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ABSTRACT

The metabolic interdependence, interactions, and coordination of functions between chloroplasts and
mitochondria are established and intensively studied. However, less is known about the regulatory
components that control these interactions and their responses to external stimuli. Here, we outline how
chloroplastic and mitochondrial activities are coordinated via common components involved in signal
transduction pathways, gene regulatory events, and post-transcriptional processes. The endoplasmic re-
ticulum emerges as a point of convergence for both transcriptional and post-transcriptional pathways that
coordinate chloroplast and mitochondrial functions. Although the identification of molecular components
and mechanisms of chloroplast and mitochondrial signaling increasingly suggests common players, this
raises the question of how these allow for distinct organelle-specific downstream pathways. Outstanding
questions with respect to the regulation of post-transcriptional pathways and the cell and/or tissue spec-
ificity of organelle signaling are crucial for understanding how these pathways are integrated at a whole-
plant level to optimize plant growth and its response to changing environmental conditions.
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other interdependences between chloroplast and mitochondria.
For example, both organelles are central players in carbon and
nitrogen metabolism (Smith et al., 2019; Medeiros et al., 2021),

INTRODUCTION

Mitochondria are defining structures in eukaryotic cells. Mito-

chondrial endosymbiosis has been proposed as the triggering
event for the establishment of eukaryotic cells (Martin and
Muller, 1998; Gray, 2017). Except in some specialized lineages
of life, largely parasitic in nature, mitochondria are essential for
viability, and even in those specialized lineages, vestigial
mitochondria are present in the form of hydrogenosomes or
mitosomes (Makiuchi and Nozaki, 2014; Lewis et al., 2020). The
mitochondrial endosymbiosis took place over 1 billion years
ago and was followed by a second endosymbiosis that led to
the formation of plastids (chloroplasts) and the plant lineage.
Thus, chloroplasts evolved in a cellular environment where
mitochondria were already established. It is not surprising that
mitochondria and chloroplasts have become interdependent in
their >500 million years of co-evolution. It is well established
from over 50 years of research that essential processes such
as photorespiration are performed by interconnected metabolic
pathways within mitochondria and chloroplasts (and peroxi-
somes) (Eisenhut et al., 2019). However, there are a variety of

synthesis of FeS co-factors (Balk and Pilon, 2011), and fatty
acid synthesis (Guan et al., 2020); alterations in galactolipid
synthesis in chloroplasts are rescued by mutations in a protein
located in the mitochondrial contact site and cristae organizing
system (MICOS) complex (Li et al, 2019); mitochondrial
alternative electron transport is induced in extended darkness
(Pedrotti et al., 2018); and protease systems/proteostasis are
coordinated in some manner between both organelles (Kmiec
et al., 2018).

In contrast to the well-studied exchange between mitochondria
and chloroplasts at the metabolic level, much less is known
about the molecular components that co-regulate mitochondrial
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A number of pathways, both transcriptional and
post-transcriptional/translational, coordinate
mitochondrial and chloroplast function.

(A) Both chloroplasts and mitochondria signal to
the nucleus to alter nuclear gene expression by
sharing components in these pathways to coor-
dinate functions.

(B) Dual targeting (including proteins dually tar-
geted to mitochondria and chloroplasts and
retro-translocation of proteins from one organelle
to another or to the nucleus) enables coordina-
tion of organelle function, but how or whether it is
regulated remains unknown.

(C) Metabolites, ions, and ROS are all known to

.

be produced by, exchanged between, or
capable of affecting chloroplasts and mitochon-
dria. Clearly, they are involved in coordinating
function, but an understanding of how this is

J

mediated still requires identification of molecular
components.

(D) Although there are no documented cases of protein or RNA transport from mitochondria to chloroplasts, or vice versa, this represents a powerful

hypothetical mechanism for coordination of organelle function.

(E) Organelle extensions (stromules, mitotubules) have been documented, but any role in exchange between different organelle species has yet to be
demonstrated. Paths illustrated with solid lines represent cases for which there is experimental evidence of communication, and dotted lines indicate

hypothetical, as yet undemonstrated communication routes.

and chloroplast function. Both mitochondria and chloroplasts
signal their functional state to the nucleus to modify gene
expression and optimize function in a process called retrograde
signaling (Figure 1). Thus, their functional state has a sensory
function (Kmiecik et al., 2016; Crawford et al., 2018; Mielecki
et al.,, 2020; Mackenzie and Mullineaux, 2022). Perturbations
of mitochondrial or chloroplast signaling often result in greater
sensitivity to environmental factors, e.g., high light or drought,
demonstrating that organelle retrograde signaling is required
for optimal growth (Dahal et al., 2017; Pornsiriwong et al.,
2017; Dahal and Vanlerberghe, 2018; Duan et al., 2020;
Barreto et al., 2022; Zeng et al., 2022). Given the coordination
between these organelles at a metabolic level, it is presumed
that their signaling pathways are also integrated by shared
regulatory components.

