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Summary

Communication of mitochondria with other cell compartments is essential for the coordination

of cellular functions.Mitochondria send retrograde signals throughmetabolites, redox changes,

direct organelle contacts andprotein trafficking.Accumulating evidence indicates that, in animal

systems, changes in mitochondrial function also trigger responses in other, either neighbouring

or distantly located, cells. Although not clearly established, there are indications that this type of

communication may also be operative in plants. Grafting experiments suggested that the

translocation of entire mitochondria or submitochondrial vesicles between neighbouring cells is

possible in plants, as already documented in animals. Changes in mitochondrial function also

regulate cell-to-cell communication via plasmodesmata and may be transmitted over long

distances through plant hormones acting as mitokines to relay mitochondrial signals to distant

tissues. Long-distance movement of transcripts encoding mitochondrial proteins involved in

crucial aspects of metabolism and retrograde signalling was also described. Finally, changes in

mitochondrial reactive species (ROS) production may affect the ‘ROS wave’ that triggers

systemic acquired acclimation throughout the plant. In this review, we summarise available

evidence suggesting that mitochondria establish sophisticated communications not only within

the cell but alsowith neighbouring cells and distant tissues to coordinate plant growth and stress

responses in a cell nonautonomous manner.

I. Introduction

Endosymbiotic acquisition ofmitochondria has been a cornerstone
of eukaryotic cell evolution (Lane, 2017). Modern-day mitochon-
dria are the result of a continuous evolutionary process that adjusted
organelle functions to cellular requirements and established

intricate connections between mitochondria and the rest of the
cell (Box 1; Welchen et al., 2014). As a consequence, cells have
established mechanisms to monitor mitochondrial functions and
respond to mitochondrial perturbations. From a mitochondria-
centric perspective, this implies that the organelle acquired the
capacity to send signals to other cell compartments, mostly the
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nucleus, and modify their activity accordingly. Mitochondrial
dysfunction triggers in most eukaryotic organisms the mitochon-
drial retrograde response (MRR), often related to perturbations in
reactive oxygen species (ROS) homeostasis (Van Aken, 2021), and
the unfolded protein response (UPRmt), brought about by
perturbations in protein balance (Tran & Van Aken, 2020). The
signals implicated in these responses are not completely under-
stood, but they are likely to includemetabolic and redox changes, as
well as direct organelle contacts and protein trafficking in some
cases (Welchen et al., 2021). In addition, the development of
multicellularity during eukaryotic evolution necessitated the
establishment of sophisticated communication mechanisms
between neighbouring cells and with distant tissues. Considering
this, it seems logical to assume that mitochondrial signalling
functions have also evolved to communicate organelle perturba-
tions in specific cell types to other, either neighbouring or distant,
cells. Accumulating evidence indicates the existence of these cell
nonautonomous pathways (Box 2) that may help to establish
coordinated responses at the tissue or organismal level. In this
review, we briefly summarise and discuss available evidence
pointing to the occurrence of cell nonautonomous effects of
changes in mitochondrial function and possible ways of

communication between cells. We also mention studies on animal
models that may help to guide the study of similar processes in
plants.

II. Cell-to-cell transfer of mitochondrial information

Mitochondria interact with the endoplasmic reticulum (ER),
peroxisomes and chloroplasts, exchanging ROS, enzymes and
metabolites (Fig. 1) (Jaipargas et al., 2015; Oikawa et al., 2021).
Responses to alterations in the organelle microenvironment are
frequently revealed as changes in shape and the formation of elastic
tubular extensions from the organelle body (Mathur, 2021). These
thin tubular extensions, or matrixules, are observed as a conse-
quence of mitochondria–ER interactions that regulate organellar
dynamics in response to hypoxia, light and the energetic state
(Jaipargas et al., 2015). The biological significance of many
physical mitochondria–ER interactions remains to be demon-
strated in plants. The Arabidopsis MITOCHONDRIAL RHO

Box 2 Studying cell nonautonomous mitochondrial signalling in
plants.

