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Impaired mitochondrial translation or reduced mitochondrial protein import
can lead to imbalances in mitochondrial protein composition. Such mito-
chondrial proteotoxic stresses can trigger a nuclear transcriptional response
commonly described as the mitochondrial unfolded protein response
(UPRmt). Despite extensive studies of UPRmt pathways in animal and fungal
systems, very little is known about how the UPRmt is regulated in plants.
Through comparison of Arabidopsis thaliana whole-genome transcriptome
data, it was found that most genes induced bymitochondrial ribosome inhibi-
tor doxycycline are also induced by Complex III inhibitor antimycin
A. We demonstrate that transcriptional responses to a wide range of mito-
chondrial proteotoxic stress-triggers are regulated by the transcription factor
ANAC017, which was shown to reside in the endoplasmic reticulum (ER).
By contrast, no consistent evidence was found for genes that are specifically
induced by doxycycline but not antimycin A. Furthermore, ANAC017 gain-
and loss-of-function mutants showed marked resistance or susceptibility,
respectively, to mitochondrial stress-inducing treatments, demonstrating the
physiological importance of ANAC017 during mitochondrial proteotoxic
stress. Finally, it was shown that ethylene signalling promotes mitochondria-
to-nucleus signalling, most likely independently of ANAC017. Overall, this
study shows that in plants, theUPRmt is largelyoverlappingwith, and perhaps
identical to, ‘classical’mitochondrial retrograde signalling, and is mediated by
ER-anchored transcription factor ANAC017.

This article is part of the theme issue ‘Retrograde signalling from
endosymbiotic organelles’.
1. Introduction
Mitochondria signal to the nucleus to regulate gene expression, allowing appropri-
ate assembly and function of mitochondrial proteins, including the oxidative
phosphorylation (OXPHOS) components [1–3]. These mitochondria-to-nucleus
signalling pathways, termed retrograde signalling, contribute to cellular viability
and whole-organism lifespan. Mis-regulation of mitochondrial proteostasis or
function could lead to reactive oxygen species (ROS) accumulation, accumulation
of damaged mtDNA, metabolic disorders and ultimately can impact on ageing
and various neurodegenerative or immune system diseases [4,5]. To prevent
proteotoxic stress, mitochondria use an intricate mitochondrial protein quality
control system (mtPQC) of chaperones and proteases [6], which assist in protein
folding and degradation of misfolded proteins, respectively. One of the most
well-characterized retrograde signalling pathways is the mitochondrial unfolded
protein response (UPRmt), which is induced by excessive levels of unfolded ormis-
folded proteins, and promotes mtPQC. The UPRmt is a transcriptional response
that regulates nuclear gene expression to repair and restore dysfunctional
mitochondria and adapt the organism to future stress [3].

There is strong evidence for a critical role of UPRmt in the regulation of various
physiological processes, including protein-folding maintenance [7,8], recovery of
themitochondrial protein importmachinery [9], increased glycolysis-related gene
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expression for metabolic remodelling [8], ROS detoxification
[10], immune response activation [11], lifespan improvement
[12,13] and delay of senescence [14]. Multiple transcription fac-
tors have been implicated as core components of mitonuclear
UPRmt in invertebrates, including ATFS-1, DVE-1, and the ubi-
quitin-like protein UBL-5 [7,9,15]. In mammals, the activating
transcription factors 4 and 5 (ATF4, ATF5), together with the
C/EBP transcription factor CHOP,were identified asmediators
of the UPRmt [16–18]. One possible mechanism for the regu-
lation of UPRmt in animals is via reduced mitochondrial
import efficiency of ATFS-1 or ATF5 during mitochondrial
stresses. This enforces their relocation from the cytosol to the
nucleus, possibly owing to the presence of mitochondrial and
nuclear targeting sequences in these regulatory proteins [3,9].

