). It is unknown whether the antimycin A ANAC017-independent response

interacts with clock regulators, as indicated by the question mark (?). For clarity, the circadian clock is only shown in the bottom panel of the diagram.
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factors regulated by ANAC017, the altered response tomitochon-

drial dysfunction in clockmutants, and the experimentally verified

overlap in the binding of clock regulators and ANAC017 to AOX1a

and ANAC013 (Figure 3). Overexpression of ANAC017 also

caused downregulation of two key clock components, CCA1

and LHY. Protein–protein interaction studies showed that

ANAC017 interacts with PIF4. PIF4 was initially characterized as

an important element of the phytochrome B signaling pathway
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and subsequently shown to function in thermomorphogenesis

(Huq and Quail, 2002; Han et al., 2019). Studies have also

shown that PIF4 transcripts are cooperatively regulated by the

evening complex (ELF4-ELF3-LUX) and the PRR gene family of

the circadian clock pathway (Nusinow et al., 2011; Li et al.,

2020a). Thus, the interaction between ANAC017 and PIF4 may

suggest an indirect link by which exogenous signals, such as light

and temperature, feed in to control MRS. On the other hand, this
thor(s).
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may also be presented as an alternative means by which the key

MRS regulator ANAC017 coordinates plant growth via PIF4 in

response to stress. These results show that circadian clock

regulators co-regulate the expression of ANAC017 targets,

suggesting coordinated regulation of the circadian clock and

ANAC017 in the mitochondrial retrograde response. Some previ-

ous studies have shown that the circadian clock is involved in

regulating activity in mitochondria and cellular energy production

(Lee et al., 2010; Graf et al., 2017; Cervela-Cardona et al., 2021a,

2021b). Metabolite profiling of triple mutants of PRR9, PRR7,

and PRR5 showed increased accumulation of tricarboxylic

acid cycle intermediates (Fukushima et al., 2009). A study on

TOC1 described a mechanism of diurnal regulation of

metabolism and mitochondrial activity (Cervela-Cardona et al.,

2021b). TOC1 represses expression of FUM2, a tricarboxylic

acid-related gene, by binding to its promoter. Diurnal regulation

of the abundance of 45 mitochondrial proteins was also

reported in a quantitative analysis of the mitochondrial

proteome (Lee et al., 2010). These included NDA1, which also

showed distinct diurnal changes in transcript abundance in our

study (Figure 6A, Supplemental Data 5). Promoter analysis of

the TEOSINTE BRANCHED 1, CYCLOIDEA, and PCF (TCP) tran-

scription factors identified site II regulatory elements [TGGGC(C/

T)] in the promoter regions of 15 of the mitochondrial proteins,

which led to diurnal regulation of their transcripts (Giraud et al.,

2010). Several TCP transcription factors have also been

shown to interact with key clock components such as CCA1

and PRR5 by yeast two-hybrid assays (Giraud et al., 2010). On

the other hand, retrograde signaling also regulates circadian

clock gene rhythms. SAL1 was previously shown to localize to

both mitochondria and chloroplasts, dephosphorylate 30-
phosphoadenosine 50-phosphate (PAP), and contribute to

retrograde signaling via inhibition of 50 to 30 exoribonucleases
(XRNs) (Estavillo et al., 2011). The SAL1-PAP-XRN4 retrograde

signaling pathway regulates clock genes, LHY, PRR5, and GI

expression (Litthauer and Jones, 2018). A previous study also

demonstrated that the SAL1 and ANAC017 retrograde signaling

pathways may converge to suppress genes involved in pro-

grammed cell death (Van Aken and Pogson, 2017). These

findings suggest that both mitochondria and chloroplast

retrograde signaling interact to regulate circadian rhythms.

The physiological significance of the interaction between mito-

chondrial retrograde signaling and light anterograde signaling is

likely to be linked to the roles of many of the proteins encoded

by the genes induced in this pathway. It is well established that

the AOX and co-regulated alternative NAD(P)H dehydrogenase

B2 (Sweetman et al., 2019) play an important role in optimizing

photosynthesis under a variety of conditions (Florez-Sarasa

et al., 2016; Dahal et al., 2017; Yamada et al., 2020a;

Vanlerberghe et al., 2020; Chadee et al., 2021). Also, other genes

that are induced in this pathway, such as the gene encoding the

mitochondrial malate carrier (Van Aken et al., 2009; Lee et al.,

2021), can play an important role in the malate shuttle, in which

excess reducing equivalents from chloroplasts are oxidized by

mitochondria to prevent photo-oxidation and maintain photosyn-

thesis (Selinski and Scheibe, 2019). Therefore, integration of the

regulation of the mitochondrial stress response pathway with

circadian regulators extends the interaction at the metabolic

level to the regulatory level. It is noteworthy that both the

transcription factor that regulates this response, ANAC017, and
Plant Com
AOX1a require post-translational activation (Selinski et al., 2018).

Given that the response to high-light stress requires a rapid

response to prevent photo-oxidative damage, coordination of

the transcription of these components with the light–dark cycle,

coupled with post-translational regulation, will provide metabolic

plasticity and a fast response when required.

Many of the genes that encode regulatory proteins acting down-

stream of ANAC017 are associated with both chloroplast retro-

grade signaling pathways related to light and oxidative stress

(e.g. ZAT12) and the reductive stress/unfolded protein response

in the ER (e.g. bZIP60). One of the clearly established roles of

mitochondrial alternative respiration is the dissipation of excess

reducing equivalents produced in chloroplasts under a variety

of conditions (Yamada et al., 2020b; Vanlerberghe et al., 2020).

ANAC017 is required for the response to reductive stress in the

ER (Fuchs et al., 2022), and RCD1 is involved in coordinating

ROS responses from chloroplasts and mitochondria by binding

to ANAC017 (and ANAC013) (Shapiguzov et al., 2019). Here, we

show that ANAC017 links these processes at the regulatory level,

in that it acts upstream of several transcription factors that have

been shown to participate in both chloroplast and ER stress re-

sponses. As previously shown for mitochondrial stress,

ANAC017 is not only involved but is also essential: it cannot be

compensated for by other factors, as bothMRS and the response

to reductive ER stress are abolished in the absence of ANAC017.

In the case of chloroplast retrograde pathways linked to

ANAC017 in this study mediated by bZIP60, ANAC0102,

WRKY25, HSFA4A, ZAT12, NIGT1.1, and others, it is unknown

whether ANAC017 is directly essential or whether these tran-

scription factors can be activated in separate, albeit converging

pathway(s). Previous studies based on analysis of marker genes

have shown that ANAC017 is required for the response to methyl

viologen, which is considered to be a chloroplast-specific

inhibitor at the site of photosystem I, but not for responses to

high light (Van Aken et al., 2016). Therefore, although activation

of MRS can lead to activation of these pathways, it is also

possible that they may be activated independently and

converge. The recent demonstration that ANAC017 is required

to ameliorate the response to ER stress suggests that the role

of ANAC017 in some pathway(s) may previously have been

missed, as it is not transcriptionally induced under stress but

rather activated by release from the ER.

