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1. Introduction

Climate change in recent years caused compounding and cascading risks to the environment.
In the summer of 2022, Europe encountered a striking drought of a magnitude not observed in
the past 500 years. The simultaneous effect of exceptionally high temperatures and minimal
precipitation resulted in river depletion, wildfires, and the exacerbation of crop failures.
Simultaneously, the western regions of the United States faced the most severe drought
conditions in the last 1200 years, while specific stretches of the Yangtze River in China, which
is known as the country's longest river, experienced historically low water levels since at least
1865, primarily due to extreme temperatures and a profound deficiency of rainfall. (Wang et
al. 2023)

Climate change, with its far-reaching consequences, poses a formidable threat to our
environment and the delicate balance of ecosystems. Droughts have triggered a series of
environmental disasters, including river depletion, rampant wildfires, and devastating crop
failures (Orimoloye et al. 2022). The impact of climate change is felt acutely by sessile

organisms, particularly plants, which play a critical role in global food production.

Transpiration, regulated by the stoma on leaf surfaces, and the presence of a thick cuticle layer
on dermal tissues are essential mechanisms that plants employ to conserve water. However, in
the face of more frequent and severe droughts, these natural defenses are proving inadequate.
As aresult, the agricultural sector, which heavily relies on the health and productivity of plants,
faces unprecedented challenges in sustaining global food production. Feeding a projected
population of 9.8 billion people by 2050 is a daunting task, particularly in drought-prone and
arid regions of the developing world (He et al. 2019).

In recent decades, significant progress has been made in increasing global food production to
meet the demands of a growing population. However, climate change poses an existential threat
to these achievements, placing immense strain on food security in vulnerable regions. Sub-
Saharan Africa regularly experiences droughts that hinder agricultural productivity, leading to
food shortages and economic hardship. The situation is further exacerbated by other climatic
variables such as heatwaves, floods, and conflicts, which compound the challenges faced by

farmers and governments in these regions (Tamasiga et al. 2023).

Food production shocks, characterized by sudden and unexpected losses in agricultural yield
and fluctuations in food prices, have become increasingly common in various sectors during

the last five decades. Extreme weather events account for half of these shocks,



disproportionately affecting countries with limited coping capabilities. Farmers in these regions
often struggle to diversify their food production, while governments find it difficult to import
food or provide insurance to mitigate the impacts of climate-induced crises. A stark example
of the dire consequences of climate change-induced droughts is the 2017 Kenya drought, which
plunged the nation into a state of national emergency, leaving approximately 2.5 million people
hungry and vulnerable. The frequency and intensity of droughts are projected to increase due
to climate change, necessitating urgent action to implement more effective adaptation methods
and innovative sustainable practices (Uhe et al. 2018).

To address the challenges posed by climate change and secure food production in drought-
prone regions, it is imperative to focus on sustainable adaptation strategies. These strategies
should prioritize enhancing the resilience of agricultural systems to withstand extreme weather
events. Emphasis must be placed on research and development efforts that promote drought-
resistant crop varieties, water-efficient irrigation techniques, and environmentally conscious

farming practices.

In conclusion, climate change-induced droughts pose a significant threat to food security,
particularly in vulnerable regions with limited coping capabilities. The intensifying impact of
extreme weather events necessitates immediate action to develop and implement sustainable
adaptation methods in agriculture. By investing in resilient agricultural practices and fostering
innovation, we can strive towards a more food-secure future in the face of a changing climate.
The urgency of this matter calls for collective efforts from governments, researchers, farmers,

and global communities to secure the sustenance and well-being of future generations.

1.1 Arabidopsis thaliana as a model plant

Arabidopsis thaliana, commonly referred to as thale cress, is a medium-sized flowering plant
belonging to the Brassicaceae family. It holds significant importance as a model organism for
studying plant genetics. This versatile plant is closely related to economically valuable crops
like rapeseed, cabbage, and broccoli, making it a valuable research tool for dicotyledonous

weed species within the Brassicaceae family.