In contrast with the UPRmt signalling pathways in animals,
the signals and factorsmediating plantUPRmt remain elusive. It
was reported that the specific UPRmt response in plants can be
activated through the mitochondrial ribosome inhibitor doxy-
cycline (Dox) [19], or genetic mutation in the mitochondria
ribosomal proteinmrpl1 [14]. Both conditions impairmitochon-
drial translation and result in the upregulation ofmitochondrial
stress marker gene alternative oxidase AOX1a, mitochon-
drial HSP70 chaperone genes and genes for mitochondria
ribosomal proteins (MRPs) [14]. Also, blocking of mitochon-
drial protein import resulted in mitochondrial proteotoxic
stress in plants [14]. It has been suggested that this plant
UPRmt involves an oxidative burst, and integrates hormonal
signalling (mainly ethylene and auxin) with MAPK signalling
to restore mitochondrial proteostasis [14]. However, genetic
components that activate and execute the plant UPRmt signal-
ling have not been identified so far. The existence of other
mitochondrial retrograde regulation (MRR) pathways in
plants has been demonstrated earlier using treatments that inhi-
bit different respiratory chain complexes, such as antimycin A
(AA) or rotenone [20–22], the tricarboxylic acid (TCA) cycle
inhibitor monofluoroacetate [23,24], and mutants impaired in
mitochondrial transcription or mitochondrial membrane
protein AtPHB3 [25]. All these were found to result in the
enhanced expression of a common set of nuclear genes includ-
ing AOX1a, NADH dehydrogenases (NDB), AAA ATPases
(OM66), mitochondrial heat shock proteins and some oxidative
stress inducible genes [24–26]. The exact mechanisms of plant
mitochondrial retrograde signalling are not well understood.
Several regulators were initially identified as failing to upregu-
late the AOX1a promoter after AA treatment [22,27]. The
Regulator of AOX1a 1 (RAO1) encodes a nuclear localized
cyclin-dependent kinase E1 (CDKE1), presumably integrating
mitochondrial energy stress signalling, with other general cellu-
lar oxidative stress signals [27]. Regulator of AOX1a 2 (RAO2)
encodes a NAM/ATAF/CUC (NAC) domain containing tran-
scription factor, ANAC017, which has been proposed to
function as a more specific, and upstream, regulator of MRR
pathways [22,24,28]. ANAC017 is targeted to the endoplasmic
reticulum (ER) via its C-terminal transmembrane domain [22].
There is no clear agreement on the events that activate
ANAC017, but it has been proposed that rhomboid proteases
control NAC transcription factor proteolytic cleavage upon
mitochondrial stress [22], and thereby initiate ANAC017 release
from the ER and relocation to the nucleus. Other transcription
factors identified through yeast one hybrid (Y1H) screens and
possibly operating in plant mitonuclear retrograde signalling
include ANAC013 [29], AtWRKY15 [30], AtWRKY40 and
AtWRKY63 [31].
In this study, we aimed to identify novel regulators of
UPRmt in plants. Our results show that there is a strong overlap
between the transcriptomic responses to classic UPRmt-
inducing agents and general MRR signalling. We demonstrate
that mitochondrial proteotoxic stress-induced gene expression
is directly regulated by the transcription factor ANAC017. In
agreement with an important role of ANAC017 in mitochon-
drial proteotoxic stress responses, transgenic ANAC017 gain-
and loss-of-function showaltered tolerance and developmental
responses to a range of classic UPRmt-inducing agents. In
addition, we also found evidence for a regulatory role of ethyl-
ene signalling in strengthening mitochondrial retrograde
responses, operating independently of ANAC017.
2. Methods
(a) Plant materials and growth conditions
Arabidopsis thaliana wild-type (WT) was Columbia-0 (Col-0), and
other lines used in this studywere in the same genetic background,
with the exception of rao2-1 mutant, which was in the Col-0
pAOX1a::LUC background [32]. Two nac017 mutant lines: rao2-1
and nac017-1 (SALK_022174) have been reported previously [22].
One ANAC017 overexpressor line (OE1) was reported before
[24]. The secondANAC017 overexpressor line (OE2)was generated
by cloningANAC017 into pB7GW2and transformed intoArabidop-
sis Col-0 by floral dipping. Seeds of ethylene biosynthesis mutant
eto1-1 and ethylene signalling mutant ein2-1 [32] were kindly pro-
vided by Dr Kirk Overmyer (University of Helsinki). Seeds of
MAPK signalling were obtained from Prof. Matthew Terry
(mpk6-3; University of Southampton) and Dr Kirk Overmyer
(mpk6-4).