The termcell nonautonomous refers to cases inwhichcertain changes
in a cell cause changes in other cells in which these changes did not
occur. By contrast, in a cell autonomous process, changes in one cell
affect only processes within the same cell. Cell nonautonomous
effects require the existence of signals that originate in the effector
cell (the one that suffered the change) and are transmitted to
receiving cells, where they cause a response. Cell nonautonomous
effects ofmitochondrial changes arewell documented in animals and
several lines of evidence have suggested that they may also be
present in plants. Studies in animals were performed after knocking-
downgenesencodingmitochondrial respiratory chain components in
specific cell types or tissues using interfering RNAs expressed from
tissue-specific promoters (Durieux et al., 2011; Owusu-Ansah et al.,
2013). Alternatively, such promoters were used to express a protein
that affected mitochondrial function (Berendzen et al., 2016). The
use of tissue-specific RNA interference may be precluded by the
mobile nature of small RNAs in plants. Artificial microRNAs could be
used for this purpose, in combination with plant lines with reduced
motility, such as mutants in HASTY (Brioudes et al., 2021). Tissue-
specific gene mutation using CRISPR-TSKO (Decaestecker et al.,
2019) would also be an alternative. In a reverse approach, comple-
mentation of mutants with tissue-specific promoters may be used to
test the effect of restoring gene function in certain tissues on distant
tissues or cell types, but this strategy can only be applied to nonlethal
mutations. Tissue-specific expression of dominant-negative forms
(i.e. aberrant or defective subunits of mitochondrial protein com-
plexes that affect their function) could also be a valid strategy. Joining
parts of plantswith different genetic backgrounds through grafting is
also a valuable tool. This technique has been extensively used to
assess themovementof differentmolecules throughout theplant and
maybeused toanalyse long-distance effects (i.e. shoot to root or vice
versa) of mitochondrial perturbations brought about by any of the
strategies described above. Similarly, obtention and analysis of
genetic mosaics (Frank & Chitwood, 2016) could be useful to
ascertain short-distance effects (i.e. within different sectors of an
organ).

Box 1 Growth and defence: a central role of mitochondria in the
administration of energy for both processes.

Due to their canonical role as energy-providingorganelles, changes in
mitochondria impact plant growth anddevelopment. In coordination
with light, ROS, redox and hormonal pathways represented by
auxins, ethylene, abscisic acid and gibberellins, mitochondrial func-
tion affects seed germination and seedling establishment (Nietzel
et al., 2020; Jurdak et al., 2021), cell-cycle progression in plant
meristems (Van Aken et al., 2007; Liu et al., 2019; Wang et al.,
2019), and several other aspects of plant growth (Welchen et al.,
2021). In addition, mitochondria play a central role in energy
management for the development of plant tolerance responses
during stressful situations or in the final decision towards cell death
(Welchen et al., 2021). Stress conditions impose energy restrictions
and the reorganisation of cell metabolism, therefore limiting plant
growth to overcome the challenging situation. Mitochondria are
involved in stress-sensing and adaptive response pathways. Mito-
chondrial dysfunction triggers themitochondrial retrograde response
(MRR) that alters gene expression in the nucleus and is closely
interconnected toother cellular stress responsesof theplant.Notably,
this response is also related to changes in auxin homeostasis, possibly
leading to the transmission of signals between cells. Decreased
expression of certain mitochondrial metal chaperones modifies the
expression of genes involved in plant responses to different stress
conditions (Garc�ıa et al., 2016; Mansilla et al., 2019). Some mito-
chondrial components are also directly connected with stress
alleviation as they are involved in detoxifying toxic compounds or
the synthesis of antioxidants (Welchen et al., 2016).

The challenge is to elucidate the specific mitochondrial signal(s)
controlling each aspect of these phenomena, towhat extent they are
only related to energy (ATP, ATP/ADP ratio) limitation or if the
observed responses are also the result of the interactionwithmultiple
hormonal, energy and stress response pathways.
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GTPASE 2 (MIRO2) when expressed in tobacco cells tethers
mitochondria to the ER, controlling mitochondrial dynamics and
size (White et al., 2020). It was proposed that these interactions
would be important to modulate plant energetic metabolism, as
well as responses to pathogen attack. It is also noteworthy that two
transcription factors that mediate the MRR are tethered to the ER
membrane and released by proteolysis under conditions of
mitochondrial dysfunction (De Clercq et al., 2013; Ng et al.,
2013). The nature of the signal involved in this process is not
known, but the transmission of either the signal or the released
factor to adjacent cells remains a possibility. In addition, plant
mitochondrial metabolism produces ROS and changes in the
amount or nature of these species produce signals that modify
cellular functions (Van Aken, 2021). ROS signals can be
transmitted through contact sites between different organelles
and from cell to cell through the apoplast and plasmodesmata (PD)
(Considine & Foyer, 2020; Fichman et al., 2021). Changes in
mitochondrial ROS production in one cell may then trigger
coordinated responses in adjacent cells (Fig. 1).