Overall, these results revealed that the difference in MRS in light

and dark is achieved by co-regulation of ANAC017 target genes

and clock regulators under mitochondrial dysfunction, as well as

differential binding of ANAC013/17 under light and dark condi-

tions (Figures 6 and 7). Antimycin A and myxothiazol induce

the mitochondrial dysfunction response in the dark, but there is

an additional response to antimycin A treatment that displays

the hallmarks of salicylic acid signaling. Our results show a

coordinated regulation of the mitochondrial retrograde response

induced by the mitochondrial-specific inhibitor myxothiazol via

circadian clock regulators and ANAC017.
METHODS

Plant material and growth conditions

The full list of T-DNA or EMS mutants and transgenic lines used in this

study are listed in Supplemental Table 3. Seeds were sterilized and
munications 4, 100501, January 9 2023 ª 2022 The Author(s). 15
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stratified for 48 h at 4�C in the dark. Seeds were sown on Gamborg (B5)

medium with 1% (w/v) sucrose and 0.8% (w/v) agar and grown under a

16 h:8 h day:night photoperiod at 23�C with 100 mmol m�2 s�1

photosynthetic photon flux density. Arabidopsis thaliana ecotype

Columbia-0 (Col-0) was used as the wild-type control for all experiments

unless otherwise stated.

proANAC017:GFP-ANAC017 plants were generated by cloning the open

reading frame of ANAC017 into pK7m34GW (Karimi et al., 2002). For this,

the 2-kb upstream region of the translational start site of ANAC017 (proA-

NAC017) was amplified by PCR from Arabidopsis Col-0 genomic DNA

with primers (Supplemental Table 5) and cloned into the pDONR P4-P1r

vector (Invitrogen). GFP-Linker was cloned into pDONR221 (Invitrogen),

and the open reading frame of ANAC017 without the start codon was

cloned into pDONR P2r-P3 (Invitrogen) (Supplemental Table 5 for

cloning primers).

The final proANAC017:GFP-ANAC017 construct was created by recom-

bination of these constructs into the MultiSite destination vector

pK7m34GW using Gateway technology according to the manufacturer’s

instructions (Invitrogen). Constructs were transformed into Arabidopsis

Col-0 by Agrobacterium tumefaciens-mediated floral dipping (Clough

and Bent, 1998). Representative transgenic lines were selected from

progeny of 30 independent events.

Treatment with antimycin A and myxothiazol

Seeds were sown on Gamborg (B5) medium with 1% (w/v) sucrose and

0.8% (w/v) agar and grown under a 16 h:8 h day:night photoperiod at

23�C with 100 mmol m�2 s�1 photosynthetic photon flux density. Plants

grown for 12 days were sprayed with either 50 mM antimycin A or 50 mM

myxothiazol in 0.01% Tween 20 solution, or with 0.01% Tween 20 alone

for controls, after 1 h into the light or dark phase. Whole seedlings (6–7

seedlings per biological replicate) were harvested 3 h after treatment

application for RNA extraction and qRT–PCR. Three biological replicates

(10 seedlings each) were harvested for each treatment. For the root and

shoot experiment, seeds were sown on Gamborg (B5) medium with 1%

(w/v) sucrose and 0.8% (w/v) agar and grown under a 16 h:8 h day:night

photoperiod at 23�C with 100 mmol m�2 s�1 photosynthetic photon flux

density for 6 days, transferred to vermiculite with 1/2 B5 medium, and

grown for another 6 days. One hour into the light or dark phase, the whole

plant was dipped three times in 50 mM antimycin A, 50 mM myxothiazol,

or mock medium. The dipped plants were transferred to B5 medium

plates, and a small amount of antimycin A/myxothiazol/mock was poured

onto the plates. After 3 h of treatment in the light or dark, root and

shoot tissues were harvested separately for RNA extraction and RNA-

seq. Three biological replicates (10 seedlings each) were harvested for

each treatment.

Respiration rate measurement

Oxygen consumption of purified mitochondria or leaf discs was measured

by a computer-controlled Clark-type O2 electrode (Hansatech Instruments,

Pentney, UK) according to a previously published protocol (Lyu et al., 2018).

All reactions were carried out at 25�C using 1 ml of mitochondrial reaction

medium (0.3 M sucrose, 10 mM TES, 10 mM NaCl, 4 mM MgSO4, 0.1%

[w/v] BSA [pH 7.2]) and mitochondria equivalent to approximately 100 mg

of protein. Either antimycin A or myxothiazol (0.5, 5, or 50 mM) was applied

to measure inhibition of O2 consumption. Three biological replicates were

performed for each treatment.

Yeast two-hybrid interactions

The coding sequences of targeted genes were cloned from Arabidopsis

Col-0 cDNA into pGBKT7 and pGADT7, then transformed separately

into the Y2HGold strain or Y187 strain (Matchmaker Gold Yeast Two-

Hybrid System, Clontech). Cloning primers are listed in Supplemental

Table 5. Transformed cells were grown on SD/-Leu or SD/-Trp medium.

Mating was carried out in a 96-well flat-bottom plate at 30�C overnight.
16 Plant Communications 4, 100501, January 9 2023 ª 2022 The Au
Positive interactions were identified after 4 days of growth at 30�C on

SD/-His/-Leu-/Trp or SD/-Ade/-His/-Leu/-Trp medium.

Diurnal experiment

Col-0 seeds were sown onto B5 medium supplemented with 0.8% (w/v)

agar (pH 5.8) and 2% (w/v) sucrose and grown under a 16 h:8 h day:night

photoperiod of 100 mmol m�2 s�1 white light at 23�C. After 8 days of

growth, 8 to 15 seedlings growing under long-day conditions or contin-

uous light were collected at each time point across 24 h in long-day and

24 h in continuous light. Three biological replicates were collected and

frozen in liquid nitrogen for RNA extraction and qRT–PCR.

RNA isolation and qRT–PCR

RNAwas isolated using the Spectrum Plant Total RNAKit with On-Column

DNase I Digestion according to themanufacturer’s instructions (Sigma-Al-

drich). The cDNA was synthesized using a Tetro cDNA Synthesis Kit (Bio-

line, UK), and qRT–PCR was performed using SYBR Select Master Mix

(Thermo Fisher Scientific, USA) according to the manufacturer’s instruc-

tions. For quantitative real-time PCR, 1 mg of total RNA was reverse tran-

scribed using the iScript cDNASynthesis Kit (Bio-Rad, Hercules, CA, USA)

according to the manufacturer’s instructions. Real-time PCR was carried

out using 1 ng cDNA with SYBR Green PCR Master Mix and a

QuantStudio 12K Flex Real-Time PCR System (Applied Biosystems,

Australia) using UBC21 (AT5G25760) as a reference gene. Gene-specific

primer pairs were designed using QuantPrime (Arvidsson et al., 2008), and

their sequences are given in Supplemental Table 5.