This review will focus on the direct co-regulation of mitochon-
drial and chloroplast function by transcription factors (tran-
scriptional regulation) and post-transcriptional mechanisms
that affect protein components or abundance in both organ-
elles (Figure 1A). The potential role for dual-targeted proteins
will be reviewed, as this provides a direct mechanism for co-
regulation (Figure 1B). Possible and emerging routes of
regulation such as direct exchange of RNA or protein
molecules between mitochondria and chloroplasts and
physical interactions between organelles will be discussed
(Figure 1E). We will not focus on the function of metabolite
signaling molecules such as reactive oxygen species (ROS),
oxidation-reduction (redox) equivalents, or Ca®* unless their
direct target(s) have been identified or they have been shown
to co-regulate chloroplast and mitochondrial functions. The
involvement and importance of such metabolite signaling mol-
ecules in organelle signaling has been extensively documented

(Bittner et al., 2022; Castro et al., 2021; Foyer and Hanke,
2022; Leister, 2019; Li and Kim, 2022; Noctor and Foyer,
2016; Pollastri et al., 2021). Overexpression or knockout of a
variety of genes encoding mitochondrial or chloroplast
proteins often results in changes in the other organelle.
Although such experiments are valuable in elucidating links,
they often identify secondary responses rather than the
initial regulatory event(s). An example of the difficulty in
identification of regulatory components and mechanisms is
seen with mitochondrial succinate dehydrogenase. An
RNA-interference approach that reduced succinate dehydro-
genase activity by 30% resulted in plants with higher CO,
assimilation rates and enhanced growth (Fuentes et al,
2011). Furthermore, two reports strongly suggest a role for
succinate dehydrogenase in salicylic acid (SA)-mediated
signaling via ROS (Belt et al., 2017; Gleason et al., 2011), but
the direct link between the two has remained elusive. The
large number of such reports, and their limitations in
generating a mechanistic understanding, is beyond the
scope of this review.

THE MALATE VALVE MEDIATES THE
CHLOROPLAST-TO-MITOCHONDRION
COMMUNICATION PATHWAY

A good example of metabolites directly coordinating activities
between mitochondria and chloroplasts and for which the
mechanism has been elucidated is the function of the
MOSAIC DEATH 1 protein (Zhao et al., 2018). It is a plastid-
located enoyl-ACP reductase that is involved in de novo fatty
acid synthesis. The mutant shows induced programmed cell
death caused by increased mitochondrial ROS production
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Figure 2. Interactions between mitochon-
drial and chloroplast retrograde signaling
pathways.
Release of ANACO017 from the ER is initiated by
perturbation of mitochondrial function; after
)Y translocation to the nucleus, ANACO17 acti-
\X vates the expression of target genes. ANAC017
binds directly to the promoters of RCD1,
MKK9, and SOT, which have been shown to
participate directly in chloroplast retrograde
signaling pathways (see text for details). SAL1-
PAP signaling has been extensively character-
SnRK1 ized as a chloroplast retrograde pathway, but
emerging experimental evidence from comple-
mentation of a sal7 mutant with a mitochon-
dria-only targeted protein shows interaction
with mitochondrial signaling. CDKE has been
shown to regulate AOX7a and a variety of other
genes at a transcriptional, and for AOX7a post-
transcriptional, level. It interacts with SnRK1,
which displays a dynamic subcellular localiza-
tion, with cytosolic, ER, and nuclear localiza-
tions reported. ANACO17 is necessary for the

ER UPR response and ER-located RNA splicing enzyme inositol-requiring enzyme 1 that is involved in the alternative splicing of bZIP60.

ER, endoplasmic reticulum; UPR, unfolded protein response; ANACO017, Arabidopsis NAC transcription factor 017; ANACO013, Arabidopsis NAC
transcription factor 013; RCD1, radical cell death 1; MKK9, mitogen-activated protein kinase kinase 9; SOT, sulphotransferase; CDKE, cyclin-
dependent kinase E1; SnRK1, SNF1-related kinase 1; PAPS, 3'-phosphoadenosine 5'-phosphosulfate; PAP, 3’-phosphoadenosine 5'-phos-
phate; AMP, adenosine monophosphate; IRE1, inositol requiring 1; bZIP60, basic region/leucine zipper motif 60.