Arabidopsis possesses numerous favorable characteristics for laboratory investigations. Its life
cycle, encompassing seed germination, rosette plant formation, flowering, and seed maturation,
occurs astonishingly fast, completing within a short six-week period (Meinke et al. 1998). It
exhibits self-compatibility, produces a high yield of seeds per generation, and showcases
desirable traits for a model plant in laboratory settings. With a small genome size of
approximately 135 megabase pairs (Mbp) and a chromosome count of 2n=10, Arabidopsis is
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well-suited for genetic, biochemical, and physiological studies. The Arabidopsis genome
contains relatively few repetitive DNA sequences: 10-14% of the total DNA (including nuclear,
mitochondrial, and chloroplast DNA) is highly repetitive, 23-27% is moderately repetitive, and
50-55% consists of unique copies (Meyerowitz 1992). Additionally, a wide range of ecotypes
collected from natural populations provides researchers with ample material for experimental

analysis.

In the year 2000, the complete sequencing of Arabidopsis thaliana's genome, comprising five
pairs of chromosomes, was successfully achieved (The Arabidopsis Genome Initiative, 2000).
This breakthrough enabled a comprehensive exploration of its genetic composition. This wealth
of genetic information offers invaluable insights into the functioning of Arabidopsis and serves

as a foundation for investigating gene functions in other dicotyledonous plants.

Arabidopsis's amenability to genetic manipulation has made it a powerful platform for research.
Numerous T-DNA insertion mutants have been generated, greatly facilitating investigations
into the roles of diverse genes in Arabidopsis (Koncz et al., 1992; Szabados et al., 2002; Alonso
et al., 2003). This vast collection of mutants opens avenues for studying gene functions and
their potential applications in other plant species. Genes isolated from Arabidopsis can be
utilized for the study of similar genes in other plants or directly applied in practical plant
breeding. This allows for the relatively rapid application of findings from molecular biological

research conducted on the Arabidopsis model in the fields of agriculture and industry.

1.2.1 Drought stress

Drought (water stress) is one of the most important environmental stresses and occurs because
of low rainfall. Drought is a major problem faced by farmers every year. It is a natural
phenomenon that is triggered and sustained over an extended period by the inadequate
availability of freshwater for the needs of humans and the ecosystem (Ahluwalia et al. 2021a).
Besides affecting food production, drought reduces underground water levels, deteriorates
water quality, increases soil erosion, and can eventually result in other calamities like fire,
floods, and spread of diseases (Ahluwalia et al. 2021b). According to the United Nations World
Water Development Report 2018, an estimated 55 million people are affected worldwide due
to drought and about 700 million people are at risk of being displaced by 2030 because of it
(World Water Assessment Report).



1.2.2 Plant responses to drought stress

Drought leads to multidimensional stress and causes changes in the physiological,
morphological, biochemical, and molecular traits in plants (Salehi-Lisar and Bakhshayeshan-
Agdam 2016). Mechanisms such as photosynthesis and gas exchange (Menezes-Silva et al.
2017; Bryant et al. 2021), cell death, changes in cell wall composition, nutrient translocation
(Demidchik 2015), transcriptional activity of genes, transposable elements (Makarevitch et al.
2015), lipid signaling (Hou et al. 2016), metabolites, proteins (Nakabayashi and Saito 2015)
and antioxidant profile (Choudhury et al. 2017) can be altered during stress. Plants must
recognize and respond to stress conditions with a variety of biological signals at appropriate
times and speeds for their survival (Takahashi and Shinozaki 2019). Higher plants achieve
sophisticated responses and adaptations to abiotic stresses, including drought, to maintain
optimal growth under stress conditions. For these complex physiological responses in plants, a
variety of cellular and molecular regulatory mechanisms are required for short-term responses
to prevent water loss via transpiration from guard cells and for long-term adaptations to acquire
stress resistance at the whole-plant level (Nakashima et al. 2014; Takahashi et al. 2018). Some
mechanisms like production of reactive oxygen species (ROS) such as singlet oxygen,
superoxide, hydroxyl radicals and hydrogen peroxide (H202) are a consequence of abiotic
stresses such as drought, salinity, heavy metals, high light or high temperature. ROS can
damage proteins, lipids, and other macromolecules and therefore create additional oxidative
stress for the plants. ROS are however not only damaging compounds but play essential
signaling roles in hormonal regulation during plant development, activating cellular defenses

and stress response. (Considine and Foyer 2014; You and Chan 2015; Mullineaux et al. 2018).