RNA-seq analysis

RNA-seq libraries from three biological replicates were prepared from total

RNA according to the manufacturer’s instructions (Illumina) using the

TruSeq Stranded mRNA Library Prep Kit and sequenced on a NextSeq

500 system (Illumina) as 70-bp single-end reads. The average read quality

score (Q30) was greater than 95%, and there were an average of 13M reads

per sample. Quality control was performed using FastQC software (https://

www.bioinformatics.babraham.ac.uk/projects/fastqc/). Transcript abun-

dances as transcripts per million and estimated counts were quantified at

the gene level by pseudo-aligning reads against a k-mer index built from

representative transcript models of the Araport 11 annotation using the kal-

listo program (Cheng et al., 2017) with a k-mer length of 31 and 100

bootstraps (Bray et al., 2016). Genes with at least 5 counts in a quarter of

all samples per genotype were included in the analysis. The sleuth

program with a likelihood ratio test was used to determine differential

gene expression (Pimentel et al., 2017). Differentially expressed

genes were defined as those with a |log2(fold change)| > 1 and a false

discovery rate p < 0.05. Partek Genomics software suite version 6.16

(Partek Incorporated, http://www.partek.com/) was used for hierarchical

clustering and generation of heatmaps. For the analysis of genes encoding

mitochondrial and plastid proteins, the lists were generated using SUBA4

(Hooper et al., 2017) and CropPAL (Hooper et al., 2016), followed by

manual curation (Zhu et al., 2020). For transcription factors, the list was

obtained from Plant TFDB (Jin et al., 2017). Panther was used for GO

overrepresentation analyses (http://pantherdb.org/), specifically examining

biological processes, and significance was defined using Fisher’s test,

p < 0.05 (Bonferroni correction).

ChIP-seq

The ChIP experiments were performed as described previously (Bowler

et al., 2004; Berckmans et al., 2011) with minor modifications.

Approximately 100 mg of proANAC017:GFP-ANAC017 seeds per plate

were grown under a 16 h:8 h day:night photoperiod at 23�C with

100 mmol m�2 s�1 photosynthetic photon flux density for 12 days on B5

medium with 1% sucrose and 0.8% (w/v) agar. After 1 h into the light or

dark phase, samples were sprayed with 50 mM antimycin A + 0.01%

Tween 20, 50 mM myxothiazol + 0.01% Tween 20, or 0.01% Tween 20

alone for the mock control. After 3 h of treatment, the seedlings were

scraped off the plates, rinsed twice with 10 mM HEPES-NaOH, and
thor(s).
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submerged in 20 mL of 10 mM HEPES-NaOH + 1% (v/v) formaldehyde.

Three biological replicates were harvested, with pooled seedlings from

one plate per replicate. Seedlings in fixation buffer were vacuum infiltrated

for 5 min. The vacuum was then released, reapplied for 10 min, and

repeated for another 5 min. Formaldehyde was quenched with glycine

by adding 1.34 ml of 2 M glycine to 20 ml fixation buffer and vacuum infil-

trating again for 2 min. Finally, the samples were washed with 10 mM

HEPES-NaOH, dried with a paper towel to remove extra buffer, and

snap frozen. Approximately 2 g of 12-day-old proANAC017:GFP-

ANAC017 seedling tissue was used. Nuclei were isolated and lysed, and

chromatin was fragmented by sonication with a Bioruptor sonicator (Dia-

genode), resulting in fragments of�500 bp. Chromatin samples were pre-

cleared with 80 ml Dynal Protein A magnetic beads (10001D, Thermo

Fisher Scientific) for at least 2 h at 4�C with gentle agitation. Experiments

were conducted with antibodies against GFP (A11122, Thermo Fisher Sci-

entific). Anti-GFP antibody (10 mg) or mock (no antibody) was coupled to

50 ml Dynal Protein A Dynabeads (10001D, Thermo Fisher Scientific) over-

night at 4�C and subsequently incubated overnight at 4�C with equal

amounts of sonicated chromatin. After overnight incubation, beads were

washed twice with low-salt buffer (50 mM Tris–HCl [pH 7.4], 150 mM

NaCl, 2 mM EDTA, 0.5% Triton X-100), high-salt buffer (50 mM Tris–HCl

[pH 7.4], 500 mM NaCl, 2 mM EDTA, 0.5% Triton X-100), and final

wash buffer (50 mM Tris–HCl [pH 7.4], 50 mM NaCl, 2 mM EDTA). After

elution, samples were de-crosslinked and digested by proteinase K diges-

tion before DNA purification using the QIAquick PCR Purification Kit

(QIAGEN).

ChIP–qPCR was performed as described for qRT–PCR above using

the ChIP DNA as a template and primers designed based on the binding

region of ChIP-seq analysis (Supplemental Table 5). ChIP–qPCR data

were analyzed by the percentage input method using input samples

as the positive control (Lin et al., 2012). ChIP-seq libraries were

generated with the Accel-NGS 2S Plus DNA Library Kit following the

manufacturer’s instructions (Swift Biosciences) and sequenced on the

NextSeq 500 platform (Illumina) with an 84-bp read length.

For bioinformatic analysis, readsweremapped to the Arabidopsis reference

genome (TAIR10) usingBowtie 2 (Langmead andSalzberg, 2012). ChIP-seq

peaks were called with MACS2 software using default parameters (Zhang

et al., 2008), and associated genes were identified with the bedtools

package (Quinlan 2010). Differential binding of ANAC017 in the light or

dark was quantified using the DiffBind package in R (https://bioconductor.

org/packages/release/bioc/html/DiffBind.html). For analysis of binding sites

shared between ANAC017 and other transcriptional regulators, the com-

plete ReMap2022 catalog of 4.8 million ChIP-seq and DAP-seq peaks

was retrieved (Hammal et al., 2022). The ReMap2022 catalog and the

ANAC017 datasetswere each collapsed bymerging redundant overlapping

peaks andby the highest FDRusing the bedops andbedtools toolkits (Neph

2012,Quinlan2010).The resultingdatasetswerefiltered for highlysignificant

peakswitha�log10(FDR)>10cutoff andsubsequentlyusedas input files for

enrichment analysis using the ReMapEnrich tool in R (https://github.com/

remap-cisreg/ReMapEnrich).
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M.W., Law, S.R., Inzé, A., Ng, S., Ivanova, A., Rombaut, D., et al.

(2013). The membrane-bound NAC transcription factor ANAC013

functions in mitochondrial retrograde regulation of the oxidative

stress response in Arabidopsis. Plant Cell 25:3472–3490. https://doi.

org/10.1105/tpc.113.117168.