(Wu et al, 2015), and a suppressor screen identified
components involved in the malate shuttle (Zhao et al.,
2018). A defect in MOSAIC DEATH 1 leads to an increase in
chloroplast NADH levels, resulting in conversion of
oxaloacetate to malate in the chloroplast stroma and its
export to the cytosol via the dicarboxylate carrier. The
malate is subsequently imported into mitochondria and
oxidized back to oxaloacetate in the tricarboxylic acid cycle
with the excessive oxidation of NAD(H) by the mitochondrial
electron transport chain, resulting in ROS production that
triggers programmed cell death. In addition to mitochondrial
mutations in complex |, this study identified key enzymes
and carrier proteins in the malate valve that act as
suppressors, e.g., the plastid-localized, NAD-dependent ma-
late dehydrogenase, the chloroplast dicarboxylate carrier,
and mitochondrial malate dehydrogenase. The external addi-
tion of malate also induces ROS and cell death in mammalian
cell lines, indicating that this may be a well-conserved commu-
nication pathway in eukaryotic cells (Zhao et al., 2018). The
localization of the malate transporter in mitochondria (Lee
et al., 2021), the difference in metabolism between day and
night, and the operation of the tricarboxylic acid cycle and
the extent of photorespiration (Lim et al., 2020) together
suggest that exported chloroplast redox equivalents may be
oxidized directly or indirectly by mitochondria (Zhao et al.,
2020). Furthermore, the involvement of the citrate valve
indicates that additional metabolites are likely to be involved
in such signaling pathways (Igamberdiev, 2020; Lee et al.,
2021). Notably, the mitochondrial malate transporter is
induced transcriptionally as part of the mitochondrial stress
response (Van Aken et al., 2009); thus, transcriptional and
post-transcriptional pathways are linked and coordinated
(Van Aken et al., 2009) (see below).

TRANSCRIPTION FACTORS CO-
REGULATING CHLOROPLAST AND
MITOCHONDRIAL FUNCTION

Endoplasmic reticulum (ER)-bound NAC (no apical meristem,
transcription activation factors 1/2, and cup-shaped cotyledon
2) transcription factors in Arabidopsis have emerged as key reg-
ulators of mitochondrial and chloroplast signaling (Ng et al.,
2013a; De Clercq et al, 2013; Shapiguzov et al., 2019).
Arabidopsis NAC transcription factor 017 (ANACO017) was
identified in a forward genetic screen for regulators of
Arabidopsis thaliana Alternative Oxidase 1a (AOX1a) (Ng et al.,
2013a), the latter being the pre-eminent marker for mitochondrial
signaling in a variety of plants. At the same time, reverse genetic
approaches identified ANACO013 as a regulator of the mitochon-
drial dysfunction response (MDR) (De Clercq et al., 2013), a set
of genes that respond when mitochondrial function is perturbed
by several different approaches. Both these ER-bound transcrip-
tion factors are released from the ER upon perturbation of mito-
chondrial function. The exact mechanism has not been defined,
but evidence suggests that proteolytic activation by a rhomboid
protease plays a role in releasing transcription factors from the
ER (Ng et al., 2013a; De Clercq et al., 2013). ANACO017 is not
transcriptionally responsive to stress application (Meng et al.,
2019) and appears to be constitutively expressed (see below). It
is a direct positive regulator of the expression of ANACO013,
which is transcriptionally responsive to stress, and both
ANACO017 and ANACO013 are required for mitochondrial signaling.
The connection to chloroplast function comes from the interac-
tion of RADICAL CELL DEATH 1 (RCD1) with both ANAC013
and ANACO017 (Shapiguzov et al., 2019). The rcd? mutant
shows greatly altered chloroplast redox responses and is
resistant to oxidative stress, but it has a highly retarded growth
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Figure 3. Communication between mitochondria and chloroplasts at the post-translational level.
(A) The dual-targeted proteins SAL1, PRORS1, and WHIRLY1 have demonstrated roles in organelle retrograde signaling. The dual-targeted protein

AT12CYS affects the function of both organelles.

(B) Mitochondria and chloroplasts physically interact through organellar extensions (matrixules and stromules) and glycolytic enzymes. Mitochondria also
physically interact with the endoplasmic reticulum (ER) through the mitochondrial contact site and cristae organizing system (MICOS), but how the ER

mediates interactions between the MICOS and chloroplasts is still unknown.

(C) Ubiquitin proteasome system regulates functions and biogenesis of mitochondria and chloroplasts by mediating the degradation of protein import

machineries.

PRORS1, prolyl-tRNA synthetase 1; UBP27, ubiquitin-specific protease 27; SP1, suppressor of ppil1 locus 1; SPL1, SP1-like 1; GUN 1, genomes

uncoupled 1.

phenotype. ANAC017 and ANACO013 are required to activate the
mitochondrial stress response, which is essential for oxidation of
excess chloroplast reducing equivalents (Chadee et al., 2021).
ANACO017 directly binds to the promoter of RCD1, positively regu-
lating its expression (He et al., 2022) (Figure 2). RCD1 directly
binds ANACO017 and ANACO013 and inhibits their activity in the nu-
cleus (Shapiguzov et al., 2019). Thus, ANACO017 acts as a positive
regulator of a negative regulatory loop to suppress ANAC activity,
which acts as a convergence point for chloroplast and mitochon-
drial ROS signaling pathways.

