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Summary

During the three years of PhD, | investigated the WHIRLY2 function and impact during plant growth.
WHY2 is among several mitochondrial proteins involved in mtDNA replication and in non-
homologue recombination avoidance and repair (e.g. OSB1, OBD1, SSB1, MSH1). The redundancy
of these proteins is an indication of the importance of the control on these processes. Recent studies
are unveiling a more complex role for them, having an impact not only on DNA replication but also

on some aspects of plant development and in environmental sensing.

Mitochondrial ss-DNA binding proteins seem not involved in plant growth when the primary root,
rosetta and flower development parameters have been analysed. A more detailed analysis reported
a high transcriptional expression of WHY2 during the early stages of embryo development as well
as during the development of pollen. Furthermore, it has been observed that the absence of
WHIRLY2 can cause problems during developmental phases in which high cell replication rate and

high-energy demand are required.

To allow proper mitochondrial division, mtDNA replication is increased during these stages in order
to provide organelles with a complete and organized genetic endowment. We reported that the

knockout of WHY2 is enough to cause an increase in embryonic abortion and failure in germination.

The function of this protein under normal growth conditions was investigated by comparing WT to
mutant lines, in which disorganization at the level of the mitochondrial nucleoid was observed. In
addition, an increase in mtDNA damages, not supported by an increase in mtDNA copy number was
reported when WHY2 knock-out lines were exposed to a genotoxic agent. On the other hand, in
stressful conditions when mitochondrial activity becomes fundamental as main energy source and
as stress sensing, the absence of WHY2 causes an increase in aberrant mtDNA products, in the
disorganization of the nucleoids and also in mtDNA copy number. This mechanism could be part of
the signal communication system between the mitochondrion and the nucleus. The importance of
WHY2 has been confirmed by observing knock out plant growth during prolonged salt stress: there

show a delay in the primary root growth, in germination and in plant survival.

In addition, we hypothesized a second role for WHY2 as a possible player in retrograde signalling
(RS). Several factors involved in this communication mechanism were analysed in plants exposed to
salt stress, comparing the response of WT and mutant lines. Our results highlighted a delay in the
RS response in mutant line, and consequently an increase in the intracellular ROS accumulation and
in oxidative damage mirrored by a stronger induction of the ROS-regulated genes (mtHSC70-1 and
WRKY15). A misperception of salt stress and ROS (and thus an inefficient response) is further
supported by enzymatic activity and energy production assays. More and more recent studies are
hypothesizing the involvement of WHIRLY proteins in the retrograde signalling pathway, this work

indeed shows that WHY2 role is not restricted to the organelle DNA replication and repair.



In conclusion, mitochondria and mitochondrial proteins are required during the entire plant life

cycle and during stress responses, playing fundamental in several processes.

Increasing knowledge in this research field will become more and more relevant in the next future

for its possible applications in crop production and yield increase.






Abstract

In the last few years, the importance of organelles as central coordinators of plant responses to
internal/external stimuli has become increasingly important. Mitochondria have a fundamental role
in energy production, but play also a role as stress sensors of environmental stimuli, being a
component of a complex communication network between organelles and nucleus. WHIRLYs are
plant-specific proteins that have been characterized as ssDNA-binding proteins because of a
characteristic conserved DNA-binding domain. In Arabidopsis, the WHIRLY family includes three
members: WHIRLY1, WHIRLY2 and WHIRLY3, presenting specific target sequences that localize them
in the plastids and nucleus (WHIRLY1, WHIRLY3) or in the mitochondria (WHIRLY2). WHY2 among
the proteins involved in mtDNA repair is the most abundant and evidences suggest an important
role of it in mitochondrial genome replication necessary to complete mtDNA activity. Recent results
on WHY2 show a link between mtDNA stability and proper mitochondrial morphology, dynamics
and functionality, indicating a fundamental role of this protein in mitochondrial activity during
development and stress responses. Failure in maintaining the mitochondrial genome stability
results in the accumulation of mutations and genomic rearrangements that can become deleterious.
In the present work data are reported showing the relationship between mtDNA maintenance, high
levels of WHY2 and the response to abiotic stress. Evidences show that WHY2 plays a role in the
response to different abiotic stresses. Our results also suggest an involvement of WHY2 protein in
retrograde signalling in response to abiotic stresses. The study of mitochondrial proteins, as WHY2,
contributes to open up a new conception of the role of mitochondria as a stress response centre
and to unveil molecular mechanisms underlying the communication between mitochondria and

nucleus in response to stress.
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Introduction

1.1 Plant bioenergetic organelles

Plants are unique organisms provided with different intracellular organelles: unlike animals their
cells contain not only mitochondria, the centre of energy production (ATP), but also chloroplasts as
main organelles. Mitochondria have a multitude of roles and are fundamental not only for providing
the cell with the energy required for their functioning, but also for allowing a proper response to a
wide range of stresses and environmental stimuli. In addition, they play a role in deciding the fate
of the cell by regulating programmed cell death. Chloroplasts are organelles in which photosynthesis
takes place, converting lights (photons) energy into complex molecules such as sugars, used in ATP-
producing metabolic pathways like glycolysis and the Krebs cycle. Chloroplasts and mitochondria
cooperate in basic energy producing processes and both contribute to retrograde signalling (a
communication mechanism between organelles and nucleus) during high energy-demanding
growth phases and in response to stress (Crawford et al., 2018). This unique system of plant cells
provides the opportunity to study intraorganellar communication mechanisms between nucleus
and organelles and a possible communication mechanism between mitochondria and chloroplasts.
Photosynthesis and respiration are, in fact, interrelated processes as well as mitochondrial and

chloroplasts functionality and their biogenesis is dependent on each other.

These two intracellular organelles have evolved from bacteria through endosymbiosis, a process in
which an organism evolves to live in symbiosis inside its host. This endosymbiosis process likely
originated as an initial fusion of two prokaryotic cells, probably between a bacterium and an
archaea, turning into a close living relationship after a long period of metabolic interconnection
between the two cells. Biochemical and structural analyses suggest mitochondria descended from
an a-proteobacterium-like ancestor that invaded or was engulfed by an archaeal-like host 1.5 billion
years ago or earlier. Subsequently, there was a second colonization of these new eukaryotic cells
with prokaryotes containing chlorophyll, which, over the time, became the current chloroplasts.
Mitochondria and chloroplasts have their own genome and have the ability to maintain genetic
information across generations. Over time the retention of the organellar genome has changed.
During the co-evolution period, most of the protein-coding genes have been transferred from the
mitochondria to the nucleus, that is now carrying the wider part of organellar genetic information.
Nowadays, plant organelle genomes are severely reduced, in fact, more than 95% of organelle
proteins are encoded by nuclear-located genes. For instance, Arabidopsis thaliana mitochondrial
DNA (mtDNA) encodes 32 proteins, 3 ribosomal RNAs (5S, 18S and 26S rRNAs) and 22 tRNAs (Unseld
et al., 1997; figure 1.1), a very small number when compared to the 1500 proteins localized in

mitochondria (Woodson and Chory, 2008). The same process happened for chloroplasts during

evolution. The chloroplast genome contains 112 unique genes, 16 of which are duplicated in the
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inverted repeat (figure 1.1). Of the 112 unique genes, 78 are predicted protein-coding genes, 4
are ribosomal RNA genes and 30 are tRNA genes (Supriya and Priyadarshan, 2019).

Chloroplasts are composed by an envelope of two membranes which encompass a third complex
membrane system, the thylakoids, including grana and lamellae. Their dimension goes from 5-10
um to 3-4 um. The chloroplast movements should be appropriately regulated by environmental
signals, such as light. Chloroplasts change their position in response to light, moving towards weak
light to capture light efficiently (Suetsugu et al.,, 2016) and escape "chloroplast avoidance" in
response to high light.
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Figure 1.1: Organelles genomes in Arabidopsis. (A) Circular mapping of mtDNA (NCBI NC_037304), encoding some (not all) subunits of Complexes |-
IV, ATP synthase, the mitochondrial ribosome, tRNAs, and rRNAs. The genome is much larger than the familiar 16 kb mammalian mtDNA, with large
non-coding regions. (B) Circular mapping of ptDNA (NCBI KX551970), encoding some (not all) subunits of photosystem complexes, electron transport
chain proteins, the plastid ribosome, tRNAs, and rRNAs. The genome is divided into large and small single copy regions (LSC and SSC) separated by
inverted repeat regions IRA and IRB. From Johnston 2019.

Mitochondrial genome of animals and fungi is much smaller (around 16.5 kb in animals) and more
packed than that of the plant, that is larger (from 200 kb to 11.3 Mb) and structurally more complex
(Backert et al., 1997; Cupp and Nielsen, 2014; Taanman, 1999). In angiosperms mtDNA size is
between 200 and 750 kb (Kubo et al., 2008).

Mitochondria in plants are 1-2 um long and usually spherical with fast dynamics (figure 1.2): a high
rate of fission and fusion is required to maintain functional mitochondria and to allow the sharing
of proteins, metabolites and mtDNA (Paszkiewicz et al., 2017). The dynamic exchange and
movement also allow the fast positioning of mitochondria in the areas of the cell where their
functions are especially required and organellar proximity is needed in several metabolic pathways
(Jones, 1986; Chustecki et al., 2021). Mitochondria can form dynamic, interconnected networks,
regulated by an equilibrium of fusion and fission events that, in turn, determine the organelle

number, size, shape, dynamics, and, most importantly, functionality. Alterations of the dynamics
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and shape of mitochondria can be detrimental to the organism and strongly linked to genome
instability (Hoppins, 2014; Prevost et al., 2018).

Given their origin, the intercommunication mechanism between nucleus and organelles must be
tightly regulated to ensure the proper functioning of the intertwined system and to ensure no
imbalance.
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Figure 1.2: The internal structure of mitochondria. Mitochondria structure that comprises outer membrane, inner membrane, intermembrane space
and matrix. From Frey and Mannella, 2000.

1.2 Mitochondrial DNA and its maintenance in plants

Like chromosomes, mtDNA is packed into discrete mtDNA-protein complexes referred to as
nucleoids. In addition to its role as a mtDNA shield, nucleoid-associated proteins play a role in
mtDNA maintenance and gene expression through either temporary or permanent association to
mtDNA or other nucleoid-associated proteins (Doimo et al., 2020; Lee and Han, 2017). Nucleoids
(nucleoproteins-DNA complexes, figure 1.3) are the sites where mitochondrial genome is packed

and where replication, repair and transcription take place.

The mtDNA varies highly in plant cells: the length and its complex organization and structure can
differ a lot between mitochondria of different tissues or developmental phases, and even in the
same cell (Preuten et al., 2010). Moreover, there is often less than one copy of mtDNA per
mitochondria, meaning that not all mitochondria contain DNA (Preuten et al., 2010). The mtDNA
forms a mix of loop and linear-branches, rosette-like structures, and head-to-tail concatemers and
can accordingly be found in many different structures (Backert et al., 1996; Bendich, 1996;
Oldenburg and Bendich, 1996, 2001; Backert and Borner, 2000). Large repeated sequences appear
to mediate high frequency, reciprocal DNA exchange that can result in subdivision of the genome

into a multipartite configuration. In plant mitochondrial genome, where multiple pairs of repeats
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are present, the recombination activity produces a complex, inter-recombining population of

heterogeneous molecules (Fauron et al., 1995).

In plants, mitochondrial DNA replication is completely different compared to animals. Different
populations of mtDNA co-exist in the same plant: this is caused by recombination events that
happen between different DNA molecules on large repeats (usually interconvertible by homologue
recombination) and by ectopic recombination between microhomology sites that are usually

unreversible (Woloszynska et al., 2009). These events modulate the plasticity of plants mtDNA.

Given its complex organization and structure, the maintenance of correct replication and division of
organellar DNA is one of the roles of the organelle itself, and it is crucial for the correct functioning.
The replication process is recombination-dependent, and it particularly relies on homologue
recombination driven by a high number of repeated sequences. The exact mechanism of plant
mtDNA replication remains unclear. Plants most likely utilize multiple strategies in tandem to
replicate their mitochondrial genomes (Cupp and Nielsen, 2014). Some of these mechanisms include
recombination dependent replication (RDR) and/or a rolling circle mechanism similar to
bacteriophage T4 DNA replication (Backert and Borner, 2000), as well as traditional bi-directional
replication from specific origins of replication. The mtDNA can be observed as ‘rosette’ structures,
these structures are due to a high frequency of recombination and replication that originate from
recombination sites. Incorrect replication of mitochondrial DNA would damage mitochondrial
dynamics and functionality creating aberrant sequences and molecules. For this reason, there is a
redundancy in DNA repair proteins that localize into the mitochondria, like Organellar DNA-binding
Protein 1 (ODB1), Organellar Single-stranded DNA-binding protein 1 (OSB1), MUTL protein Homolog
1 (MSH1), Single Strand DNA binding protein (SSB1), Whirly2 (WHY2). Among them, WHY2 was

found to be the most abundant protein in A. thaliana mitochondria (Fuchs et al., 2019; figure 1.3).
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Figure 1.3: Proteins involved in plant mitochondrial nucleoids. RecA homolog 2 (RECA2); MutS homolog 1 (MSH1); organellar DNA-binding protein 1
(ODB1); organellar single-stranded DNAbinding protein (OSB1, OSB3, OSB4); T3/T7 bacteriophage-type RNA polymerase, mitochondrial (RPOTm);
T3/T7 bacteriophage-type RNA polymerase, mitochondrial/plastidial (RPOTmp); Mitochondrial single-stranded DNA-binding protein (SSB1, SSB2);
SWI/SNF protein complex B protein 5 (SWIB5); Type-IA DNA topoisomerase (TOPI), Twinkle-like DNA primase-helicase (TWINKLE); Whirly 2 (WHY2).
From Fuchs et al., 2019.

The process of mitochondrial division is of particular importance since mitochondria cannot be

created de novo, and must, therefore, be formed by the division of an existing organelle (Scott et
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al.,, 2006). Mitochondrial fission and fusion, mtDNA replication, repair and homologue

recombination are fundamental processes that allow a proper division and replication of mtDNA.

Mitochondrial fusion provides another opportunity for the exchange of mtDNA fragments whose
integration occurs through recombination during the replication of mtDNA (Arimura, 2018). These
processes are important for mitochondrial inheritance and for the maintenance of mitochondrial

function.

A high degree of mitochondrial replication activity is linked to an increase in mtDNA structural
complexity caused by the different mtDNA replication methods, that reflect an increase in mtDNA
content per organelle. Mitochondria have to ensure a perfect expression of organellar DNA-binding
proteins involved in the repair system to avoid non-homologue recombination that can generate
aberrant and incomplete DNA products (Cheng et al., 2017). Massive mitochondrial fusion (MMF)
plays an important role in plants, mainly during specific growth phases, for example flowering, in
the embryo development and germination (figure 1.4), mixing the mitochondrial population and
allowing proper mtDNA replication. MMF, in fact, ensures genome repair and a proper distribution
of mtDNA between mitochondria, to secure a functional mitochondrial genome in each of them
(Ray et al., 2021).

MMF in the Plant Life Cycle

Zygote—— NMMF [long tubular]

|

Embryo in seed —— Promitochondria

|
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!
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Embryo sac Mature Plant —s phyll ___ Regenerated

protoplast plant
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l Note: RAM has punctate
Flower mitochondria

Figure 1.4: Massive mitochondrial fusion (MMF) in plant life cycle. From Ray et al., 2021.

There are many factors that can induce mtDNA damage. During growth, a high rate of mtDNA
replication is required and it may lead to the formation of aberrant products, if not properly helped
by the cell repair system. Environmental stresses may also impact on mtDNA integrity. Oxidative
molecules (particularly Reactive oxygen species (ROS) such as peroxides and free radicals) can react
with DNA bases causing mutations or strand breakage. Thus, an active DNA recombination system
is crucial and allows the cell to correct mutations. In particular, high-frequency homologous
recombination (HR) and base excision repair (BER) systems are required for efficient DNA repair in

mitochondrial environment (Gualberto et al., 2014). In plants, HR has a fundamental role in many
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processes, like primary DNA repair, mtDNA replication and segregation. Defects of such a system
can lead to malfunctions of all these processes. Failure in maintaining the stability of mitochondrial
genome results in the accumulation of mutations and in genomic rearrangements that, if not
properly repaired or removed, can become deleterious for the whole organism (Gualberto and
Kihn, 2014; figure 1.5). Aberrant mitochondrial DNA can cause the formation of aberrant genes
that, in some cases, were found to lead to male sterility and other plant growth impairments (Chen
and Liu, 2014).
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Figure 1.5: Plants are immobile and thus subject to greater environmental fluctuations than motile organisms. These fluctuations are hypothesized
to lead to increased potential for organelle DNA damage through redox activity (ROS), and an increased pressure to retain organelle genes for CoRR
or alternative sensing and control. From Johnston 2019.

In animal systems it has been suggested that the shape of mitochondria is strictly dependent on its
DNA organization and integrity that are, in turn, reliant on many proteins and complexes involved
in different nucleoids functions, structural and not (Ban-Ishihara et al.,, 2013). Moreover, in
mammals it has already been proved that the organization of cristae strongly depends on the
integrity of mtDNA/nucleoids (Ban-Ishihara et al., 2013). In plants such relation has only been
speculated but not yet shown. Generally, the swelling of mitochondria can be explained by an
impairment in the recruitment of fission proteins involved in the organelle division, while an
elongated shape can be ascribed to an imbalance between fission and fusion (Yan et al., 2019).
Moreover, in plants, mitochondrial dynamics are closely related to both organellar shape and DNA
state: ongoing fusion and fission events, that reshape organelle morphology, are an important
feature for maintaining mitochondrial plasticity and to provide a way for promoting recombination
of DNA fragments (Arimura, 2018). MMF is likely to facilitate nucleoid transmission, mtDNA
recombination, and the homogenization of mitochondrial components, thus providing a sort of

quality control for mitochondrial populations (Rose and McCurdy, 2017).
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1.3 Mitochondria in plant development

Organelles have a major role in intracellular energy production, that is the very foundation of all
plant cells processes. Mitochondria occupy a central spot in the metabolic network of eukaryotic
cells: they house many essential metabolic processes and several other pathways fundamental
during plant development. In the last few years, the importance of these organelles is increased
more and more: they are known not only as major energy producers but also to allocate resources,
metabolites, and signals throughout the cell, becoming central coordinators of several responses

such as plant development, metabolic pathways, and stress responses.

In plants, high motility of mitochondria is required to meet the changing energy requirements of
the cells throughout different developmental stages and environmental conditions (Zottini et al.,
2006). The regulation of mitochondrial network dynamics is critical for energy homeostasis, allowing
the plant to respond rapidly and directly to acute metabolic perturbations balancing energy demand
and production (Yu and Pekkurnaz, 2018). Indeed, this is more evident in those phases of plant life
when high mitochondrial activity is particularly required, such as seed germination. In fact, early
plant developmental phases are highly energy demanding, needing functional mitochondria to
provide ATP. It has been observed that in tissues where a high cell division occurs (germinating
seeds, embryo development, shoot apical meristems and pollen development), characterized by an
active mtDNA synthesis, mitochondria have an elongated shape due to the dominance of the fusion
over the fission process (Segul’-Simarro et al., 2008; Paszkiewicz et al., 2017; Mogensen and Rusche,
1985; Mogensen et al., 1990).

The mitochondrial isoform of Muts homologl participates in DNA recombination surveillance in A.
thaliana. Its absence results in enhanced mitochondrial genome recombination at the level of
numerous repeated sequences. As a consequence, unusually large-sized mitochondrial shapes and
compromised dynamics are detected (Xu et al., 2011). The absence of some mitochondrial nucleoids
proteins are linked to alterations of mitochondria morphology and functionality during plant
development. In conclusion, mitochondrial morphological changes can be induced by the cell itself
to meet specific metabolic needs but can also be due to mutations and other detrimental processes,

causing physiological and developmental alterations.

1.4 Mitochondria in stress response

Mitochondrial fission and fusion rate can be altered not only by a high energy demand during
developmental phases but also by various stimuli related to stresses, as for example low oxygen, UV
light and dark (Ramonell et al., 2001; Jaipargas et al., 2015; Gao et al., 2008). Under stress
conditions, mitochondria clustering can be observed associated to mitochondrial reorganization and

replication as well as to the sharing of compounds fundamental in mitochondrial activity necessary

17



to achieve stress acclimation. Under these circumstances, a reduced motility is observed while
mitochondrial expansion is promoted (Pan et al., 2014). The clustering of fused mitochondria not
only permits a reorganization of mtDNA, but also allows protein exchange to optimize ATP supply,
needed in different zones of the cell. For example, during exposure to high NaCl concentrations,
high cytosolic Na* causes a depolarization of mitochondrial membranes (affecting the transport of
metabolites across the inner mitochondrial membrane) and induces the production of Reactive
Oxygen Species (ROS) (Che-Othman et al., 2017). The negative membrane potential of functional
mitochondria means that Na* in the cytosol will be drawn to accumulate inside the organelle,
leading to excessive ROS production in mitochondria and loss of mitochondrial outer membrane
potential caused by oxidative modification of the permeability transition pore. A high level of Na*,
in addition to causing osmotic stress, is also highly toxic to the cell: it affects TCA cycle (tricarboxylic
acid cycle), several metabolic pathways and proteins functionality. For example, Na* competes with
K* which is a co-factor of different enzymes, but also affects the mitochondrial activity caused by
the membrane potential depolarization. During salt stress, ATP and reducing molecules are essential
to drive reactions in the cell to prevent or reduce the severity of salt toxicity. Mitochondria fill this
storage-and-supply role during stress response to cover the need for ATP and reducing molecules
required for ion transport, compatible solutes biosynthesis (sugars and amino acids), and ROS

detoxification in different compartments of the cell (Che-Othman et al., 2017).

In response to salt stress, tissue tolerance is achieved by regulating the cellular and intracellular Na*
homeostasis, through ion exclusion and compartmentation, induced by the salt overly sensitive
(SOS) pathway (Manishankar et al., 2018). During stress response, intracellular Ca%* homeostasis is
altered generating a cytosolic signal defined as “calcium signature” that varies in frequency,
amplitude and shape depending on the nature of the stimulus (Dodd et al., 2010). Calcium-
dependent protein kinases (CDPKs), translate the information from Ca?* signatures into
phosphorylation of specific target proteins and are therefore classified as sensor responders. Their
function is to alter downstream target activities via Ca?*-dependent protein-protein interaction.
Calcineurin B-like proteins (CBLs) also have a role in mediating the output of calcium ion fluxes: upon
calcium binding, they interact with a family of serine/threonine protein kinases designated as CBL-
interacting protein kinases (CIPKs). CBL-CIPK complexes modulate the phosphorylation state of
target proteins and could be considered as bimolecular sensor responders. In response to salt stress,
the cytoplasmic Ca?* concentration has been shown to increase rapidly after plants salt exposure,
as a consequence of Na* intracellular accumulation. This Ca?* fluctuation later results in Ca®* uptake
from the apoplast and other intracellular compartments (Hasegawa, 2013). One of the early
signalling pathways induced during salt stress response in plants is the Ca%*/SOS cascade (Roy et al.,
2014). The salt overly sensitive (SOS) signalling pathway is the most studied CBL-CIPK induced
pathway and comprises the proteins SOS3, SOS2, and SOS1. The increase in cytoplasmic Ca?*
originated after salt stress activates the Ca%* binding protein SOS3 (also called CBL4) allowing it to
interact with the protein kinase SOS2 (CIPK24). This SOS2/3 complex then activates several
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downstream processes: vacuolar sequestration of Ca?* and Na* by the calcium exchanger, vacuolar
Na*/H* antiporter (NHX), and extrusion of excess sodium in the apoplast through the activity the
Na*/H* antiporter SOS1, located on the plasma membrane (Qiu et al., 2003; Qiu et al., 2004). SOS1
and NHX1 are considered to be fundamental in controlling ion homeostasis in the cytoplasm during
salinity stress. The SOS pathway not only mediates cellular signalling under salt stress, but also aids
the cell in maintenance of calcium and sodium homeostasis. These processes require ATP to actively
drive ion transport through the membrane against the ionic potential, making functional

mitochondria fundamental during salt stress response.

Moreover, mitochondria have an important function in abiotic and biotic stress responses as first
stress sensors. Under stress conditions, there are different intracellular candidate molecules that
could play a role in the activation of mitochondrial stress perception, for example ROS and calcium
ions. Cellular and mitochondrial redox homeostasis and signalling induce two distinct
communication pathways between nucleus and mitochondria: retrograde and anterograde
signalling (figure 1.6), which rely on signal molecules rapidly passing information from around the
cell (organelles) to the nucleus, and back.

Environmental signals
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Retrograde
signalling
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signalling signalling

hl t B >
Chloroplast-mitochondrion
cross-talk

Figure 1.6: An overview of genome co-ordination between the nucleus and intracellular organelles. From Woodson and Chory, 2008.

1.5 Anterograde signalling pathway

The anterograde signalling is moving in the opposite direction compared to the retrograde
signalling: this mechanism coordinates gene expression from the nucleus to chloroplasts and
mitochondria, and it can control transcriptional and posttranslational events (Ng et al., 2013; figure
1.6). The anterograde response is activated to instruct the organelles on their effector role and the
signals that control gene expression for this type of signalling can be developmental, hormonal, or

environmental (Leister, 2005).