Dubois, M., Van den Broeck, L., Claeys, H., Van Vlierberghe, K.,
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Figure S1. Oxygen consumption of mitochondria or leaf discs from wild type plants 
after addition of antimycin A (AA) or myxothiazol (MYX). 
(A) Purified mitochondria isolated from 12-day old plants (Col-0) after treatment with 
antimycin A (AA) or myxothiazol (MYX) at concentrations of 0, 0.5, 5, and 50 µM. 
(B) Leaf discs from four weeks old plants (Col-0) after treatment with antimycin A (AA) and 
myxothiazol (MYX) at concentrations of 0, 0.5, 5, and 50 µM.
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AgNO3 / mock treated seedlings AT-00113 1.4
UV unfiltered max-310nm (6h) / seedlings irradiated with 327nm cut-off (6h) AT-00197 1.4
ABA study 13 (Col) / mock treated Col whole plant samples AT-00637 1.4
TIBA / mock treated seedlings AT-00113 1.3
DFPM (Col-0) / solvent treated seedling samples (Col-0) AT-00541 1.3
oligomycin (4h) / solvent treated seedling culture samples (4h) AT-00522 1.3
hypoxia / untreated seedling samples (low light) AT-00171 1.3
an�mycin A study 2 (AOX1a:LUC) / mock treated shoot samples (AOX1a:LUC) AT-00664 1.3
flg22 study 2 (3h) / H2O treated Col-0 seedlings (3h) AT-00253 1.3
an�mycin A study 2 (rao2-1) / mock treated shoot samples (rao2-1) AT-00664 1.3

an�mycin A (rao1-2) / mock treated shoot samples (rao1-2) AT-00561 2.1
an�mycin A (rao1-1) / mock treated shoot samples (rao1-1) AT-00561 2.1
flu / Col-0 AT-00294 2.0
ozone / air treated seedlings AT-00025 1.9
flg22 study 4 (35S:miR393) / untreated leaf disc samples  (35S:miR393) AT-00392 1.9
flg22 study 7 (Ler) / flg22 study 8 (2h) AT-00391 1.8
an�mycin A study 2 (AOX1a:LUC) / mock treated shoot samples (AOX1a:LUC) AT-00664 1.8
HrpZ (4h) / H2O treated leaf samples (4h) AT-00107 1.8
NAA + flg22 (1h) / untreated leaf disc samples  (Col-0) AT-00392 1.8
P. syringae pv. tomato study 18 (DC3000 Î”hrcC) / mock inoculated rose�e leaAT-00582 1.8

an�mycin A (rao1-2) / mock treated shoot samples (rao1-2) AT-00561 2.3
flu / Col-0 AT-00294 2.2
P. syringae pv. tomato study 6 (eds1-1) / mock-inoculated leaf samples (eds1-1) AT-00211 2.2
DFPM (Col-0) / solvent treated seedling samples (Col-0) AT-00541 2.2
drought study 16 (srk2dei) / mock treated srk2dei whole plant samples AT-00637 2.2
A. brassicicola study 2 (Col-0) / mock treated leaf samples (Col-0) AT-00661 2.1
an�mycin A (AOX1a:LUC) / mock treated shoot samples (AOX1a:LUC) AT-00561 2.1
gai / Ler [untreated leaf disc samples (gai) / untreated leaf disc samples (Ler)] AT-00391 2.1
an�mycin A (rao1-1) / mock treated shoot samples (rao1-1) AT-00561 2.1
P. syringae pv. tomato study 10 (DC3000 hrpA) / mock inoculated leaf sample AT-00202 2.1

an�mycin A study 2 (AOX1a:LUC) / mock treated shoot samples (AOX1a:LUC) AT-00664 1.9
UV unfiltered max-310nm (6h) / seedlings irradiated with 327nm cut-off (6h) AT-00197 1.9
oligomycin (4h) / solvent treated seedling culture samples (4h) AT-00522 1.8
shi� high CO2 / SD to air CO2 / SD (cat2-1) / high CO2 / SD (cat2-1) AT-00502 1.7
A. brassicicola study 2 (Col-0) / mock treated leaf samples (Col-0) AT-00661 1.7
an�mycin A study 2 (rao2-1) / mock treated shoot samples (rao2-1) AT-00664 1.7
hypoxia study 14 (35S::HA::RAP2.12) / mock treated rose�e samples (35S::HA::RAP2.12) AT-00542 1.7
drought study 8 (35S::ABF3-48) / untreated 35S::ABF3-48 seedling samples AT-00422 1.7
drought study 8 (control-48) / untreated control-48 seedling samples (2h) AT-00422 1.7
drought study 6 (srk2cf) / untreated plant samples (srk2cf) AT-00419 1.6

141 exclusive AA (dark) responsive DEGs

34 DEGs encoding mitochondrial proteins

53 DEGs encoding plas�d proteins

41 DEGs encoding transcrip�on factors
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Figure S2. Characterisation of the antimycin A (AA) specific response in dark conditions. 
(A) Genes exclusively differentially expressed in response to antimycin A in the dark were analysed using 
the signature tool within Genevestigator to identify studies (perturbations) that showed the most similar 
fold-change responses. Similarity score (S) is indicated. The top 10 studies in which similar fold-change 
responses were observed for these genes are shown.
(B) Fold-changes for antimycin A responsive genes in the dark encoding 34 mitochondrial proteins. 
Similarity score (S) and the top 10 studies showing greatest similarity to these are indicated. 
(C) Fold-changes for antimycin A responsive genes in the dark encoding 53 chloroplast proteins. 
Similarity score (S) and the top 10 studies showing greatest similarity to these are indicated. 
(D) Fold-changes for antimycin A responsive genes in the dark encoding 41  transcription factors. 
Similarity score (S) and the top 10 studies showing greatest similarity to these are indicated. 
Each subset contained antimycin A treated rao mutant studies (indicated in bold).  
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Figure S3. Venn diagrams showing the response to antimycin A (AA) and myxothiozol (MYX) 
treatments in light and dark. 
(A) Overlapping number of differentially expressed genes between Col-0 wild type (WT) and ANAC017 
mutant line (rao2) following antimycin A (AA) and myxothiazol (Myx) treatment in the light (L) and dark 
(D) in shoot (S) and roots (R). 
(B) Overlapping number of differentially expressed genes between shoot and root that were also 
overlapping between Col-0 wild type (WT) and an ANAC017 mutant line (rao2) in response to AA 
treatment in the dark. 
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Figure S4. Self-activation test for protein-protein interactions shown in Figure 6. 
ANAC017 and circadian genes were cloned into pGBKT7 and pGADT7, followed by 
transformation into Y2HGold strain or Y187 strain separately. Mating was performed between 
each clone with empty vectors to test for self-activation. Successful mating was confirmed by 
growth on SD/-leu/-trp media. Self-activation was determined by growth on 
SD/-Leu/-Trp/-His/-Ade (with or without x-gal) with serial dilutions shown. pGBKT7-53 and 
pGBKT7-Lam transformed in Y2HGOLD strain were mated with pGADT7-T in Y187 strain as 
positive and negative controls.