In addition, mitochondria and chloroplasts regulate cell-to-cell
communication via PD, probably through changes in the redox
state (Stonebloom et al., 2009) and organellar signals control PD
formation (Ganusova et al., 2020; Dmitrieva et al., 2021). These
findings have contributed to the hypothesis of organelle–nucleus–
PD signalling (ONPS), critical for controlling plant development
in response to environmental signals and stresses (Azim & Burch-
Smith, 2020). The authors postulated that acquisition of the

ONPS was instrumental for the evolution of plants to allow the
coordination of responses to different cues. In this sense, it was
recently demonstrated that an increase in ATP and NADPH levels
regulates PD closure (Dmitrieva et al., 2021). Therefore, changes
in mitochondrial metabolism may affect plant functions in a cell
nonautonomous manner through the regulation of PD transport.
Mitochondria andPDmay also be linked through the activity of the
TARGET OF RAPAMYCIN (TOR) energy signalling pathway
(Brunkard, 2020). TOR regulates cell-to-cell transport through
PD and mitochondrial energy production is required for TOR
activation.

Extracellular vesicles (EVs) carrying mitochondrial components
or even entire mitochondria have been observed in animals (Liu
et al., 2020). EVs are formed under physiological conditions and
after oxidative stress and it was proposed that they participate in
cell-to-cell metabolic regulation and the modulation of immune
responses. For instance, intercellular transfer of mitochondria has
been shown to restore respiratory capacity in deficient cancer or
neuronal cells (Hayakawa et al., 2016; Dong et al., 2017). In
addition, cellular injury releases mitochondrial N-formyl peptides
and mitochondrial DNA (mtDNA) into circulation with func-
tionally important immune consequences (Zhang et al., 2010).
Release of mtDNA into the extracellular milieu also activates
multiple inflammatory pathways (Riley & Tait, 2020). Recent
evidence has indicated that selective mitochondrial proteins are
incorporated into EVs under physiological conditions and that this
process depends on the formation ofmitochondria-derived vesicles
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Fig. 1 Short-distance signalling:mitochondria establishmultiple intracellular interactions to coordinate energy, growth and stress responses. These include: (1)
retrograde signals that inducemitochondria retrograde responses (MRR) in the nucleus (Nu); (2) interactions with chloroplasts (C) and peroxisomes (Perox) to
exchange information in the form of reactive oxygen species (ROS) and other molecules; and (3) functional interactions with the endoplasmic reticulum (ER),
important for triggering theMRR. Signals may also be used to communicate the ‘mitochondrial state’ to neighbouring cells, either through the transmission of
interactionswith the ER through desmotubules (3) or by regulation of plasmodesmata (PD) function (4). Proteins andmRNAs (5), metabolites (6) or unknown
factors (7) can transmit mitochondrial signals through PD. ROS are also able to transmit redox signals to nearby cells (8). The intercellular migration of
submitochondrial vesicles or entire mitochondria was also reported (9). Mitochondria also share information with hormonal and energy signalling pathways
(10). Part of these signals may also be used to transmit information about the ‘mitochondrial state’ to distant parts of the plant (11). Solid or dotted lines
represent known or unknown signals transmitted within and outside the cell. Dashed arrows represent signals sent between cellular compartments migrating
outside. Blunt-ended arrows represent the crosstalk signals established between mitochondria, chloroplasts (C) and peroxisomes (Perox).
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(MDVs), involved in intracellular transfer of mitochondrial
components to other cellular locations (Todkar et al., 2021).
Notably, MDVs with oxidised mitochondrial components do not
form EVs and are instead targeted to lysosomes for degradation,
possibly as amechanism to prevent the transfer of damagedproteins
outside the cell (Todkar et al., 2021).