There are several other direct molecular links between the ANAC
pathway and chloroplast function. Chromatin immunoprecipita-
tion sequencing analysis of the direct targets of ANACO17 re-
vealed that it binds to the promoter of MITOGEN-ACTIVATED
PROTEIN KINASE KINASE 9, which activates the MITOGEN-
ACTIVATED PROTEIN KINASE (MPK) 3/MPK6 pathway and
ethylene signaling (He et al., 2022) (Figure 2). This acts as a
convergence point with the ability of ethylene to repress
photomorphogenesis (Gommers et al., 2021). The PAP/SAL1
pathway, which controls the levels of the chloroplast signaling
molecule 3’-phosphoadenosine 5'-phosphate (PAP), is also
linked to ethylene (Balparda et al., 2020), as are the fast high
light retrograde signaling (Vogel et al., 2014) and
methylerythritol cyclodiphosphate (MEcPP) chloroplast retro-
grade signaling pathways (Zeng et al.,, 2022) (Figure 2).
ANACO17 also directly targets BASIC REGION/LEUCINE
ZIPPER MOTIF (bZIP) 60, bzZIP53, ANACO013, ANAC044,
ANACO081, and WRKY DNA-BINDING PROTEIN 25, which are
all regulators of the unfolded protein response associated with
the ER (Gladman et al., 2016) (Figure 2). Cytosolic protein
folding stress has been linked to the chloroplast GENOMES
UNCOUPLED 1 (GUNT1) signaling retrograde pathway (Wu

et al., 2019). Thus, it is possible there is a direct link between
ANACO017 and GUN1 signaling converging in the ER stress hub.
It has also been reported that ANACO17 is necessary for the ER
unfolded protein response induced by the addition of dithiothrei-
tol (DTT) (Fuchs et al., 2022). ANACO017 signaling can be triggered
by DTT stress, then induce the expression of AOX7a to alleviate
the reductive stress caused by DTT (Fuchs et al., 2022). The
impaired alternative splicing of bZIP60 in a mutant of the
INOSITOL REQUIRING 1 protein, with both proteins localized to
the ER membrane (Nagashima et al., 2011), leads to a greater
induction of AOX7a (Ng et al., 2013a), showing an integration of
the unfolded protein response and the mitochondrial stress
signaling pathway at the ER. The chloroplast signaling
metabolite MEcPP also induces bZIP60, providing another
convergence point for mitochondrial and chloroplast retrograde
signaling in the ER (Walley et al., 2015). It has also been
reported that mitochondrial retrograde signaling (MRS) is
regulated diurnally, with increased binding of ANACO017 to pro-
moters in the light than in the dark when mitochondrial dysfunc-
tion is induced by the mitochondria-specific inhibitor myxothia-
zol, overlap in the promoter sites bound by ANAC017 and a
variety of clock regulators, and altered expression of MDR genes
in clock mutants (Zhu et al., 2022).

In addition to the NAC transcription factors, several other tran-
scription factors also link mitochondrial and chloroplast retro-
grade signaling. Sumoylation of MYB DOMAIN PROTEIN 30
(MYB30) positively upregulates the expression of AOX7a in Arabi-
dopsis and leads to salt tolerance (Gong et al., 2020). MYB30
binds directly to the AOX7a promoter and rescues the salt-
sensitive phenotype of a myb30 mutant. MYB30 also regulates
systematic ROS signaling under high light but not other
stress treatments, like wounding or heat stress (Fichman et al.,
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2020). Importantly, MYB30 is required to link the ROS
wave to systematic acclimation. In addition to its role in the
high-light systematic response, MYB30 also regulates
photomorphogenesis by positively regulating expression of
PHYTOCHROME INTERACTING FACTOR 4 and 5 under light
conditions (Yan et al., 2020). The ANAC017 MRS pathway is
also under diurnal control, with several diurnal and clock regula-
tors having overlapping binding sites with those of ANACO017 (Zhu
et al., 2022). In addition, multiple MRS marker genes and genes
regulated by ANACO017 show altered expression in a variety of
clock mutants. Thus, in addition to the well-characterized metab-
olite exchange between chloroplasts and mitochondria, it is now
apparent that the alternative respiratory pathway that is part of
the MDR and required for efficient photosynthesis is co-
regulated with a variety of photosynthetic components by clock
and diurnal regulators.