For all gene expression analyses, seeds were first sown onto
half-strength Murashige and Skoog (MS) medium supplemented
with 1% (w/v) sucrose, 0.05% (w/v) 4-morpholineethanesulfonic
acid (MES; Biomol, Germany) and 0.8% (w/v) agar (pH 5.8). Seeds
were stratified for 3 days at 4°C and then kept for 10 days under
16/8 h light/dark cycle (100–120 µmol m−2 s−1) at 22/19°C. For
mitochondrial retrograde signalling treatment, seedlings were
sprayed with 50 µM antimycin A (AA; Sigma Aldrich, Sweden)
in water with 0.01% Tween-20 (experimental) or water with 0.1%
ethanol and 0.01% Tween-20 (mock control) and left under stan-
dard light growth conditions for 4 h and 12 h. For mitochondrial
unfolded protein response treatment, seedlings were sprayed
with 25 µg ml−1 Dox (Sigma Aldrich) with 0.05% MES and
0.01% Tween-20 in water (experimental) or just 0.05% MES and
0.01% Tween-20 in water (mock control). For the inhibition of
mitochondrial protein import, seedlings were sprayed with 50
μM MitoBloCK-6 (MB; Tebu-bio, Denmark) in water with 0.01%
Tween-20 (experimental) or water with 0.05%
dimethylsulfoxide and 0.01% Tween-20 (mock control). For the
inhibition of mitochondrial translation or mitochondrial mem-
brane potential treatments, seedlings were sprayed with
100 µg ml−1 chloramphenicol (CAP; Sigma Aldrich) in water or
10 μM carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone
(FCCP; Sigma Aldrich), respectively (experimental), or water
with 0.1% ethanol and 0.01% Tween-20 (mock control). Non-
sprayed seedlings were also harvested at the beginning of each
experiment as additional control (0 h). For the treatments that
block or promote ethylene synthesis, seedlings were sprayed with
50 µM silver nitrate (AgNO3; Sigma Aldrich) or 1-aminocyclopro-
pane-1-carboxylic acid (ACC; Sigma Aldrich), respectively.

For single and double treatments with AA and AgNO3 in the
dark, seeds were sown onto half-strength MS medium sup-
plemented with 1% (w/v) agar (pH 5.8) and with or without
50 µM antimycin A (AA), 50 µMAgNO3, or 0.1% ethanol as a con-
trol. After 3 days, stratification at 4°C plates were incubated in light
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(100–120 µmol m−2 s−1) for 2 h to induce germination and left
covered with foil for 4 days under standard growth condition.

(b) Gene expression analysis by quantitative real-time
polymerase chain reaction

For gene expression analysis, a pool of 10–12whole seedlings from
a single plate was collected for RNA extraction per replicate. Total
RNAwas extracted from up to 100 mg frozen ground tissue using
the Spectrum™ Plant Total RNAKit (SigmaAldrich) following the
manufacturer’s instructions (Protocol B). To assure there was no
genomic DNA contamination, additional on-column RNase free
DNase I treatment step (Sigma Aldrich) was incorporated after
the RNA binding step (4b) following the manufacturer’s instruc-
tions. cDNA was synthesized from 500 ng of RNA with the
mixture of oligo(dT) and random hexamer primers using iScript
cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) following the
manufacturer’s instructions. Transcript levels were measured by
quantitative real-time polymerase chain reaction (qRT-PCR)
using SsoAdvanced™ Universal SYBR Green Supermix (Bio-
Rad). Each reaction contained 20× diluted cDNA and gene specific
primers at a final concentration of 0.5 µM. Samples were run on a
CFX384TM Real-Time System (Bio-Rad) using the following ther-
mal cycling conditions: 95°C for 2 min, followed by 40 cycles of 95°
C for 10 s and 60°C for 10 s. The genes analysed by qRT-PCR, with
their sequences, accession numbers and amplified product size, are
listed in the electronic supplementary material, table S1.

(c) Genome-wide transcriptome analysis
The whole-transcriptome expression data for AA response in
WT and nac017 mutants presented in figures 1 and 4 were
obtained from the microarray data GSE41136 [22]. The whole-
transcriptome expression data for disturbed mitochondrial
translation in Dox-treated WT, or mrpl1 mutant were obtained
from RNA-seq experiment GSE78862 [14]. Both datasets were
reanalysed using R and BIOCONDUCTOR software [33]. The R
package simpleaffy [34] was used to determinate Affymetrix
RMA-normalized probe level values from the raw CEL files.
For the GSE78862 RNA-seq experiment, raw FASTQ reads
were downloaded and mapped to the TAIR10 genome with
HISAT2 [35]. The R package limma [36] or package edgeR [37]
were used to determinate differently expressed genes. Only
terms with the ±1 log2 fold-change in expression relative to
untreated WT sample and a significant false discovery rate
(FDR) value < 0.05 was considered as differently expressed. Clus-
tering and visualization of differentially expressed genes were
performed using the R function heatmap.2. Selected ethylene
biosynthesis and signalling gene expression levels were extracted
from GSE41136 and the calculated log2 fold changes of gene
expression were visualized using the R function heatmap.2.