target gene chr start end TF score strand peak start peak end 
AOX1a 3 7905282 7905587 ELF3 5 . 7905453 7905454
AOX1a 3 7906287 7906822 LHY 2 . 7906531 7906532
AOX1a 3 7906321 7906736 CCA1 2 . 7906536 7906537
AOX1a 3 7906340 7906807 GI 1 . 7906574 7906575
AOX1a 3 7906344 7906859 PIF5 1 . 7906637 7906638
AOX1a 3 7906344 7906956 PIF4 1 . 7906574 7906575
AOX1a 3 7906425 7906949 HY5 6 . 7906670 7906671
AOX1a 3 7906452 7906743 ELF3 6 . 7906591 7906592
AOX1a 3 7906456 7906825 APRR7 1 . 7906638 7906639
AOX1a 3 7906494 7906783 APRR5 1 . 7906616 7906617
ANAC013 1 11908415 11908698 HY5 1 . 11908596 11908597
ANAC013 1 11908612 11909067 ELF3 6 . 11908862 11908863
ANAC013 1 11909102 11909526 PIF3 1 . 11909354 11909355
ANAC013 1 11909152 11909860 LHY 2 . 11909610 11909611
ANAC013 1 11909342 11909674 GI 1 . 11909369 11909370
ANAC013 1 11909394 11909621 HY5 1 . 11909497 11909498
ANAC013 1 11909417 11909720 CCA1 3 . 11909581 11909582
ANAC013 1 11909422 11909764 RVE4 1 . 11909590 11909591
ANAC013 1 11909433 11909769 RVE6 1 . 11909607 11909608
ANAC013 1 11909503 11909716 RVE5 1 . 11909611 11909612
ANAC013 1 11909520 11909682 RVE7 1 . 11909605 11909606
ANAC013 1 11910472 11910882 ELF3 1 . 11910667 11910668
ANAC013 1 11911130 11911716 LHY 1 . 11911533 11911534
ANAC013 1 11911375 11911756 HY5 3 . 11911578 11911579

Table S1: Binding sites of transcription factors regulating clock- and light-dependent 
processes in the AOX1a and ANAC013 promoter regions (Figure 4A,B) (data retrieved 
form the ReMap 2022, https://remap.univ-amu.fr/)
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SPT6 1600 17.67 0.0508 6.501 2447.900 0 2446.516 0 2445.29
AGO1 1349 18.83 0.0497 6.162 1928.639 0 1927.259 0 1926.02
ARR1 1298 18.33 0.0384 6.146 1849.391 0 1848.015 0 1846.78
AT2G14045 1028 8.67 0.0685 6.890 1693.502 0 1692.13 0 1690.89
ARR12 908 5.83 0.0876 7.282 1602.752 0 1601.383 0 1600.14
WRKY33 930 8.67 0.0578 6.746 1492.267 0 1490.902 0 1489.65
WIP2 995 12.67 0.0480 6.296 1462.851 0 1461.49 0 1460.24
WRKY42 903 8.83 0.0677 6.676 1430.187 0 1428.829 0 1427.57
SYD 1063 18.33 0.0375 5.858 1424.355 0 1423.001 0 1421.74
NAC078 693 2.33 0.0771 8.214 1417.959 0 1416.609 0 1415.35
WRKY18-33-40 865 7.67 0.0670 6.818 1406.916 0 1405.569 0 1404.30
ANAC050 670 2.33 0.0840 8.166 1361.231 0 1359.888 0 1358.62
HY5 923 12.17 0.0481 6.245 1343.454 0 1342.115 0 1340.84
MED12 763 5.00 0.1199 7.254 1340.879 0 1339.542 0 1338.26
TT1 840 8.50 0.0523 6.627 1318.419 0 1317.086 0 1315.81
NFYB2 956 17.50 0.0379 5.772 1257.007 0 1255.678 0 1254.39
ANAC13 546 1.17 0.2985 8.870 1225.774 0 1224.448 0 1223.16
WRKY18 752 6.67 0.0642 6.818 1223.529 0 1222.206 0 1220.91
NAC053 556 1.33 0.1037 8.704 1220.299 0 1218.979 0 1217.68
ARR10 719 7.33 0.0722 6.615 1126.579 0 1125.263 0 1123.96
TPR1 797 12.33 0.0339 6.014 1105.749 0 1104.436 0 1103.13
BRM 705 7.17 0.0819 6.620 1105.722 0 1104.412 0 1103.11
WRKY40 633 4.33 0.0751 7.191 1101.116 0 1099.81 0 1098.50
RD26 701 8.50 0.0588 6.366 1046.310 0 1045.008 0 1043.70
ANAC057 520 2.00 0.0950 8.022 1034.993 0 1033.693 0 1032.38
RPS4 386 0.33 0.2885 10.177 1019.856 0 1018.559 0 1017.24
NAC017 385 0.33 0.5086 10.174 1016.791 0 1015.497 0 1014.18
AGO4 804 16.67 0.0343 5.592 1015.052 0 1013.761 0 1012.44
ATHB-6 699 9.33 0.0567 6.227 1014.406 0 1013.119 0 1011.79
ANAC102 585 4.83 0.0814 6.919 970.401 0 969.1175 0 967.79
GBF3 689 10.33 0.0406 6.059 965.617 0 964.3356 0 963.00
ATHB-7 685 10.50 0.0475 6.028 953.627 0 952.3493 0 951.01
CAMTA2 640 7.83 0.0504 6.352 952.993 0 951.7178 0 950.38
AT5G50360 642 8.50 0.0466 6.239 934.301 0 933.0291 0 931.69
EICBP-B 494 2.50 0.0691 7.626 924.704 0 923.4347 0 922.09
SMXL6 562 5.83 0.0650 6.590 877.121 0 875.8547 0 874.51
LHY 575 6.67 0.0453 6.430 869.948 0 868.685 0 867.33
RBOHJ 573 6.83 0.0527 6.390 859.992 0 858.7324 0 857.38
AT5G04760 595 8.17 0.0540 6.187 856.956 0 855.699 0 854.34
ZAT6 622 10.00 0.0462 5.959 853.533 0 852.2787 0 850.92
ABC1K1 455 2.33 0.1022 7.607 849.392 0 848.1407 0 846.78
AGL8 592 8.33 0.0470 6.151 846.238 0 844.9894 0 843.62
MYB44 581 7.83 0.0475 6.213 841.327 0 840.0809 0 838.71
ABF3 601 9.17 0.0574 6.035 838.384 0 837.141 0 835.77
GBF2 568 7.67 0.0493 6.211 822.305 0 821.0645 0 819.69
ANAC016 353 0.67 0.2793 9.048 812.906 0 811.6683 0 810.29
SPCH 605 10.50 0.0418 5.848 810.498 0 809.2636 0 807.88
ELF3 457 3.00 0.0683 7.251 804.278 0 803.0458 0 801.66
MYC3 607 11.17 0.0420 5.764 798.057 0 796.8284 0 795.44
TZP 496 4.67 0.0597 6.732 795.518 0 794.2947 0 792.90