Mitochondrial biogenesis and function are tightly controlled through proteins encoded by nuclear
genes (more than 1000), forming a nucleus-to-mitochondria regulatory system. Signals directly

regulate nuclear gene expression to adjust the protein composition of mitochondria to the needs of
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the cell under different stresses or developmental phases. The transcriptional networks that control
nuclear-encoded mitochondrial genes still remain to be fully understood. The anterograde signalling
from the nucleus to chloroplast is better understood and comprises a class of proteins called
Regulators of Organelle Gene Expression (ROGEs), which include the sigma proteins and other
factors required for plastidial genes transcription. Among the targets of these proteins, there is a
large number of posttranscriptional regulatory factors such as the pentatricopeptide repeat (PPR)
proteins and other classes of RNA-binding proteins that control RNA metabolism. Finally, there are
also nuclear-encoded posttranslational factors (for e.g. tetratricopeptide repeat (TPR) proteins) that
facilitate protein—protein interactions but also influence protein stability and degradation (Chi et al.,
2012; Adam, 2007). In plants, one of the main aims of the anterograde signalling is the adjustment
of photosynthetic capacity in response to varying environmental conditions and during

development, a fundamental process for plant survival.

1.6 Retrograde signalling pathway

Retrograde signalling (RS) is a communication pathway that starts from organelles and goes to the
nucleus (Woodson and Chory, 2008). It takes place in response to changing conditions and allows
to modulate anterograde regulatory pathways to affect the functioning of organelles (Pesaresi et
al., 2007). The organelles sense the stress first and, accordingly, induce in primis retrograde
signalling. Thus, the signal reaches the nucleus that acts through transcription factors regulation and
changes in the gene expression profile. The response is firstly aimed to face the stress, and,
secondly, to allow the plant to endure it and later on to recover from the damage. There is evidence
of another existing communication pathway, the chloroplast-mitochondrion crosstalk, but this still
needs to be studied further (Woodson and Chory, 2008).

The network communication among intra-cellular compartments is crucial for the integration of
complex and finely regulated signalling pathways triggered by external stimuli. Moreover, it is
necessary to coordinate energy production and molecule supply coming from organelles with the
stress-specific requirements. RS is a complex network that is still mostly unknown in plants, to get
an insight in this process it is important to identify the molecular players involved, in particular, the
molecules and the communication mechanisms involved in the signalling from mitochondria to the
nucleus. In this perspective, it is of great interest to investigate in detail retrograde signalling (RS)
factors, focusing, in particular, on the molecular mechanisms involved in the coordination between
organelles and nucleus. In addition to stress, nuclear expression of several genes is influenced by
signals originating from mitochondria and chloroplasts during high-energy demand growth phases
(Wang et al., 2020).

To meet the complex metabolic needs throughout the cell, organelles have to receive appropriate

stimuli, and that is achieved through modulation of gene expression and by the exchange of
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metabolites and smaller molecules. ROS and other molecules, or ions such as calcium, can diffuse
or be transported through different compartments. As a consequence, transcriptional changes are
induced along with alterations of cytosolic homeostasis of different molecules and ions, leading to
different responses based on the type of stimulus perceived. Moreover, redox metabolites like
ascorbate/dehydroascorbate can take part in this communication network thanks to the redox
fluctuations between the reduced and oxidized form of the ascorbate. Dehydroascorbate reductase
(DHAR) is a key enzyme involved in the recycling of ascorbate, which catalyses the glutathione
(GSH)-dependent reduction of oxidized ascorbate. As a result, DHAR regenerates a pool of reduced
ascorbate and detoxifies reactive oxygen species (Do et al., 2016). ROS, in particular, have been
proposed as possible candidates in retrograde signalling and organelles communication, because
they are short-lived molecules and produced in different compartments, (like chloroplasts and
mitochondria) of metabolically active cells (Apel and Hirt, 2004). One proposed mechanism of
communication triggered by ROS involves post-translational protein-thiol modifications in a chain

reaction that can extend to the whole cell (Pesaresi et al., 2007).

Chloroplasts act as central metabolic hubs in leaves cells. In fact, they are not only the site where
photosynthesis takes place but also house the de novo biosynthesis of fatty acids, the production of
fatty-acid-derived metabolites, and hormonal metabolisms. To safeguard these core processes
against frequent challenges, chloroplasts work not only as central metabolic hubs but also as
environmental sensors (perceiving stress) and produce retrograde signals to coordinate nuclear-
encoded adaptive responses (De Souza et al., 2017). Chloroplast-specific retrograde signalling has
been extensively studied: some proteins like Genomes Uncoupled 1 (GUN1) and the phosphatase
SAL1 are known to be the first ones activated in the plastid following biotic and abiotic stresses.
These two proteins induce signalling cascades in the cytosol by modulating Mitogen-activated
Protein Kinase 3 and 6 (MPK3/6), 3’-phosphoadenosine 5’-phosphate (PAP), chloroplast envelope-
bound PHD transcription factor (PTM) and possibly other molecules. Later on the signal reaches the
nucleus (through translocation of proteins and other mechanisms) allowing the modulation of
transcriptional factors by regulating effector genes. The activated response is involved in all cellular
processes like photosynthesis, senescence, transcription factor cascade, hormones, and starch
synthesis (De Souza et al., 2017; Wang et al., 2020; figure 1.7). Instead, regarding mitochondrial-
specific retrograde signalling less is known, and the intercommunication mechanisms and the
involved molecules and ions (e.g. calcium) are only hypothesized so far. Figure 1.7 shows a diagram
of the retrograde signalling in plants from chloroplasts and mitochondria to the nucleus and the

possible link between the two organelles retrograde communication mechanisms.

21


https://www.uniprot.org/uniprot/Q39023
https://www.uniprot.org/uniprot/Q39023

chloroplast-specific
retrograde signalling

chloroplast

m Ehotosynilibets, hormones, delbiice

OS.(H;O;? IIO:j, & =
salicylic acid,

calcium

sene

= celdiflersntintion, JAJET, transcription
EP factors, protcin modification/degradation, hormones,
Kinceses, G-prodeins, culeium regulition, light

-
transferases, ransgponers. hormone-relaed TFs,
starch synthase, HLAmaght stress response
-

esponding in common to mitochondrial
ast dysfunction

=
ahictic or hiotic Sress response, enery metabolism,
kinase, FPR protein. chloroplast protein

Sl
ROS(Y),

mitochondrion salicylic acid,
calcium

WRKY TFs, ERF TFs. prowih, developmental
frocesses, encrgy motabolism, stress rosponse

nucleus

mitochondria-specific
retrograde signalling

Figure 1.7: “Linking mitochondria and chloroplast retrograde signalling in plants”. From Wang et al., 2020.

In the last few years, the awareness that chloroplasts and mitochondria work in concert in
retrograde signalling has become stronger and stronger (Wang et al., 2020). Despite the close
interdependence of the organelles, only few components of the pathways are known, further
studies are needed to clarify the molecular details responsible of organelle and nuclear genome

coordination.

1.6.1 Mitochondrial retrograde signalling

Many stresses activate the mitochondrial RS, such as exposure to high light, drought, and salt (ionic
and osmotic stress). Key regulation mechanisms about mitochondrial retrograde signalling remain
still unclear, but many studies are beginning to shed light on several aspects of this pathway in the
last years. Once the stress or stimulus reaches the organelle, a change in intra-mitochondria redox
homeostasis is perceived and this equilibrium disruption starts a signalling pathway that triggers the
release of different mobile signal molecules or ions like ROS, calcium and hormones (SA and ABA)
(Wang et al., 2020). These metabolites move through active or passive transport and allow the

communication from mitochondria to the nucleus to induce an adaptative response.

ROS are highly reactive chemicals that include: peroxides, superoxide, hydroxyl radical, singlet
oxygen, and alpha-oxygen. These molecules are well-known for having a dual role as destructive
and constructive species: they function in cells as signalling molecules, but are also toxic by-products
of aerobic metabolism, and this is the reason why the balance between production and
detoxification is so crucial. They are primarily produced in different intracellular compartments,
including mitochondria. Here, an over-accumulation of ROS leads to an unbalance in the membrane

potential: these molecules directly react with proteins, lipids and nucleic acids, damaging the
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electron transport chain (mtETC), impairing the activity of different enzymes, inducing lipid

peroxidation, and causing DNA breakage and damage (Sachdev et al., 2021). A fine balance between

ROS production/removal is at the basis of the ROS signalling network determining the overall

response of the cell to a particular stimulus (Mittler et al., 2017; figure 1.8).
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The normal glutathione redox potential (mV) in each compartment is also indicated (Schwarzlander et al., 2008). Asc, ascorbate; APX, ascorbate

peroxidase; CAT, catalase; FAD, flavin adenine dinucleotide; GPX, glutathione peroxidase; MDHA, monodehydroascorbate radical; NOX, NADPH

oxidase; PRX, type Il peroxidase; Prx, peroxiredoxin; SOD, superoxide dismutase. From Smirnoff and Arnaud, 2018.

Another player in the context of mitochondrial RS is Ca?* which appears to be involved in early

signalling of plant responses to environmental stimuli: cytosolic Ca* concentration varies as a

consequence of changes in intra or extra cellular conditions, determining the “calcium signature”,

specific for each different stimulus (figure 1.9). Ca®* functions as a universal messenger in all

eukaryotes including plants, playing an essential role in the network of signalling pathways (Kudla

et al., 2018). Ca?* ions are present throughout the cell but can be accumulated and released by

intracellular compartments such as vacuoles and ER. Ca?* fluxes are regulated by membrane

selective channels that allow or not the passage of the ion, depending on their specific regulation.
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In plants, cell-to-cell communication is mainly mediated by hormones, such as auxins, cytokinins,
gibberellins, abscisic acid (ABA), ethylene, brassinosteroids, and jasmonates. These compounds are
involved in various aspects of plant growth regulation including defence responses, meristem
organization, self-incompatibility, root growth, leaf-shape regulation, nodule development, and
organ abscission. Plant hormones travel, mostly, via the vascular tissue and cell-to-cell via
plasmodesmata. ABA is an isoprenoid phytohormone synthetized in plastids. It has a role in many
plants developmental processes, such as dormancy and seed development. Indeed, many genes
that respond to ABA are expressed in the late stages of embryogenesis, during the development of
seeds (Yamaguchi Shinozaki and Shinozaki, 1994). ABA is also involved in the control of organ size
and stomatal closure and plays a major role in the response toenvironmental stresses,
including drought, soil salinity and cold. The increase in ABA levels leads to the activation and
assembly of its specific receptor complexes that are present in both cytoplasm and nucleus. Once
activated, ABA signalling pathways lead to the regulation of many ABA-responsive genes:
downregulated genes are mostly related with growth while there is an induction in the expression
of stress tolerance-related genes, such as regulatory proteins (transcription factors, protein kinases,
phosphatases), enzymes required for phospholipid signalling and detoxifying enzymes of reactive
oxygen species (Fernando and Schroeder, 2016). Regarding mitochondria, ABA signalling induces
the expression of Alternative Oxidasela (AOX1a) by removing the repressor APETALA2 (AP2)-type
transcription factor (ABI4) from AOX1a promoter (Giraud et al., 2009; figure 1.10). ABI4 was found
to be a regulator of AOX1a in mitochondrial retrograde signalling (Finkelstein et al., 1998). Plant
AOXs are encoded by a small nuclear multi-gene family composed by two distinct subfamilies: AOX1
and AOX2. AOX1 genes are highly responsive to abiotic and biotic stresses, whereas AOX2 genes are
expressed in a constitutive or developmentally regulated way (Polidoros et al., 2005, Polidoros et
al., 2009). AOX is located in mitochondria and competes for electrons with the standard cytochrome
(Cyt) pathway at the terminal end of ETC (figure 1.10) directly reducing O to H;O. Alternative ETC
does not generate proton motive force for ATP synthesis but acts as an antioxidative strategy to
control mitochondrial redox state and prevent excessive ROS production (Mur et al. 2008;
Derevyanchuk et al., 2015). Therefore, AOX needs to be tightly regulated on various levels to
guarantee cellular energy balance, but also needs to be activated to counteract oxidative stress.
Among AOX genes, AOX1a is expressed at levels 10 to 100 fold greater than other AOX genes, and
its expression is affected in a variety of cell-signalling mutants (Ho et al. 2008). AOX1a expression is
triggered by the inhibition of the ETC, and its transcript abundance can be induced in response to
mitochondrial stresses, highlighting its role in stress sensing and response. Thus, AOX1a is by far the
most reliable marker to study and identify mitochondrial retrograde signalling (Ng et al., 2014).
WHIRLY2 (WHY2), a ss-DNA binding protein involved in the mtDNA maintenance, has been recently
hypothesised to play a function in the retrograde signalling, showing its over expression line an

increase in the expression of AOX1a (Zhao et al., 2018). AOX1a RS induces a cascade response in
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which several nuclear transcription factors are involved along with the mitochondrial unfolded

protein response (mtUPR), important for mitochondrial and cellular adaptation to stress.
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Figure 1.10: Schematic representation for AOX induction under stress and response of the plant Electron Transport Chain (ETC). Under unstressed
condition NADH oxidation by complex | is coupled to proton transport from matrix to inter-membrane space (IMS), whereas oxidation of FADH2 and
NAD(P)H doesn’t lead to such fate. Similar is the electron flow from ubiquinol to complex Ill and then to complex IV which is additionally associated
with reduction of O; to H.0. Proton transport across the membrane generates a proton motive force which is dissipated by complex V to produce
ATP. But under stress due ETC complex dysfunction, citrate accumulation there is electron leakage from complexes as ROS and RNS (shown in dotted
lines) which induces AOX. AOX puts a branch in ETC after ubiquinol pool and directly reduces O, to H,0 with production of heat. I, II, llI, IV, V: Complex
1-5; IMS: Inter Mitochondrial Space; IMM: Inner Mitochondrial Membrane. From Saha et al., 2016.

Two interesting genes involved in mitochondrial retrograde signalling are WRKY15 and mtHSC70-1,
whose expression is induced by AOX1a and ROS. WRKY15 is a transcription factor (AtWRKY15) that
modulates several nuclear genes involved in plant growth and salt/osmotic stress responses (figure
1.11). The relevant role in RS of AtWRKY15 is underlined by the fact that in A. thaliana
overexpressing plants, a reduced AOX expression was observed, leading to an increased
susceptibility to osmotic stress (Vanderauwera et al., 2012; figure 1.11). It has been proposed that
WRKY15 Ca?*-dependent CaM-binding domain mediates Ca?* flux sensing triggering the
mitochondrial retrograde cascade (Wang et al., 2020). Thus, WRKY15 might function as a reporter
of mitochondrial retrograde regulation (MRR) (Wang et al., 2020). mtHSC70-1 is a mitochondrial
heat shock protein that plays an important role in redox homeostasis in mitochondria (Wei et al.,
2019). mtHSC70-1 induction is strictly related to mitochondrial ROS increase which causes proteins
unfolding and affects ETC functionality. The loss of mtHSC70-1 functions resulted in an increased
level of ROS, abnormal mitochondria and alterations to respiration because of an inhibition of the
cytochrome c oxidase (COX) pathway and the activation of the alternative respiratory pathway (Zhai

et al., 2020).

In conclusion, several aspects have been uncovered in the last years, but still much has to be
investigated. Retrograde signalling is a communication mechanism that includes different
interconnected pathways necessary to control the cell response exposed to different stimuli. It
would be important to understand better how plants sense the environment and manage to adapt

and recover from different stresses.
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Figure 1.11: Retrograde regulation of AOX1la. A number of components that regulate the expression of AOXla have been identified. Upon
mitochondrial dysfunction, activation of a number of ER-bound ANAC transcription factors occurs, with ANACO17 being the master regulator
regulating the expression of a number of other transcription factors. Other positive regulators identified include WRKY63 and ANAC013. CDKE1, a
subunit of the kinase module of the Mediator complex, was also shown to be required for the induction of AOX1a, and interacts with KIN10. The latter
has been shown to dynamically move between the ER and the nucleus. A number of negative regulators, including ABI4, WRKY40 and WRKY15, have
also been identified. Other negative regulators include MYB29, components involved in auxin signalling (RAO3, 4, 5, 6 and 7) and RCD1. Finally, it has
been shown that a dual-targeted protein, called RETARDED ROOT LIKE (RRL), is required for the translation of AOX1a and accumulation of AOX1a.
ROS, reactive oxygen species; RRL, RETARDED ROOT GROWTH-LIKE protein; RAO, Regulator of Alternative Oxidase 1A; ANAC, the membrane-bound
NAC transcription factors; KIN10, SNF1-related protein kinase; CDKE1, CYCLIN-DEPENDENT KINASE E1; RCD1, RADICAL-INDUCED CELL DEATH PROTEIN
1; ABI4, ABA INSENSITIVE 4; WRKY63, WRKY DOMAIN PROTEIN 63; WRKY40, WRKY DOMAIN PROTEIN 40; WRKY15, WRKY DOMAIN PROTEIN 15; AOX,
Alternative Oxidase. From Wang et al., 2020.

1.7 WHIRLY family proteins

WHIRLY family proteins have been discovered in potato and in A. thaliana, they are organized in
tetramers and are active in binding ssDNA. All members of the family share a highly conserved
WHIRLY domain that includes the KGKAAL motif implicated in binding promoter regions thus

allowing modulation of gene expression (Desveaux et al., 2005; figure 1.12).
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Figure 1.12: Structural conservation of Whirly proteins. Sequence alignment of seven Whirly proteins from various plant species. The red square
represents the KGKAAL motif. From Desveaux et al., 2002.
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While most plants own two WHIRLY proteins, Arabidopsis thaliana and other members of the
Brassicaceae family have three WHIRLY proteins: WHIRLY1 (At1G14410), WHIRLY2 (At1G71260) and
WHIRLY3 (At2G02740), that localize in different sub-cellular compartments and present specific
targeting sequences for either plastids (WHIRLY1, WHIRLY3) or mitochondria (WHIRLY2) (figure
1.13).
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Figure 1.13: Subcellular localisation of AtWhy1-GFP, AtWhy2-GFP and AtWhy3-GFP fusion proteins in potato protoplasts. Confocal images of GFP
fluorescence and chlorophyll autofluorescence are shown in the left and right columns, respectively. The middle column depicts the merged images.
Each scale bar represents 8 um. From Krause et al., 2005.

Transient expression analyses showed that WHY1 and the N-terminal part of WHY3 are targeted to
chloroplasts, while WHY2 is imported into mitochondria (Krause et al., 2005; Maréchal et al., 2008).
Regarding the evolution of the family, it could be assumed that a duplication of the ancestral why
gene happened very early during angiosperms evolution, before the separation between
monocotyledonous and dicotyledonous plants. A second duplication event might have happened
more recently restricted to members of Brassicaceae as A. thaliana. The sequence homology
between AtWHY1 and AtWHY3 is around 77%, while AtWHY2 and the plastidic AtWHY1 and At\WHY3
share around 34% of the sequence. Crystal structure of WHIRLY domain has been determined by X-
ray diffraction analysis (Cappadocia et al., 2010 and 2013; figure 1.14) and such analysis revealed
that tetrameric WHIRLYs bind to ssDNA in a sequence unspecific manner.

WHIRLY1 WHIRLY2 WHIRLY3

Figure 1.14: Tetramers of (a) WHY2, (b) WHY1 and (c) WHY3 in cartoon representation. WHY2 tetramers are present in the asymmetric unit. Tetramers
of WHY1 and WHY3 were generated by applying the appropriate crystallographic symmetries. From Cappadocia et al., 2013.
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Throughout atomic force microscopy, it has been shown that hexamers of WHY2 tetramers
assemble into 24-meric higher order structures upon binding long DNA molecules, whereby the
interactions between the tetramers depend on K67 residue within the KGKAAL motif (Cappadocia
etal., 2013; figure 1.12). The structure of WHYRLY domain is highly conserved, even among different
plant species, as revealed by a 3D structure analysis (Akbudak and Filiz, 2019). WHY2, together with
other organellar ssDNA binding proteins, plays a key role in the maintenance of integrity of

mitochondrial DNA that is an absolute requirement for cell survival, growth and proliferation.

There are evidences that WHIRLY proteins modulate DNA repair in chloroplasts and mitochondria
by binding ssDNA and interacting with other DNA repair proteins to retrieve them in specific spots
(Cappadocia et al., 2013; Cai et al., 2015; figure 1.15). WHIRLY proteins are indeed involved in the
maintenance of organellar genome stability. A. thaliana plants, lacking either plastidial or
mitochondrial WHIRLY proteins, accumulate higher levels of microhomology-mediated DNA
rearrangements (MHMRs) than wild-type (Maréchal et al., 2010; Cappadocia et al., 2010 and 2008).

In most plant species:

Whirlyl (WHY1) and Whirly2 (WHY2).

In Arabidopsis thaliana:

Whirlyl, Whirly2 and Whirly3 (WHY3).

Figure 1.15: Binding of p24 (potato homologue of WHIRLY proteins) to melted dsDNA. DNA is represented as a green ribbon with horizontal bars
indicating base pairs. Side chains of aromatic and basic amino acids that lie along the proposed DNA-binding surface are also indicated. The C4
symmetry of PBF-2 readily accommodates binding to melted dsDNA as depicted. From Desveaux et al., 2002.

In immature leaf cells, where an active chloroplasts biogenesis occurs, high level of WHY1 transcript
is detected, thus suggesting a role of WHY1 as a key component in the maintenance of the
chloroplast nucleoid structure and functionality (Krupinska et al., 2014). Experimental evidences
suggest a role of WHY1 in controlling the flow of signalling information in and out of the plastids,
both during development and stress conditions (Krupinska et al., 2014). The whirlylKO mutants
show a reduced sensitivity towards salicylic acid (SA) and ABA during germination (Isemer et al.
2012) two hormones that are typically synthetized within plastids. There is evidence that a kinase,
functionally similar to the mammalian protein kinase C, could be involved in the signal transduction
events that lead to WHIRLY activation following a biotic stress (Desveaux et al., 2005). During a
pathogenic infection, an upregulation of WHY1 induced by SA induces the expression of
pathogenesis-related (PR) genes in the nucleus (Desveaux et al., 2004). Since the three different
WHIRLY proteins are localized in different sub-cellular compartments (mitochondria and plastids),

it has been proposed that WHIRLY proteins are ideal candidates as central coordinators of the
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retrograde signalling pathway (by mediating organellar interactions). Supporting this role, WHY1
was detected also in the nucleus making it an ideal candidate to exchange information between the
two compartments (Isemer et al.,, 2012, Foyer et al., 2014). Foyer et al (2014) also suggests a

schematic model of the WHIRLY1-dependent perception and involvement in the retrograde

signalling (figure 1.16).
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Figure 1.16: Schematic model of the WHIRLY1-dependent perception and transduction of redox signals originating from the photosynthetic apparatus.
Under control conditions WHIRLY1 forms 24-oligomers which form a bridge between the thylakoid and the nucleoid. In response to environmental

stimuli, the redox state of the photosynthetic apparatus is altered and this induces a monomerization of WHIRLY1. From Foyer et al., 2014.

Recently, it has been reported pieces of evidence on the involvement of WHY1 in the retrograde
translocation pathway in plastids. Moreover, it has been demonstrated that, in mitochondria of
WHY2 knock-out plants, WHY3 is present also in mitochondria (Golin, Negroni et al., 2020; Negroni
unpublished data), underlining the role of WHIRLY proteins and the importance of their presence in
organelles. For these reasons it would be interesting to investigate a possible subcellular re-
localization induced by developmental or environmental stimuli of WHY2, being highly similar to

WHIRLY1 gene, but with a different subcellular localization (mitochondria).

1.7.1 WHIRLY2

WHIRLY2 is a ssDNA-binding protein found in plant mitochondrial nucleoids (Desveaux et al., 2002).
Plants lacking WHY2 do not show differential growth and development compared to the WT, even
if seeds germination resulted compromised. By analysing the expression profile of WHIRLY genes in
WT plants, the level of WHIRLY2 results lower than the one of WHIRLY1 and WHIRLY3 in shoots
(Figure 1.17), but the opposite is observed in seeds, a phase in which heterotrophic metabolism
prevails and the energy requirements are provided by mitochondria, since functional chloroplasts

are not yet formed (Golin, Negroni et al., 2020).
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Figure 1.17: Expression profile of WHIRLY genes in WT plants and seeds. The expression was analysed in 24 hours imbibed seeds and in plants at 1.02,
1.04, 1.10 and 6.00 stages of growth. The expression was measured in the entire plant (shoot and root). From Golin, Negroni et al., 2020.
The impact of WHY2 absence is mostly appreciated when mitochondrial DNA replication occurs,
such as in highly dividing cells and during germination, when high levels of ATP are required
(Arimura, 2018; Cheng et al., 2017). During germination, cells undergo a metabolic re-organization:
in this context, a higher expression of WHY2 was observed in wild-type imbibed seeds after the

reactivation of cellular and mitochondrial metabolism (Paszkiewicz et al., 2017).

The mtDNA is fundamental to provide part of the genetic information needed for mitochondrial
functionality but also for aiding the structural organization of the whole organelle. Therefore, its
replication must occur in a very controlled and regulated way, particularly in those phases when
mitochondria are the organelles that mostly sustain cell metabolism. Such process has not been
studied in detail in plants. In plants, mtDNA replication probably takes place in a recombination-
dependent manner, resulting from double-stranded homologous recombination breakage or from
double- or single-stranded break repair, mechanisms that might involve the presence of the DNA-
binding protein WHY2 (Cheng et al., 2017). WHY2 is, in fact, the most abundant among the proteins
involved in mtDNA repair, and some evidence suggest its important role in mitochondrial genome
replication and stability, allowing the maintenance of mtDNA integrity (Fuchs et al., 2020). Recent
insights show a link between mtDNA stability and proper mitochondrial morphology, dynamics, and
functionality, underlining the fundamental role of WHY2 in mitochondrial activity (Golin, Negroni et
al., 2020). Failure in the maintenance of mitochondrial genome stability results in the accumulation

of mutations and genomic rearrangements that can become deleterious (figure 1.18).
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Figure 1.18: Model for the Repair of Organellar Double-Strand Breaks in the Absence or Presence of Whirly Proteins. Upon formation of a DSB (1), the
59 end of the broken DNA molecule is resected from the break, exposing a 39 tail (2). At this step, the break can be repaired through homologous
recombination in a Whirly-independent manner. Alternatively, if the Whirlies are absent or the repair machinery is overloaded due to numerous DSBs,
the 39 tail can anneal to any exposed ssDNA through microhomologies (3a). A D-loop forms and DNA polymerization proceeds from the
microhomology junction (4a). A replication fork is established and lagging strand synthesis initiates while leading strand synthesis continues (5a). DNA
synthesis continues until the end of the chromosome is reached (6a). Alternatively, if the Whirlies are present and the DSB level is low (3b), Whirlies
could bind and protect ssDNA (either the 39 tail and/or any exposed ssDNA), thereby promoting homologous recombination and accurate DNA repair.
Arrowheads represent 39 ends; a box symbolizes the microhomology between broken and unbroken DNA molecules; dashed arrows in tandem
represent lagging strand synthesis. From Cappadocia et al., 2010.