(d) Gene set enrichment analysis
Gene set enrichment analysis (GSEA) was performed using
GSEA software [38]. The basic settings included: number of
permutations = 1000; collapse dataset = false; scoring scheme =
weighted; normalization mode =meandiv. Two gene sets of
ethylene biosynthesis and response to ethylene stimulus were
derived from the AmiGO website (http://amigo.geneontology.
org/amigo). The nac017 retrograde signalling gene set was
defined in this work based on the microarray experiment from
[22] (GSE41136) as genes upregulated at least two-fold on AA
in WT and less induced in both rao2-1 and nac017-1 mutants
at least 1.5-fold, and are listed in the electronic supplementary
material, table S2. The expression input data were from RNA-
seq experiment of [14] (GSE78862) or from AA response in
WT (GSE41136).
3. Results
(a) Antimycin A and doxycycline treatments target a

common group of mitochondrial retrograde
signalling genes

A previous study by Wang & Auwerx [14] identified a novel
plant UPRmt response related to chemical or genetic pertur-
bations of mitochondrial translation. In the same work, the
key role for various transcription factors in mediating UPRmt

retrograde signalling was hypothesized. To further investigate
the plant UPRmt response, we compared UPRmt-related full
transcriptome profiles for WT (Col-0) plants treated with
25 µg ml−1 Dox for 12 h, and the mrpl1 mutant (GSE78862)
with seedlings treated with 50 µM AA for 6 h (GSE41136)
(figure 1a,b; electronic supplementary material, figure S1).
Because these experiments were originally performed using
two different approaches (22 K Affymetrix ATH1 microarray
or RNA-seq), only genes detected by both platforms were
included. The full list of genes identified in this study as signifi-
cantly changed after Dox treatment or in mrpl1 mutant is
available in the electronic supplementary material, table S3.
The Dox treatment resulted in 54 upregulated and 92
downregulated genes, while the mrpl1 mutants displayed 38
up- and 29-downregulated genes. AA treatment to WT seed-
lings had a very strong effect on the Arabidopsis transcriptome,
with 1214 genes upregulated and 746 genes downregulated
(figure 1a). Twenty-nine of the 54 genes (54%) induced by the
Dox treatment (figure 1a), and 17 of the 37 genes (46%) induced
in the mrpl1mutant (electronic supplementary material, figure
S1), were also induced byAA. This is amuch higher proportion
than expected by chance ( p < 0.001). However, no overlap for
the downregulated genes between AA and Dox, nor mrpl1,
was seen (figure 1a; electronic supplementary material, figure
S1). Hierarchical clustering confirmed the similar expression
of transcripts induced after AA or Dox treatments, and high-
lighted that while Dox triggered a very similar promotive
transcriptomic response, it was also much less pronounced
when compared with AA (figure 1b). The heatmap analysis
additionally showed that Dox and AA trigger largely different
responses for the downregulated genes. This suggests that
the signalling pathways induced by the block of OXPHOS
components and the UPRmt are partially similar in Arabidopsis.

Interestingly, we further noted that the similarity between
Dox and AA was mostly for the transcripts identified before
as specific mitochondrial stress-responsive genes [25]. Of the
29 genes induced by both AA and Dox in WT (figure 1a), 22
(76%) were at least 1.5-fold less induced in AA-treated rao2-1
and nac017-1 mutants as compared to WT, including AOX1a,
At12cys-2, UGT74E2, UPOX1, OM66, NDB2, sHSP23.5 and
GSTU22. Six genes common for mrpl1 and AA (electronic
supplementary material, figure S1) were also differently
expressed in AA-treated nac017 mutants. Therefore, we com-
pared the full transcriptomic responses to UPRmt (GSE78862)
with nac017-dependent mitochondria signalling by perform-
ing a GSEA using a single cohort of genes, for which
upregulation by AA is reduced in nac017 mutants when com-
pared with WT, and referred here as ‘nac017 retrograde
signalling’ (electronic supplementary material, table S2).
Expression of ‘nac017 retrograde signalling’ genes was signifi-
cantly enriched in WT seedlings treated with Dox (figure 1c),
suggesting the possible role of ANAC017 in mediating at
least part of the plant UPRmt signalling.
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(b) ANAC017 is a major regulator of mitochondrial
proteotoxic stress responses

We examined whether ANAC017 signalling is required for
plant UPRmt responses by assessing the expression of selected
mitochondrial stress marker genes by qRT-PCR in two nac017
alleles across different treatments that perturb mitochondrial
homeostasis and have classically been used to induce UPRmt