Table S2. Top50 enriched TFs sharing binding sites with ANAC017 (Figure 
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seqnames start end log2(Fold) p.value FDR gene location Bound by clock component, NACs (IGV)
chr1 1704628 1705028 1.96 4.54E-10 1.59E-07 AT1G05680 promoter GI, PIF3, LHY, HY5, CCA1, NAC16, PIF4, ELF3, NAC102
chr2 15424916 15425316 1.56 5.48E-07 5.70E-05 AT2G36800 promoter NAC102, LHY, NAC16, PIF3, CCA1, ELF3, GI
chr5 17176040 17176440 1.49 4.34E-06 1.90E-04 AT5G42830 promoter PIF3, NAC102, HY5, ELF3
chr4 10349922 10350322 1.39 2.78E-06 1.62E-04 AT4G18880 promoter HY5, LHY, GI, NAC102, PIF4, CCA1, PIF5, HY5
chr4 8974434 8974834 1.34 5.92E-06 2.12E-04 AT4G15760 promoter LHY, PIF5, NAC102, GI, HY5, NAC13
chr5 25678321 25678721 1.34 3.03E-05 4.61E-04 AT5G64190 promoter LHY, GI, PRR5, NAC102, NAC16, 
chr2 1339433 1339833 1.33 6.51E-07 5.70E-05 at2g04050 promoter GI, ELF3, NAC102, PIF3, NAC13, NAC16, NAC17
chr4 17571669 17572069 1.32 6.92E-06 2.12E-04 at4g37370 promoter ELF3, NAC102, PIF3, ELF3, PIF4, NAC16, HY5
chr3 20633874 20634274 1.32 7.74E-06 2.12E-04 at3g55620 promoter ELF3, NAC102, CCA1
chr5 17458834 17459234 1.32 3.35E-06 1.67E-04 at5g43450 promoter NAC102, PIF3, PIF5, PIF4, HY5, GI, CCA1, NAC16, NAC13, NAC17
chr2 7919227 7919627 1.28 7.89E-06 2.12E-04 at2g18193 promoter GI, PIF5, PIF3, HY5, NAC17
chr2 9254179 9254579 1.28 3.88E-05 4.98E-04 at2g21640 promoter NAC13, NAC16, PIF4, PIF3, HY5, NAC17
chr1 11668583 11668983 1.27 2.68E-05 4.51E-04 at1g32350 promoter NAC102, ELF3, PIF3
chr5 4755903 4756303 1.25 3.85E-05 4.98E-04 at5g14730 promoter LHY, CCA1, PIF5, NAC102, HY5, NAC16, ELF3
chr2 2141171 2141571 1.24 1.34E-05 3.12E-04 at2g05710 promoter NAC102, GI, LHY, PIF4, HY5, ELF3, PRR7
chr4 9600036 9600436 1.22 1.60E-05 3.29E-04 at4g17080 promoter HY5, PIF4, NAC16, PIF4, NAC102, PRR7, HY5, PIF5
chr1 27233328 27233728 1.22 5.72E-05 5.72E-04 at1g72330 promoter HY5, PIF4, GI, PIF3, LHY, NAC102
chr4 9673347 9673747 1.21 1.49E-04 1.11E-03 at4g17260 promoter PIF3, LHY, NAC16, NAC13
chr2 19316310 19316710 1.21 4.22E-05 5.09E-04 at2g47000 promoter PIF3, GI, HY5, LHY, NAC13, PIF3, NAC16
chr3 16923206 16923606 1.2 2.16E-04 1.45E-03 at3g46080 promoter PIF4, HY5, NAC102, PIF3
chr3 9194971 9195371 1.2 2.96E-05 4.61E-04 at3g25250 promoter GI, PIF4, PIF3, PIF5, HY5, NAC102, LHY, NAC13
chr5 4891405 4891805 1.2 2.70E-05 4.51E-04 at5g15090 promoter PIF3, NAC13, ELF3, HY5, NAC102, GI
chr1 28745687 28746087 1.18 1.08E-04 8.40E-04 at1g76600 promoter NAC102, PIF4, HY5, PIF5, PIF3, PRR5, ELF3
chr5 16290458 16290858 1.18 1.33E-05 3.12E-04 at5g40690 promoter NAC102, PIF3, PIF4, HY5, PIF5, GI, NAC16, NAC17
chr2 8930466 8930866 1.18 2.00E-05 3.68E-04 at2g20720 promoter HY5, PIF3, NAC012, NAC16, NAC17, ELF3, GI
chr1 11927803 11928203 1.18 5.19E-05 5.68E-04 at1g32920 promoter PIF5, PRR5, ELF3, PIF3, PRR7, LHY, NAC16, NAC13
chr3 1080736 1081136 1.18 9.68E-05 8.06E-04 at3g04120 promoter PIF4, LHY, NAC102, PIF5, GI, CCA1, HY5, PRR5, PRR7, 
chr2 1150375 1150775 1.17 9.19E-05 7.84E-04 at2g03760 promoter NAC102, PIF5, NAC13, NAC17, 
chr3 2753011 2753411 1.16 9.91E-05 8.07E-04 at3g09020 promoter NAC102, GI, PIF5, ELF3, PIF4, PIF3, HY5
chr5 2860724 2861124 1.15 5.57E-05 5.72E-04 at5g08790 promoter ELF3, PIF3, PRR5, LHY, NAC102, 
chr1 21887253 21887653 1.15 4.84E-05 5.47E-04 at1g59590 promoter NAC16, PIF4, HY5, PIF5, NAC102, PIF3, NAC13, LHY
chr5 15631171 15631571 1.14 3.30E-04 1.99E-03 at5g39050 promoter NAC102, HY5, GI, PIF4, ELF3, 
chr5 24101769 24102169 1.13 2.95E-04 1.81E-03 at5g59820 promoter PIF3, CCA1, LHY, GI, PIF5, NAC16, PRR7, 
chr2 6758359 6758759 1.11 2.00E-03 8.24E-03 at2g15480 promoter LHY, ELF3, GI, PIF4, NAC102, PIF3, HY5, 
chr2 13631756 13632156 1.11 3.98E-05 4.98E-04 at2g32020 promoter LHY, HY5, ELF3, GI, PIF4, PIF5, NAC102PRR7, PIF3, NAC16, NAC13
chr4 2234575 2234975 1.1 4.35E-04 2.49E-03 at4g04490 promoter PIF3, ELF3, NAC16, NAC102, NAC13, HY5
chr1 16137385 16137785 1.1 8.02E-05 7.39E-04 at1g42990 promoter NAC102, NAC13, LHY, NAC16, HY5, PIF5, PRR5, PIF3, 
chr1 5869467 5869867 1.1 1.54E-03 6.73E-03 at1g17170 promoter NAC102, HY5, NAC13, ELF3
chr2 1982979 1983379 1.09 3.25E-03 1.19E-02 at2g05420 promoter NAC17, NC13, ELF3, PIF3, NAC16, 
chr5 6597839 6598239 1.09 1.41E-03 6.25E-03 at5g19550 promoter HY5, ELF3, LHY, PIF3
chr1 8384808 8385208 1.09 1.56E-04 1.12E-03 at1g23710 promoter LHY, NAC102, PIF5, GI, HY5, PIF4, PRR5, CCA1, PRR7, ELF3, PIF3, NAC13, NAC16
chr2 19010963 19011363 1.09 1.52E-04 1.11E-03 at2g46310 promoter NAC16, PIF3, PIF5, PIF4, PRR5, PRR7, HY5, 
chr2 6761302 6761702 1.08 2.82E-03 1.12E-02 at2g15480 coding PIF3, HY5, ELF3, PIF4, PIF5, 
chr1 3337908 3338308 1.08 2.24E-04 1.48E-03 at1g10170 promoter PIF3, NAC102, ELF3, GI, PIF4, HY5, NAC16
chr3 4201689 4202089 1.06 5.89E-04 3.06E-03 at3g13080 promoter ELF3, HY5, PIF3, PIF4, GI, LHYNAC16, PRR5
chr2 17409171 17409571 1.06 1.01E-04 8.07E-04 at2g41730 promoter NAC16, NAC102, GI, PIF3, LHY, PIF4, NAC13, ELF3, HY5
chr3 3270929 3271329 1.06 4.32E-04 2.49E-03 at3g10500 promoter LHY, PIF5, ELF3, NAC102, PIF4, HY5, CCA1, PIF3, GI, 
chr3 7906346 7906746 1.05 8.94E-05 7.82E-04 at3g22370 promoter LHY, CCA1, GI, NAC102, GI, PIF4, PIF5, NAC13, HY5, NAC16ELF3, PRR7, PRR5, 
chr2 18232564 18232964 1.05 3.49E-04 2.07E-03 at2g44070 promoter PIF3, CCA1, ELF3, PIF4, HY5, PRR5, PIF5
chr4 5447679 5448079 1.05 1.07E-03 4.94E-03 at4g08555 promoter PIF3, HY5, NAC16, CCA1, NAC102
chr2 8955716 8956116 1.04 9.47E-04 4.42E-03 at2g20800 promoter NAC17  
chr4 13904123 13904523 1.03 5.01E-04 2.78E-03 at4g27940 promoter LHY, NAC102, PIF4, HY5, PIF5, ELF3, PRR5, PIF3, NAC13, NAC16, GI, TOC1
chr1 5871422 5871822 1.02 1.29E-02 3.28E-02 at1g17180 promoter LHY, NAC13, NAC16
chr4 9390778 9391178 1.01 2.39E-04 1.55E-03 at4g16680 promoter NAC16, PRR5, NAC102, ELF3, GI, NAC13, CCA1, PIF3, PRR7
chr3 11195249 11195649 1.01 5.94E-04 3.06E-03 at3g29250 promoter PIF4, PIF5, GI, NAC102, LHY,  HY5, PIF3, NAC16, PRR5, NAC17, 
chr4 7494167 7494567 1 2.81E-04 1.76E-03 at4g12735 promoter ELF3, NAC102, HY5, PIF4, PIF3, NAC13, NAC16, 
chr1 11615929 11616329 1 8.08E-04 3.93E-03 at1g32230 3' UTR region HY5, PIF5, PIF4, PIF3, GI, ELF3