Garcia-Medel PL et al, proposed that WHY2 limits microhomology-mediated end-joining during
double-stranded breaks in mtDNA repair process, thus preventing the accumulation of abnormal
mtDNA molecules (Garcia-Medel et al., 2019). Cappadocia et al., (2010) discovered that if the why2-
1 mutant plants were exposed to different concentration of ciprofloxacin, a genotoxic agent that

induces double mtDNA breaks, the number of aberrant products increase abruptly.

At morphological level, similarly to what has been observed in chloroplasts of WHY1 knockdown
barley plants (Krupinska et al., 2014), mitochondria of why2-1 mutants house a peculiar translucent
area that contains filamentous mtDNA, coinciding with a reduced packaging of nucleoids (Figure
1.19). Young leaves of why2-1 mutants show swollen mitochondria with aberrant structure
characterized by unpacked and disorganized nucleoids, a reduced number of cristae and a low
matrix density (Golin, Negroni et al., 2020), confirming the nucleoid localization of WHIRLY2 and
also supporting a structural role in nucleoid organization, with an impact on mitochondrial activity

and dynamics.
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Figure 1.19: Transmission electron microscope image of mitochondria from suspension cell cultures at 5 days after subcultures. From Golin, Negroni
et al., 2020.

On the other hand, an overexpression of WHY2 in A. thaliana shows a reduction of the total
mitochondrial transcripts levels and mtDNA content, causing a lower activity of the respiratory chain
complexes as well as precocious senescence (Maréchal et al., 2008). Tissues owning low levels of
mtDNA, such as mature pollen, have a lower transcription level of WHY2 (Cai et al., 2015). However,
overexpression of WHY2 in pollen vegetative cells, induce a slower growth of pollen tubes, an

increase of mtDNA content in pollen, and accumulation of ROS (Cai et al., 2015).

To sum up, it seems that WHY2 has a role in the maintenance of the copy number of mtDNA, which
is controlled differently at different developmental stages. Beyond its role in the maintenance of
the integrity and replication of mtDNA and organellar gene expression, it is not known whether

WHY?2 could play a specific role in the mitochondrial metabolism.

Zhao et al. (2018) studied more in deep the involvement of SIWHY2 (Solanum lycopersicum
WHIRLY2) in stress response and the effects of its overexpression in Nicotiana tabacum (tobacco).
They observed a strong induction of SIWHY2 after treating WT tomato plants with H,0; and salt
(figure 1.20)
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Figure 1.20: Relative expression of tomato SIWHY2 in different conditions: (A) effect of 200 mM NaCl and of (B) 20 mM H.0.. The control was watered
with Hoagland's solution without additives. In grey WT in control condition, in black WT treated. From Zhao et al., 2018.

The authors later produced tobacco plants overexpressing SIWHY2 and studied their behaviour in
drought conditions and after Pseudomonas solanacearum infection. In both seedlings and adult
plants, an increased tolerance to drought stress was observed, partly due to a stronger antioxidative
intracellular response. Moreover, overexpressors exhibited only mild or partial signs of disease after
bacterial infection and were characterized by a high expression level of pathogen responsive genes
1 and 2 (PR1 and PR2). This work highlighted the possible role of SIWHY2 as a mediator of many
different stress-related responses.

In conclusion, WHY2 in addition to having a central role in the maintenance and repair of mtDNA
seems to play a fundamental role in stress conditions. This could be linked either to the function of

WHY2 at the mtDNA level or to its possible involvement in retrograde signalling.
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Aim of the thesis

One of our biggest challenges as humanity is the increase of global food production, climate changes
further undermine crops yield by making the environment more hostile for plant growth and by
triggering stress mechanisms with a significant impact on food quantity and quality. Mitochondria
are fundamental organelles, they are the energy production centre in plants, but they also play a
fundamental role in sensing endogenous and exogenous stimuli, during plant development and
stress response. Different stimuli induce different responses in plant cells that require energy, ATP
is a key compound during these intracellular changes, for that reason mitochondria play a central
role during plant life. Organelles have their own genome, but present-day organelle genomes are
severely reduced, in fact, most proteins that are found in mitochondria are encoded in the nucleus.
The compartmentalization of genomes requires coordination of gene expression among different
subcellular compartments in order to guarantee the cell homeostasis. For all these reasons it is of
crucial importance to study the proteins involved in the maintenance of the mitochondrial genome.
Among those, WHIRLY2 is one of the most abundant being involved in mitochondrial genome
replication and repair (Fuchs et al., 2020; Cappadocia et al. 2010). WHIRLY proteins own a
characteristic DNA binding domain (Desveaux et al. 2002) and are involved in the maintenance of
mitochondrial and plastids genome stability (Maréchal et al. 2010; Cappadocia et al. 2010). There is
indeed evidence that WHIRLY proteins exert their effect by binding ssDNA and retrieving other
proteins involved in DNA repair (Cappadocia et al. 2013; Cai et al. 2015). WHIRLY family in
Arabidopsis includes three different members: WHIRLY1, WHIRLY2 and WHIRLY3, localized in
different sub-cellular compartments and presenting specific targeting sequences for either plastids
(WHIRLY1, WHIRLY3) or mitochondria (WHIRLY2) localization (Krause et al. 2005; Maréchal et al.
2008). The aim of this PhD project is to investigate a possible link between WHY2, mtDNA stability
and proper mitochondrial functionality, exploring the possibility of its involvement in mtDNA
replication during development and stress responses. WHIRLY family proteins due to their
localization, are ideal candidates for mediating/regulating inter-organelle crosstalk during stress
response. For this reason, in this thesis work will be also investigated the possible role of WHY2 in
retrograde signalling triggered in plants upon exposure to environmental stress. The study of
mitochondrial proteins is opening up to a new conception of the role of mitochondria as a stress

response hub and WHY2 could be a fundamental element involved in this mechanism.
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Materials and Methods

2.1 Plant material

All experiments were performed on Arabidopsis thaliana plants, ecotype Columbia (Col-0). As
whirly2 knock-out mutants, the following lines were used: why2-1 (SALK mutant; SALKseq_118900.0
purchased from the European Arabidopsis Stock Centre (NASC)), why2-3 and why2-4 (CRISPR/Cas9
lines, obtained in collaboration with Prof. Karin Krupinska). The line pWHY2:GUS (Cai et al., 2015)

was used for GUS assay.

The WT mt-YFP (Col-0, mitochondrial YFP line (mt-yk; CS16264)) were purchased obtained from
NASC and the double mutant has been obtained by crossing WT mt-YFP with why2-1 line.

Wild-type seeds of Arabidopsis thaliana (accession Columbia, Col-0) harbouring the ATeam
(cytosolic line; De Col et al.,, 2017) genetically encoded biosensor, were used for the ATP
homeostasis assays (provided by Markus Schwarzlander, University of Minster). This mutant was
crossed with why2-1 line to obtain the knock-out lines harbouring the biosensor.

Line expressing the biosensor Yellow Cameleon 3.6 NES (cytosolic line; NES YC 3.6) already available
in the lab (Loro et al.,, 2012), was crossed with the line why2-1 to produce the knock-out line

harbouring the biosensors.
WHY2 knock-out mutants

In order to study the role of WHY2 in Arabidopsis thaliana we selected three different WHY2 mutant
lines: the first, obtained from the European Arabidopsis Stock Centre and called why2-1
(SALKseq_118900.0; Cappadocia et al., 2010), is a SALK line with a T-DNA insertion in the last intron
of AtWHY2, and two others CRISPR/Cas9 lines generated in the Krupinska's lab (University of Kiel)

and then selected and characterized in Zottini’s lab.

Genomic sequence and binding sites:

AtWHY2:
2521 AATCATABRE CCTCAGARGT CGGAAGACUT CAAGTGATGC TTTTTALTCG AGACAGRAGA
K 5 - N L R 5 R K T 5 8 D E F Y 8 RO K
2581 RGATGATGRA GCRAGCCLGE TCTTTGUTLT CCAGGTTACT TCAGTTCOTC TCABRATTCR
PAM P51 P31
¥ 4 4 K ¢ A R 5 L L & ® L L o ¥ L 5 K F
ZE e axon ..., >
2641 GATTTTAGAT TTCATTALTC TTAARATGGC TTOUTCTGGST TGGTTIGTIT TTGTTRAAAGC
E Fr - I 5 L L L K W L L W ¥ & L ¥ L i K
2701 AGGRGCUTTT GTGACCAARAG TAAGTCACTT TTCGRAGCTT CGACGTTGLG TGGTTTTGCA
g 0B P L - P K - N T F R 5 DOV A w r C
B e e e e e i F o 0 =z
2761 AGCTGGTCAA ATTCTTCAAC CCCTGGACAT GRATTCCCTS GTAAAGGTAL GAACTTEGTT
Pa2 PRM 252
K L. v K F F W P W T W I P ¥ - R - E I &
N SHOI 2 it ii i e e ey B
2821 TETTTCOGTT TOGTCAGTIT BAGTGTACTT GUCCTAATTT TGTTTGOTTG ATTTGAGARAAG
Lo ¢ F R C F K C T Cc P ®W ¥ ¥ £ L I - K
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Figure 2.1: Genomic sequence of WHY2, in red the target sequence and in blue the PAM sequence for the CRISPR/Cas9 technology. In green is

represented the amino acid sequence and the 1 and 2 exons of the gene.

The two CRISPR/Cas9 mutants were generated by choosing the first and second exon of WHY2 as
target sequences. PS1 represents the sequence chosen to generate the mutant line why2-3 and PS2

the one for why2-4 (figure 2.1).

The transformed lines were isolated through hygromycin screening and the absence of Cas9 was
confirmed by PCR. Then, the resistant lines not bearing Cas9 were chosen for sequencing and
brought into homozygosity confirming the mutations by sequencing. Two insertional knock-outs

were isolated, both with an additional thymine in the target sequence (why2-3 and why2-4; Figure

2.2).

From NASC:
why2-1 (why 2-1; T-DNA insertion mutant)
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Figure 2.2: Schematic representation of the mutations in the 3 knock-out lines used: why2-1, why2-3 and why2-4.

To further confirm the absence of functional WHY2 we checked the new predicted reading frame of

its amino acidic sequence: as it is shown in figure 2.3, upon the thymine insertion several premature

STOP codons originated, implying a correct deletion of the WHY2 protein.

Whirly2 WT
53 Frame 1

MetMet KQARSLLSRSLCDQSKSLFEASTLRGFASWSNSSTPGRGFPGKDAAKPSGRLFAPYSIFK
GKAALSYVEPVLPSFTEIDSGNLRIDRRGSLMetMetTFMetPAIGERKYDWEKKQKFALSPTEVGS
LISMetGSKDSSEFFHDPSMetKSSNAGQVRKSLSVKPHADGSGYFISLSVNNSILKTNDYFVVPY
TKAEFAVMetKTAFSFALPHIMetGWNRLTGHVNTEALPSRNVSHLKTEPQLELEWDKStop

why2-3
(Tinsertionin the 1 exon)

5'3"Frame 1

Met MetK QARSFALQEPLStopPKStopVTFRSF
DVAWFCKLVKFFNPWTWIPWStopRCRK
A_StOpWSIVRTLFYLQRKSCSLCStOpITCSSQF
HStopNRFGKSSDRSSWILNDDFYACY
W Stop AStop VRLGKETEICFVTYStopSWIL
NStopHGFQROLRVFPStopPFHEIKStopC WS
SQEVTVSStop APRRWStop RLLHLIE
RStop QStop HP QN QStop LFCGSCHKSStop €S
DEDSFStop FCSSTHHGLESVNWS
RStop ¥ Stop SSAVEECFSSKDStop TTVRAGY
G Stop Met

Figure 2.3: WT and new aminoacidic sequence of why2-3 and why2-4 lines.
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why2-4
{Tinsertion in the 2 exon)

5'3'Frame 1

Met Met KQOARSLLSRSLCDQSKSLFEASTLRG
FASWSNSSTPGRGFPGStopRCRKAStopWSI
VRTLFYLQRKSCSLCStopTCSSQFHStopNRF
GKSSDRSSWILNDDFYACYWStopAStopVRL
GKETEICFYTYStopSWILNStopHGFQRAQLRY
FPStopPFHEIKStop CWSSQEVTVSStop APRR
WStopRLLHLIERStop O StopHPQNQStopLFC
GSCHKSStopl CSDEDSFStopFCSSTHHGLES
VNWSRStop YStopSSAVEECFSSKDStopTTVR
A GV G Stop Met



In WHY2 mutant, WHY2 protein was not detected by using specific antibodies raised against a WHY2
peptide as reported by Huang and collaborators (Huang et al., 2020).

2.2 Arabidopsis plant growth conditions

For phenotyping experiments, Arabidopsis unsterilized seeds were grown in pots on soil profi-
substrat (Gramoflor). The pots were stratified for 48h and then put in a growth chamber under a
long daylight period: 16 h light and 8 h dark at 22°C, with a light intensity of about 90-100 umol m

s1 and humidity was kept between 65 %.

For in vitro growth, seeds were mixed with 70 % (v/v) ethanol supplemented with 0.05% trytonx100
and vortexed for 1-2 min. Ethanol was removed by pipetting. Seeds were then mixed with 100%
ethanol and vortexed for 1-2 min. Lastly, seeds were pipetted directly on sterile paper under the
laminar-flow hood for drying. Surface-sterilized seeds were seeded on solid media using different
methods. Plates were then sealed with 3M micropore to prevent the medium from drying out and
to avoid contamination. Seeds were stratified for 48h at 4°C in the dark before placed under long

daylight period in the growth chamber.
Standard solid medium for Arabidopsis seedlings growth

Solid medium for seedling growth was prepared by supplementing half-strength Murashige & Skoog
medium including vitamins (Duchefa, Murashige and Skoog, 1962) with 1 % (w/v) sucrose, 0.5 g/L
MES-KOH. pH was adjusted to 5.8 using KOH and solidified with either 0.8 % (w/v) plant agar or 1.5%
(w/v) phyto agar.

Solid medium for hygromycin selection

Solid medium for hygromycin selection was prepared by supplementing Murashige & Skoog
medium basal salt mix (no vitamins) (Duchefa, Murashige & Skoog, 1962) with 0.5 g/L MES-KOH. pH
was adjusted to 5.8 using KOH and solidified with 0.8 % (w/v) phyto agar. Before solidifying, the

medium was supplemented with 33.3 pg/mL hygromycin and poured in plates.
Hygromycin selection

Hygromycin selection was performed for the selection of both CRISPR/CAS9-edited why2KO lines.
Arabidopsis seedlings (T1 generation) were sterilized and uniformly scattered on square plates on
solid medium for hygromycin selection in sterile conditions under clean hood. Plates were sealed
with 3M micropore and seeds were stratified for 2 days at 4°C in the dark. Plates were kept under
light (intensity: 100 pmol m=2 s) for 6 h to induce germination, then they were wrapped with
aluminium foil and incubated for 3 days at 22°C to stimulate elongation of the hypocotyl in

hygromycin-resistant plants, according to Harrison et al., 2006 protocol. Resistant plants were
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transferred on standard solid medium for an additional 2 days under long daylight period, before

transferring them in soil.
Germination assay

Germination assays were performed in standard solid medium (0.8% plant agar) and under salt
stress (standard solid medium supplemented with 100 mM NacCl), sowing the seeds with a sterile
toothpick on square gridded plates (around 36 seeds per plate) and growing them horizontally.
Images were acquired using a stereomicroscope (Leica MZ16F) to analyse the seeds abortion rate
and the germination, taking into consideration the rupture of the seed testa and the emergence of
the primary root at different time points. Each image was processed using a Fiji-imageJ bundle
software. The experiments were performed at least three times three biological replicates and each
sample comprised 36 seedlings.

WT

why2-1

why2-3

Figure 2.4: Experimental design for the germination assay in standard and salt stress condition.

2.3 Molecular biological techniques

DNA extraction for phenotyping

One or two leaves of collected samples were grinded with a pestle at room temperature ina 1.5 ml
Eppendorf in 500 ul of TEN extraction buffer (100 mM Tris HCl pH8; 500 mM NaCl; 50 mM EDTA, pH
8). 30 ul of 20 % SDS were added to the samples, and they were incubated for 5 min at 65°C. To
precipitate SDS and plant material, 130 ul of 5 M KCI were added, followed by an incubation of 5
min on ice. Samples were centrifuged for 10 minutes at full speed and supernatants were collected
in a new tube containing 500 ul cooled isopropanol. The samples were incubated for 10 min at -
20°C and then centrifuged for 10 min at maximum speed. DNA pellets were washed two times with
500 pland 150 pl of 70 % ethanol, dried under the hood and resuspended in 50 ul of sterile nuclease-
free water. DNA concentration was measured using Nanodrop ND-1000 spectrophotometer
(Nanodrop Technologies, Rockland, DE, USA).
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PCR for genotyping, mtDNA fragmentation assay and why2KO ciprofloxacin assay

For each PCR reaction 100 ng/ul of total DNA was used. PCR mix was prepared as follows:

1 ul | Template (concentration 100 ng/ul)
0.25 ul | GOTaq Polymerase (Sigma)
2.5 ul 10 pumol forward primer (Sigma)
2.5 ul 10 pumol reverse primer (Sigma)
1ul 120 mM dNTP mix (Sigma)
10 ul | 5x GOTaq Buffer (Sigma)

32.75 pl | ddH20

Step Temperature (°C) Time (seconds)
Initial denaturation 95°C 120s

Denaturation 95°C 30s —
Annealing 59°C 30s 35x
Elongation 72°C 60 s perkbp ——
Final extension 72°C 300s

Hold 4°C oo

Gel electrophoresis

DNA was separated on 0.8 % (w/v) agarose gel prepared with 1x TAE-buffer (Tris acetate-EDTA
Buffer 50x concentrate, Sigma) and supplemented with 6 ul of GelRed (Biotium). Typically, 8-10 ul
of each sample were loaded alongside with 5 ul of DNA ladder (Gene Ruler 1kb, Thermo Fisher).
DNA was separated by applying a current of 100 V in 1x TAE-buffer for 30 minutes. Images were

taken using Elettrofor, Ruggero Massimo & C. S.a.s..
DNA sequencing

10-30 ng DNA were mixed with 1 ul of either forward or reverse primer (10 umol) and lyophilised at

65°C. Samples were sent to BMR Genomics for sequencing (Sanger sequencing).
Gel electrophoresis for mtDNA fragmentation assay and why2KO ciprofloxacin assay

DNA was separated on 1.5 % (w/v) agarose gel prepared with 1x TAE-buffer and supplemented with
8 ul of GelRed. Typically, 5 ul of each sample were loaded alongside with 5 pul of DNA ladder. 2.5 pl

of DNA were loaded for the housekeeping (COX1). DNA was separated by applying a current of 50-
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60 V in 1x TAE-buffer for 2 hours at 4°C. Images were taken using ChemiDoc Touch Imaging System,
Bio-Rad.

RNA isolation and qRT-PCR

100 ug plant material (seedlings, plants, other) of WTs and KOs was collected and grinded in liquid
nitrogen with mortar and pestle. Total RNA was extracted using RNeasy® Plant Mini Kit (Quiagen)
with an extra-protocol passage of 15 min of RNase-Free DNase (Quiagen) and resuspended in 30 pl
of sterile nuclease-free water. RNA concentration was measured using a Nanodrop ND-1000
spectrophotometer (Nanodrop Technologies). First-strand cDNA synthesis was performed with
SuperScript-IV Reverse Transcriptase kit (Invitrogen), using 2 ug of RNA and 1 pl of random primers
(Sigma). gRT-PCR was performed in a 384 plate with 100 ng of cDNA per well using Tag® gPCR
Master Mix (Promega) with SYBR Green technology in either QuantStudio 12K Flex or QuantStudio
5 (Thermo Fisher Scientific) instrument. Total volume of each reaction was 10 pl using 0.25 ul of
primer mix (10 umol). Sequences of used primers are reported in the table IV. The expression level
of each gene was normalized to the level of the housekeeping gene Actin-2 (ACT2; At3g18780) and
analysed using the ACt and AACt method (Livak and Schmittgen, 2001).

mtDNA copy number quantification in standard condition

WT, why2-1 and why2-3 lines were seeded on solid medium (1.5% phyto agar) and grown standard
condition. The experiments were performed at 2 different developmental stages: 6 DAS old
seedlings and 21 DAS old plants (1.10 growth stage plants Boyes DC et al., 2001). 6 DAS old seedlings
were seeded by scattering around 75-100 seeds per plate and grown horizontally. 21 DAS old plants
were sown with a sterile toothpick at 2 cm from the top edge, in line on square plates and grown
vertically, each plate contained 6 plants. Samples were collected in sterile conditions. After 21 DAS,
plants leaves were divided from the roots with a scalpel. Total DNA was isolated with High-Quality
DNA extraction protocol (Bekesiova et al., 1999) from the whole seedlings (6 DAS) or the root and
shoot segments (21 DAS). DNA concentration was measured by using Nanodrop ND-1000
spectrophotometer. gRT-PCR was performed according to the protocol with total DNA (100 ng)
instead of cDNA as a template. The DNA amount of each mtDNA gene was normalized to the level
of the single-copy number gene Rpotp and analysed using the ACt method. For mtDNA copy number
guantification, 3 mitochondrial genes were used: Q-COX1 and orfl170mito. Primer sequences are

reported in table Ill. The assays were performed at least on 3 biological replicates.
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Figure 2.5: Experimental design for the mtDNA copy number quantification assay under standard condition.

2.4 Phenotyping Assays

Phenotyping was performed at different developmental stages, to highlight every possible growth
impairment in different tissues: rosetta growth and size, flowering stem length and primary root
length. Growth of knock-out mutants was compared to WT line (Col-0), the phenotyping of the
rosetta and the flowering was performed in soil and for the primary root growth it was performed
in standard solid medium (0.8% plant agar) placing the seeds vertically. At least 8 plants were used
for the rosetta and flowering phenotyping. 20 plants and 3 biological replicates for each genotype
for the primary root growth. Photos were taken every 2-3 days with a DSLR professional camera

(Nikon D800) or using a Bio-Rad ChemiDoc Touch Imaging System (Flamingo setting).

2.5 Microscopy techniques

Mitochondrial morphology and kinetics using mt-YFP line (Zeiss LSM700)

Seedlings were grown vertically in square plates on standard solid medium (0.8% plant agar) for 5,
7 or 9 DAS. The analyses were performed on the primary root in the region where first root hairs
arise, mainly in the external tissues. Zeiss LSM700 confocal microscope was used to capture images
of seedlings with a 20x, 40x and 60x magnification. Samples were mounted onto a microscopy glass
slide in imaging buffer (10 mM MES Tris base; 10 mM CaCl,; 5 mM KCI pH 5.8) and excited at 513
nm (YFP absorption) and 614 nm (chlorophyll absorption). Emission was recorded between 520-550
nm (YFP emission) and 644-800 nm (chlorophyll emission). Each CLSM image was processed using a

Fiji—-lmagel bundle software.
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Mitochondrial morphology with TMRM staining (Zeiss LSM700)

Seedlings were grown vertically in square plates on standard solid medium (0.8% plant agar) for 5
DAS. Samples were incubated for 4 min in imaging buffer (10 mM MES Tris base; 10 mM CaCly; 5
mM KCI pH 5.8) supplemented with 200 nM tetramethylrhodamine methyl-ester (TMRM) and then
washed with imaging buffer before being mounted on the slide. TMRM is a mitochondrial
membrane potential indicator, a dye that permeates only in mitochondria with intact membranes
and a negative inner membrane potential (coupled mitochondria). Excitation was set at 535 nm and
emission at 562-800 nm. Samples were placed on the slide with 60 pul of imaging buffer and analysed
setting the magnification at 20x, 40x and 60x. The experiments were performed in triplicates. We
processed each single CLSM image using a Fiji—-lmagelJ bundle software.
WT

why2-1 and why2-3
5 DAS

| |:] Solid Medium

Buffer

Imaging Buffer
+ + Imaging +

TMRM

Figure 2.6: Experimental design for the Mitochondrial morphology with TMRM staining assay.

Mitochondrial nucleoids with TMIRM and picoGREEN staining (Zeiss LSM700)

Seedlings were grown vertically in square plates on standard solid medium (0.8% plant agar) for 5
DAS. Samples were incubated for 4 min in imaging buffer (10 mM MES Tris base; 10 mM CaCl2; 5
mM KCI pH 5.8) with 200 nM TMRM and washed with imaging buffer, incubated for 10 minutes in
imaging buffer containing 2% picoGREEN and finally re-washed in imaging buffer, before being
mounted on the slide with 60 pl of imaging buffer. PicoGREEN is a dsDNA quantitation reagent that
enters in mitochondria and intercalates in mitochondrial DNA. For TMRM signal acquisition
parameters were set as described before, for picoGREEN excitation wavelength was set at 485 nm
and emission peak at 520 nm. Samples were placed on the slide with 60 pul of imaging buffer and
analysed setting the magnification at 20x, 40x and 60x. The experiments were performed in
triplicates. We processed each single CLSM image using a Fiji-lmagel bundle software and Volocity

software.
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Figure 2.7: Experimental design for the mitochondrial nucleoids with TMRM and picoGREEN staining assay.