in a range of systems (figure 2; electronic supplementary
material, figures S2–S4) [14,19]. We first investigated
expression of five nuclear-encoded genes (AOX1a, UPOX1,
UGT74E2, OM66 and mtHSC70-1) which are known
ANAC017-regulated genes during mitochondrial retrograde
signalling (electronic supplementary material, table S2;
[25]), and were also identified in this study as commonly
upregulated by AA and Dox (figure 1a). As shown in
figure 2a, expression of all five genes was very strongly upre-
gulated in WT plants sprayed with 50 µM AA, with
significant and consistent reduction in expression observed
in both rao2-1 and nac017-1 mutants within 4 h after the
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treatment. At 12 h after the AA treatment, induction of all
genes declined in WT, but was no further repressed in any
of the nac017 alleles. Such a time-dependency for the nac017
response to AA treatment has been demonstrated previously
[24] and is probably caused by activation of secondary
NAC transcription factors such as ANAC013. All five mito-
chondrial stress marker genes were also induced by Dox in
Col-0, but significantly less in rao2-1 and nac017-1 when com-
pared with WT (figure 1b). It is worth noticing that Dox
treatment activated expression of AOX1a, UPOX1,
UGT74E2, OM66 and mtHSC70-1 in WT to a much lower
extent than the AA treatment, which is in agreement with
our genome-wide transcriptome analysis (figure 1b). Spray-
ing with 100 µg ml−1 chloramphenicol (CAP), another
inhibitor of organellar translation, showed almost the same
results as Dox treatment, but the CAP treatment was overall
weaker. Also here, of the two nac017 alleles, rao2-1 showed
statistically significant repression of marker gene expression
(electronic supplementary material, figure S3a). Treatment
with MitoBloCK-6 (MB), which impairs mitochondrial
protein import [39] and induces UPRmt in plants [14], also
activated the same ANAC017-dependent response as AA
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and Dox treatments (figure 2c). A strong induction of AOX1a,
UPOX1, UGT74E2 and OM66 in WT, 4 h after the MB treat-
ment was significantly suppressed in both nac017 alleles,
but not 12 h after the MB treatment (figure 2c). However,
MB did not clearly induce the expression of the mitochon-
drial HSP70 gene (mtHSC70-1) in WT, and therefore, we
also did not detect significant repression of this gene by
nac017 mutation (figure 2c). The last inducer of UPRmt we
tested was FCCP that alters organellar membrane potential
(electronic supplementary material, figure S3b). FCCP also
activated ANAC017-dependent signalling, as seen by sup-
pressed induction of AOX1a, UPOX1, UGT74E2 and OM66,
and rescued inhibition of mtHSC70-1 in two nac017 alleles
when compared with WT (electronic supplementary
material, figure S3b). Generally, we did not observe strong
changes in expression for any of the genes tested above
under the control (mock) treatment conditions at any time
point, with the exception of UPOX1, for which expression
was slightly, but statistically significantly, elevated in
nac017-1 when compared with WT (electronic supplementary
material, figure S2). To ensure the applied stress treatments
did not induce significant chloroplast unfolded stress
responses (UPRcp, [40,41]), we analysed the expression of sev-
eral UPRcp marker genes. Neither Dox, CAP or MB induced
the UPRcp genes in our own qRT-PCR experiments, or pub-
lished whole transcriptomes (electronic supplementary
material, figure S5), indicating that the treatments are predo-
minantly targeting the mitochondria. Overall, these results
support the conclusion that ANAC017 is a master regulator
of signalling responses to mitochondrial proteotoxic stresses
activated by various compounds in plants.

We also wanted to test whether there is a specific UPRmt

response in plants that is different from ‘classic’ MRR signal-
ling, and whether it also shows the ANAC017-dependency.
Based on the transcriptomic analysis, we chose three genes
(ULP1B, GDS2-like and DIN2) that were induced by Dox
and two genes (XTH21 and RHS15) that were repressed by
Dox, but not induced after AA treatment in WT and non-
differently expressed in nac017 mutants. We then examined
their expression by qRT-PCR under the same AA, Dox or
MB conditions as described above (electronic supplementary
material, figure S4). Our qRT-PCR results were largely incon-
sistent with the previously published whole-transcriptome
study, as reflected by lack, or low induction of ULP1B, GDS2-
like and DIN2 in WT treated with Dox (electronic supplemen-
tary material, figure S4b), as well elevated DIN2 expression in
AA-treated WT. Only two genes XTH21 and RHS15 were
repressed in WT consistently across three treatments and
under both time points, but only XTH21 expression showed
ANAC017-dependence as evidenced by more pronounced
XTH21 repression in both nac017 alleles 12 h after AA, or Dox
treatments (electronic supplementary material, figure S4a,b).
Therefore, we were unable to define additional UPRmt

signalling responses that are clearly independent of ANAC017.