Table S4.  Binding sites of transcription factors regulating clock- and light-dependent processes to 56 genes that showed enhanced binding of ANAC017 in light upon 



Name Arabidopsis 
gene identifier Sequence (5'- 3') Use

attB1F_NAC17_linker_noATG_FW At1g34190 GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGGATCCGGAGGTGGAGCGGATTCTTCACCCGATT gateway cloning of CDS of NAC17
attB2R_NAC17_linker_RV At1g34190 GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCACCTCCGGATCMGTCTTTCAAGAGAAGACTTCTAC gateway cloning of CDS of NAC17
attB4_2kb PromNAC17_FW At1g34190 GGGGACAACTTTGTATAGAAAAGTTGCTTGTGTGGATGATACTAAATTTTG gateway cloning of 2kb promoter of NAC17
attB1r_PromNAC17_Rev At1g34190 GGGGACTGCTTTTTTGTACAAACTTGCTACGTAACAAATCAAAACCGATC gateway cloning of 2kb promoter of NAC17
attB1F_GFP_FW GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGTGAGCAAGGGCGAGGA gateway cloning of GFP
attB2R_GFP linker_REV GGGGACCACTTTGTACAAGAAAGCTGGGTCTCCACCTCCGGATCCCTTGTACAGCTCGTCCATGCC gateway cloning of GFP
UBC_qRT_F At5g25760 CTGCGACTCAGGGAATCTTCTA qPCR
UBC_qRT_R At5g25760 TTGTGCCATTGAATTGAACCC qPCR
CCA1_QRT_F AT2G46830 TCGAAAGACGGGAAGTGGAACG qPCR
CCA1_QRT_R AT2G46830 GTCGATCTTCATTGGCCATCTCAG qPCR
LHY_QRT_F AT1G01060 GAGCTTGGCAACGAATTGAAGAAC qPCR
LHY_QRT_R AT1G01060 AAAGCTTGGCAAACAGGGATGC qPCR
PRR5_QRT_F AT5G24470 CAGCTTTCACACGGTACGTTCAC qPCR
PRR5_QRT_R AT5G24470 TTGGAGGCGGTTCAGATGTATTG qPCR
PIF4_QRT_F AT2G43010 TCAGATGCAGCCGATGGAGATG qPCR
PIF4_QRT_R AT2G43010 CGACGGTTGTTGACTTTGCTGTC qPCR
NAC017_QRT_F At1g34190 GTACTACCATAGCAAAGAAGGG qPCR
NAC017_QRT_R At1g34190 AAGACTTCTACCTGAGACTCG qPCR
AOX1a_qRT_F1 At3g22370 GACGGTCCGTACGGTTTCG qPCR
AOX1a_qRT_R1 At3g22370 CTTCTGATTCGCGTCCTCCTCCT qPCR
UGT74E2_RTF At1g05680 TTTCCCTTCGTTCCCGATGCTG qPCR
UGT74E2_RTR At1g05680 TTCGGGTATGAGGACGATTCGC qPCR
SOT12-qRT-F AT2G03760 AAGGACTTTGGCACACACAAGC qPCR
SOT12-qRT-R AT2G03760 AAGAAACTGGAAACTTGTGTCGG qPCR
ATAF2-qRT-F AT5G08790 TTGGGTATCAAGAAAGCACTCGTC qPCR
ATAF2-qRT-R AT5G08790 ACCCAATCATCAAGTCGTAGGTTG qPCR
bzip60-qRT-F AT1G42990 CGATGATGCTGTGGCTAAAA qPCR
bzip60-qRT-R AT1G42990 TCTCAAGCATTCTCTTTCGAGAT qPCR
qAOX1D for At1g32350 CTTTCACAACCCAAATGGTACG qPCR
qAOX1D rev At1g32351 GCCTCTTCTTCTAAGTATCCAGTG qPCR
qRT_ANAC053_Fwd AT3G10500 GGGTTATGCATGAGTATCGGTTGG qPCR
qRT_ANAC053_Rev AT3G10500 GCACAAACGCATCTTGGTGAAC qPCR
NDA1_qRT_Fwd AT1G07180 GTATCCAACCGGCGATTTCACG qPCR
NDA1_qRT_Rev AT1G07180 AGTTACAGTCTCACAATGCACCTC qPCR
NDB2_qRT_Fwd AT4G05020 CATCCTGACCATGTTTGACAAGAG qPCR
NDB2_qRT_Rev AT4G05020 CTCTCCTCCTTTGGTTTTAGCAG qPCR
ACO3_qPCR_For AT2G05710 TGAGTATGGAAGTGGTAGCTCACG qPCR
ACO3_qPCR_Rev AT2G05710 AATCACCGCTTTAACACCCTGTAG qPCR
ACTIN2_ChIP_FWD AT3G18780 ACTACGAGCAGGAGATGGAAACCT ChIP-qPCR
ACTIN2_ChIP_REV AT3G18780 GCAGCTTCCATTCCCACAAACGAG ChIP-qPCR
AOX1a_ChIP_FWD AT3G22370 AGCTCTTGGCGACCACGCAA ChIP-qPCR
AOX1a_ChIP_REV AT3G22370 CCCTTGTGGTCATGAGAGAGACT ChIP-qPCR