ATP homeostasis assay (Leica 5000)

Seedlings were grown vertically in standard solid medium (0.8% plant agar) in square plates. 5 DAS
old seedlings were then exposed to salt stress for 24 h in standard liquid medium (MS-1/2,
1% sucrose, 0,5 g/l MES-OH pH5.8) with 0 and 150 mM NaCl. The experiments were performed on
WT and knock-out lines expressing the biosensor ATeam (De Col et al., 2017) composed by the two
fluorescent proteins mseCFP and cp173-Venus. Seedlings were dark-adapted for at least 30 min
before image acquisition to minimize potential effects of active photosynthesis. The analyzed
tissues of each plant were: cotyledon, hypocotyl, shoot-root transition (SRT)-shoot, SRT-root, root,
and root-tip. Whole Arabidopsis seedlings were mounted onto microscopy glass slides with 40 ul of
imaging buffer and pictures were acquired on Leica 5000 fluorescence upright confocal laser
microscope setting the excitation at 458 nm and the fluorescence at 465-500 nm (mseCFP) and 526-
561 nm (cp173-Venus), the magnification was set at 10x. The experiment has been repeated 2 times,
the number of seedlings analysed for each treatment ranges from 6 to 9. Each single CLSM image

was analyzed using Fiji—-Imagel) bundle software.
Analyses of Ca?* dynamics in Arabidopsis seedling roots assay (Nikon Ti-E)

Plants were grown vertically in standard solid medium (0.8% plant agar) in square plates for 7 DAS.
Samples were mounted on a perfusion chamber with 200 ul of imaging buffer (10 mM MES Tris
base; 1 mM CaCly; 5 mM KCI pH 5.8) and a ISMATEC pump was used to administrate stimuli in
continuous setting the flux at 3 ml/min; every stimulus was added to imaging buffer. The
experiments on calcium homeostasis were performed on WT and knock-out lines encoding the
biosensors Yellow Cameleon 3.6 NES (Krebs et al., 2012). Excitation was provided by fluorescent
lamp equipped with a 436/20 nm filter, and emission signals were filtered at 483/32 nm for CFP and
at 542/27 nm for cpVenus with a dichroic mirror (510 nm). Images were acquired using Nikon Ti-E
epi-fluorescence microscope, the tissues analysed were the root tip region of primary root; for every
sample at least 3 Region Of Interest (ROI) were taken, starting from the root tip. The experiment
was repeated 3 times, each times analysing 5/6 biological replicates. As concern root analyses, data
obtained by NIS element platform, we calculated the change in ratio Rt - RO or AR, where RO is the

basal ratio before the application of the stimulus and Rt the ratio at a measured time point. The
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FRET ratio was calculated using Fiji software (https://imagej.net/Fiji/). The intensities of CFP and
cpVenus were measured from the single CFP and cpVenus images as pixel intensities expressed in
arbitrary units. We normalized the AR to the basal ratio value (AR:RO) and plotted ratio graphs for

each measurement.
Samples prepared for microscopic analysis
GUS assay

For the GUS assays pWHY2:GUS line was used. Different tissues and developmental stages were
analysed: flowers, embryos and pollen from plants grown on soil. Tissues were harvested or cut
from the plants and put in small Petri dishes with 2.5 ml of GUS staining solution (2 mM X-Gluc;
0.05% of Triton X-100; 0.5 mM of Ks(Fe(CN)e)x3H20; 0.5 mM of Ka(Fe(CN)sx3H20; 10 mM EDTA; 50
mM buffer phosphate pH 7). Samples were incubated at 37°C overnight (O/N) and the day after only
non-green samples were washed in sterile distilled water. Green samples were washed for 15
minutes in 70% ethanol before washing them in water. After the incubation period and the washing,
tissue samples were collected and placed on microscope slides with 70 pl of imaging buffer (10 mM
MES Tris base; 1 mM CacCly; 5 mM KCl pH 5.8). For the embryo development analyses, flowers were
manually pollinated and, after 1, 2, 3, 4 and 5 DAP the embryos were taken out of the silique before
the photo acquisition by placing them on microscope slides with imaging buffer and pressing softly
on the coverslip with tweezers until they are released (Jove protocol). Pollen was analysed during
several anther maturation phases. For the acquisitions stereomicroscope Leica MZ16F was used,

setting the magnification at 5x, 10x or 25x.

2.6 Transmission Electron Microscopy (TEM)

Seeds were sown with a sterile toothpick under hood in gridded square plates and grown
horizontally, TEM analyses were performed on 5 and 23 DAS plants grown on standard growth
medium (0.8% plant agar) with 0 or 100 mM NaCl. The imaging was performed on the primary root
(portion in which the lateral root start to grow) and on the 5t |eaf of each plant. Tissue samples
were fixed by incubating them overnight at 4°C in 2.5% glutaraldehyde plus 2% paraformaldehyde
in 0.1 M sodium cacodylate buffer, pH 7.4. The samples were post-fixed with 1% osmium tetroxide
for 2 h at 4°C. After 3 washes in water the samples were dehydrated in ethanol and embedded in
Epon resin (Sigma). Ultrafine sections (60-80 nm) were obtained with a Leica Ultracut EM UC7
ultramicrotome, subsequently contrasted with 1% uranyl acetate and 1% lead citrate and visualized
with a Tecnai G2 (FEI) transmission electron microscope operating at 100 kV. Images were captured
with Veleta (Olympus Soft Imaging System) digital camera. Two biological replicates have been

analysed for each condition.
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2.7 Treatments
Ciprofloxacin
why2KO ciprofloxacin assay

Seeds were scattered on square plates and were grown for 23 DAS on standard solid medium (0.8%
plant agar) supplemented with 0, 0.25 and 0.75 uM ciprofloxacin. DNA was extracted using the
protocol: Isolation of High-Quality DNA (Bekesiova et al., 1999). For each extracted DNA sample, a
PCR and an electrophoresis gel were performed to appreciate the level of DNA fragmentation (5 pl
sample were loaded and 2.5 pl for the housekeeping COX1). The assays were performed in triplicates
and each sample contained around 30-35 seedlings.

Salt stress
Liquid medium for salt stress treatment

Salt stress experiments were mostly performed in liquid medium composed by half-strength
Murashige & Skoog medium including vitamins (Duchefa, Murasnige and Skoog, 1962) with 1 %
(w/v) sucrose, 0.5 g/L MES-KOH. pH was adjusted to 5.8 using KOH without any addition of agar but

with different concentrations of salt.
Primary root growth

Primary root growth experiment was performed under prolonged salt stress treatment. For the long
salt stress treatment (figure 2.8), seeds were sown directly in standard solid medium (0.8% plant
agar) with 0 or 100 mM NaCl using a sterile toothpick placing the seeds 2 cm from the top edge, in
line in square plates, and were grown vertically. Plates were stratified for 2 days and starting from
5-6 DAS primary root growth was monitored. For each treatment 3 biological replicates (3 plates for
each condition) were prepared, sowing around 20 seeds per replicates. The experiment was

repeated at least two times.

W1
why2-3 B sciic Medium + 07100 mM Naci

¥ v ¥ V

Figure 2.8: Experimental design for the long salt stress treatment.

Primary root growth images for each experiment were acquired using a Bio-Rad ChemiDoc Touch
Imaging System (Flamingo setting) at different DAS and after the pulse stress. Images were

processed using Fiji-Image) bundle software.
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Salt stress mtDNA fragmentation assay

Plants were grown for 23 DAS in standard solid medium (0.8% plant agar) supplemented with 0, 100
and 150 mM NaCl, seeds were sown with a sterile toothpick under hood in gridded square plates
and grown horizontally, around 36 seeds per plate. After 23 DAS some of the samples were collected
while others were kept in culture for a recovery experiment. Recovery assay was performed by
placing the seedlings for 10 days in a new plate containing standard solid medium (0.8% plant agar)
without salt. After the recovery time the samples were collected for DNA extraction (Isolation of
High-Quality DNA (Bekesiova et al., 1999). DNA concentration was measured using Nanodrop ND-
1000 spectrophotometer. For each DNA sample a PCR was performed using opposite-direction
primer and run on an electrophoresis gel to visualize the intensity of DNA fragmentation (7 ul sample
were loaded). Primers have opposite direction mitochondrial sequences (figure 2.9.B): 180454For
and 171214Rev; 80161For and 30001Rev. Primer sequences are reported in table Il. The assays were

performed 4 times and each sample contained around 30-35 seedlings.
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why2-1
23 DAS 10 davs recovery

a Solid Medium + 0/100/150 mM NaCl \l/ /
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Primer 1 (For) PCR
—p

P —
Primer 2 (Rev)

Figure 2.9: (A) Experimental design for the salt stress mtDNA fragmentation assay. (B) Primer design on the mtDNA to analyse possible DNA
fragmentation.

mtDNA copy number quantification under salt stress

Plants were grown for 23 DAS in standard solid medium (0.8% plant agar) supplemented with 0, 100
and 150 mM NaCl, seeds were sown with a sterile toothpick under hood in gridded square plates
and grown horizontally, around 36 seeds per plate. After 23 DAS some of the samples were collected
while others were kept in culture for a recovery experiment. Recovery assay was performed by
placing the seedlings for 10 days in a new plate containing standard solid medium (0.8% plant agar)
without salt. After the recovery time the samples were collected for DNA extraction (Isolation of
High-Quality DNA (Bekesiova et al., 1999). DNA concentration was measured using Nanodrop ND-
1000 spectrophotometer. For each DNA sample a qRT-PCR was performed. The DNA amount of each
mtDNA fragments were normalized to the level of the single-copy number gene Rpotp and analysed

using the ACt method. For the mtDNA copy number quantification 3 mitochondrial genes were used:
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Q-COX1 and orf170mito. Primer sequences are reported in table lll. The assays were performed at

least 3 times and each sample contains around 30-35 seedlings.
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Figure 2.10: Experimental design for the mtDNA copy number quantification under salt stress.

2.8 Analysis of enzymatic and non-enzymatic antioxidants and determination of

oxidative marker

Following experiments were performed in collaboration with the Lab of Prof. De Pinto (University
of Bari). Samples were grown and treated in our lab and analysed in De Pinto Lab. Plants were grown
for 14 DAS on standard solid medium and then exposed for 8 h to standard liquid medium with 0O

and 150 mM NacCl. For every sample around 300 mg of fresh material were collected (all seedlings).
Analysis of enzymatic and non-enzymatic antioxidants

For the determination of non-enzymatic antioxidants, Arabidopsis seedlings were homogenized
with four volumes of cold 5% (w/v) meta-phosphoric acid at 4°C in liquid nitrogen. The homogenates
were centrifuged at 20000 g for 15 min at 4°C. Supernatants were used to determine contents and
redox states of ASC and GSH according to De Pinto et al. (1999).

For the determination of enzymatic antioxidants activity, seedlings were ground in liquid nitrogen
and homogenized at 4°C in a 1:8 (w/v) ratio with the extraction buffer (50 mM Tris—HCI| pH 7.5,
0.05%cysteine, 0.1% bovine serum albumin, 1mM phenylmethanesulfonylfluoride-PMSF). For the
determination of APX activity, ImM ASC was added to the extraction buffer. Homogenates were
centrifuged at 20000 g for 15 min, and the supernatants were used for spectrophotometric and
electrophoretic analyses. Protein concentration was determined according to Bradford (1976), using
bovine serum albumin as a standard.

Catalase (CAT, EC 1.11.1.6) activities was spectrophotometrically measured according to Paradiso
et al. (2020), Ascorbate peroxidase (APX, EC 1.11.1.11), activities were determined according to De
Pinto et al. (2000).
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Determination of oxidative marker

The level of lipid peroxidation was evaluated in terms of malondialdehyde (MDA) content
determined by the TBA reaction as described by Paradiso et al. (2008). The amount of MDATBA
complex was calculated using an extinction coefficient of 155 mM~cm™.

2.9 Primers list

Table | Genotyping Primers

Gene 5'->3' Sequence Function
WY For |CCTCAGAAGTCGGAAGACC why2-3 and why2-4 (CRISPR/CAS9
Rev |TGCGAACAATCGACCACTAG Mutants)
Cos For |CAGCTCGTGCAGACCTACAAC oresence of CASS

Rev |TGCCTTCTAAGGATAGCGTG
Rev | GCATCCTCAAAACCAATGAC
For | CATGATGTGTGGAAGAGCAA why2-1 (T-DNA insertional mutant)
T-DNA For |ATTTTGCCGATTTCGGAAC

AtWHY2

Table Il mtDNA fragmentation assay Primers

Gene 5'->3' Sequence Function
171214REVO Rev | CATTCTAGCCCGAGAGGAACT Possible mtDNA aberrant products
180454FOR0 For |ACCTACCAGCCCCATGTAAAC (Cappadocia et al., 2010)
30001REVO Rev | ACAGTCCACCAATAGCGGAAG Possible mtDNA aberrant products
80161FOR0O For |ACGTGCAAGTTTCCCTGCATG (Cappadocia et al., 2010)

For | GCTAGCTCATGGCAGGAAATC
CoxX1 Housekeeping (Cappadocia et al., 2010)
Rev |GTAACGTCCGTTCCGTGATCT

Table Il mtDNA copy number Primers

Gene 5'->3' Sequence Function

Q-cox1 For | GCCATGATCAGTATTGGTGTCTT mitochondrial gene (mtDNA
Rev | CTACGTCTAAGCCCACAGTAAACA quantification)
For | CTTTAGCAACCAAGCGAGCC mitochondrial gene (mtDNA

orf170mito o

Rev | TGATGCTCTCTCTCGGAACA quantification)

AtRDOT. For | TGGAAGCCGTCTGCTAGAACTA Internal standard for mtDNA

o
poip Rev | TGTCTGAATGCAGGTCGAAAC quantification (nuclear single copy gene)
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Table IV qRT-PCR Primers

Gene 5'->3' Sequence Function
For
WHY1 ACTTCGAGAAGCAGAGGTTCGG
Rev | TCTAGCAGGCAATCCTTCAGCAG
For
WHY2 ACTGAAATCGATTCGGGAAA WHIRLYs genes
Rev | CTGTTTCTTTTCCCAGTCGT
For
WHY3 ACGATAGAACCACGAGCACCAG
Rev | GAATCTGGTGCGTTCAAGCTGACA
For TCGTGGACAACAAATGGCA Gibberellin 20-OXIDASE 3
AtGA200x3
Rev | TGAAGGTGTCGCCTATGTTCAC (AT5G07200)
For | AGCATTATTTTCCCATGCTTGT .
MSH1 MUTL protein homolog 1
Rev | TTTGCGCCCTCATCTAAACT
For |TCTTTGCCTTCTTGCCTCAGA
0ODB1 Organellar DNA-binding protein 1
Rev | ATTCCTTGACGGGTTTCATCAT
Rev | TCTGAGCAAAGCCAGAGAGCTTCA binding protein 1
miSsB1 For | ATCAAACCTCAACGACGTCG mitochondrial SBB1 (Single strand
Rev | GCTCCTACAAGCCTCTGAT DNA binding protein)
POLIB For | CCTGAATACCGTTCACGTGCCCA mitochondrial polymerase | B
Rev | AGCCGCACTTCCCTGAACAGGA (At3g20540)
mtHSCT0-1 For | GTCCAAATGGCTTCCGTATCTG mitochondrial heat shock protein 70-
Rev | CCAATAACATCATTCCCCACAG 1
For TCGTTGTCATTGCTCGAAGA
WRKY15 CGTTGTCATTGCTCGAAG WRKY DNA-binding protein 15
Rev | CTTATCGCCGGAACCCTAAT
For | GCCTACCGATTTGTTCTTCCAG . )
AOXla Alternative oxidase 1 a
Rev | CAGTGTAGTAACATTCCTCCAACCA
For AAGCTCTCCTTTGTTGCTGTT .
ACT2 Housekeeping gene
Rev | GACTTCTGGGCATCTGAATCT

2.10 Statistics

All experiments were performed at least in three technical and biological replicates. The values are
represented as the means + standard deviation. Asterisks describe the level of significance: * = p <
0.05; ** =p < 0.005; *** =p <0.001; **** = p <0.0001. The statistical significance was demonstrated
using GraphPad Prism, performing the following tests: Student’s t-test method; two-way ANOVA,;

Sidak's multiple comparisons test; Tukey's multiple comparisons test.
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Results and Discussion

3.1 WHY2 function on mtDNA

3.1.1 Aberrant mtDNA products in mutant lines under genotoxic agent

Evidences from the literature show that WHIRLY proteins modulate DNA repair in chloroplasts and
mitochondria (Cappadocia et al., 2013; Cai et al., 2015). WHY2 in fact is a ss-mtDNA binding protein
that plays a role in mtDNA repair by avoiding the accumulation of microhomology-mediated DNA
rearrangements (Cappadocia et al., 2010), given that WHY2 avoids non-homologue recombination
during mitochondrial DNA replication. To confirm the evidence that WHIRLY2 is important for the
accurate repair of mitochondrial DNA lesions, functional characterization of mutant lines was
performed treating the plants with ciprofloxacin, a genotoxic agent that selectively inhibits
mitochondrial DNA topoisomerase and DNA-gyrase, inducing double-strand mtDNA breaks. These
damages activate the DNA repair system, which, in absence of WHY2, leads to the accumulation of
aberrant mtDNA recombinant products. Performing a PCR with opposite direction primers it is
possible to amplify the aberrant mtDNA products, that accumulate in a dose-dependent way based

on ciprofloxacin concentration (Cappadocia et al., 2010; figure 3.1).

A B

WT why2-3 why2-4 why2-1

0 025075 ¢ 025075 0 025075 0 025 075 CiP{uM)

=] 80161FOR
30001REV

180454FOR
171214REV

Figure 3.1: (A) Growth of WT and knock-out lines (why2-3, why2-4 and why2-1) under different concentrations of ciprofloxacin (0, 0.25 and 0.75 uM).
Plants were grown for 23 Days After Sowing (DAS) in solid medium (2.2.3) (B) Electrophoretic analysis of representative PCR performed with 2 inward-
facing mitochondria genome-directed primers. Low cycle amplification of the coxI mitochondrial gene were used as loading controls. The
oligonucleotides used for each PCR are indicated on the side.

DNA rearrangements accumulate in WT line only under the highest ciprofloxacin concentration
(0.75 uM), while in mutant lines they increase proportionally with the concentration of the
genotoxic agent and are even lightly detectable after growth in solid medium without ciprofloxacin.

These results suggest that why2-3 and why2-4 as well as why2-1 lack the repair protein WHY2.
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3.1.2 Mitochondrial morphology of why2-1 and why2-3 knock-out lines

The absence of WHY2 is associated with aberrant mitochondrial morphology in cultured cells and
seedlings in why2-1 line (Golin, Negroni et al., 2020). To further confirm that the elongated
mitochondrial phenotype was due to the lack of WHY2, we analysed mitochondrial morphology in
the why2-3 mutant using the potentiometric dye TMRM (see M&M). Mitochondria morphology was
evaluated by confocal microscope analysis in WT and why2-3 line by staining 5-day-old seedlings

and analysing the root tissues, in concomitance with the area where the root hairs arise.

During plant’s life cycle, mitochondria have different morphology, for example during seeds
germination mitochondria in the embryo are clustered around the nucleus and elongated
(Paszkiewicz et al., 2017), while during seedlings growth the mitochondrial morphology is rather
homogeneous in tissues, small and circular. To quantify the irregularities, we performed a
guantification of mitochondrial area and mitochondrial shape. Thanks to this analysis we observed
that why2-1 as well as why2-3 seedlings contain elongated mitochondria in the root tissues,
compared with WT mitochondria that appear smaller and circular (figure 3.2). We observed that the
area of each mitochondrion in mutant line is about 3 times with respect to WT; the circularity value
is instead lower than 1, with 1 corresponding to a perfect circularity and <1 implying elongated

mitochondria (figure 3.2).
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Figure 3.2: (A) Representative images of mitochondrial morphology analyses performed on root tissue cells of 5 DAS old A. thaliana seedlings stained
with 200 nM TMRM and photographed by CLSM. Scale bar: 20 um. The graph reports mitochondrial area on the right and mitochondrial circularity
value on the left (1: circular; <1: elongated). Error bars: SD. White arrows indicate stained mitochondria. Asterisks describe the level of significance:
* = p <0.05; ¥*** = p < 0.0001. Statistic: Student’s t-test method.

3.1.3 Mitochondrial morphology of why2-1 knock-out lines during the primary root
growth

To further confirm the mitochondrial morphology in root tissues, we expressed the mitochondrial
marker mt-YFP in the why2-1 background and performed a side-by-side comparison of mitochondria
morphology during root development. Elongated mitochondria were confirmed in root cells (red
arrows indicate root hair, figure 3.3). Given this observation, we decided to look at different stages
of development of the primary root. In the region where root hairs develop, an elongated
morphology was observed only during the first days after germination. As figure 3.3 shows, in why2-
1 mt-YFP plants, mitochondria maintain an elongated profile up to 7 Days After Sowing (DAS), while
from 9 DAS onwards, such shape was no longer observable.

5 DAS 7 DAS 9 DAS

WT
mt-YFP

10 pm

why2-1
mt-YFP

10 pm

Figure 3.3: Representative images of mitochondrial morphology analyses performed on root tissue cells of 5, 7 and 9 DAS old A. thaliana seedlings
from mt-YFP WT and why2-1. Pictures were taken by CLSM. Scale bar: 50 um for 5 and 9 DAS; 20 um for 7 DAS. Inserts scale bar: 10 um. White arrows
indicate stained and fluorescent mitochondria, and red arrows represent the point where a root hair is born confirming the root epidermal tissue.

A possible explanation of this observable morphology until the seventh day of development, could
be that the absence of WHY2 causes a clear phenotype on cells owning a higher metabolic activity.
The root epidermal tissue is in fact subject to metabolic changes due to the growth of root hairs

during early development (Brechenmacher et al., 2009).
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The previous mt-YFP knock-out lines were also characterized by reduced mitochondrial dynamics
when compared with those present in WT root cells (Golin, Negroni et al., 2020; Appendix Ill), linking
an aberrant mitochondrial morphology to an impairment in the mitochondrial mobility in WHY2
mutant lines. This result is supported by evidence from the literature that link together plant
mitochondrial shape, function and dynamics. Mitochondrial dynamics is fundamental for different
cellular processes and also for the transport of ATP and molecules throughout the cell. For example,
the interactions between mitochondria and ER became a focus of research during the last decade
in animals, fungi and plants, linking ER-mitochondria contacts additionally to mitochondrial
dynamics and quality control (Kornmann, 2013; Lackner, 2014; Mueller and Reski, 2015).

3.1.4 Aberrant Nucleoids morphology in WHY2 knock-out plants

In order to analyse in more details mitochondria of mutant plants we performed transmission
electron microscopy analyses on leaves of 5 day old seedlings. Having already analysed the
mitochondrial morphology at the root level on 5 days seedlings and in Arabidopsis suspension cell
cultures (Golin, Negroni et al., 2020), we decided to complete the analysis by acquiring TEM images
of 5 DAS cotyledons, given also the difficulties to properly stain this organ with TMRM.

Figure 3.4 shows that WT cell lines mitochondria were round or oval, contained several cristae and
an electron-dense matrix, mitochondria in the why2-1 line, instead, appeared to be swollen, with a
reduced number of cristae and a low electron density matrix that might be index of low
mitochondrial functionality linked to mitochondrial pleomorphy and low motility (Logan, 2006;
Vigani et al., 2015). Approximately 30% of the mitochondria in leaves of the mutant line exhibited
such altered morphology compared with the WT (Figure 3.4). Furthermore, as calculated from TEM
images of 23 weeks-old leaf sections, the relative intracristae surface area decreased by about 40%
(p < 0.05) in the why2-1 mutant line when compared to the WT (Golin, Negroni et al., 2020).
Interestingly, a large translucent area (figure 3.4 right panel) in the centre of the organelles is
present, where fibrillar structures resembling unpacked DNA are evident (figure 3.4, insert at the
top of the why2-1 right panel). In these plants mtDNA is less compact (figure 3.4) suggesting that
the absence of WHY2 might be involved in mitochondrial nucleoid organization, resembling the role
of WHY1 in chloroplast (Krupinska et al., 2014).
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Figure 3.4: Mitochondria and nucleoids morphology in 5 DAS plant tissues. Transmission electron microscope images were taken of mitochondria
from leaf of WT and mutant plants. Arrows in the WT panels indicate healthy mitochondria, and in the right panel arrows indicate a translucent area
within mitochondria matrix in why2-1 mutant line.

By staining 5 DAS old Arabidopsis roots seedlings mitochondria with TMRM together with
picoGREEN staining the mtDNA in WT and mutant lines, we were able to evaluate the number of
nucleoids per mitochondria. picoGREEN, is a dsDNA quantitation reagent that quickly enters
mitochondria and marks mtDNA. Images were analysed setting a threshold for fluorescence signals,
(only picoGREEN intensity values above 10 were considered) in order to take in account only strong

picoGREEN signal that is associated to dense and packed mitochondrial nucleoids.