(c) ANAC017 regulates physiological alterations to
mitochondrial protein imbalance stresses

To determine whether the ability of ANAC017 to control
nuclear gene expression has physiological significance in
plant UPRmt, we treated nac017mutants andANAC017 overex-
pressor lines with chemical agents that disturb mitochondrial
proteostasis. ANAC017 OE1 plants look similar to WT, while
ANAC017 OE2 plants had an overall smaller rosette size, as
previously reported [24,42]. This appears to be correlated
with the ANAC017 expression levels of the plants at this age
(electronic supplementary material, figure S6). No difference
in root growthwas observed in either overexpression line com-
pared to Col-0. We first transferred 10-day-old seedlings onto
half-strength MS agar plates supplemented with 10 µg ml−1

Dox, 50 µg ml−1 CAP or 10 µM MB and allowed them to
grow under standard photoperiodic conditions for 12 days
(Dox, CAP), or 7 days (MB) (figure 3a,b). Consistent with
previous reports, all agents inhibited plant growth [14], with
MB having the most severe effect (figure 3a,b). When mito-
chondrial translation was blocked by Dox or CAP, both
ANAC017 overexpressor lines (OE1 and OE2) showed
increased rosette area size (ca 50–60%), while rao2-1 and
nac017-1 mutants showed significantly more pronounced
growth retardation (ca 7–43%) when compared with the WT.
In a parallel experiment, both nac017 mutants also showed a
hypersensitive response to MB, but no significant difference
between WT and ANAC017 OE1/OE2 rosette sizes were
observed (figure 3a,b). The inhibitory effect of Dox on lateral
roots in Arabidopsis is well documented [14,19], so we tested
whether this response is also controlled byANAC017. In agree-
ment with previous reports, Dox reduced primary root length
and lateral root length in WT seedlings transferred to Dox for
7 days (figure 3c). Under these conditions, both OE lines
showed statistically significant higher length of primary and
lateral rootss and two nac017mutants had significantly shorter
root length than theWT (figure 3c,d). However, the rao2-1 allele
displayed shorter root length already in control experimental
conditions (figure 3c), as observed previously [24]. We did
not observe significant effects of Dox on lateral root number
in WT or nac017 mutants, but it was slightly increased in
both OE lines grown on Dox (figure 3c). Together, these results
are supportive of an important role of ANAC017 in controlling
plant responses to mitochondrial proteotoxic stress.

(d) Ethylene signalling interacts with mitochondria
retrograde singling

Previous reports have highlighted the potential importance
of phytohormone signalling during mitochondrial stress
[14,43,44]. An increase in ethylene biosynthesis, expression of
ethylene marker genes and genes encoding mitochondrial
ribosomal proteins was previously observed during UPRmt.
This suggested a possibly important role for ethylene signal-
ling in the control of UPRmt in plants [14]. Therefore,
we tested whether ANAC017-mediated MRR also requires
anterograde feedback from ethylene signalling. As shown in
figure 4a,b, GSEA using AA treatment to WT array dataset
evidenced significant over-representation of Gene Ontology
categories involved in ethylene biosynthesis and response to
ethylene stimulus. This suggests that the involvement of ethyl-
ene in mitochondrial signalling might not be restricted to
UPRmt, but is a common factor controlling MRR. Analysis of
the microarray dataset for AA treatment (GSE41136) showed
that many ethylene biosynthesis and signalling genes are
induced in WT 6 h after AA treatment, similarly to what has
been reported before for Dox treatment and mrpl1 mutation
[14] (figure 4c). However, expression of these genes was
induced in two nac017 alleles mostly to the same level as in
the WT (figure 4c), arguing that the ethylene-related genes
are not part of ANAC017-dependent mitochondria retrograde
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regulation. To gain more understanding on the interaction
between ANAC017 and ethylene, we studied phenotypes of
nac017 mutants and ANAC017 overexpressor lines in 4 days
dark grown seedlings fed with AA and silver nitrate
(AgNO3), a well-established antagonist of ethylene signalling
(electronic supplementary material, figure S7a,b). AA reduced
hypocotyl length in a dose-dependent manner in WT, and had
muchmore pronounced inhibitory effect in rao2-1 and nac017-1
mutants, while hypocotyls of ANAC017 OE1 and OE2 lines on
AA were significantly longer than the WT (electronic
supplementary material, figure S7a,b). In support of a role of
ethylene in mitochondrial retrograde signalling, blocking of
ethylene signalling by AgNO3 partially restored hypocotyl
inhibition by AA, and this rescue was statistically significant
in all tested genotypes (electronic supplementary material,
figure S7a). This result also suggests that there is no require-
ment for ANAC017 signalling to mediate ethylene responses.
In agreement with the AgNO3 impact on the AA response
in the dark, ethylene overproducing mutant eto1-1 showed
significantly shorter hypocotyls, while ethylene-insensitive
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mutant ein2-1 showed significantly longer hypocotyls, when
compared with the WT when fed with AA in the dark for
4 days (electronic supplementary material, figure S6d).