UGT74E2_ChIP-1F At1g05680 TTGTCTATGTTCCGTGGCGA ChIP-qPCR
UGT74E2_ChIP-1R At1g05680 GCAGTGTCTCTCTCTCAGGG ChIP-qPCR
DOGT1_ChIP-1F AT2G36800 AGGATAAGATGCGTGGAGAGT ChIP-qPCR
DOGT1_ChIP-1R AT2G36800 GTGAGCCCTCCAAGTTGTTG ChIP-qPCR
HSFA4A_ChIP-1F 	AT4G18880 AGATTGGGTTTGGTGGAATGT ChIP-qPCR
HSFA4A_ChIP-1R 	AT4G18880 ACAACGAATTTTCTTACGGCCA ChIP-qPCR
AOX1d_ChIP-1F AT1G32350  TGGAGGAAATGTTTGACACGT ChIP-qPCR
AOX1d_ChIP-1R AT1G32350  AGTTGGTGTGTCTATCTCGTGA ChIP-qPCR
ACO3_ChIP-1F AT2G05710 GAGAGGGGCTGCGTAGATTA ChIP-qPCR
ACO3_ChIP-1R AT2G05710 TTGGGATCGATCATGGAGGA ChIP-qPCR
ABCB4_ChIP-1F AT2G47000 AGCAAGAAACACGTCCGAATTT ChIP-qPCR
ABCB4_ChIP-1R AT2G47000 TCATTGATTCTGAAAAGGCGCA ChIP-qPCR
VDAC3_ChIP-1F 	AT5G15090 CATGAGTCGGTGTCCCTCTT ChIP-qPCR
VDAC3_ChIP-1R 	AT5G15090 CTAGAGAGTACACGGCCTGC ChIP-qPCR
SOT12_ChIP-1F 	AT2G03760 GTTTGGGTGGTGAAATGGTCA ChIP-qPCR
SOT12_ChIP-1R 	AT2G03760 AGAGTCGTGATTCTCCTTCTTTC ChIP-qPCR
ANAC081_ChIP-1F AT5G08790 ACCGTAATCTCCTGCTTCTCA ChIP-qPCR
ANAC081_ChIP-1R AT5G08790 TACAACTTCCGCCCCAAGAA ChIP-qPCR
bZIP60_ChIP-1F AT1G42990 ATGCTTCCAAATTCCTCCGC ChIP-qPCR
bZIP60_ChIP-1R AT1G42990 ACGCGTCCATAATCAACACG ChIP-qPCR
ANAC053_ChIP-1F 	AT3G10500 CGGCTAGGATTACGAATGTGG ChIP-qPCR
ANAC053_ChIP-1R 	AT3G10500 TTGGTTCGCGCAAATGAAGA ChIP-qPCR
NDB4_ChIP-1F 	AT2G20800  AGGGTACGTGAGAGAGAGGT ChIP-qPCR
NDB4_ChIP-1R 	AT2G20800  GGGAACGCGGAACATAATGT ChIP-qPCR
RCD1_ChIP-1F 	AT1G32230 CGTGTATTGACCGCCTCTTC ChIP-qPCR
RCD1_ChIP-1R 	AT1G32230 TTCTTAAGTCGGCGGTTCCT ChIP-qPCR
CCA1_pgbkpad_F AT2G46830 CCG GAATTC ATGGAGACAA ATTCG Y2H cloning
CCA1_pgbkpad_R AT2G46830 CGC GGATCC TCATGTG GAAGC Y2H cloning
PIF5_pgbkpgad_F AT3G59060 ccg GAATTC ATGGAACAAGTGTTTG Y2H cloning
PIF5_pgbkpgad_R AT3G59060 cgc GGATCC TCAGCCTATTTTACCC Y2H cloning
PIF4_pgbkpgad_F AT2G43010 ggaattc CATATG ATGGAACACCAAGGT Y2H cloning
PIF4_pgbkpgad_R AT2G43010 ccg GAATTC CTAGTGGTCCAAACG Y2H cloning
HY5_pgbkpgad_F AT5G11260 ccg GAATTC ATGCAGGAACAAGCG Y2H cloning
HY5_pgbkpgad_R AT5G11260 cgc GGATCC TCAAAGGCTTGCATC Y2H cloning
ELF3_pgbkpgad_F AT2G25930 tcc CCCGGG ATGAAGAGAGGGAAA Y2H cloning
ELF3_pgbkpgad_R AT2G25930 cgcGGATCC TTAAGGCTTAGAGGA Y2H cloning
PRR7_pgbkpgad_F AT5G02810 ccg GAATTC ATGAATGCTAATGAG Y2H cloning
PRR7_pgbk_R AT5G02810 aaaa CTGCAG TTAGCTATCCTCAATG Y2H cloning
PRR7_pgad_R AT5G02810 cc ATCGAT TTAGCTATCCTCAATG Y2H cloning
GI_pgbkpgad_F AT1G22770 ccg GAATTC ATGGCTAGTTCATCT Y2H cloning
GI_pgbkpgad_R AT1G22770 cgc GGATCC TTATTGGGACAAGGA Y2H cloning
LYH_pgbkpgad_F AT1G01060 GGAATTCCATATG ATGGATACTA ATACATCTGG Y2H cloning
LYH_pgbkpgad_R AT1G01060 CGC GGATCC TCATGTAG AAGCTTC Y2H cloning
NAC017_ pgbkpgad_F At1g34190 GGAATTC CATATG ATGGCGGATT CTTCA Y2H cloning
NAC017_ pgbkpgad_R At1g34190 TCC CCCGGG CTA ACGGCTGAAGCTA Y2H cloning

Table S5. Primers sequences used in this study. 
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