Cyclin-dependent kinase E1 (CDKE1) is associated with the
Mediator complex, which is present in eukaryotes and links
bound transcription factors to RNA polymerase Il to regulate
the rate of transcript initiation (Poss et al.,, 2013). The
Mediator complex has a central role in many stress
responses (He et al., 2021). CDKE1 was identified as a tran-
scriptional and post-transcriptional regulator of AOX7a in Ara-
bidopsis (Ng et al., 2013b), and subsequent studies have
revealed that responses to chloroplast perturbation are also
altered in a corresponding cdke?l mutant (Blanco et al,
2014). CDKE1 interacts with SNF1-RELATED KINASE 1
(SnRK1), a central mediator of energy signaling in plant cells
(Crepin and Rolland, 2019). SnRK1 differs from the compo-
nents outlined above in that it acts in anterograde regulation
of organelle function (Wurzinger et al., 2018). It has been
linked to a variety of stress responses and specifically to
signaling of low energy status, i.e., extended darkness and
hypoxia, in relation to chloroplasts and mitochondria. SnRK1
regulates organelle energy metabolism by phosphorylation of
cytosolic enzymes such as nitrate reductase and sucrose-
phosphate synthase. Also, several chloroplast and mitochon-
drial proteins show altered phosphorylation patterns in mutant
backgrounds of SnRK1 (reviewed in Wurzinger et al., 2018). It
also directly phosphorylates the bZIP63 transcription factor
(Mair et al., 2015), which regulates electron transfer
flavoprotein/ubiquinone oxidoreductase (Mair et al., 2015;
Pedrotti et al.,, 2018). Dynamic subcellular localization/
compartmentalization of SnRK1 is proposed to mediate the
diverse processes in which it participates, with an interaction
with TOR (target of rapamycin) at the ER to balance energy
and stress signaling (Blanco et al., 2019; Gutierrez-Beltran
and Crespo, 2022).

DUAL TARGETING OF PROTEINS TO
COORDINATE CHLOROPLAST AND
MITOCHONDRIAL FUNCTION

In general, nuclear-encoded proteins have unique cellular locali-
zations to fulfill specific functions within the cell. Yet in plants,
over 250 proteins are targeted to two different cellular compart-
ments (Carrie et al., 2009a; Krause et al., 2012; Baudisch et al.,
2014). The frequency of dual targeting for mitochondria and
chloroplasts is considerably higher than that observed between

Plant Communications

other organelles, as more than 100 proteins have been
proposed to be dual targeted to mitochondria and chloroplasts
(Carrie et al., 2009b).

However, many dual-targeted proteins appear to function primar-
ily in only one organelle. This was demonstrated by hemi-
complementation, i.e., the targeting of the corresponding protein
to only one organelle, in mutant lines for dual targeted proteins,
e.g., for Arabidopsis BT1 (mitochondrial carrier family protein)
and RNA polymerase (Bahaji et al., 2011; Tarasenko et al.,
2016). Thus, we will not discuss dual-targeted proteins unless
they have demonstrated co-regulatory activities in both
organelles, bearing in mind that roles in both organelles may be
observed only under specific growth conditions and may go
unnoticed under standard, non-limiting growth conditions.

The adenosine bisphosphate phosphatase enzyme SAL1 and
Prolyl-tRNA synthetase 1 are both dual targeted to chloroplasts
and mitochondria and play a role in regulation of mitochondrial
and chloroplast function (Pesaresi et al., 2006; Estavillo et al.,
2011). SAL1 produces monophosphate PAP from 3'-
phosphoadenosine 5-phosphosulfate and regulates the
expression of a variety of nuclear genes in response to abiotic
and biotic challenges (Estavillo et al., 2011; Chan et al., 2016).
PAP is most extensively characterized as a mobile retrograde
signal from chloroplasts (Chan et al., 2016). However, partial
complementation of the mutant by targeting SAL1 to
exclusively one location showed that although mitochondrial or
nuclear targeting led to essentially full complementation,
targeting to the chloroplast was less effective. Although protein
stability may impact the interpretation of these results, they
do suggest that SAL1 may have distinct functions in each
organelle. Alternatively, as with ANACO17, SAL1 may be involved
in supporting chloroplast function but have its primary role in
mitochondria and the nucleus. Sulphotransferase 12, which
transfers the sulfuryl group from 3’-phosphoadenosine 5'-phos-
phosulfate to a number of secondary metabolites, is directly
regulated by ANACO017, further linking PAP chloroplast signaling
to mitochondrial signaling (He et al., 2022). Dual-targeted Prolyl-
tRNA synthetase 1 is involved in translation in both organelles,
which has a synergetic effect on signaling compared with a
defect in either organelle (Pesaresi et al., 2006). A variety of
other dual-targeted components are involved with organelle
gene expression, proteases, and ETC biogenesis (Figure 3). It is
unclear whether they are regulatory.

A variation on dual-targeting of proteins is the retro-translocation
of proteins from the chloroplast to the nucleus or between each
organelle. Retro-translocation of WHIRLY1 from chloroplasts to
the nucleus has been shown to influence several pathways,
notably SA signaling (Krupinska et al., 2020), although it is
difficult to demonstrate that such pathways are authentic and
do not represent artifacts. In transplastomic Nicotiana tabacum
(tobacco) transformed with WHIRLY1, the protein translocates
from chloroplasts to the nucleus, providing strong evidence
that this pathway is an authentic communication route (Isemer
et al.,, 2012). The fact that WHIRLY proteins display dual
targeting to mitochondria and chloroplasts suggests that retro-
translocation from one organelle can directly impact the other
by altered gene expression. Another notable example is the mito-
chondrial intermembrane space protein At12Cys. Its localization