Mitochondrial vesicle-like structures have also been observed
during dark-induced leaf senescence in Arabidopsis, but transfer of
these vesicles between cells was not demonstrated (Yamashita et al.,
2016). Cell-to-cell movement of entiremitochondria was observed
in grafting experiments with two tobacco species, an alloplasmic
male-sterile N. tabacum variety and fertile N. sylvestris (Gurdon
et al., 2016). In this case, mobility was assessed by restoration of
fertility by the transmission of fertile mitochondrial genome from
N. sylvestris to N. tabacum in plants obtained after culturing tissue
from the graft zone. This showed that mitochondrial transmission
between cells is possible, but the frequency of these events is difficult
to assess. Using grafting experiments, Hertle et al. (2021) also
detected highly motile amoeboid-like plastid structures moving
through connective pores established between neighbouring cells as
a possible mechanism for horizontal genome transfer. In this study,
mitochondria were also frequently observed within the pores, but
the transfer of individual mitochondria between cells could not be
assessed due to the highly dynamic nature of these organelles
(Fig. 1). In summary, the intercellular transfer of vesicles contain-
ing mitochondrial components in plants, as observed in animals,
remains a possibility, but clear evidence about the existence of these
vesicles and their possible roles is lacking.

III. Long-distance signalling

Hormones and energy-regulating pathways

It has been well established that modifications in mitochondrial
function affect the activity of several hormonal pathways (Berkow-
itz et al., 2016; Welchen et al., 2021, and references therein). Even
if this may be distinct from the general concept of long-distance
signaling, it is evident that changes inmitochondrial activitymay be
transmitted over long distances by modifying these hormonal and
associated energy-regulating pathways. Most explored is the
connection between mitochondrial activity and auxins, in which
changes in mitochondrial activity affect plant growth through
changes in auxin levels and/or responses (Ohbayashi et al., 2019;
Gras et al., 2020). It is highly suggestive that three REGULATORS
OF AOX1a (RAO) proteins are auxin transporters located in the
ERmembrane (Ivanova et al., 2014), a place where auxin-mediated
responses are regulated (Middleton et al., 2018).Mitochondria and
auxin may also be connected through the activity of energy sensing
pathways. The catalytic subunit of the stress and energy sensor
SUCROSE NON-FERMENTING1 (Snf1)-RELATED
PROTEIN KINASE 1 (SnRK1) dynamically localises between
the nucleus and the ER (Blanco et al., 2019) and affects both
mitochondrial activity and auxin-mediated pathways (Simon et al.,
2018). SnRK1 antagonises the TOR pathway, which in turn is
regulated by auxins and mitochondrial activity (Brunkard, 2020)
(Fig. 1). These complex interactions establish a scenario that places

mitochondria as pivots between auxins and growth and stress
regulatory kinases (Box 1).

Perturbation of mitochondrial proteostasis triggers the UPRmt

that involves changes in ethylene signalling, in addition to auxin,
and effects on plant development and ageing (Wang & Auwerx,
2017). Mitochondrial dysfunction also triggers an ethylene-like
response during early seedling growth in darkness (Merendino
et al., 2020).Notably, this response and theUPRmt aremediated by
the ER-anchored transcription factor ANAC017 (Kacprzak et al.,
2020) that participates in the classical retrograde signalling
pathway.

A change in the amount of the mitochondrial electron transport
chain (mETC) component CYTOCHROME C (CYTc) was also
shown in Arabidopsis to alter the levels of gibberellins and, through
this, the rate of vegetative growth and starch accumulation (Racca
et al., 2018). It is highly likely that changes in hormone distribution
brought about by mitochondrial alterations act cell nonau-
tonomously to regulate plant growth. Although there has been
no clear evidence that CYTc is involved in early events that trigger
programmed cell death in plants, CYTc release frommitochondria
as a consequence of oxidative damagewas recently connected to this
event (Elena-Real et al., 2020; Matilla, 2021). Due to its reduced
size, about 12 kDa, there is a possibility that CYTc also translocates
to adjacent cells through PD when released from mitochondria,
although this has not been experimentally demonstrated.

Many pieces of evidence also exist connecting mitochondrial
proteins to resistance against pathogen infection and biotic stress,
and on the role of mitochondria in modifying salicylic acid (SA)
levels or responses (Colombatti et al., 2014; Belt et al., 2017;
Mencia et al., 2020). SA is a main player in the build-up of the
systemic acquired resistance observed in plants after infection with
biotrophic pathogens. Changes in mitochondrial activity at the site
of pathogen infection may then affect systemic responses to
pathogen challenge. There have been several examples of pathogen
effectors that are targeted to mitochondria to affect the immune
response of the plant (Colombatti et al., 2014; Sperschneider et al.,
2017).