To examine whether the ethylene impact on physiological
responses to AA is also important for the transcriptomic
responses, we analysed expression of five mitochondrial
stress-responsive marker genes in response to AA and Dox in
the presence or absence of ACC, an ethylene precursor
(figure 4d). Incubation with ACC alone did not induce MRR
marker genes (only a weak induction was observed in
UGT74E2), suggesting that ethylene cannot induce MRR
responses on its own. Co-incubation with ACC resulted in



royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

375:20190411

9
enhanced responses to AA for several MRR markers, as
observed previously [44]. Conversely, blocking ethylene signal-
ling by addition of AgNO3 partially inhibited MRR gene
induction by AA (figure 4e). This stimulatory effect of ethylene
could be confirmed genetically, as the ethylene overproducing
mutant eto1-1 also showed stronger AA-induction of MRR
genes (figure 4f ). Interestingly, the addition of ACC partially
repressed Dox-induced gene expression, suggesting that there
might be a complex interplay between ethylene signalling
and various mitochondrial stress signalling pathways.

The mitogen activated protein kinase MPK6 was shown to
have increased phosphorylation in response to a wide range of
mitochondrial stress inducers [14] and is a known stimulator of
ethylene signalling and biosynthesis [45]. Therefore, it was
suggested to play a central role in UPRmt signalling in plants
[14]. To test a potential involvement of MPK6 in mitochondrial
stress-induced signalling of ANAC017 target genes, two alleles
ofmpk6were exposed to AA or Dox for 6 h (figure 4g). Overall,
no consistent effects were observed in both mpk6 alleles that
would suggest a positive role of MPK6 in the induction of
ANAC017-regulated genes under mitochondrial stress con-
ditions. Together these results are supportive for a promoting
role of ethylene in mediating responses to mitochondrial stres-
ses in an ANAC017-independent way, but ethylene itself is not
sufficient for inducing MRR-target gene expression.
4. Discussion
While mitochondria-to-nucleus signalling in plants has orig-
inally been demonstrated by blocking OXPHOS protein
complexes [46], components of retrograde communication in
animals were identified through inhibiting a wide range of
mitochondrial processes, which all lead to organellar proteo-
toxic stress [3,47]. The current models in plants suggest that
mitochondrial signals trigger the proteolytic cleavage of
ANAC017 from the ER, leading to altered nuclear gene
expression [28]. By analysing the transcriptomic and physio-
logical responses to five different mitochondrial stressors,
which interfere with mitochondrial translation, protein
import, membrane potential and OXPHOS, we show here
that ANAC017 plays a role in coordinating the general mito-
chondrial retrograde response. Because most of these
treatments are known to result in mitochondrial protein imbal-
ance and proteotoxic stress [14,19], we propose that ANAC017
is also a key regulator of the UPRmt in plants.

In this work, we were able to define common gene
expression signatures shared between twomitochondrial stres-
ses, AA and Dox (figure 1), which were consistent with the
previously defined ANAC017-dependent regulon (electronic
supplementary material, table S2; [25]). Interestingly, many
ANAC017 target genes are also the classic targets of UPRmt

in animals, which function in various physiological processes
summarized by Melber & Haynes [47]. These include genes
for mitochondrial protein homeostasis and import, including
chaperone proteins like heat shock proteins (sHSP23.5,
mtHSC70-1), a GrpE family protein MITOCHONDRIAL
GRPE 1 (MG1), AtOM66 (BCS1), which has a possible AAA
protease function, and mitochondrial import protein TIM17-
1. Under ANAC017 control are also genes for OXPHOSprotein
components like AOX1a, NDB2, NDB4 and STOMATIN-
LIKE 1/2 protein; proteins that regulate metabolism like ALA-
NINE AMINOTRANSFERASE 2 (ALAAT2), ASPARTATE
AMINOTRANSFERASE 2 (ASP2), 2,3-BIPHOSPHOGLYCE-
RATE-INDEPENDENT PHOSPHOGLYCERATE MUTASE
(IPGAM2); genes for mitochondrial dynamics proteins like
OPTIC ATROPHY 3 (OPA3) and finally proteins with a role
in ROS reduction and detoxification like AOX1a, Multidrug
And Toxin Efflux carriers (At2g04050), glutathione S-transferase
TAU 25 and SULPHOTRANSFERASE 12 (SOT12). We there-
fore suggest that the classical (ANAC017-dependent)
mitochondrial retrograde response underlies—and is probably
identical to—the UPRmt in plants. In agreement, we could not
find consistent evidence for genes that are specifically induced
by, for example, Dox but not AA (electronic supplementary
material, figure S4). Interestingly, the set of downregulated
genes are partially overlapping between AA and Dox (elec-
tronic supplementary material, figure S4), but also contain
many distinct components (figure 1). The importance of
ANAC017 in control of proteotoxic stress responses in plants
is strongly supported by its ability to improve growth resist-
ance to a wide range of mitochondrial dysfunctions induced
by AA, Dox, CAP or MB that are also model systems for
UPRmt in animals [12,13,19,47]. Many of the classic inducers
of UPRmt (FCCP, CAP, Dox) used in non-plant systems could
potentially affect chloroplast function in plants. Our analysis,
however, suggests that plant UPRcp genes are not induced by
these treatments, indicating that the effects are predominantly
targeting mitochondria also in plants. To what extent, it is the
imbalanced accumulation of mitochondrial proteins caused by
the inhibition of mitochondrial translation or import itself, or
alternatively the indirect effects this would have on the
OXPHOS chain, that triggers the nuclear transcriptional
responses, also remains unclear.