TMRM picoGREEN Merge
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Figure 3.5: (A) Confocal images of 5 DAS old seedlings roots of WT and why 2-1 plants stained with TMRM and picoGREEN. The images represent the
signal emitted by TMRM, picoGREEN and the merge of the two. (B) The first graph represents the detected percentage of mitochondria with at least
one nucleoid per cell; the second graph shows the number of mitochondria per cell. The experiments have been performed at least 2 times with 3
biological replicates and at least 9/10 cells were analyzed for each line. Error bars: SD. Asterisks describe the level of significance: ** = p < 0.005.
Statistic: Student’s t-test method. The analysis has been performed with the Volocity software setting a fixed threshold for the fluorescent signals.
Summarizing the total amount of mitochondria per cell and the percentage of mitochondria with at
least one nucleoid were evaluated. In mutant lines, where mitochondria are elongated as already
described above, mitochondria do not always appear with a nucleoid (figure 3.5). In WT line around
88% of mitochondria have at least one nucleoid, while in why2-1 mutant the fraction is only 55% of
mitochondria stained with picoGREEN, while the other mitochondria do not exhibit any fluorescent
signal. On the other hand, there is no statistical difference in the number of total mitochondria per
cells.

The lowest number of nucleoids highlighted in the elongated mitochondria in mutant lines were
interpreted as an impairment in nucleoids organization. We wondered whether this signal drop was
due to a decrease in the net amount of mtDNA or to a disorganization of mtDNA (less nucleoids).

Therefore, we measured the mtDNA copy number.

3.1.5 Mitochondrial DNA copy nhumber

A mtDNA copy number analysis was performed through RT-PCR on mitochondrial genes (Morley
and Nielsen, 2016) on whole 6 DAS seedlings and on leaves and roots of 23 DAS old plants. A broad
spectrum of different tissues and developmental phases were chosen to investigate a possible
impairment in the mtDNA copy number. As a "housekeeping gene" the single-copy nuclear gene
AtRpotp (nuclear plastid-RNA polymerase; Morley and Nielsen, 2016) has been chosen. To study the
variation of mtDNA copy number we selected two mitochondrial genes: COX1 (mitochondrial

cytochrome oxidase 1 subunit) and orf170mito (mitochondrial RNA-dependent DNA polymerase).
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Figure 3.6: (A) The results were analysed with the technique of 27(-ACt), the used formula is shown in the figure. (B) Real-Time PRC on 6 and 23 DAS
WT and why2-1 and why2-3 lines. Mitochondrial analysed genes: COX1 (mitochondrial cytochrome oxidase 1 subunit) and orf170mito (mitochondrial
RNA-dependent DNA polymerase). As housekeeping gene has been used AtRpotp (nuclear plastid-RNA polymerase). Error bars: SD. Statistic: Two-
way ANOVA.

mtDNA copy number does not vary in young seedlings neither in old leaves nor roots plants (figure
3.6). This means that the absence of WHY2 does not impact the amount of mtDNA, but that instead
it causes a disorganization of the nucleoid structures reflected in the decrease of picoGREEN signal
as previously reported.

To sum up the results obtained so far, we noticed that the absence of WHY2 impairs nucleoids
structural integrity and results in aberrant mitochondrial morphology, meaning that there must be
a tight link between mtDNA integrity and organization, and mitochondrial morphology and
dynamics. We hypothesize that nucleoids might have a scaffold role, and that the lack of these
structures could impact on both shape and movement of the whole organelle. Corroborating this
hypothesis, it has been demonstrated that the integrity of mtDNA/nucleoids plays an important role
in the remodelling of cristae structures in animal cells (Ban-Ishihara et al., 2013). In this context, the
loss of a ssDNA-binding protein such as WHY2 leads to an unpacking of mtDNA and loss of nucleoids,

luckily for an impaired recruitment of other scaffold proteins.

3.2 Role of WHIRLY2 in plant growth, germination and embryo development

3.2.1 Phenotyping of why2-3 and why2-4 CRISPR/Cas9 knock-out lines

In order to identify possible phenotypic variations in WHY2 knock-out lines during plant growth and
development, we performed phenotyping analyses. For the phenotype characterization, primary
root growth, rosette development and primary flower growth were evaluated in why2-3 and why2-
4. As figure 3.7.A shows it was observed that the absence of WHY2 had a statistically significant
impact in the early root growth at 7 DAS in both mutant lines. In the other studied development
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stages, instead, no significant differences were observed respect to wild type (figure 3.7). The
absence of WHY2 does not have a strong impact during vegetative growth (figure 3.7.A; Band C), in
fact after the 7 DAS no differences were noticed in the primary root growth between knock-out lines
and WT, but also in any of the analysed stages during rosetta development and primary flower
growth a difference was noted. These results confirmed previous observations on why2-1 mutant
line (Maréchal et al. (2008).
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Figure 3.7: Phenotypi-c characteriiation of why2—3 and why2-4 mutant lines in comparison to the wild type control (Col-0, WT). (A) Primary root growth
analysis: vertical root growth on standard solid medium (2.2.3). Scale bar: 1 cm. Tukey's multiple comparisons test has been performed, statistically
significant differences between why2KO lines and WT were observed only after the first 7 DAS. The experiment was repeated 2 times with at least 20
plants per genotype. (B) Rosette development analysis were performed in pots containing soil. Scale bar: 2 cm. No statistical differences between
why2KO lines and WT were noticed. The experiment was repeated 2 times with 4 plants per genotype. (C) Flower growth analyses were performed
in pots containing soil. Scale bar: 5 cm. No statistically relevant differences between why2KO lines and WT. The experiment was repeated 2 times
with 4 plants per genotype. Asterisks describe the level of significance: * = p < 0.05; **** = p < 0.0001. Statistic: Student’s t-test method.
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3.2.2 WHY2 in embryo development

Since mitochondria provide ATP to the cells, our studies were focused on cells with an active
metabolism that have a high energy demand, such as those undergoing division, in which organelles
functionality is particularly necessary. Functional mitochondria are indeed important during the first
phases of embryo development. In fact, properly developed embryos and surrounding tissues are
essential to obtain vital and vigorous seeds. For these reasons, we decided to investigate the impact
of WHY2 during embryo development, pollen maturation and seed germination.

To do that we used transgenic plants harbouring the reporter gene GUS under the control of WHY2
promoter (Cai et al., 2015). Four-week-old plants were manually pollinated to precisely monitor
through GUS staining the WHY2 promoter activity during every phase of embryo development
(figure 3.8). After pollination, the formation of the zygote starts, and it is possible to follow the

subsequent embryo development steps (figure 3.8).

A Pollination

Pre-globular

- Heart Linear Mature Green
I N 1 DAP

& DAP 7-8 DAP 13 DAP

SEED COAT ( Fertilizatio | accumulation. ci2 & oil | and oil inner tangent

——————— /" Formationofproper \  / Tisoe s N\
EMBRYO (i’#lhrlzﬂ{lun ( F{"[ HapOon o prope ( Tissue |/ A 'r&f“""”"'“'”r}

4\ _embryo and suspensor _/  \differentiation /\ development /

Figure 3.8: (A) Representation of different A. thaliana siliquae maturation phases, the white arrow represents the mature flower ready for pollination,
numbers represent the days after pollination (DAP) at which siliquae development was monitored. (B) Schematic representation of seed development
in Arabidopsis. Diagrams of an unfertilized ovule and the five stages of seed development from the pre globular (1 day after pollination-DAP) to
mature green (13 DAP) stage. Embryo developmental stages were adapted from Le et al. (2010). Detail of the five seed coat layers according to
Appelhagen et al. (2014). Seed coat developmental events are specified by Beeckman et al. (2000). Endosperm development is presented according
to Lafon-Placette and Kohler (2014). Drawings are not to scale. Abbreviations and colour code: oi outer integument, ii inner integument, DAP days
after pollination. Green seed coat, orange endosperm, yellow embryo.

Firstly, we monitored WHY2 promoter activity, which can be used as a proxy of gene transcription

before and after pollination: figure 3.9.A.1 shows that there isn’t any detectable GUS staining before

pollination; pollinated flowers, instead, have several blue stained embryos mirroring high level of

WHY2 promoter activity (figure 3.9.A.2 and 3). The GUS staining linked to the WHY2 promoter
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activity can be appreciated more in detail at higher magnification in 3 days after pollination (DAP)
(figure 3.9.B.2 and 3) in which we can confirm that there is no GUS staining before pollination (Figure
9.B.1) and that WHY2 promoter have a high activity particularly in the endosperm and chalazal
endosperm cells (Figure 9.B.2 black arrows), in globular embryo (Figure 9.B.3 white circle) and

embryo surrounding region (Figure 9.B.3 black arrows).

Figures 3.9.C represents the GUS staining in embryos at 1, 2, 3 and 4 DAP: in the first 3 DAP the
embryos and the surrounding regions show an intense blue staining while at 4 DAP the signal is lost.
This could be due to a low WHY2 promoter activity, or a physical hindrance given by the hardening

of the seed coat that does not allow the penetration of the substrate in the deep tissues.
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Figure 3.9: pWHY2:GUS line from Cai Q et al., 2015. The figures are representative the GUS assay performed. Plants were grown for 4 weeks in pot
on soil and siliquae obtained by manually pollinated flowers were then analyzed. (A) 1 Embryo sac before pollination, scale bar: 100 um; 2 Image of
1 DAP flower, scale bar: 500 um; 3 Image of 1 DAP zygotes formation, scale bar: 100 um; (B) 1 Embryo sac before pollination, scale bar: 50 um; 2 and
3 represent 2/3 DAP embryos, the black arrows in 2 point the endosperm cells, in 3 the arrows point the chalazal endosperm cells, the globular
embryo and embryo surrounding region, scale bar: 50 um; (C) the images represent the GUS assay performed on 1,2,3 and 4 DAP, scale bar 50 um.
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In parallel, the gene expression analysis of WHY2 was determined by RT-PCR at 2, 3, 4 and 5 DAP,
as shown in Figure 3.10.
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Figure 3.10: Real-Time PCR on 2, 3, 4 and 5 DAP WT siliquae. Analyzed genes: WHY1, WHY2, WHY3 and GA200x3 i.e., the 3 WHIRLY genes and a gene
involved in the Gibberellin pathway. ACT2 has been used as housekeeping gene. The results were analyzed with the 2/(-ACt) technique. Error bars:
SD. Asterisks describe the level of significance: * = p < 0.05; **** = p < 0.0001. Statistic: Tukey's multiple comparisons test.

Higher expression of WHY2 is detected at 2 DAP, followed by a constant decrease. At 4 DAP there
are still moderate levels of WHY2 expression as in the following stages, this leads us to suggest that
there is not an abrupt stop of WHY2 expression as observed in the GUS assay, but a more gradual
decrease. Probably the lack of GUS staining was due to the hardening of the seeds after the 4 DAP
or could depend on the stability of the RNA.

In addition to WHY2, we also monitored the expression levels of WHY1 and WHY3 where no
variation in expression was found. We investigated the expression levels of the various WHIRLY
genes to understand their impact during this precise developmental stage, confirming a
predominant role of WHY2 compared to the other two WHY genes. GIBBERELLIN 20-OXIDASE 3
(GA200x3) is involved in the gibberellin biosynthesis pathway, playing a key role during germination,
and it is highly expressed in developing siliques (Rieu et al., 2007). Its induction is in line with the

development process, confirming that the siliquae maturation is progressing normally.

An increase in the expression level of GA200x3 and a constant decrease of WHY2 during the embryo
development are in agreement with what was previously seen by Raju Datla Lab in Arabidopsis,
through a genome-wide analysis during embryo development (Xiang et al., 2011). In conclusion,
high promoter activity of WHY2 in the early phases of embryo development was observed through
the GUS staining assay and then confirmed with RT-PCR. This supports the hypothesis that WHY2 is
necessary for those developmental phases characterized by high energy requirements and intense
cell division. Indeed, during these stages mitochondria need to highly transcribe and replicate
mtDNA, both processes require accurate DNA remodelling, helped by a functioning repair system
and thus by WHY2.

Then, we decided to investigate whether the absence of WHY2 could compromise these
developmental stages, and generate an impairment in the formation of viable seeds in the knock-

out siliquae.
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Plants were sown in soil and, after 4 weeks, WT(m) x WT(f) and why2-1(m) x why2-1(f) plants were
manually crossed and after 10 days after pollination (DAP) the number of viable seeds determined
(see M&M). Only early flowers were taken to avoid variation in the results due to the variability of
seed production during late flowering stage. It was observed that why2-3 line produces around 26%
less seeds than WT line and that this happens despite having the same siliquae length (figure 3.11.A).
Anincrease in the number of aborted seeds was observed, in figure 3.11.B, the black arrows indicate

aborted seeds in the mutant line.
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Figure 3.11: Analysis of embryo development in WT and why2-3. Wild-type and mutant plants were manually crossed simultaneously. 10/15 siliquae
were analyzed. Around 10-15 crossed silique were analysed for each genotype. The experiments have been performed at least 3 times. Scale bar: 5
mm. (A) The graph represents on the left axis the number of developed seeds per siliques, instead the right axis reports the siliquae length (mm).
Error bars: SD. Asterisks describe the level of significance: * = p < 0.05. Statistic: Student’s t-test method. (B) The black arrows represent the aborted
seeds in the why2-3 line.

This preliminary result is encouraging, it indicates that plants lacking WHY2 are partially impaired in
seed production, suggesting that during this phase in which mitochondria replication and
reorganization are needed to sustain cell division, the maintenance of mtDNA stability and

organization is particularly crucial.

3.2.3 WHY2 and pollen development

Another important high energy demand developmental process is pollen development. Thanks to
the pWHY2:GUS line we confirmed what was reported by Cai Q et al., 2015. AtWHY2 promoter
activity and gene expression decrease during pollen development, in parallel with the rapid

degradation of mtDNA. Only in the first phases of pollen maturation, WHY2 seems to play a key role,
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we, in fact, observed an induction of WHY2 during pollen maturation, precisely during the polarised
microspore phase and not in early and mature pollen developmental phases (figure 3.12).
Vegetative pollen cells begin development at the microspore stage (Eady et al., 1995). An early
accumulation of WHY2 in the vegetative cell can prevent mtDNA degradation. These results are
therefore in line with WHY2 function: protection of mtDNA during high-energy demand
developmental phases.
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Figure 3.12: Analysis of pollen development in pWHY2:GUS line. Scale bar: 50 um. The black arrow indicates the signal from a pollen grain.

3.2.4 WHY2 during seed germination

Germination is an energy-demanding process in which cell division and development processes
occur. Reactivation of mitochondria to supply the required energy is thus a key process
underpinning germination and seedling formation. Reactivation of mitochondrial bioenergetics,
indeed, is followed by a drastic reorganization of the chondriome involving massive fusion to enable
mixing of previously discrete mitochondrial DNA nucleoids (Paszkiewicz et al., 2017). To evaluate
the impact of the absence of WHY2 on seed germination, we performed a germination test on all
the three knock-out lines available. The rupture of the seed testa and primary root outflow were
used as parameters to evaluate seed germination (Figure 3.13). As reported in fig. 3.13, in all the
analysed mutant lines a significant reduction (25%) in the percentage of germination compared to
the WT was observed. We analysed by RT-PCR the expression of WHY2 in different developmental
phases, from imbibed seeds to the flowering stage. The results showed a relatively high expression
level in 24 h imbibed seeds (Golin, Negroni et al., 2020). Furthermore, The Arabidopsis eFP Browser
from the AtGenExpress Consortium (Winter et al., 2007) shows that the predicted WHY2 gene
expression is higher in 24 h imbibed seeds and in organs with a high degree of cell division such as
shoot apex (Appendix I). All these data taken together highlight the important role of WHY2 in a

phase of plant life characterized by active mtDNA synthesis, such as seed germination.
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Figure 3.13: Analysis of seeds germination, WT, why2-1, why2-3, and why2-4 lines were analyzed. Scale bar: 0.5 mm. Germination was performed in
solid standard medium; images were acquired after 72 h from the sawing. The experiments have been performed at least 2 times. Error bars: SD.
Asterisks describe the level of significance: **** = p < 0.0001. Statistic: Student’s t-test method.

In conclusion, the absence of WHY2 does not affect plant development in terms of primary root
growth, rosette development and flowering. In contrast, a strong phenotype is observed during
energy-demanding growth phases, such as germination and embryo development, heterotrophic

growth phases in which functional mitochondria and high ATP levels are required.

3.3 The role of WHY2 in salt stress response

As reported above, WHY2 is fundamental for mtDNA and nucleoids stability, and its absence leads
to aberrant mitochondrial morphology and impaired dynamics (figure 3.2; 3.4 and Appendix Ill).
Mitochondria also play a relevant role in stress sensing, response and adaptation. Being first stress
sensors, functional mitochondria are needed for plant response and survival in presence of stress
(Van Aken 2021; Eckl et al., 2021). For all these reasons, we decided to characterize WHY2 knock-

out lines under stress conditions.

3.3.1 Cis-regulatory elements of WHIRLY2 gene

In order to get more in details on the role of WHY2 an in-silico analysis was performed. Transcription
factor binding site (TFBS) for AtWHY2 gene was performed on their 2000 bp upstream sequence,
starting from the first intron. This region includes the 1 intron, 1 exon, 5’UTR and the upstream
region. The cis-regulatory elements are DNA sequences that regulate the transcription of the gene
to which they belong. The study of such regulatory elements provided information on gene function

and the conditions under which its expression is modulated.
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Figure 3.14: Sequence used for the promoter analysis, from the first intron to 2 kb upstream of the 3’->5". The black arrows indicate the used sequence.

The red square indicates WHY2. The legend is present above the image of the sequence. In grey: introns; in green: exons; in blue: putative promoter

and in white the upstream region. Sequence obtained from SeqViewer Nucleotide View (Tair).

The more abundant cis-regulatory elements identified in the upstream region of WHY2 are reported

in Figure 3.15, in particular, we focussed on the sequences associated with response to abiotic

stresses.
Cis-acting element Sequence Description
SORLIP3AT CTCAAGTGA Light-Induced Promoters
EBOXBNNAPA CANNTG R response element
MYCCONSENSUSAT CANNTG dehydration-responsive gene
LTRECOREATCOR15 CCGAC cold- or drought- induced gene expression
GT1CONSENSUS GRWAAW light-regulated gene
IBOXCORE GATAA light-regulated
MYBCORE CNGTTR water stress
MYB2CONSENSUSAT YAACKG dehydration-responsive gene
ASFIMOTIFCAMV TGACG salicylic acid and light regulation
TCALMOTIF TCATCTTCTT salicylic acid and stress
GT1GMSCAM4 GAAAAA pathogen and salt-induced gene

Figure 3.15: Simplified WHY2 promoter analysis, showing only cis-regulatory elements responding to biotic and abiotic stresses. The promoter
analyses were performed with the wuse of New PLACE (A Database of Plant Cis-acting Regulatory DNA Elements).
https://www.dna.affrc.go.jp/PLACE/?action=newplace.
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The number of detected transcription factor binding sites (TFBSs) in the promoter sequences from
the first intron to 2 kb upstream of the 3’->5’ of AtWHY2 gene were shown in figure 1.16. A total of
10 type TFs more abundant and related to abiotic stresses (TCALIMOTIF, SORLIP3AT,
MYCCONSENSUSAT, LTRECOREATCOR15, GT1CONSENSUS, IBOXCORE, MYBCORE, GT1GMSCAMA4,
MYB2CONSENSUSAT and ASFIMOTIFCAMV) were detected in our analysis. The highest number of
cis-regulatory elements was found as 18 for GT1CONSENSUS, followed by 16 for
MYCCONSENSUSAT, 7 for GTIGMSCAM4 and 5 for MYBCORE. The consensus GT-1 binding site
(GT1CONSENSUS) was found in many light-regulated genes (Terzaghi and Cashmore, 1995).
MYCCONSENSUSAT is a MYC recognition site found in the promoters of the dehydration-responsive
gene rd22 and many other genes, and also a binding site of ICE1 (inducer of CBF expression 1) that
regulates the transcription of CBF/DREB1 genes during cold in Arabidopsis (Abe et al., 2003).
GT1GMSCAM4 is a "GT-1 motif" found in the promoter of soybean (Glycine max) CaM isoform
(SCaM-4), it plays arole in pathogen- and salt-induced SCaM-4 gene expression (Buchel et al., 1999).
Finally, MYBCORE is a binding site for two plant MYB proteins ATMYB1 and ATMYB2, ATMYB2 is
involved in the regulation of genes that are responsive to water stress (Urao et al., 1993).

Cis-regulatory elements of AtWHY2 gene
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Figure 3.16: In the image is represented the abundance of putative TF binding sites in the 2000 bp promoter sequence for AtWHY2 gene. In blue the
numbers of Cis-regulatory elements in Total, in red in the upstream region, in green in the 5’UTR and in orange in the first exon.

The mitochondrial alteration, as we have seen, compromises plants response during high energy
demand developmental stages. Our previous results on WHY2 promoter analysis were supported
by the Zhao et al. (2018) hypothesis of an involvement of WHIRLY2 under stress that is another
physiological condition in which high energy is required. Knowing the relevance of organelles under
stress, Zhao et al. (2018) tested the involvement of WHY2 in response to several stresses and
discovered an induction of WHY2 expression after exposing plants to salt in Solanum lycopersicum.

In addition, lines over-expressing SIWHY2 showed higher resistance to drought and pathogens (Zhao
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et al., (2018). In Appendix Il, the full promoter analysis is reported, showing all the found cis-
regulatory elements in the upstream region of AtWHY2. These results together with the data
reported by Zhao et al pushed us to better define the possible role of AtWHY2 in abiotic stress
responses. In particular, among abiotic stresses, some well-known response mechanisms are those
to saline stress. Soil salinity between abiotic stresses is a major environmental constraint in
agricultural productivity (Greenway and Munns, 1980; Rhoades and Loveday, 1990). Moreover,
constantly changing environmental conditions, such as temperature and precipitation, as well as
agricultural practices cause rapid modifications in levels of salinity. Salinity affects growth by
challenging plants with both osmotic and ionic stress. The presence of high concentrations of salt
lowers soil water potential, thus making it harder for roots to take up water, while the ionic stress
is associated with the gradual accumulation of salts in plant tissues over time (Munns and Tester,
2008). In the long term, the ability to detect changes in ion levels and provide an appropriate

response is a requisite for plant survival in saline environments.

3.3.2 Expression profile of WHY2 during salt stress

To evaluate WHY2 expression under salt stress in A. thaliana, WT plants were grown for 14 DAS in
standard solid medium (see M&M) and subsequently exposed to salt (150 mM NacCl) for 8 h in liquid
medium, while control samples were incubated in the same liquid medium without adding salt.
Samples were then collected, and specific genes expression profile was determined by RT-PCR. The
WHIRLYs family genes and WRKY15 expression level were analysed under salt stress. It is evident
from the gene expression analysis, reported in figure 3.17, that WHY2 expression level is doubled
after only 8 h of exposure to salt stress, as well as WRKY15, a typical salt stress marker gene. the
ROS-inducible A. thaliana WRKY15 transcription factor (AtWRKY15) modulates plant growth and
salt/osmotic stress responses. Salt- and oxidative-stress responsiveness of the WRKY15 transcript

was confirmed by quantitative RT-PCR analysis (Vanderauwera et al., 2012).
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Figure 3.17: Real-Time PCR on 14 DAS old seedlings treated for 8h with 150 mM NaCl. Analysed genes: WHY1, WHY2, WHY3 and WRKY15; 3 WHIRLYs

genes and a gene involved in salt stress response. ACT2 has been used as housekeeping gene. The results were analysed with the 27(-ACt) technique.

Error bars: SE. Asterisks describe the level of significance: **** = p < 0.0001. Statistic: Tukey's multiple comparisons test.
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It is worth noting that only WHY2 increases in presence of salt stress while the other two WHIRLY

genes (WHY1 and WHY3) did not show any significant change.

3.3.3 Mitochondrial DNA damages under salt stress and recovery

WT seedlings harbouring YFP in the mitochondrial matrix (WT mtYFP) were grown for 7 days on
standard solid medium, exposed to liquid medium with 50 mM NacCl and analysed by confocal
microscopy, to observe the mitochondrial behaviour during the first phases of salt stress. In
preliminary results it was observed that salt treatment induced clustering and mitochondrial
elongation as early as 4 h (figure 3.18) in the WT line, this pattern was also observed after 6 h (data

not shown).

Control Treated
(4h liguid medium) ~ (4h liquid medium + 50 mM NaCl}

WT mt-YEP WT mt-YEP

Figure 3.18: Representative images of mitochondria from root tissue cells of 7 DAS old WT Arabidopsis seedlings harbouring the mt-YFP. Seedlings
were grown on standard solid medium and then exposed for 4 h on salt stress (liquid standard medium with 50 mM NaCl) images were taken by
CLSM. Scale bar: 20 um. The white arrows indicate elongated and clustered mitochondria.

Clustering helps mitochondrial fusion and their spatial reorganization allows the cell to adequately
respond to the stress, allocating resources (ATP and metabolites) where needed (Arimura et al.,
2018). It is well known that mitochondrial fusion is important for the maintenance of respiratory
capacity, for allowing mitochondrial DNA exchanges, for recombination as well as for the exchange
of metabolic compounds (Logan 2010, Scholz and Westerman, 2013). Usually, a massive
mitochondria fusion occurs during high cell replication developmental processes, with the effect of
aiding mtDNA replication, repartition and organization in mitochondria (Ray et al., 2021; Logan
2017). A similar mechanism might be induced during stress response, in fact, Steiner et al. in 2018

observed mitochondrial fusion after exposure to ionic stress in Micrasterias denticulata.
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Since we observed a clustering of mitochondria after salt stress, we decided to evaluate if such
process could impact on mtDNA replication and reorganization. In addition, we analysed if the
absence of WHY2 could impair the mtDNA replication during salt stress. Thus, we performed an
experiment to evaluate the accumulation of aberrant mtDNA products exposing plants to different
concentrations of salt. Plants were grown for 23 DAS on standard solid medium containing 0, 100
or 150 mM NaCl. PCR analyses were performed on collected material using opposite direction
primers as previously described. WT plants show very little amount of aberrant mtDNA products
even after exposure to the highest salt concentration. On the opposite, WHY2 mutants contain such
products in increasing amounts depending on the severity of the stress (figure 3.19).
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Figure 3.19: Electrophoretic analysis of representative PCR performed with 2 inward-facing mitochondria genome-directed primers. The cox1
mitochondrial gene were used as loading controls. The oligonucleotides used for each PCR are indicated. Plants were growth for 23 DAS in normal
solid medium under different concentration of salt (0, 100 or 150 mM NaCl). DNA rearrangements accumulate primarily in the mitochondria of plants
lacking WHY2. The experiment was repeated 3 times for different concentration of salt stress, around 36 plants per biological replicate.