In animal models, cell nonautonomous effects of mitochondrial
perturbations have been ‘elegantly’ described (Box 2). Durieux
et al. (2011) showed that the knockdown of components of the
mETC in specific cells increased organismal longevity (Fig. 2a).
Similarly, a mechanism based on the specific translational inhibi-
tion of the CYTc in germline cells that causes a lifespan extension
has been described (Lan et al., 2019). In both cases, this was related
to the induction of the UPRmt in distant tissues and the release of
systemic signals generally termed mitokines, from cells with
dysfunctional mitochondria (Fig. 2). Similarly, perturbation of
protein homeostasis causes the UPRmt response in plants that is
associated with the activation of hormonal signals (Wang &
Auwerx, 2017). Whether perturbations in specific tissues trigger
responses in distant tissues was not evaluated in this case. Available
evidence has indicated that certain hormones, such as auxin,
ethylene and SA, affectmitochondrialmetabolism,MRR andROS
production (Ivanova et al., 2014; Belt et al., 2017; Wang &
Auwerx, 2017; Mencia et al., 2020; Jurdak et al., 2021). As these
hormones also respond to mitochondrial perturbations, they may
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be operative as plant mitokines to relay mitochondrial signals to
distant tissues (Fig. 2b).

siRNAs, miRNAs, mRNAs and proteins

In addition to chemical messengers, other forms of long-distance
communication exist in plants to coordinate growth and develop-
ment. Mobile transcription factors and proteins regulating growth
in response to external stimuli have been described (Miyashima
et al., 2019; Jiang et al., 2020), but no examples of mitochondrial
proteins moving between cells are available. In addition, the ability
of siRNAs, miRNAs and mRNAs to move over long distances
through PD and the phloem stream is well known (Maizel et al.,
2020). Thieme et al. (2015) identified c. 2000 protein-coding
transcripts that are translocated to distant tissues both from shoot to
root and vice versa and proposed that mRNA mobility may
constitute a specialised signal influenced by plant nutrients.
Evidence for translation of the moving mRNAs at distant sites
was also obtained, indicating their functionality. Gene ontology
analysis identified ‘mitochondrion’ as an enriched term in the
population of mobile transcripts (Thieme et al., 2015). Mobile
mRNAs encoding mitochondrial proteins involved in RNA

metabolism, ribosomal proteins, mETC and protein import
machinery components, protein chaperones, and enzymes involved
in mitochondrial carbon and redox metabolisms have been
identified. Of special interest are those encoding ALTERNATIVE
OXIDASE1a (AOX1a), the alternative oxidase isoform involved in
MRR and stress responses, OUTER MITOCHONDRIAL
MEMBRANE PROTEIN of 66 kDa (OM66), an outer mem-
brane protein that participates in cell death, pathogen responses
and amplification of SA signalling (Zhang et al., 2014), MICU, a
regulator of a mitochondrial transporter involved in calcium
signalling (Wagner et al., 2015), and INCREASED SIZE
EXCLUSION LIMIT 1 (ISE1), a DEAD-box helicase involved
in regulating transport through PD (Stonebloom et al., 2009).
Moreover,mRNAs for the Arabidopsis NACdomain transcription
factor ANAC017, the ER-tethered transcription factor involved in
triggering the MRR and other stress responses mentioned before
(Ng et al., 2013), and WRKY DNA-BINDING PROTEIN40
(WRKY40), involved in the coordination of the expression of stress
responsive genes encoding chloroplast and mitochondrial proteins
(Van Aken et al., 2013), were also found among the mobile
mRNAs. The biological significance of the long-distance transport
of these mRNAs remains unexplored.
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Fig. 2 Long-distance signalling: from sending to receiving cells. (a) Examples of cell non-autonomous mitochondrial signalling in Caenorhabditis elegans and
Drosophila melanogaster. Mitochondrial stress (ETC stress) in ‘sending cells’ induces the unfolded protein response (UPRmt) (1) that triggers the generation of
mitokinesor other signallingmolecules (theneurotransmitter serotoninor theantagonist of insulin signaling ImpL2) (2), that travel to ‘receiving cells’ toproduce
a long-distance response (3). In the exampleofC. elegans,mitochondrial dysfunction in sending cells triggers a similar response (UPRmt) in receiving cells. In the
example of D.melanogaster, mitochondrial dysfunction in sending cells exerts changes in insulin (DILPs; Drosophila insulin-like peptides)-producing cells
(IPCs), thus modifying hormonal homeostasis systemically. Modified fromMiller et al. (2020). (b) By analogy, mitochondrial (Mito) dysfunction in ‘sending
cells’ may be transmitted to ‘receiving cells’ in plants through hormones acting as plant mitokines, ROS waves (represented as a yellow wavy arrow) and/or
mobile RNAs and proteins. Mitochondria can induce stress and retrograde signals by an unfolded protein response (UPRmt) and mitochondrial retrograde
responses (MRR) in receiving cells. This scheme is based on published literature showing the existence of multiple connections between mitochondria and
different signalling pathways (see text for details). Apparent difference in width of the arrows is not significant.
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ROS waves and spread signals