Despite our understanding of the downstream targets of
ANAC017-retrograde signalling, the events that initiate its
release from the ER are indeed still unknown. One possible
hypothesis suggests hydrogen peroxide (H2O2) generated
during mitochondrial stresses could induce ANAC017 clea-
vage. In both animals and plants, treatments that block
OXPHOS complexes, mitochondrial translation, protein
import or proton gradient were all shown to induce ROS (e.g.
superoxide and H2O2) production [14,17,22]. Another possi-
bility is that in plants, UPRmt involves induction of the UPRER

[48]. However, based on the array dataset for AA treatment to
WT (GSE41136), we do not see induction of the classic UPRER

marker genes [49] including IRE1A, IRE1B, TMS1, NAC089.
Some of these genes are even repressed by AA, e.g. PDI6,
PDI9, BIP1, CRT1 or SDF2. Therefore, it is possible that the
UPRmt in plants requires the UPRER to be maintained at a low
level. Moreover, UPRmt in plants seems directed specifically
towards the induction of mitochondrial heat shock protein
genes, like mtHSC70-1 and sHSP23.5, rather than the chloro-
plastic (cpHsc70-1, cpHsc70-1), the cytosolic (e.g. HSP70T-1,
HSC70-2, HSP70-15) or the ER (BIP1, BIP3) counterparts [14].
Despite the apparent physical separation between mitochon-
dria and ER, ANAC017 release from the ER may be facilitated
at contact sites between the mitochondria and the ER, which
have been demonstrated also in plants [50].

Finally, it appears that the UPRmt is integratedwith hormo-
nal signalling in plants [14]. Previous work showed that auxin
signalling is antagonistic to retrograde signalling, keeping
check on the growth versus stress response balance [43,44].
Also ethylene was pointed out to play a role during UPRmt

[14]. Here, we confirm that ethylene signalling plays a more
general role in retrograde signalling. Its precise role and how
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it is controlled is not entirely clear yet, but our data suggest that
ethylene is required for a fully extended retrograde response at
a transcriptional and physiological level, indicating a pro-
moting effect. Blocking ethylene signalling during UPRmt/
retrograde signalling partially rescues hypocotyl extension in
the dark. This suggests that the reduced growth caused by
mitochondrial inhibition is notmerely a result of energetic inhi-
bition of the plants, but at least in part a regulated phenomenon
with input from ethylene signalling. One study identified the
mitochondrial prohibitin atphb3 mutant in a screen for lines
with enhanced sensitivity to ethylene [51]. It was shown that
atphb3 mutants show strongly inhibited hypocotyl elongation
under ethylene treatment. By contrast, suppression of ethylene
signalling with AgNO3 partially rescued the shorter hypocotyl
phenotype of the atphb3 mutant, also indicating that the
reduced growth of the mutant is partially controlled by ethyl-
ene signalling. The atphb3 mutant has constitutively induced
ANAC017-dependent retrograde signalling [25,52] and pro-
duces higher levels of ethylene [51]. Treatment with Dox,
CAP or MB also activates ethylene-responsive genes and
promoter constructs, indicating ethylene production is prob-
ably increased [14]. It thus seems that mitochondrial
inhibition induces ethylene production and sensitizes the
plants to ethylene effects. The induction of ethylene-responsive
genes seems unaffected in anac017 mutants (figure 4),
suggesting the ethylene production and/or signalling are
ANAC017-independent. In conclusion, there are at least three
signalling pathways active during UPRmt/retrograde signal-
ling: ANAC017-dependent induction of gene expression,
ethylene signalling that enhances the growth reduction and
gene expression induction (but operates outside of ANAC017
itself ) and auxin signalling that represses retrograde signalling
and helps restore the balance towards growth.
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