This observation suggests that a high rate of mitochondrial DNA replication and rearrangement
occurs during salt stress, and also that the mtDNA repair is in progress during the stress, a process
in which WHY2 seems to have a key role. When the absence of WHY2 occurs the organization of
nucleoids, that allows spatial proximity of DNA with replication and repair systems, lose
compactness and the recruitment of proteins into complexes might be deregulated leading to
improper replication and to non-homologous recombination events, functions where WHY2 seems

to play a fundamental role in mitochondria.

Hypothesising that WHY2 has a scaffold role and knowing that its absence induces compromised
mitochondrial dynamics, we thought that an impairment in these processes, fundamental for
mtDNA exchange, would not allow a recovery on aberrant mtDNA products. We decided to perform

a recovery assay, moving the plants treated with salt to a standard solid medium for 10 days to
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observe if damaged mtDNA would decrease or be absent. Figure 3.20.A shows that the mtDNA
aberrant products are still present after recovery time, underlining the fact that WHY2 is deeply
involved in mtDNA maintenance and repair during prolonged salt stress. This result supports a
fundamental role of WHY2 in the repair mechanism to avoid mtDNA damages during and following

the stress, which could affect organelle functionality and plants’ survival and recovery.

Through RT-PCR analyses (figure 3.20.B) we observed that WHY2 transcription is induced in 14 DAS
seedlings after 8 h of pulse salt stress treatment (150 mM NaCl), while the same behaviour is not
observed for other genes known to be involved in mtDNA repairs like ODB1, MSH1, OSB1 and SSB1.
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Figure 3.20: (A) Electrophoretic analysis of representative PCR performed with 2 inward-facing mitochondria genome-directed primers. The cox1
mitochondrial gene were used as loading controls. The oligonucleotides used for each PCR are indicated. Plants were grown for 23 DAS in standard
solid medium under salt stres (150 mM NaCl) and recovered for 10 days on standard solid medium. DNA rearrangements accumulate primarily in the
mitochondria of plants lacking WHY2. The experiment has been repeated 3 times for different concentrations of salt stress, around 36 plants per
biological replicate. (B) Real-Time PCR on 14 DAS old seedlings treated for 8 h in liquid medium with 150 mM NacCl. Analyzed genes: WHY1, WHY2,
WHY3, ODB1, OSB1, MSH1 and SSB1; the 3 WHIRLY genes and other mitochondrial genes involved in the mtDNA repair. As housekeeping gene has
been used ACT2. The results were analyzed with the technique of 27(-ACt). Error bars: SE. Asterisks describe the level of significance: **** = p <
0.0001. Statistic: Tukey's multiple comparisons test.

In conclusion, WHY2 seems to play an essential role in the maintenance of mtDNA stability during
salt stress, and its role seems not to be redundant. In fact, none of the other genes involved in
mtDNA repair were seen to be expressed following salt stress in the RT-PCR, confirming that the
observed aberrant recombinant products in mtDNA were caused by the absence of WHY2. This
result points for the first time the attention to the role of WHY2 to avoid non-homologue
recombinant products during prolonged salt stress, linking his function on mtDNA repair and salt

stress.
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3.3.4 The absence of WHY2 affects root mitochondrial morphology under salt stress

In order to evaluate the impact of salt stress on mitochondrial morphology, we performed a TEM
analysis comparing WT and mutant lines, as shown in figure 3.21. Plants were grown for 23 days in
standard solid medium with 0 and 100 mM NacCl.

Roots are the first plant organs exposed to salt in the medium and, for this reason, we decided to
focus our analyses on roots. In control conditions, the presence of 30% of swollen mitochondria and
the decrease of the number of cristae were confirmed along with a translucent central area showing
disorganization in the nucleoids on 23 days root plant in why2-1 mutant (figure 3.21), as already
observed in cotyledons of 6 DAS seedlings. Figure 3.21 also shows in detail mitochondria of knock-
out lines after 23 DAS salt stress with a wide central area empty of cristae with fibrillar structures
resembling unpacked DNA in around 60% of mitochondria (double compared to control condition).
Under salt stress, the translucent area is wider than in standard conditions and the unpacked DNA

is present in most of the analysed images.
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Figure 3.21: Mitochondria and nucleoids' morphology in 23 DAS plant root tissues, in control condition and directly grown on 100 mM NaCl medium.
Transmission electron microscope images of mitochondria from root section in WT and why2-1 mutant plants. Arrow indicates in the WT panels
electron dense mitochondria, and in the bottom panel arrows indicate mitochondria with a translucent area within mitochondria matrix in why2-1
mutant line. Scale bar: 500 um.
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3.3.5 Mitochondrial DNA copy humber under salt stress

We investigated if the absence of WHY2 could also alter the mtDNA content as a consequence of an
aberrant replication in disorganized nucleoid structures under salt stress. For this purpose, we
evaluate mtDNA copy number, performing a PCR experiment on mitochondrial genes (Q-COX1 and
orf170mito) and a nuclear gene (AtRpoTp; Morley et al., 2016). Plants were grown for 23 DAS on
standard solid medium with 0 and 150 mM NacCl, followed by a recovery for 10 days on standard
solid medium. An increase in the relative amount of mtDNA was observed in why2-1 and WT plants
after 23 days of growth on solid medium with 150 mM NacCl, but in the mutant line the increase was
statistically significant higher compared to the WT (figure 3.22). Instead in control condition and
after 10 days of recovery we did not notice any difference in the mtDNA copy number between WT
and the mutant line.
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Figure 3.22: Real-Time PCR on 23 DAS WT and why2-1 lines. Samples were either untreated (control), treated with 150 mM NaCl for 23 DAS and also
recovered for 10 days. Mitochondrial analyzed genes: COX1 (mitochondrial cytochrome oxidase 1 subunit) and orf170mito (mitochondrial RNA-
dependent DNA polymerase). AtRpotp (nuclear plastid-RNA polymerase) has been used as housekeeping gene. The results were analyzed with the
27 (-ACt) technique. Error bars: SD. Asterisks describe the level of significance: * = p < 0.05; *** = p < 0.001. Statistic: Two-way ANOVA.

The increase in the mtDNA copy number after 23 DAS of salt stress suggests that, when WHY2
mutant plants are exposed to salt stress, mtDNA undergoes aberrant replication causing a rise in

mtDNA amount as well as an increase in non-homologous recombination events.

To confirm the observed increase in the mtDNA copy number we checked the expression level of
WHY2 and a mitochondrial polymerase | B (POLIB; At3g20540) after 23 DAS salt stress (100 mM
NaCl). It was decided to perform the experiment under 100 mM NaCl given the difficulty in
extracting RNA with optimal quantity and quality from plants grown for 23 days under 150 mM salt
stress. Figure 3.29 confirms a high transcription level of WHY2, but also an induction of POLIB in
both WT and why2-1 lines. This gene encodes an organellar DNA polymerase | that is also involved
in double-strand breaks repair on organellar DNA via homologous and non-homologous

mechanisms to reform a continuous DNA helix (Ayala-Garcia et al., 2018; Wu et al., 2020; figure
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3.23). A high level of POLIB expression supports the results obtained on an increase in the mtDNA
copy number and an induced replication of the mtDNA after prolonged salt stress.
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Figure 3.23: Real-Time PCR on 23 DAS old plants directly grown on solid standard medium with 100 mM NaCl. Analyzed genes: WHY2 and POLIB, a
POLYMERASE 1 B involved in mtDNA replication. ACT2 has been used as housekeeping gene. The results were analyzed with the 2/(-ACt) technique.
Error bars: SD. Asterisks describe the level of significance: ** = p < 0.005; *** = p < 0.001; **** = p < 0.0001. Statistic: Student’s t-test method and
Tukey's multiple comparisons test.

Interestingly, the knock-out line shows a higher expression level of POLIB, which is linked to mtDNA
replication and repair rescue mechanism on aberrant mtDNA products. That is the proof of an

increase in mtDNA synthesis and therefore of a higher mtDNA copy number in the why2-1 line.

Excessive replication could be a mechanism through which the cell tries to restore mitochondrial
functionality that is hindered by the accumulated of mtDNA damages due to the absence of WHY2.
An excess of produced mtDNA could be an intracellular signal to the nucleus for communicating the

presence of mitochondrial damages caused by a high stress.

Wu et al. in 2019 discovered that, in mammalian cells, a reduced expression of the mtDNA-binding
protein TFAM causes elongation of mitochondria, enlargement of nucleoids and an increase in the
release of mtDNA into the cytoplasm. This release acts as a signal to the nucleus for priming an
antiviral response. Thus, as suggested by this work, a variation of the mtDNA copy number could

imply the involvement of a retrograde signalling mechanism.

To sum up, the high level of replication during salt stress is associated to a high recombination rate
that, in absence of WHY2 lead to the accumulation of aberrant fragments. The WT line also exhibits
a high level of WHY2 expression after 23 DAS of stress, suggesting a role of this gene also after

prolonged salt stress exposure.
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3.3.6 The absence of WHY2 affects plants growth under salt stress

In order to determine the salt sensitivity of WHY2 knock-out mutants, we performed a germination
test. WT and mutant seeds were sown on solid medium with 0 and 100 mM NaCl and germination
rate was assessed after 96 hours. Data reported in figure 3.24 show that in the presence of salt,
germination is compromised both in WT and mutant lines. However, the germination rate in salt
medium in why2-3 plants was 40%, while in WT was 70% (Figure 3.24), indicating a higher salt stress
sensitivity in knock-out mutants.
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Figure 3.24: Analysis of seeds germination, WT and why2-3 lines were analyzed. Germination was performed in solid standard medium with 0 and
100 mM NaCl, images were acquired after 96h from the sawing. The experiments have been performed on 3 biological replicates per sample, each

biological replicates were around 25 seeds. Error bars: SD. Asterisks describe the level of significance: **** = p < 0.0001. Statistic: Student’s t-
test method.

On the basis of these results, we hypothesize that WHY2 could play a role in the response to such
stress. This is expected considering that stress response is a highly energy-consuming process and

adequate mitochondrial activity and motility are required (Liberatore et al., 2016).

We also investigated other developmental phases as primary root growth and rosetta development
under prolonged salt stress. For the primary root growth measurements, seedlings were directly
sawn in solid medium with 0 or 100 mM NaCl in which primary root length was continuously
monitored. Interestingly, in standard conditions there are no differences in the primary root length
between WT and mutant lines, instead in presence of salt stress it is possible to notice a slowdown
in root extension in the mutant lines from 12 DAS onwards (figure 3.25). During salt stress a decrease
in root growth is observed also in WT plants, but the impact of the stress is stronger on plants lacking
WHY2, and this effect is visible after some days. This result showed an impairment in the primary

root growth under prolonged salt stress caused by the absence of WHY2, suggesting an important
function of this gene during stresses.
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Figure 3.25: Primary root growth of WT and why2-3 lines under prolonged salt stress. Vertical root growth on standard solid medium with 0 and 100
mM NaCl. Scale bar: 1 cm. The experiment was repeated 2 times with around 40 plants per type. Asterisks describe the level of significance compared
to the WT: ** = p < 0.005; **** = p < 0.0001. Statistic: Sidak's multiple comparisons test.

To determine the salt stress sensitivity of WT and mutant lines, plants of both genotypes were grown
in salt-containing medium for 23 days. In preliminary data, plants survival was evaluated, 54+4% of
WT plants compared to 30+8% of mutants survived in long stress treatment. why2-1 mutants
showed a reduced development of the aerial parts along with the presence of yellow leaves, both
signs of senescence and death, meaning that plants lacking WHY2 are more sensitive to salt stress.
It was also observed a delay in growth rate in mutant plants compared to WT when exposed to salt

stress.
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3.3.7 The absence of WHY2 affects root cell integrity during salt stress

Performing a TEM analysis of root cells we could observe that in general the epidermal tissues of
why2-1 line are highly affected by the presence of salt compared to WT. Root cells of WT plants
under salt stress present enlarged vacuoles occupying most of the cell, only a thin layer of cytoplasm
can be seen (figure 3.26). Instead in mutant plants, root tissues are severely damaged: some cells
are detached from the cell wall with some showing clear signs of breakage of the plasma membrane
and cell death (figure 3.26).

The severity of root damages is more evident in those conditions in which mitochondrial
morphology is more compromised and nucleoids are less packed (figure 3.21), suggesting a link
between root cell survival under salt stress and WHY2. Root integrity is severely compromised in
why2-1 line in presence of prolonged salt stress, possibly explaining the lower rate of survival

obtained in preliminary results.
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Figure 3.26: 23 DAS plant epidermal root tissues, cross-section, in control condition and directly grown on 100 mM NaCl. Transmission electron
microscope images of WT and why2-1 mutant plants. Arrow indicates epidermal root tissues, in the WT panels root tissues are normal, in the bottom
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panel arrows indicate why2-1 mutant line with epidermal damaged root tissues in control and treated conditions (the plasma membrane is divided

from the cell wall and in some cells it is also broken). Scale bar: 10 um.

Taken together, all these results point to the fact that knock-out plants respond differently to salt
stress with respect to WT. In conclusion, it seems that the absence of WHY2, inducing all the above
reported mitochondrial changes (paragraphs 3.3.3 and 3.3.4), could affect the plant ability to

tolerate high salt concentration.

3.3.8 ATP homeostasis during salt stress

During salt stress, the intracellular homeostasis state changes and many signals and responses are
induced to face the stress. After the stress perception, cells undergo a metabolic reorganization with
a change in the expression of many genes, together with the mobilization of different molecules.
Salinity stress interferes with energy metabolism: plants must draw a wide fraction of the available
ATP to restore the equilibrium and subsequently they must deal with the energy loss. Mitochondria

functionality is particularly needed to sustain stress-related energy requirements (Zhu et al., 2012).

To study ATP homeostasis during salt stress, plants harbouring the genetically encoded biosensor
ATeam which is targeted to the cytosol and allows the in vivo analyses of MgATP? levels were used.
To analyse ATP intracellular level in control condition and after salt stress, we treated 8 DAS old
seedlings for 24 h in standard liquid medium with 0 and 150 mM NaCl. The seedlings were kept in
the dark for 30 min before image acquisition to avoid potential effects of active photosynthesis (De
Col et al., 2017).

In untreated samples there were no significant changes in MgATP? content in mutant plants,
MgATP? supply in all the examined tissues is not impaired (figure 3.27). After salt stress, WT plants
show a decrease in MgATP? intracellular level in the root tip and cotyledons suggesting an increase
in its consumption to adapt and cope with the stress. On the other hand, in why2-1 line no changes

were detected after 24 h of salt exposure (figure 3.27).
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Figure 3.27: Generic MgATP? map of A. thaliana seedlings. WT and why2-1 seedlings expressing cytosolic ATeam were grown in solid medium for 5
DAS and then treated in liqguid medium with 0 mM NaCl or 150 mM NaCl, plants were analyzed by CLSM. Fluorescence of Venus and CFP was recorded;
the merge image shows both fluorescence channels projected on the respective dark field image. In ATeam WT and why2-1 seedlings 4 regions of
interest (ROIs) were defined to calculate the Venus/CFP ratio: cotyledon, hypocotyl, SRT-shoot, SRT-root and root-tip. The ratio corresponds to
MgATP? levels. Scale bar = 50 um. Error bars: SE. Asterisks describe the level of significance: ** = p < 0.005; **** = p < 0.0001. Statistic: Two-way
ANOVA, Multiple comparisons.

The observation that MgATP? amount does not decrease in why2-1 mutant supports the hypothesis
of an impairment in the salt stress perception in this mutant line, and a failure in activating those
pathways that help the cell buffering the damage and recover from the stress. For this reason, we

decided to investigate in which step the absence of WHY2 compromises the stress perception.

3.3.9 Salt-induced Ca?* dynamics

Calcium ions (Ca?*) play an important role in stimulus-response as a second messenger during
stresses. Under standard conditions, cells maintain a low cytoplasmic Ca%* concentration and
mobilize it in response to a given stimulus. The cytosolic Ca?* increase can be dependent by the
influx of Ca%* from the apoplast or from intracellular Ca®* stores. The intracellular free Ca®*
concentration changes in response to different stimuli determining specific “Ca?* signatures”. In
order to evaluate the salt-induce cytosolic Ca?* increase in WT and why2-1 seedlings, the in vivo
changes in [Ca?*]cyt were measured in roots seedlings of transgenic plants harbouring the
genetically encoded biosensor Yellow Cameleon 3.6 (YC 3.6). The cpVenus/CFP ratio which reflect a
change in Ca?* concentration was determined over Regions Of Interests (ROIs) corresponding to
large root tip areas (ROI 1, ROI 2, ROI 3; see figure 3.28.C) in 7 DAS seedlings.

Roots were placed in a small chamber and bathed with an imaging buffer in perfusion, then a 150
mM NaCl solution (in the same buffer imaging; see M&M) was applied through a continuous
perfusion system. Salt-addition elicited a rapid Ca?* transient both in WT and why2-1 roots. The salt-
removal also induced a second Ca?* transient in both WT and why2-1 roots (figure 3.28.A and B). In
figure 3.28.D, it is reported the value of the maximum AR/RO ratio upon NaCl addition (IN) and
removal (OUT) for all the three analysed ROls. The two time points of the two peaks are related to
two different responses, salt addition and salt removal. The value of maximum ratio AR/RO showed

no significant differences in both peaks in WT and why2-1 seedlings (figure 3.28).
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Figure 3.28: A representative image of NaCl-induced Ca?* dynamics in WT (A) and why2-1 (B) 7 DAS Arabidopsis thaliana seedlings. Samples were
treated with 100 mM NaCl for 2 minutes. A representative experiment of Ca?* transient induced by salt is provided. The FRET ratio is normalized as
AR/RO, and plotted over time. (C) Confocal image of representative Arabidopsis thaliana root at 7 day-after-sowing. Root is divided into three different
ROIs (ROI 1; 2 and 3). (D) Statistical analyses of the value of AR/RO maximum increase or decrease during NaCl-addition (IN) or removal (OUT). Data
were pooled for a statistical analysis with a one-way ANOVA followed by the Tukey test. N=5; error bars=SD.

No differences were noticed in the maximum AR/RO ratio upon NaCl addition (IN) and removal (OUT)
comparing WT and knock-out line for every ROIs. These results show similar salt-induced Ca?*
dynamics in the WT and why2-1 seedlings, a proper Ca?* signatures in the knock-out line as in WT
line are represented in figure 3.28.A and B. We therefore concluded that the Ca?* dynamics in

absence of WHY2 was not compromised.

3.3.10 Is WHY2 involved in retrograde signalling?

In the last few years, the relevance of plant organelles and their role in stress sensing and response
is being unveiled more and more. The three different WHIRLY proteins in A. thaliana are localized
in different subcellular compartments (mitochondria and plastids). Recently, it has been
demonstrated that WHIRLY1 can translocate from the plastids to the nucleus making the WHIRLY

family proteins ideal candidates as retrograde signalling molecules (Isemer et al., 2012; Foyer et al.,

2014).
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Mitochondria are crucial for intracellular stress perception, and it is known that salt stress induces
a mitochondrial retrograde signalling response (Van Aken et al.,, 2009). Hence, we decided to
evaluate in plants exposed to salt stress the transcription levels of some genes known to be involved
in this process, together with WHIRLY genes.

As already mentioned above, WHY2 transcription is induced in seedlings by salt stress. A RT-PCR
experiment was performed on 14 DAS WT seedlings after 8 h of exposure to 150 mM NaCl. The
transcription profile of WHY2 together with other nuclear-encoded genes related to retrograde
signalling and ROS detoxification were analysed. The chosen genes related to retrograde signalling
are the following: AOX1a and mtHSC70-1. AOX1la codes for an alternative oxidase of plant
mitochondria that transfers electrons from the ubiquinone pool to oxygen without energy
conservations and it is considered a common mitochondrial retrograde signalling marker (Ng et al.,
2013). mtHSC70-1 codes for a heat shock protein involved in the mitochondrial unfolded protein
response (UPR™; Wei et al., 2019).

Upon salt treatment, AOX1a and mtHSC70-1 were significantly induced in WT line, together with
WHY?2 (figure 3.29). These results were expected given that salt stress, inducing a hydrogen peroxide
burst (ROS increase) triggers mitochondrial stress linked to the unfolded protein response (UPR™®;
mtHSC70-1) and retrograde response as highlight by AOX1a induction. AOX1a is an ANACO017-

regulated gene during retrograde signalling response (Van Aken et al., 2016).

In knock-out line under the same conditions, we observed an induction of both mtHSC70-1 and
AOX1a upon saline stress (figure 3.29). Although starting from the same basal level of expression of
these two genes in WT and knock-out, in knock-out line the mitochondrial stress marker is
significantly higher (mtHSC70-1) then in WT. On the other hand, the alternative oxidase, despite
being induced, is considerably lower than in WT (figure 3.29).
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Figure 3.29: Real-Time PCR on 14 DAS old seedlings treated for 8h with 150 mM NaCl. Analyzed genes: WHY2, mtHSC70-1 and AOX1a; genes involved
in the retrograde signalling. ACT2 has been used as housekeeping gene. The results were analyzed with the 2~(-AACt) technique. Error bars: SD.
Asterisks describe the level of significance: * = p < 0.05; ** = p < 0.005. Statistic: Student’s t-test method.

It has been recently reported that, in plants treated with doxycycline or antimycin A, UPR™ is largely
overlapping with mitochondrial retrograde signalling, mediated by ANAC017 (Kacprzak et al., 2020).
In the present work, we observed that in WHY2 mutants salt stress is associated with an impaired
retrograde response and a potentiated UPR™ response. These data seem to suggest that a different
regulation occurs in RS and UPR™ when the trigger is salt stress in the absence of WHY2. The
absence of WHY2 may have somehow compromised the retrograde response which controls the

expression of AOX1a, while proteotoxic stress seems to be exacerbated.

In conclusion, in the knock-out line, salt stress induced the expression of AOX1a, but to a lower
extent than in WT. The lower expression level of this gene in the mutant line and the induction of
WHY2 in WT line under salt stress might suggests that WHY2 is involved in retrograde signalling
response. However, further studies will be necessary to better understand the molecular
mechanism underlying the salt stress response and the possible involvement of WHY2.

3.3.11 ROS scavenging system during salt stress

During exposure to high NaCl concentrations, one of the main challenges for the cells is to face the
intracellular increase of ROS, caused by the entry of Na* ion in cells. High cytosolic Na* causes a
depolarization of membranes and induces the formation of ROS (Che-Othman et al., 2017). High
levels of this ion cause osmotic stress and high levels of cell toxicity, affecting TCA cycle, several

metabolic pathways and proteins functionality (Che-Othman et al., 2017).

In response to such stimuli plants induce a precise response to re-equilibrate the intracellular redox
state, trying to preserve metabolic activity and to protect lipids, proteins and nucleic acids from the
action of ROS. Several molecules and enzymes play a role in ROS detoxification: some of the main
actors in this process are catalase and ascorbate peroxidase, two enzymes that react with H;0;

reducing it to less toxic products.

Trying to further characterize the oxidative response triggered by salt stress in WT and knock-out
lines, we performed an enzymatic and non-enzymatic antioxidants assay (in collaboration with De
Pinto’s lab - University of Bari). 14 DAS seedlings were treated for 8 h in liquid medium with 150 mM

NaCl as the previous experiment reported in paragraph 3.3.10.

Figure 3.30, clearly shows an increase in the activity of catalase and ascorbate peroxidase in WT line
confirming an appropriate perception of salt stress and intracellular response, likely associated with
an increase in ROS production. Instead, knock-out lines (why2-1 and why2-3) catalase activity is not
induced by salt stress while the ascorbate peroxidase activity is only slightly increased. Since the

basal enzymatic activity in control samples is comparable between WT and knock-out lines, these
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results suggest that in why2-1 and why2-3 plants there is an impairment in the ROS detoxification
response. This effect might be due to a lack of ROS-related signals, to a failure in the activation of

stress responsive genes, or to a dysfunctional enzymatic activity (figure 3.30).
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Figure 3.30: Enzymatic activity in 14 DAS old seedlings (WT, why2-1 and why2-3 lines) treated for 8h with 0 and 150 mM NaCl. Analysed enzymes:
Ascorbate peroxidase and catalase. Error bars: SE. Letters describe the level of significance between samples. Statistic: Two-way ANOVA.