ROS signals can also be transmitted systemically through the so-
called ‘ROS wave’ (Fichman&Mittler, 2020) that is accompanied
by a change in cytosolic redox conditions in distant cells (Fichman
& Mittler, 2021). This implies the participation of electrical
signals, ion movements, hormones, and also mobile proteins and
RNAs. ROS long-distance signalling is dependent on ROS
generated in the apoplast by the plasma membrane enzyme
RESPIRATORYBURSTOXIDASEHOMOLOGD (RBOHD)
(Miller et al., 2009). It has been proposed that a communication
between RBOHD and ROS-producing organelles, like chloro-
plasts, peroxisomes and mitochondria, may be established in plant
cells, as observed in animals for mitochondria and plasma
membrane NADPH oxidases (Zandalinas & Mittler, 2018).
Changes in mitochondrial PROLINE DEHYDROGENASE, an
enzyme linked to the mETC, affect ROS production by RBOHD
and signalling during biotic stress (Fabro et al., 2016). In addition,
changes in mitochondrial redox state have been detected after
elicitor-induced ROS production by RBHOD (Nietzel et al.,
2019). These results indicated that mitochondrial function may
indeed be connected to ROS signalling through RBOHD. In
addition, recent evidence has suggested that these rapid systemic
signals can spread not only through plant vascular bundles but also
through mesophyll cells, triggering systemic acquired acclimation
(SAA) and safeguarding growth and defence responses (Zandalinas
&Mittler, 2021). ROS also increase intercellular transport though
PD and this is required for the propagation of the systemic signal
(Fichman et al., 2021). As mentioned above, mitochondria are also
connected to PD function andmay then also influence this process.
It was also suggested that different types of stresses trigger different
types of signals, therefore conferring specificity to the response
(Zandalinas & Mittler, 2021). ROS carry information by them-
selves, but amplify their power by promoting post-translational
modifications of key proteins that regulate plant growth and
developmental and stress responses (Considine & Foyer, 2020;
Møller et al., 2020; Nietzel et al., 2020; Bailly & Merendino,
2021). The connection of mitochondrial ROS to the propagation
of the ROS wave deserves further investigation. It has been well
established that mitochondrial changes influence plant stress
responses (Box 1) (Welchen et al., 2021), but if this is a local or a
systemic effect has not been evaluated.

IV. Conclusion

For the establishment and growth of complex sessile organisms
such as plants, an exquisite coordination ofmitochondrial function
with other cell compartments, mainly the chloroplast and the
nucleus,must exist. The existence ofmultiple interconnections that
allow this coordination has been firmly established. As plants are
multicellular organisms, it makes sense to also postulate the
existence of signalling mechanisms that operate beyond cell
boundaries, either over relatively short or long distances. From
the transmission of entire mitochondria to the modification of
hormonal pathways, which per se participate in cell-to-cell
signalling mechanisms, available evidence has indicated the

existence of cell nonautonomous effects of changes in mitochon-
drial function. Grafting techniques, as well as the effects of altering
mitochondrial components in specific cell types or tissues, may be
useful to ascertain the extent andphysiological rolesof sucheffects and
their participation in systemic acclimation responses (Box 2).
Questions also remain open concerning the nature of the systemic
signals that would be triggered in every situation. Are ROS, the redox
state, the energy state and chemical or electrical signals, post-
translational modifications of proteins, mobile RNAs or proteins,
and/or hormonal signals involved? It will be challenging to determine
how motile organelles such as mitochondria regulate growth,
development and stress responses in sessile organisms such as plants.
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