Plant Communications 4, 100496, January 9 2023 © 2022 The Author(s). 5
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in cytosol, chloroplasts, and mitochondria was observed in a va-
riety of genetic mutants with disrupted mitochondrial complex |
biogenesis and activity (Wang et al., 2016). Depletion of
At12Cys protein not only affects biogenesis/activity of the mito-
chondrial respiratory chain but also increases the protein abun-
dance of Fe superoxide dismutase 1 (Wang et al., 2016), a
chloroplastic, cytoplasmic, and nuclear enzyme that performs
an antioxidant function in a copper-dependent manner (Dvorak
et al., 2020; Melicher et al., 2022). These findings indicate that
At12Cys protein not only affects respiratory chain biogenesis in
mitochondria but also may impact ROS homeostasis in the chlo-
roplasts, cytoplasm, and nucleus by affecting the abundance of
Fe superoxide dismutase 1. The mechanism for alteration of
At12Cys location could be inhibition of protein import into mito-
chondria or retro-translocation from mitochondria to the cytosol,
with subsequent import into chloroplasts. The full extent of pro-
tein retro-translocation from organelles is probably underesti-
mated, and it is a challenge to fully understand how organelles
communicate.

PHYSICAL ORGANELLE INTERACTION

Physical interactions between chloroplasts and mitochondria
were observed over one hundred years ago and have more
recently been analyzed for their function (Frederick and
Newcomb, 1969; Sage and Sage, 2009; Hanson and Hines,
2018). The behavior of mitochondria in leaf palisade mesophyll
cells was examined by confocal laser scanning microscopy.
These observations revealed that mitochondria adopt different
shapes during interactions with peroxisomes and chloroplasts,
e.g., elongated morphology in the light and spherical in the dark
(Oikawa et al., 2015). The proximity between mitochondria,
chloroplasts, and peroxisomes increased after high-light
exposure, a process proposed to be facilitated by
reorganization of the ER (Jaipargas et al., 2016). Chloroplasts in
nectary parenchyma cells from Citharexylum myrianthum form
protrusions to connect with mitochondria (Machado et al.,
2018), and elongated mitochondria dynamically interact with
chloroplasts in Arabidopsis pavement cells (Barton et al., 2018).
These interactions often occur through transient tubular
extensions of mitochondria, chloroplasts, and peroxisomes,
named matrixules, stromules, and peroxules, respectively
(Kohler and Hanson, 2000; Scott et al., 2007) (Figure 3). While
continuously changing shape and dynamically interacting with
their surroundings, the extensions could enhance the exchange
of metabolites and fluorescent proteins, and this process has
been well reviewed (Hanson and Hines, 2018; Mathur, 2021).
Exchange of other types of molecules such as RNA has also
been postulated (Hanson and Hines, 2018).

Although microdomains on organellar outer membranes seem
to be critical for organelle interaction (Schwarzlander and
Fuchs, 2017; Sparkes, 2018), the specific components
involved and how they regulate the interaction remain
unknown. In plants, glycolytic enzymes are physically and
dynamically associated with mitochondria, depending on the
respiratory demand (Giegé et al., 2003; Graham et al., 2007).
A specific glycolytic multi-enzyme complex (phosphoglycerate
mutase/enolase/pyruvate kinase) plays a moonlighting role in
mediating the interaction between chloroplasts and mitochon-
dria (Zhang et al., 2020) (Figure 3). Genetic mutation of these

Mitochondria and chloroplast interactions

enzymes resulted in a significant decrease in association
between the two organelles (Zhang et al., 2020). Another
putative pathway that regulates the organellar interaction is
mediated by the MICOS. In plants, two components of the
MICOS have been characterized, AtMic60 and AtDGS1
(Michaud et al., 2016; Li et al., 2019). Genetic mutation of the
two components led to disordered lipid trafficking between
mitochondria and chloroplasts, resulting in abnormal organelle
morphology (Michaud et al., 2016; Li et al., 2019). However,
there is no evidence that MICOS mediates a direct physical
interaction between mitochondria and chloroplasts. Analysis of
a quantitative, high-density genetic interaction map in yeast re-
vealed that MICOS complex genes share a strong genetic inter-
action with ER-mitochondrial encounter structure (ERMES)
components, indicating that there is a functional connection be-
tween the MICOS and ERMES in terms of lipid homeostasis,
mtDNA transmission, and mitochondrial dynamics (Kornmann
et al., 2009; Hoppins et al., 2011). Plus, the chloroplast-ER
physical contact sites are directly involved in the lipid
exchange (Tan et al, 2011; Block and Jouhet, 2015). We
therefore postulate that perhaps the co-regulation of chloro-
plasts and mitochondria can be mediated by interactions be-
tween the MICOS and ERMES (Figure 3).