Furthermore, we studied the levels of non-enzymatic antioxidants related to ROS detoxification:
ascorbic acid (ASA) and glutathione (GSH). The pool of these two antioxidant molecules does not
change in WT line, possibly due to a high turnover in stress conditions. Interestingly, in the mutant
lines AsA levels are already higher in control conditions and decrease after the stress. The higher
level of ascorbic acid matches with the lower level of lipid peroxidation observed in untreated knock-
out samples: high AsA better protects lipids from ROS-mediated oxidation in mitochondria. After
the treatment, there is a reduction in the total ascorbate level, meaning that it is consumed.
Regarding the total glutathione amount we saw no significant changes in both WT and knock-out
lines (figure 3.31). Since GSH pool does not change, our results suggest that the absence of WHY2
specifically involves AsA and is directly linked to its increase.
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Figure 3.31: Non-enzymatic antioxidants in 14 DAS old seedlings (WT, why2-1 and why2-3 lines) treated for 8h with 150 mM NaCl. Analyzed

compounds: Total ascorbic acid and total glutathione. Also included, lipid peroxidation in WT and why2-1 lines. Error bars: SE. Letter describe the
level of significance between samples. Statistic: Two-way ANOVA.

To sum up, it was observed that after salt stress in the knock-out line there is a lower expression of
the retrograde marker gene AOX1a and a higher induction of mtHSC70-1 that is related to the ROS
intracellular level. These results suggest a lack in the ROS detoxification response associated to the
missed induction of ascorbate peroxidase and catalase enzymatic activities, linked to the absence
of WHY2. Ascorbic acid levels in control conditions are higher than in WT, we thus hypothesized that
the higher basal level of this antioxidant molecule might scavenge the ROS in mitochondria and
cause an impairment in retrograde signalling response triggered by exposure to salt. This

miscommunication between mitochondria and the nucleus might explain the failed increase in
antioxidant activity.

In conclusion, a reduced signalling of the stress in knock-out lines has been confirmed also by the
enzymatic and non-enzymatic antioxidants assays, in agreement with the result obtained through
RT-PCR on AOX1a. Taken together, our results may highlight an impairment in the retrograde
signalling pathway that involves AOX1a, and a consequent failure in the activation of an appropriate
scavenging system, one of the first processes induced in response to salt.
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Conclusions

Human population is constantly increasing worldwide. This has an impact on every aspect of society
from an economic, scientific, social and health point of view. As a direct consequence of this
forecast, one of the most important challenges is the increase of global food production. Therefore,
an improvement in agricultural productivity is of fundamental relevance. Moreover, climate
changes further undermine crop yield improvement by making the environment more hostile for
plant growth and by triggering stress mechanisms with a significant impact on food quantity and
quality. In this context, the increase in soil salinity is one of the most impacting abiotic stresses,

responsible of a serious reduction in crop quality and in productivity of arable lands.

In the last few years, the role of plant mitochondria is deeply investigated, undercovering the
fundamental role they take in high-energy demanding growth phases and in stress response.
Recently, it has been discovered that proper replication of mitochondrial DNA is fundamental for
organellar division and activity: a correct genetic inheritance is essential to ensure the functioning

of the many metabolic steps housed in the mitochondrion.

In Arabidopsis thaliana, mitochondria are mainly transmitted by the egg cell, while sperm cells or
generative cells reveal a 50-fold degradation of mtDNA during pollen development. This gives a
fundamental role to the genetic inheritance of mtDNA transmitted by the female part of the plant.
Mutations on mitochondrial genes were found to cause also male sterility in different plant species
(Wang et al., 2010).

Other than mtDNA, proteins expressed or active in mitochondria are of particular interest, being
important in different metabolic pathways and intracellular responses. Many proteins are now
known to have multiple intracellular localisation and activity, even simultaneously. This allows fast
travelling of information and stimuli through the cell from organelles to the nucleus in a

phenomenon called retrograde signalling.

Foreseeing a possible application to crop plants improvement, we decide to focus on the
multifaceted role of plant mitochondria from investigating their replication, morphology and
dynamics till to analysing stress response and complex signalling induced by it. We especially studied
the nuclear-encoded mtDNA-binding protein WHIRLY2. This protein is known to be involved in the
mtDNA repair by avoiding non-homologue recombination during mtDNA replication, but its

intracellular role under developmental and stress conditions is still to be fully understood.

4.1 The role of WHIRLY2 during different developmental processes

At the beginning of this project thesis, we generated two new knock-out WHRLY2 lines: why2-3 with

an insertional mutation in the first exon of the gene, and why2-4 in the second one. We also used
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in our experiments another mutant why2-1, containing a T-DNA insertion in the last intron, already
available. The phenotyping of the two new lines confirmed previous results from Maréchal et al. in
2008, in why2-1: no evident phenotype observed during vegetative growth, but a stronger
accumulation of aberrant mtDNA products in plants exposed to the genotoxic agent ciprofloxacin
(Cappadocia et al., 2010). This was explained by the known role of WHY2 in the homologue
recombination repair system that helps mtDNA replication (Cappadocia et al., 2010).

We began by checking WHY2 expression levels at different developmental stages, and the result
was that it is particularly induced during pollen development, in 24 hour imbibed seeds and during
embryo development. When our experiments were focused on such high-energy demanding
processes, some peculiar characteristics were noticed: all knock-out lines showed a partial failure in
seed germination (25%) along with an increase in seeds abortion associated to the absence of
WHY2. These results suggest that mtDNA integrity (and accordingly mitochondria functionality) is
fundamental when ATP and metabolites are highly required. On the other hand, the absence of
WHY2 does not impair plant growth during vegetative growth. Germination is mainly supported by
mitochondrial activity, these organelles are in fact the only energy producers in the first phases after
sawing, that are particularly relying on heterotrophic metabolism. Pre-existing mitochondria are
activated in seeds during germination while new mitochondria are produced to sustain the energy
requirements of the process. This justifies the mitochondrial related transcript abundancy, including
TCA cycle and respiratory chain related proteins (Howell et al., 2006). In the context of an induction
of mitochondrial replication, WHY2 might be particularly important for its role in mtDNA repair that

can ensure a proper mtDNA replication and the organelle functionality.

Similarly, the first phases of embryo development are supported by heterotrophic metabolism, and
this may explain why we observed a reduction of about 25% of developed embryos in the siliquae
in the absence of WHY2. During high cell division phases, cells require large amounts of ATP to
ensure a correct plant development. Moreover, organellar functioning is fundamental for the
activity of different tissues and organellar biogenesis, therefore accurate mtDNA replication is
crucial to support all these functions. In conclusion, the activity of WHY2 seems to play a key role to
ensure a correct mtDNA replication and functionality of mitochondria, needed during specific plant

growth phases.

4.2 WHY2 function on mtDNA and nucleoids organization

It was recently demonstrated that the absence of WHY2 is associated with a compromised nucleoids
organization (Golin, Negroni et al., 2020). Nucleoids are DNA-nucleoproteins complexes where
mtDNA is packed and organized, and their structural disruption in WHY2 mutants could suggest a

scaffold role of this protein at nucleoid level. However, such loss of compactness could also be
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ascribed to the effect of intense mtDNA replication. This possibility was excluded by checking

mtDNA copy number in WT and mutant lines that showed no differences.

An incorrect organization of the nucleoid is also linked to an impairment in mitochondrial
morphology and dynamics. In plants lacking WHY2, aberrant mitochondrial morphology and
dynamics were observed in specific tissues and developmental phases (Golin, Negroni et al., 2020).
In WHY2 mutants, mitochondria are elongated with few cristae and reduced motility, while WT
mitochondria are circular and full of cristae. We confirmed those results performing further analyses
on mitochondrial morphology both in vivo and in vitro. Taken together, these observations suggest
a relationship between WHY2, disorganized nucleoids, and elongated mitochondria, possibly
implying a novel function of WHY2 as scaffold of proteins involved in mitochondria structure
maintenance, and surely confirming its part in avoiding non-homologue recombination during
mtDNA replication. In mammals, it has already been proved that the organization of cristae strongly
depends on the integrity of mtDNA/nucleoids (Ban-Ishihara et al., 2013). We suggested that the
accumulation of mtDNA rearrangements and the absence of WHY2 could be responsible for
nucleoid disorder and consequently for the elongation of mitochondria and their reduced motility.
An important experimental approach would be the identification of proteins interacting with WHY2,

based on the hypothesis that WHY2 can work as a scaffold protein of mtDNA nucleoids.

4.3 WHY2 function on mtDNA repair, copy number and nucleoids organization

under salt stress

Mitochondria play a relevant role in stress sensing, response and adaptation. Since previous results
show that WHY2 is fundamental for mtDNA and nucleoids’ stability and that its absence leads to
reduced mitochondrial functionality, we decided to characterize WHY2 knock-out lines response
under stress conditions. When exposed to stress, plant cells require high levels of ATP to firstly
reduce the intracellular damage, secondly to remove the source of stress and, finally, to restore
basal functions and to recover. Functional mitochondria and their active repositioning throughout

the cell are particularly necessary in these conditions.

We opted for one of the most relevant detrimental stimuli when considering crop plants: salt stress.
As already said, when plants are exposed to salt stress, cell requirement for ATP and other molecules
coming from mitochondria vastly increases. Mitochondria are needed to restore ion balance, reduce
ROS formation and buffer the damages induced by free radicals. Hence, immediately after exposure
to salt stress, WT mitochondria reorganize themselves clustering and inducing mitochondrial fission
and fusion. During this process, an increase in mtDNA amount has been observed (figure 3.22),
possibly due to an induction of its replication. Therefore, an accurate regulation of replication and
an active mtDNA repair system are particularly required. We hypothesized that these could be the

perfect conditions for studying the function of WHY2 and the effects given by its lack, since WHY2
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is involved in the repair system and could also act as nucleoid scaffold protein ensuring appropriate

mitochondrial cristae structure and the mitochondria overall morphology and dynamics.

For the first time it has been observed a clear phenotype in WHY2 mutants: after a prolonged
exposure to salt, mtDNA was much more damaged than in WT. We also observed a stronger increase
in the total amount of mtDNA, confirming a high mtDNA replication rate and a fundamental repair
activity under salt stress. Our results show that WHY2 is not a marginal protein in the mtDNA repair
process, in fact, it seems to be the only mtDNA repair protein induced by salt stress. Moreover, in
an experiment performed on plants exposed to salt stress and then left for 10 days without salt, no

recovery from mtDNA damage in mutant lines was observed.

The absence of WHY2, in combination with prolonged exposure to salt stress, seems to cause
problems at different developmental stages such as during germination, primary root growth and
plant survival. This shows that an impairment in the mtDNA repair system leads to serious
developmental problems under certain conditions. In conclusion, it has been discovered that during
salt stress WHY2 mutant lines show an abnormal mtDNA replication, proved by the increase in
mtDNA copy number. At the same time, a rise in non-homologous recombination events was

observed, that could be the cause of reduction in salt tolerance.

4.4 A possible connection between WHY2 and retrograde signalling

In the last years, a fundamental mitochondrial function as stress sensor has been highlighted, also
considering the retrograde signalling pathway induced by stresses. The obtained results on the
AOX1a expression level on the pulse salt stress show a different induction of the retrograde
signalling in WT compared to knock-out lines, suggesting an impairment in the retrograde signalling
response. Instead, a higher induction of mtHSC70-1, suggests higher mitochondrial stress after
treatment. These findings are also supported by the results obtained under prolonged and pulsed
salt stress treatments on the antioxidant activity and the ATP homeostasis assays: the activity of
different ROS-scavenging enzymes (catalase and ascorbate peroxidase) is not induced in mutant
lines, and the MgATP? cytosolic amount does not decrease as much as in WT. Also, a higher level of
ascorbate could suggest an impairment in the stress perception caused by a lower ROS level in
control conditions in mutant lines. All these results in fact support the hypothesis of an impairment
in the salt stress perception. Furthermore, a recent work reporting multiple intracellular localization
of WHY2 protein (Huang et al., 2020), suggests an involvement of this protein in the intracellular
retrograde signalling mechanism as well already suggested for WHIRLY1 in retrograde signalling

from the chloroplast (Foyer et al., 2014)

It would be interesting in further experiments to expose WT and WHY2 mutants to different stresses
(for example high light and drought stress) and investigate whether WHY2 has a broader role in

stress perception or if its loss is only detrimental during salt stress.
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The results presented in this thesis are opening a new conception of mitochondria as key players
during stresses. Future programs to enhance plant production will have to take into account not

only the improvement of plant genetics but also to ensure mitochondrial well-being and their
optimal response to stress conditions.
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Appendix

Appendix |
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2016, Plant 1, 88:1058-1070, Total

RNA was extracted with RNeasy Plant Kit and Illumina cDMA libraries were generated using the respective manufacturer's protocols. cDNA was then sequenced using
Ilumina HiSeqzo00 with a 50bp read length. The read data are publicly available in NCBEI's Sequence Read Archive under the BioProject 1D 314076 (accession:

PRINA314076). Reads were aligned to the reference TAIR10 genome (Lamesch et al.,, 2012} using TopHat (Trapnell et al,,

2009). Default TopHat settings and job resource

parameters were used, with read groups unspecified. Reads per gene were counted with an in-house Python seript using functions from the HTSeq pacl-age (anders et al,
2015), Reads were filtered so that only uninterrupted reads corresponding to a region within exactly one gene were used for RPKM calculation. If a gene's expression lsvel

is not displayed, this indicates the reads for this gene did not pass the filtering criteria. RPKM values were compiled using an in-house R script

Appendix I: Expression of AtWHY2 in different tissues and developmental stages of Arabidopsis from the eFP Browser microarray database

Expression pattern of AtWHY2 in the developmental series generated by Arabidopsis eFP Browser.
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Full promoter analysis of AtWHY2 from the first intron to 2kb upstream of the 3’->5’. The promoter analyses were performed with the

Appendix Il

newplace. In yellow are

on=

//www.dna.affrc.go.jp/PLACE/?acti

use of New PLACE (A Database of Plant Cis-acting Regulatory DNA Elements). https

represented the most abundant sequences.
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Appendix Il

0 sec

WT
mt-YFP

why2-1
mi-YFP

20 pm

Appendix Ill: Representative images of mitochondrial dynamics analyses performed on root tissue cells of 5 DAS A. thaliana seedlings from mt-YFP
WT and why2-1. Images show 3 frames (0, 45 and 90 seconds). Pictures were taken by CLSM. Scale bar: 20 um.
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Abstract

WHIRLY?2 is a single-stranded DNA binding protein associated with mitochondrial
nucleoids. In the why 2-1 mutant of Arabidopsis thaliana, a major proportion of leaf
mitochondria has an aberrant structure characterized by disorganized nucleoids,
reduced abundance of cristae, and a low matrix density despite the fact that the
macroscopic phenotype during vegetative growth is not different from wild type.
These features coincide with an impairment of the functionality and dynamics of
mitochondria that have been characterized in detail in wild-type and why 2-1 mutant
cell cultures. In contrast to the development of the vegetative parts, seed germina-
tion is compromised in the why 2-1 mutant. In line with that, the expression level of
why 2 in seeds of wild-type plants is higher than that of why 3, whereas in adult plant
no difference is found. Intriguingly, in early stages of shoots development of the why
2-1 mutant, although not in seeds, the expression level of why 3 is enhanced. These
results suggest that WHIRLY3 is a potential candidate to compensate for the lack
of WHIRLY2 in the why 2-1 mutant. Such compensation is possible only if the two
proteins are localized in the same organelle. Indeed, in organello protein transport
experiments using intact mitochondria and chloroplasts revealed that WHIRLY3 can
be dually targeted into both, chloroplasts and mitochondria. Together, these data
indicate that the alterations of mitochondria nucleoids are tightly linked to alterations
of mitochondria morphology and functionality. This is even more evident in those
phases of plant life when mitochondrial activity is particularly high, such as seed ger-
mination. Moreover, our results indicate that the differential expression of why 2 and
why 3 predetermines the functional replacement of WHIRLY2 by WHIRLY3, which is
restricted though to the vegetative parts of the plant.
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1 | INTRODUCTION

Mitochondria occupy a central place in the metabolic network of eu-
karyotic cells, with essential metabolic processes occurring within
the organelle itself and several other pathways either emanating
from or converging on mitochondria. Mitochondria can form dy-
namic, interconnected networks, regulated by a dynamic equilib-
rium between fusion and fission events that in turn determine their
number, size, shape and functionality. A high motility of mitochon-
dria is required to encounter different energy requirement of the
cells in different developmental stages or environmental conditions
(Zottini, Barizza, Bastianelli, Carimi, & Lo Schiavo, 2006). The regu-
lation of mitochondrial shape dynamics plays a critical role in energy
homeostasis as it responds rapidly and directly to acute metabolic
perturbations contributing to energy demand and homeostasis
(Yu & Pekkurnaz, 2018). Alterations of the dynamics and shape of
mitochondria are also linked to genome instability (Xu et al., 2011).
The balance between fission and fusion of mitochondria ensures
the integrity of the organelle genome and the equal distribution of
DNA among the mitochondria (Arimura, 2018). It has been observed
that in the regions of the plant where a high cell division occurs, e.g.,
in germinating seeds and in shoot apical meristems, mitochondria
have an elongated shape due to the dominance of the fusion over
the fission process, coincident with an active mtDNA synthesis.
Mitochondrial fusion provides indeed an opportunity for recombina-
tion of mtDNA fragments occurring during the replication of mtDNA
(Arimura, 2018).

WHIRLY2 belongs to a small family of ssDNA binding pro-
teins characteristic for higher plants (Desveaux, Allard, Brisson, &
Sygusch, 2002). All WHIRLY proteins have in common the highly
conserved WHIRLY domain including the KGKAAL motif implicated
in binding to ssDNA (Desveaux, Maréchal, & Brisson, 2005). The
crystal structure of the WHIRLY domain was determined by X-ray
diffraction analysis (Cappadocia et al., 2010). Such analyses revealed
that tetrameric WHIRLIES bind to ssDNA in a sequence unspecific
manner. By atomic force microscopy, it has been shown that hex-
amers of WHIRLY2 tetramers assemble into 24-meric higher-order
structures upon binding long DNA molecules, whereby the inter-
actions between the tetramers depend on Ké7 within the KGKAAL
motif (Cappadocia, Parent, Sygusch, & Brisson, 2013). The struc-
ture of WHYRLY domain is highly conserved among and different
WHIRLY proteins and plants, as revealed by a 3D structure analysis
(Akbudak & Filiz, 2019). WHIRLY2, together with other organellar
ssDNA binding proteins, plays a key role in the maintenance of in-
tegrity of mitochondrial DNA that is an absolute requirement for
cell growth and proliferation. Failure in maintaining the stability of
the mitochondrial genome would result in the accumulation of mu-
tations and genomic rearrangements that can become deleterious
(Gualberto & Kiihn, 2014).

While most plants possess two WHIRLY proteins, Arabidopsis
thaliana and other members of the Brassicaceae family have three
WHIRLY proteins, which show differential organelle targeting
(Krause et al., 2005). WHIRLY1 was imported into chloroplasts, both

in in organello experiments and after transient expression in pro-
toplasts. WHIRLY2 was instead imported into mitochondria in the
transient expression analysis but showed dual targeting into both
isolated organelles, chloroplasts and mitochondria. WHIRLY3, on
the other hand, was solely analyzed with transient expression assays
and showed targeting of the GFP reporter to chloroplasts (Krause
et al., 2005).

Arabidopsis plants, lacking either plastid or mitochondrial
WHIRLY proteins, accumulate higher levels of microhomology-
mediated DNA rearrangements (MHMRs) than wild-type
(Cappadocia et al., 2010;Maréchal et al., 2008) indicating that
WHIRLY proteins act as components of the organellar DNA repair
machinery. It has been proposed that WHIRLY2 prevents the accu-
mulation of abnormal mtDNA molecules by limiting the microhomol-
ogy-mediated end-joining during double-stranded breaks in mtDNA
repair process (Garcia-Medel et al., 2019).

Under standard growth conditions, adult plants of the
Arabidopsis why 2-1 mutant do not show any obvious difference in
the phenotype compared to the wild type (Maréchal et al., 2008).
However, overexpression of AtWHIRLY2 in Arabidopsis causes a re-
duction in mitochondrial transcripts and mitochondrial DNA, trans-
lating into lower activities of the respiratory chain complexes as well
as earlier senescence (Maréchal et al., 2008). Since WHIRLIES are
evidently associated with organellar DNA, tissues having low lev-
els of mtDNA, such as mature pollen of Arabidopsis, lack expression
of WHIRLY2 (Cai, Guo, Shen, Wang, & Zhang, 2015). On the other
hand, overexpression of WHIRLY2, under control of a promoter that
is specifically active in pollen vegetative cells, leads to slower growth
of pollen tubes paralleled by an increase in mtDNA content of pollen
and accumulation of reactive oxygen species (Cai et al., 2015).

Apart from its role in maintaining the integrity of mtDNA and
organellar gene expression, information about the role of WHIRLY2
in the modulation of mitochondrial metabolism and morphology is
still lacking.

Therefore, in this study, transgenic Arabidopsis plants as well as
cultured cells defective in AtWHIRLY2 expression (why 2-1 mutant
lines) were used to investigate at the cellular level, the impact of
WHYRLY2 on the mitochondrial morphology, dynamics and func-
tion. Furthermore, we investigate whether the presence of aberrant
mitochondria in the why 2-1 mutant could have consequences for
development of the plant. And, finally, we provide indications based
on gene expression and immunological analyses together with or-
ganelle import assays that the lack of WHYRLY2 in mitochondria can
be compensated by WHIRLY3 in a tissue-specific manner.

2 | MATERIAL AND METHODS
2.1 | Plant materials and growth conditions

All experiments were performed using the Arabidopsis (A. thaliana)
ecotype Columbia (Col-0). The T-DNA insertion mutant line
why 2-1 (SALK_118900),

obtained from the Nottingham
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Arabidopsis Stock Centre (http://arabidopsis.org), corresponds
to a line previously described as a true knockout mutant (Janicka
et al, 2012). T-DNA insertion sites were determined by PCR
(primer WHY2 For 5-GCATCCTCAAAACCAATGAC-3', primer WHY2
Rev 5-CATGATGTGTGGAAGAGCAA-3', and primer T-DNA Rev
5-ATTTTGCCGATTTCGGAAC-3’) and subsequent sequencing.

The seeds were surface sterilized in 70% (v/v) EtOH and 0.05%
Triton X-100, followed by pure EtOH. The seeds were sown onto
square Petri dishes containing one-half MS medium (Murashige &
Skoog, 1962) supplemented with 0.5 g/L MES-KOH, pH 5.8, 0.8%
(w/v) Plant Agar (Duchefa), and 1% (w/v) Suc, stratified for 2 days at
4°C in the dark, and placed vertically in a growth chamber at 22°C
with 16-hr day length and PAR of 150 pmol m2s!. The experiments
were conducted at different Arabidopsis growth stages, as defined
by Boyes et al. (2001).

Some experiments were conducted with non-embryogenic cell
suspension cultures of wild type (WT) and why 2-1 lines. Suspension
cell cultures were grown at 25°C under a long daylight period on
a gyratory shaker in liquid MSR2 medium (MS medium supple-
mented with 2 mg/L glycine; 0.5 mg/L nicotinic acid; 0.1 mg/L thi-
amine hydrochloride; 0.5 mg/L pyridoxal hydrochloride; 100 mg/L
myo-Inositol; 0.5 g/L malt extract; 3% (w/v) Suc; 1 mg/L 6-BAP; and
2 mg/L 2,4-D; pH 5.8). For subculturing, 2 ml of packed cells were
transferred into 50 ml fresh medium every 7 days. To determine
the growth capabilities of the two suspension cultures, cells were
filtered and their dry weight was determined. For the dry weight,
the cells were placed in a stove for 24 hr at 40°C. Experiments were
performed at 5 days after subcultivation, when cells are in the expo-
nential growth phase.

For the in organello protein transport experiments, pea seedlings
(Pisum sativum var. Feltham First) were grown on soil for 7 days at a
16 hr photoperiod under constant temperature (18-22°C).

2.2 | Oxygen consumption measurements

Oxygen consumption was measured using a Clark-type oxygen
electrode (Hansatech Instrument, United Kingdom). Respiration of
Arabidopsis cell suspension cultures was measured in the dark at
25°C. One ml of a 5-day-old suspension cell culture was placed in

the chamber containing 1 ml of MSR2 medium.

2.3 | RNAsolation and qRT-PCR

Plants and cells of the WT and why 2-1 mutant lines were harvested
for subsequent analyses. Total RNA was extracted from samples
using RNeasy® Plant Mini Kit (Qiagen) according to the manufactur-
er'sinstructions. RNA concentration was measured using a Nanodrop
ND-1000 spectrophotometer (Nanodrop Technologies). First-strand
cDNA synthesis was performed using 2 pg of RNA, oligo(dT) prim-
ers, and SuperScript-1l Reverse Transcriptase (Invitrogen) according

to the manufacturer's instructions. The gRT-PCR reactions were
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performed with 100 ng of cDNA using the SYBR Green technology
of Go Taq® qPCR Master Mix (Promega) in a 7500 Real-time PCR
System (Life Technologies). The primers sequences for qRT-PCR are
reported in Table S1. The expression levels of each gene were nor-
malized to the expression level of the housekeeping gene ACTIN-2
(ACT2; At3g18780) and analyzed using the AACT method (Livak &
Schmittgen, 2001).

2.4 | Confocal laser scanning microscopy

Confocal Laser Scanning Microscopy (CLSM) analyses were per-
formed using a Zeiss LSM700 (Carl Zeiss Microscopy). Cells and
seedlings were incubated for 20 min in 0.25 pM of tetramethyl-
rhodamine (TMRM) solution. Samples were washed twice (10 mM
MES, 10 mM CaCl,, and 5 mM KCI pH 5.8) and then observed. For
TMRM detection samples were excited at 535 and fluorescence
was measured at 600 nm. For GFP detection, excitation was at
488 nm and emission between 515/530 nm. For the chlorophyll de-
tection, excitation was at 488 nm and detection over 570 nm. For
Pl detection, excitation was set at 548 nm and emission 573 nm.
Acquired images were analyzed using the Fiji—ImagelJ bundle soft-
ware (http://fiji.sc/Fiji). The experiments were performed at least

in triplicate, and each sample set comprised 10 samples.

2.5 | Transmission electron microscopy

For ultrastructural analysis, small samples of the first leaves from
WT and why 2-1 mutant were fixed in 2.5% (w/v) glutaraldehyde and
1% (v/v) formaldehyde (prepared from paraformaldehyde) in 0.1 M
sodium cacodylate (pH 7.4) at 4°C overnight, and postfixed for 4 hrin
buffered 1% osmium tetroxide on ice. Washing was done with 0.1 M
sodium cacodylate (pH 7.4). The specimens were dehydrated in a
graded series of ethanol and embedded in LR White resin (London
Resin Company). Polymerization was in gelatine capsules at 60°C for
48 hr. Ultrathin sections of the specimens were cut with a diamond
knife at a Leica Ultracut UCT ultramicrotome and placed on formvar-
coated copper grids. Sections were stained with uranyl acetate and
with lead citrate (Reynolds, 1963), and subsequently observed in a
Philips CM10 transmission electron microscope. Two replicates were
analyzed for both WT and why 2-1 and 30-50 images were analyzed
for each replicate.

2.6 | Electron tomography

The tomography acquisitions were performed using Zeiss LIBRA
200FE-HR TEM, operating at 200 kV and equipped with an in-
column omega filter for energy selective imaging and diffraction. The
tomographic series were collected with a Fischione 2040 Dual-Axis
Tomography Holder, following the dual-axis strategy. The 3D recon-

struction is obtained by using weighted back-projection algorithm
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and simultaneous alignment method followed by local refinement,
as previously described (Vigani et al., 2015). The 3D reconstruction
is obtained by use of weighted back-projection algorithm and simul-
taneous alignment method according to Cantele, Paccagnini, Pigino,
Lupetti, and Lanzavecchia (2010). Segmentation was carried out by
using the program JUST to obtain the final tomogram of mitochon-
drial selected (Salvi et al., 2008). The tracings from all sections are
modeled as 3D surfaces and displayed as a 3D model by the program
Avizo (FEI, SAS).

2.7 | Inorganello protein transport assay

Radiolabeled precursor proteins of AtWHIRLY3 and the organelle-
specific control proteins FNR (chloroplast Ferredoxin-NADP-
Oxidoreductase) and mitochondrial Rieske Fe/S protein were
obtained by in vitro translation in rabbit reticulocyte lysates in the
presence of [35S]-methionine. Incubation with intact mitochondria
or chloroplasts isolated from pea leaves followed the protocol of
Rodiger, Baudisch, and Bernd Klésgen (2010). Competition experi-
ments were performed as described (Bennewitz, Sharma, Tannert,
& Klésgen, 2020).

Gel electrophoresis of proteins under denaturing conditions was
carried out according to Laemmli (1970). The gels were exposed to
phosphorimaging screens and analyzed with a Fujifilm FLA-3000
(Fujifilm) using the software packages BAS Reader (version 3.14) and
AIDA (version 3.25; Raytest). Protein concentration was determined
according to Bradford (1976).

2.8 | Statistical methods

The data were submitted to Student's t test for statistically signifi-
cant difference (*p < .05; **p < .01). Results are shown as mean + SE

with at least three biological replicates.

3 | RESULTS

3.1 | WHIRLY2 affects mitochondria morphology in
cultured cells

To evaluate the role of WHIRLY2 in Arabidopsis, the why 2-1 mu-
tant line, previously described as a true knockout mutant (Janicka
et al., 2012), harboring the T-DNA insertion in the last intron of
WHIRLY2, was used.

Cell suspension cultures were generated from both WT and why
2-1 plants. Such cultures represent an ideal system for detailed anal-
ysis at the cellular level, being homogeneous, fast growing, easy to
handle, and readily accessible to treatments. WT and why 2-1 cell cul-
tures were characterized with regard to their dry weight (Figure 1a)
showing no considerable differences between the two lines. The ex-

pression level of Why 2 was determined at different stages of culture

growth and it appeared to be high in the early subculture phase and
decreased during cell culture progression (Figure 1b).

With regard to the mitochondrial localization of WHIRLY2, the
impact of Why 2 disruption on mitochondria morphology, ultrastruc-
ture, dynamics, and functionality was investigated. CLSM imaging of
cultured cells stained with TMRM allowed to evaluate mitochondria
morphology in vivo (Figure 1c). While, in the WT line, mitochondria
appear to be spherical or punctiform, mutant lines had an impaired
mitochondrial morphology whereby mitochondria appeared as more
elongated and sometimes showed a peculiar loop shape (Figure 1c,
arrows) that in animal system has been demonstrated to be typi-
cally associated with cellular oxidative stress conditions (Jaipargas,
Barton, Mathur, & Mathur, 2015). TEM images revealed that disrup-
tive rearrangements have taken place in the mitochondria of why 2-1
cell lines. While in WT cell lines mitochondria were round or oval,
contained several cristae and an electron-dense matrix, mitochon-
dria in the why 2-1 lines, instead, appeared to be swollen, with a
reduced number of cristae and a low electron density matrix that
might indicate a low functionality (Logan, 2006;Vigani et al., 2015).
Interestingly, a large translucent area (Figure 1c inset) in the center
of the organelles is present, where fibrillar structures resembling un-
packed DNA are evident.

In order to investigate the ultrastructure of mitochondria in the
cells of the why 2-1 mutant line, representative specimens were
selected for tomographic reconstructions as described by Vigani
et al. (2015). At the ultrastructural level, mitochondria from the WT
cell culture displayed homogenous matrices as well as regular inter-
nal cristae (Figure 1c). In contrast, in the mutants, a heterogeneous
morphology of mitochondria was observed. While few of them ap-
peared to be only slightly altered, the majority of mitochondria had
a lower matrix density and a reduced number of cristae when com-
pared to WT plants. Such ultrastructural alterations were observed
in all the examined samples from three independent experiments.
The numbers of cristae as well as the sizes of the relative intracristae
surface areas were determined on mitochondria randomly selected
for each sample (Talbe S2). In the why 2-1 mutant line, the number
of cristae per mitochondrion in cultured cells was reduced by about
20%, while the relative intracristae surface area (intracristae surface
area per mitochondrion) was even reduced by about 40% (p < .05;
Table S2). These data taken together strongly support a key role of
WHIRLY2 in nucleoid structure maintenance and in shaping the mor-

phology of the mitochondria.

3.2 | WHIRLY2 affects the functionality of
mitochondria in cultured cells

The observed changes in the morphology of mitochondria might lead to
changes in the functionality of these organelles. Therefore, respiratory
efficiencies of WT and mutant cell lines were compared. The total res-
piration of why 2-1 cells is reduced by 30% compared to WT (Figure 1d,
upper plot). Seventy percentage of the residual oxygen consumption

present in the why 2-1 mutant has to be assigned to the alternative
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FIGURE 1 WT and why 2-1 Arabidopsis suspension cell cultures. (a) Growth curve calculated as dry weight (gr.) at different days after
subcultures. (b) Why 2 expression profile in WT suspension cell cultures at different days after subcultures. (c) Confocal, transmission
electron microscope images and tomographic 3D reconstruction model of mitochondria from suspension cell cultures at 5 days after
subcultures. Inset magnification 3X. Arrows in the CLSM image indicate mitochondria with peculiar morphology. Different colors were used
for the rendering of the different suborganellar structures in the tomographic 3D reconstruction: magenta for inner membranes (IM), blue
for outer membranes (OM), and green for cristae. (d) Mitochondria functionality in WT and why 2-1 suspension cell cultures defined as:
Oxygen consumption (upper plot), alternative oxidase capacity (middle plot) of cells treated with 1 mM KCN, relative expression profile of
the alternative oxidase (AOX; lower panel). Values represent the mean + standard deviation of three independent experiments performed
in triplicate. The asterisks indicate values that are significantly different from WT cells using the Student's t test method (*p < .05)

pathway, defined as AOX capacity (Figure 1d, middle plot). AOX capac-
ity is defined as the part of the O, consumption that is insensitive to
the cytochrome (cyt) pathway inhibitor KCN, and sensitive to the AOX
inhibitor (salicylic-hydroxamic acid, SHAM). This measure of capacity is
typically related to the abundance of AOX. Specific AOX gene family
members are strongly induced at the transcript and protein level by an
insufficient cyt pathway capacity downstream of the ubiquinone pool
(Vanlerberghe, Martyn, & Dahal, 2016;Yu, 2019). Accordingly, in the

why 2-1 mutant cells, the expression level of the AOX gene is higher

than in WT cells (Figure 1d, lower plot), thus supporting the data on an

increased AOX capacity observed in the mutant line.
3.3 | WHIRLY2 localizes to mitochondria in different
plant organs

In order to verify the mitochondrial localization of WHIRLY2 in planta,
stable transformed Arabidopsis plants harboring the WHIRLY2
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coding sequence fused to the GFP gene under control of the 35S
CaMV promoter were generated. In stable transformed plants, GFP
fluorescence was detected in different organs, in roots (Figure 2a),
in leaf (Figure 2b), and in hypocotyl (Figure 2c), as small and highly
dynamic punctate structures (Movie S1). In the root, WHIRLY2 ap-
pears to be more concentrated at the level of the root tip most likely
because of the small size of cells, as compared to elongated cells
whose volume is mostly occupied by the vacuole. In Figure 2c, it is
shown that WHIRLY2:GFP clearly colocalize with the mitochondria-
specific dye TMRM confirming the mitochondrial localization pre-
viously determined in transiently transformed protoplasts (Krause
et al., 2005). Within the mitochondria, WHIRLY2:GFP fluorescence
was not equally distributed but appeared in punctiform spots. It
has also been observed that discrete WHIRLY2:GFP spots move

between mitochondria during the fusion-fission processes (Movie

S1). All these data are consistent with a putative nucleoid association

TMRM

of WHIRLY2, supporting a role in mtDNA packaging/maintenance.
Another interesting issue is that WHIRLY2 is not equally present in
all the mitochondria stained by TMRM and not even uniformly dis-
tributed in the root tip where WHIRLY2 appears to be more concen-
trated at the level of the tip (Figure 2a).

3.4 | why 2-1 mutant plants have an altered
mitochondrial structure

In order to compare the mitochondria morphology in WT and mu-
tant plants in vivo, Arabidopsis roots were stained with TMRM and
analyzed by confocal microscopy. In mutant lines, mitochondria ap-
pear as elongated organelles (Figure 3 upper panel) characterized by
reduced dynamics when compared with those present in the roots
of WT plants (Movie S2 and S3). On leaf sections from 3-week-old

FIGURE 2 Mitochondrial localization
pattern of 355-WHIRLY2:GFP in roots (a)
stained with propidium iodide (magenta),
leaf epidermal cells (b; blue color is due
to chlorophyll), and hypocotyl (c) stained
with TMRM (red)

FIGURE 3 Mitochondria morphology
in plant tissues. Upper panel: confocal
images of roots of WT and why 2-1
plants stained with TMRM. Lower panel:
transmission electron microscope images
of mitochondria from leaf section from
3-week-old WT and mutant plants.
Arrow indicates translucent area within
mitochondria matrix
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plants of Col-0 and why 2-1 mutant TEM analyses were performed
as indicated in Figure 3 (lower panel). In the mutant line, mito-
chondria resemble those identified in cultured cells confirming the
swollen morphology, the reduced number of cristae, and the pres-
ence of a translucent area (arrow) within the mitochondrial matrix.
Approximately 30% of the mitochondria in leaves of the mutant line
exhibited such altered morphology compared with the WT (Figure 3
lower panel). Furthermore, as calculated from TEM images of leaf
sections, the relative intracristae surface area decreased by about
40% (p < .05) in the why 2-1 mutant line when compared to the WT
(Table S2).

3.5 | Seed germination is compromised in why
2-1 mutants

In Figure 4a, the expression profile of WHIRLY2 in different develop-
mental phases, from imbibed seeds to flowering stage, is reported.
The results show a relatively high level of the expression in 24 hr
imbibed seeds, as expected for proteins involved in organelle DNA
repair/replication in rapidly growing tissues (Diray-Arce, Liu, Cupp,
Hunt, & Nielsen, 2013), with a subsequent drop in expression level.

In order to investigate whether the presence of aberrant mito-
chondria in the why 2-1 mutant could have consequences for de-
velopment of the plant, WT and why 2-1 plants were compared at
different stages of development, starting from seed germination.

(@

&= VWHIRLY3 in WT =@=VWHIRLY2 in WT ~Si= WHIRLY3 i whirly 21
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FIGURE 4 Germination assay of WT Seeds

and why 2-1 mutant. (a) Expression profile
of Why 2 and Why 3 genes in WT and (© 12

why 2-1 plants and seeds. The expression

was analyzed in 24 hr imbibed seeds and 100
in plants at 1.02, 1.04, 1.10, and 6.00

stages of growth. Data were analyzed g ®
using the AACT method. Values represent §
the mean * confidence interval (p < .05) |-
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Sterilized seeds were sown in solid one-half MS medium, stratified
for 48 hr, and, then, placed in a growth chamber. Seeds were micro-
scopically analyzed to evaluate the rupture of the testa indicating
the beginning of germination process (Figure 4b). A clear difference
between the two genotypes was detected: why 2-1 seeds showed a
significant reduction (20%) in the percentage of germination com-
pared to the WT (Figure 4c). These data highlight the important role
of WHIRLY2 in a phase of plant life characterized by active mtDNA
synthesis, such as seed germination (Paszkiewicz, Gualberto,
Benamar, Macherel, & Logan, 2017).

3.6 | WHIRLY3 mRNA level and protein
abundance are enhanced in shoots of the why
2-1 mutant

The "mild" development-dependent phenotype of the why 2-1 mu-
tant suggests that in adult mutant plants, where no phenotype is
shown, the lack of the WHIRLY2 protein could be compensated, at
least in part. A possible candidate for such functional compensa-
tion could be another WHIRLY protein. In the absence of WHIRLY2
an increase in the mRNA level of WHIRLY3 was observed at earlier
stages of shoot development (Stage 1.02; Figure 4). The low expres-
sion level of WHIRLY3 is, instead, not altered in imbibed seeds. These
data suggest a tight coordination between the expression of Why 2
and Why 3.

(b) WT

WT  why 2-1
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3.7 | The WHIRLYS3 protein is imported into
chloroplasts as well as into mitochondria

Functional compensation of absence of WHIRLY2 is also a matter of
the correct subcellular localization, i.e., WHIRLY3 must be present
in the same subcellular compartments to be capable of compen-
sating the lack of WHIRLY2. However, upon transient transforma-
tion of suitable GFP-fusion polypeptides in tobacco protoplasts,
the WHIRLY2 protein was shown to accumulate in mitochondria,
while WHIRLY3 could be detected solely in chloroplasts (Krause
et al., 2005), which makes a functional compensation rather unlikely.
On the other hand, in organello protein transport experiments per-
formed with WHIRLY2 clearly demonstrated dual targeting prop-
erties of the protein, i.e., the authentic precursor is imported into
both, chloroplasts and mitochondria, when incubated with isolated

intact organelles (Krause et al., 2005). Such complementing in orga-
nello transport experiments have not been carried out though with
WHIRLYS3.

Therefore, in organello protein transport experiments using in-
tact mitochondria and chloroplasts that were isolated from a sin-
gle pulping of pea leaves (Rodiger et al., 2010) were performed
here with the authentic precursor of WHIRLY3. In addition to
WHIRLYS3, two control proteins with known organelle localization,
namely, chloroplast FNR (Ferredoxin-NADP-Oxidoreductase)
and the mitochondrial Rieske-Fe/S protein (mtRi), were analyzed
in parallel. For this purpose, freshly isolated intact organelles
were incubated with the respective radiolabeled precursor pro-
teins, which were obtained by in vitro transcription of the corre-
sponding cDNA clones and subsequent in vitro translation with
reticulocyte lysates in the presence of [355]-methionine. The two
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FIGURE 5 Inorganello protein transport experiments with isolated pea organelles. (a) Radiolabeled precursor polypeptides of
mitochondrial Rieske Fe/S protein (mtRi), WHIRLY3 (Why3), and chloroplast Ferredoxin-NADP-Oxidoreductase (FNR) were obtained

by coupled in vitro transcription/translation of the corresponding cDNA clones and incubated for 20 min at 25°C with either intact
mitochondria (lanes M) or chloroplasts (lanes C) from pea. After the import reaction, the organelles were recovered by centrifugation

and treated with thermolysin (lanes M+, C+) or mock treated (lanes M-, C-). Stoichiometric amounts of each fraction corresponding to

50 ug protein (mitochondria) or 12.5 pg chlorophyll (chloroplasts) were separated on a 10%-17.5% SDS polyacrylamide gradient gel and
visualized by phosphorimaging. In lanes t, 1 ul aliquots of the in vitro translation assays (corresponding to 10% of the protein added to each
import reaction) were loaded. The position of precursor and mature polypeptides are indicated by open arrowheads and filled arrowheads,
respectively. The size of molecular marker proteins is given in kDa. (b) Effect of competitor protein on organelle import of WHIRLY3. In
organello protein transport experiments with the WHIRLY3 precursor protein were performed in the absence (con) or presence of increasing
amounts of the precursor of mitochondrial Rieske Fe/S-protein which was obtained by heterologous overexpression in Escherichia coli.
The concentration of competitor protein present in each assay (given in uM) is indicated above the lanes. (c) Bar chart showing the relative
amounts of WHIRLY3 accumulating in the organelles of the competition experiment shown in (b). The bands corresponding to mature
WHIRLY3 polypeptide in lanes + were quantified and depicted in terms of percentage of mature WHIRLY3 in the control reaction in the

absence of competitor (lanes 0)
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control proteins showed the expected organelle specificity: mtRi
is imported into mitochondria but not into chloroplasts, while FNR
shows the reciprocal result, i.e., it is transported into chloroplasts
but not into mitochondria (Figure 5). Within the organelles, the
two precursor proteins are cleaved by organellar processing pep-
tidases to yield the respective mature proteins. These processing
products are resistant to protease added externally to the assays
after import, which confirms that they have been internalized into
the organelles (Figure 5). In contrast, precursor proteins that are
not imported but remain attached to the organellar envelopes in
the course of the experiment are largely, although not always com-
pletely, degraded under these conditions.

Remarkably, WHIRLY3 is not only imported into chloroplasts but
also accumulates in a protease-protected manner also in mitochondria
(Figure 5). Within both organelles the protein is processed after mem-
brane transport to a product of approximately 24 kDa, which corre-
sponds well to the size of the mature protein (Isemer et al., 2012). In
contrast, the control protein for chloroplast import, FNR, does not
show any hint of mitochondrial import in these assays which rules
out that the mitochondrial import of WHIRLY3 observed is due to
contaminating chloroplasts in the mitochondrial preparation.

This was further confirmed by competition experiments that
were performed as a complementary approach to evaluate the
dual targeting properties of WHIRLY3. In these experiments, the
mitochondrial import machinery was gradually saturated by excess
amounts of the mitochondrial control protein, mtRi, which was ob-
tained by overexpression in Escherichia coli. With increasing con-
centration of mtRi precursor in the assay, import of WHIRLY3 into
mitochondria decreased gradually (Figure 5). Control experiments
showed that the import of WHIRLY3 into chloroplasts remained un-
affected in the presence of the competitor protein, which empha-
sizes the specificity of the competition reaction.

4 | DISCUSSION

WHIRLY2 is a member of the small plant-specific family of WHIRLY
proteins binding to single stranded DNA and proposed to be
key components of the organelle repair machinery (Cappadocia
et al., 2010;Marechal et al., 2009). It has been reported that
WHIRLY2 and other plant-specific single-stranded DNA binding pro-
teins hinder microhomology-mediated end-joining (MME;j; Garcia-
Medel et al., 2019). In the present study, it has been demonstrated
that WHIRLY2 deficiency compromises mitochondria ultrastructure,
morphology, and functionality. In why 2-1 mutants, mitochondria
contain a low number of cristae and show a reduced functionality
if compared to the WT, as evidenced by the reduced respiration
activity and the low electron density of the organelles analyzed by
TEM. TEM analysis showed that why 2-1 mutant mitochondria house
a peculiar translucent area likely containing filamentous mtDNA.
This phenomenon resembles what has been already observed in
WHIRLY1 knockdown plants of barley where translucent areas in

chloroplasts from WHIRLY1-deficient plants coincide with reduced
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packaging of nucleoids (Krupinska et al., 2014). The data presented
in this study confirm the nucleoid localization of WHIRLY2 but also
support a structural role in mitochondria nucleoid organization. The
alteration of the shape of mitochondria toward swollen organelles,
observed in why 2-1 plants, is likely due to an impairment in the
recruitment of the fission proteins involved in mitochondria divi-
sion (Yan, Duanmu, Zeng, Liu, & Song, 2019) while the elongation
could be attributed to a perturbation of the fusion/fission balance.
These data strongly suggest that a tight association exist between
nucleoid organization and mitochondria morphology and dynamics.
Besides, in mammals, it has been demonstrated that the integrity
of mtDNA/nucleoids plays an important role in the remodeling of
cristae structures (Ban-Ishihara, Ishihara, Sasaki, Mihara, & Ishihara,
2013). Moreover, it has been suggested that, in plants, mitochondrial
dynamics, that reshape organelle morphology through the ongoing
fusion and fission events, is an important feature for maintaining
mitochondrial plasticity but also to provide a means for promoting
recombination of DNA fragments (Arimura, 2018). MMF is likely to
facilitate nucleoid transmission, mitochondrial DNA (mtDNA) re-
combination, and the homogenization of mitochondrial components,
thus providing a type of quality control for mitochondrial popula-
tions (Rose & McCurdy, 2017).

It has been demonstrated that in why 2-1 plants the microhomol-
ogy-mediated DNA rearrangements (MHMRs) occur at higher levels
than in the WT. It is likely that the accumulation of DNA rearrange-
ments could be responsible for nucleoid disorder and consequently
for the elongated mitochondria. The observed reduced mitochondrial
dynamics would in turn favors mitochondria fusion and elongation.
The alterations in mitochondrial morphology and functionality ob-
served in the why 2-1 mutant are expected to have a severe impact
on development and growth of the plants. For this reason, an impair-
ment of growth is expected. On the other hand, no obvious pheno-
type is evident in the why 2-1 mutant plants during vegetative growth
(Maréchal et al., 2008). Indeed a significant decrease in seed germi-
nation percentage was observed in why 2-1 compared to WT back-
ground. A possible explanation might be that the impact of WHIRLY2
absence is particularly pronounced when organelle DNA synthesis is
active, such as in highly dividing cultured cells and during germination
(Arimura, 2018;Cheng et al., 2017).

During germination a metabolic reorganization occurs: the higher
expression of WHIRLY2 was observed in the 24h imbibed seeds
when reactivation of cellular and mitochondrial metabolism occurs
(Paszkiewicz et al., 2017). It must be taken into consideration that
mtDNA replication probably takes place by recombination-depen-
dent replication occurring as a result of double-stranded homolo-
gous recombination breakage or of double- or single-stranded break
repair mechanisms that likely involve WHIRLY2 (Cheng et al., 2017).

The lack of an evident mutant phenotype of the mature plant
upon abrogation of Why 2 expression suggests the presence of
functional homologues or the activation of compensating mech-
anisms in mitochondria. Possible candidates for compensation
of WHIRLY2 deficiency in the why 2-1 mutant are WHIRLY1 and
WHIRLY3. WHIRLY1 was shown to be exclusively imported into
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chloroplasts both in in organello protein transport experiments and
after transient transformation of protoplasts (Krause et al., 2005)
which precludes a functional role in mitochondria. WHIRLY3
was likewise found solely in chloroplasts after transient expres-
sion of a reporter construct (Krause et al., 2005). However, this
result was not independently confirmed with a second method
which was shown to be essential to prevent potential misinterpre-
tation (Sharma, Bennewitz, & Klésgen, 2018). Indeed, as proven
here by in organello import as well as competition experiments,
WHIRLY3 is dually targeted into both, mitochondria and chloro-
plasts (Figure 5), which in principle enables the compensation of
WHIRLY2 deficiency by WHIRLYS3. In line with that, Why 3 expres-
sion is actually higher in the why 2-1 mutant than in the WT at
early stages of development.

In a similar scenario, WHIRLY3 might even compensate for
WHIRLY1 deficiency considering the lack of an apparent mutant
phenotype of the why1 knockout mutant (Yoo, Kwon, Lee, & Chung,
2007). In contrast, in plants lacking WHIRLY3 such as maize and bar-
ley, WHIRLY1 deficiency leads to a disturbance of chloroplast devel-
opment (Krupinska et al., 2019;Prikryl, Watkins, Friso, van Wijk, &
Barkan, 2008).

Although further efforts are required to elaborate the functional
interaction of WHIRLY proteins, these data suggest already that the
coordination of the three WHIRLY proteins in A. thaliana is required
to guarantee the integrity of the organellar genomes in the early
phases of seed germination.

5 | CONCLUSIONS

In this study, we identify a role of WHIRLY2 in maintaining mito-
chondria morphology and functionality. In particular, we found that
the absence of WHIRLY2 is associated with a disorganization of
the nucleoids and the fine ultrastructure of the mitochondria both
in cultured cells and in leaf. We demonstrated that the strong mi-
tochondria alterations observed in the why 2-1 mutant significantly
compromise the seed germination process. Experiments by means of
an in organelle import assay demonstrate that along with WHIRLY2
also WHIRLY 3 can enter the mitochondria, strongly suggesting a
compensatory activity of WHIRLY3 in why 2-1 mutant plants. These
results cast new light on the role of the mitochondrial protein
WHIRLY2 in plant cells paving the way for further studies on the
link between mitochondria structure/morphology and functionality
both at the cellular and at the plant level.
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