REGULATION THROUGH THE UBIQUITIN
PROTEASOME SYSTEM

In yeast and mammals, the ubiquitin-proteasome system (UPS)
directly regulates mitochondrial biogenesis and function (Mishra
and Chan, 2014; Franz et al., 2015). A similar UPS seems to
exist in plant systems, but its extent is unclear. Arabidopsis
UBIQUITIN-SPECIFIC PROTEASE 27 (UBP27) is embedded in
the mitochondrial outer membrane (Pan et al.,, 2014).
Overexpression of UBP27 results in abnormal mitochondrial
morphology and loss of association between mitochondria and
DYNAMIN-RELATED PROTEIN 3, a component of the mitochon-
drial fission machinery. Thus, UBP27 has been proposed to affect
mitochondrial morphology by modulating the function of mito-
chondrial division proteins. SUPPRESSOR OF PPI1 LOCUS 1
(SP1), a RING-type ubiquitin E3 ligase, is another UPS compo-
nent that regulates organelle biogenesis in plants. Two indepen-
dent studies have revealed that SP1 is a novel regulator of plastid
and peroxisome biogenesis (Ling and Jarvis, 2015; Pan et al.,
2016). The studies demonstrated that SP1 can attach to the
organelle membrane, mediate ubiquitination of protein import
components, and promote their degradation. The SP1 homolog
SP1-like 1 (SPL1) plays a positive role in peroxisome biogenesis
(Pan et al., 2018). Although still under some debate, both SP1 and
SPL1 have also been observed to localize to mitochondria (Pan
et al., 2018). Thus, the role of SP1 and/or SPL1 in the regulation
of mitochondrial biogenesis in plants is of interest given that the
UPS has been widely reported to have this role in yeast and
mammals (Mishra and Chan, 2014; Franz et al., 2015). Based
on their function in regulating multi-organelle biogenesis and
localization, we postulate that SP1, SPL1, and/or other UPS com-
ponents orchestrate the biogenesis and functional relationships
of chloroplasts and mitochondria (and peroxisomes) (Figure 3).
A recent study of GUN1 is consistent with this hypothesis. The
study revealed that GUN1 regulates protein import from the
cytosol to chloroplasts and that a gun? clpc1 double mutant
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induces the cytosolic protein quality control system, including
many components of the 26S proteasome (Wu et al., 2019).
This indicates that GUN1 not only triggers retrograde signaling
at the transcriptional level via ANACO017 targeting of unfolded pro-
tein response regulators (as discussed above) but also triggers
retrograde signaling through the UPS that may also be linked
with mitochondria.

HORMONAL REGULATION OF
MITOCHONDRIAL AND CHLOROPLAST
FUNCTION

Given the central role of chloroplasts and mitochondria in pri-
mary and secondary metabolism, which provide the energy
and building blocks for growth, it is not surprising that organ-
elle signaling interacts with hormonal control of growth and
development (Fabregas and Fernie, 2021). Although this has
long been recognized, the mechanisms of these interactions
are only now being elucidated. It has been shown that both
MRS via the ANAC pathway and chloroplast retrograde
signaling (CRS) via the MEcPP pathway are antagonistic to
auxin signaling. Two independent studies showed that pertur-
bation of auxin signaling alone was sufficient to activate MRS
and that mitochondrial and auxin signaling were antagonistic
(lvanova et al., 2014; Kerchev et al., 2014). Characterization
of several genes involved in auxin homeostasis as direct
targets of ANACO017, notably URIDINE DIPHOSPHATE GLYCO
SYLTRANSFERASE 74E2, which glycosylates the auxin indole-
3-butyric acid to reduce auxin levels, and the auxin biosyn-
thetic enzyme YUCCADS, provides a mechanism for how this
is achieved (Kerchev et al., 2014; He et al., 2022). It was also
demonstrated that CRS via MEcPP specifically reduced auxin
abundance and signaling (Jiang et al., 2018). Thus, both CRS
and MRS converge to alter auxin signaling, coordinating their
response to environmental conditions. Both these pathways
also converge to interact with another phytohormone,
ethylene, which is not surprising given the well-characterized
interactions between auxin and ethylene (Muday et al., 2012).
Biotic and abiotic (high-light) stress induces the synthesis of
MECPP leading to the phosphorylation of MPK3/6 and a sys-
tematic stress response (Zeng et al., 2022). ANACO017 activa-
tion by mitochondrial dysfunction leads to stimulation of the
MITOGEN-ACTIVATED PROTEIN KINASE KINASE 9-MPK3/6
pathway involved in ethylene biosynthesis (He et al., 2022).
Also, phosphorylation of the auxin signaling repressor 1AA15
by MPK3/6 to repress root growth provides a direct link
between organelle signaling and inhibition of auxin-mediated
growth (Kim et al., 2022). ANACO017 also links to gibberellic
acid signaling, as it is a gibberellin-suppressing factor (Chen
et al.,, 2019), leading to the inactivation of gibberellic acid
(GA) and suppression of genes for its biosynthesis. GA has
been linked to repression of photomorphogenesis when
levels are low in early plant development (Shanmugabalaji
et al., 2018), and low levels of GA are also associated with
dark-induced senescence (Zhang et al., 2018). A note of
caution for an ANACO017-dependent role of GA is a lack of
GA-related genes targeted by ANACO017 as identified by chro-
matin immunoprecipitation sequencing (He et al., 2022) and an
age- and/or development-dependent epigenetic regulation of
ANACO017 (Bui et al., 2020).
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SA is another plant hormone that links chloroplast and mitochon-
drial function, although the molecular components involved have
not been dissected as for other hormones as outlined above. It
appears that plastid retrograde signals decrease SA synthesis
in chloroplasts, and in some mutant backgrounds (i.e., plastid
protein import 2, salicylic acid induction deficient 2, lesions
stimulating disease resistance 1), addition of SA induces the
expression of photosynthesis-associated proteins via transcrip-
tional and post-transcriptional routes (Hirosawa et al., 2021).
Silencing of thylakoid-located ascorbate oxidase also resulted
in increased levels of SA (Maruta et al., 2012). More directly, in
the var2 mutant lacking a functional FtsH protein, photosystem
Il damaged protein proteolysis and EXECUTER 1 signaling path-
ways are impaired. Accumulation of damaged proteins in the
chloroplast appears to induce the synthesis of SA as a retrograde
signal (Dogra and Kim, 2019). In mitochondria, it is well known
that SA induces the expression of AOX7a, a marker of
mitochondrial retrograde regulation (Rhoads and Meclintosh,
1993), but this is likely because it is both an inhibitor and an
uncoupler of the mitochondrial electron transport chain
(Norman et al., 2004). The mitochondrial OUTER MEMBRANE
PROTEIN OF 66 kDa (previously referred to as BIOSYNTHESIS
OF CYTOCHROME C,) is dramatically induced upon SA treat-
ment, and this induction differs in kinetics and sensitivity in
different defense-signaling mutant backgrounds compared with
AOX1a (Ho et al., 2008). Given that OUTER MEMBRANE
PROTEIN OF 66 kDa is induced after treatments that alter
mitochondrial function, it appears that SA does play a role in
signaling. As outlined above, a disrupted in stress response
mutant (dsr7) that maps to a gene encoding a subunit of
mitochondrial succinate dehydrogenase shows altered SA
gene-mediated expression and pathogen susceptibility
(Gleason et al., 2011). Thus, it appears that SA is involved in
both CRS and MRS, but the molecular pathways remain to be
defined.

Abscisic acid (ABA) is clearly an important hormone in plant
abiotic stress response, and given the role of organelle signaling
in such responses, it is likely that organelle and ABA signaling
converge. The role of ABA in organelle signaling has become
complex, with reports refuting a role for the transcription factor
ABA INSENSITIVE 4 (ABI4) in GUN1-mediated CRS (Kacprzak
et al., 2019). On the other hand, ABI4 has been defined as a
negative regulator of AOX7a in Arabidopsis based on a)
analysis of two abi4 mutant backgrounds in which AOX7a
was de-repressed; b) ABI4 binding to the promoter region of
AOXTa in an electrophoretic mobility shift assay and a yeast
two-hybrid system; and c) deletion of the ABI4 binding site(s)
leading to a large increase in GUS reporter activity driven by
the AOX7a promoter (Giraud et al., 2009). In addition, ABI4 is
part of the hormonal cross talk between ABA and ethylene
(Chandrasekaran et al., 2020). Finally, the CRS component PAP
is a second messenger in the ABA-dependent regulation of sto-
matal closure and germination. Together, these results provide
strong evidence for the interaction of organellar and ABA
signaling pathways (Pornsiriwong et al., 2017).

OUTSTANDING QUESTIONS

® The MRS and CRS pathways have largely been studied
separately. The distinction between the two has become
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more blurred with the identification of molecular compo-
nents that have a role in both pathways, e.g., SAL1-PAP
and ANACO017. How signaling specificity is achieved
(Moller and Sweetlove, 2010), if indeed a variety of
components are shared, is an important question.

o Dualtargeting and retro-translation are a powerful means of
coordinating organelle function and achieving specificity.
Resolving how both are regulated is technically difficult,
and this seems to be an underrepresented issue.

® The cytosolic ubiquitin proteasomal system is emerging as
a global system to coordinate organelle biogenesis and
signaling. A link to the ER unfolded protein response also
provides transcriptional and post-transcriptional routes
for organelle communication.

® The cell-specific nature of organelle signaling has yet to be
explored. There are hints that such specificity exists
(Beltran et al., 2018), with possible different branches of
pathways enriched in cell types, based on hormonal
specificity (Berkowitz et al., 2021). The emergence of
single-cell and spatial transcriptomes will reveal
tissue and cell specificity of organelle signaling and
interactions.
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