The drought stress responses of vascular plants are complex regulatory mechanisms because
they include various physiological responses from signal perception under water deficit
conditions to the acquisition of drought stress resistance at the whole-plant level. It is thought
that plants first recognize water deficit conditions in roots and that several molecular signals

then move from roots to shoots (Takahashi et al. 2020).

1.2.3 ABA stomata relation and ABA signaling

During drought stress, the coordination of phytohormones and reactive oxygen species (ROS)
assumes a pivotal role. These phytohormones, including auxins (Cheol Park et al. 2013),
gibberellins (GA) (Gaion and Carvalho 2021), cytokinins (Prerostova et al. 2018), salicylic
acid (SA) (Farooq et al. 2009), ethylene (Zhu et al. 2018), jasmonates (JA) (Riemann et al.
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2015), and brassinosteroids (BRs) (Chen et al. 2017), orchestrate a wide array of adaptive
mechanisms that enable plants to thrive under challenging conditions. Among them, abscisic
acid (ABA) stands out as a key player. When drought stress sets in, ABA levels surge,
triggering a cascade of protective responses. These responses include the activation of stress-
responsive genes (Li et al. 2018; Chen et al. 2021b), forming a complex gene regulatory
network that equips plants to combat environmental challenges (Nakashima et al., 2014,
Takahashi et al., 2018).

These mechanisms encompass the control of stomatal aperture and the expression of genes that

confer resistance to environmental stresses (Lim et al. 2015).

Intriguingly, some of the secondary messengers triggered by ABA can also play roles in plants'
adaptation to both abiotic and biotic stress. Notable examples include ROS, nitric oxide (NO),
and cytosolic free Ca?* (Leon et al. 2014; Huang et al. 2019). These secondary messengers

participate in intricate signaling networks that aid plants in their resilience against stressors.

In both biotic and abiotic stresses, ROS emerges as key actors in plant defense mechanisms.
These ROS, including superoxide radicals, hydrogen peroxide (H20z), and NO (He et al. 2007,
Daszkowska-Golec and Szarejko 2013), are by-products of aerobic metabolism. Furthermore,
when drought stress looms, ABA accumulation is primarily increase within the leaves'
vasculature because almost all ABA biosynthesis enzymes are expressed in vascular tissues
(Finkelstein 2013, Kuromori et al. 2018)

When it comes to coping with drought stress, the regulation of stomatal closure is a critical
mechanism for water conservation. This process involves the activation of outward K*
channels, which results in a reduction of water potential within guard cells. Therefore, water is
expelled from the guard cells, leading to decreased turgor pressure and eventual stomatal
closure (Munemasa et al. 2015). Moreover, the involvement of guard cell aquaporins in the
regulation of stomatal aperture has been suggested. Among these, plasma membrane-intrinsic
proteins (PIPs) serve as major facilitators, allowing the diffusion of water across the plasma

membrane (Maurel et al. 2016).
1.3 Mitochondria and stress

Plant mitochondria typically appear as spherical or rod-shaped organelles within the range of
1-3 um in length and approximately 0.5 um in diameter, with each plant cell containing

several hundreds of these vital organelles (Logan 2006). Mitochondria, integral to cellular
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function, exhibit a dynamic and pleomorphic nature, featuring a smooth outer membrane
enveloping an inner membrane with a significantly larger surface area. The inner membrane
surrounds a protein-rich core known as the matrix (Leaver et al. 1983; Gray et al. 1999).
Mitochondria are semi-autonomous, possessing their own genetic material and protein-
synthesizing machinery. A substantial portion of mitochondrial polypeptides is encoded in the
nuclear genome, synthesized in the cytosol, and subsequently imported into the mitochondria
post-itranscriptionally (Unseld et al. 1997; Whelan and Glaser 1997; Duby and Boutry 2002).

The mitochondrial electron transport chain and Fo-F1 ATP synthase, often collectively
referred to as the respiratory chain, are a series of protein complexes in the inner mitochondrial
membrane (IMM) that play central roles in oxidative phosphorylation. In oxidative
phosphorylation system (OXPHOS), electrons are extracted from metabolic pathways
involving carbohydrates, fatty acids, and amino acids, and are then transferred to the
mitochondrial electron transport chain (METC). As electrons are passed along the chain to the
final electron acceptor, oxygen protons are pumped across the inner mitochondrial membrane
(IMM). The resulting proton gradient is then used by Fo-F1 ATP synthase to produce ATP
(Maclean et al. 2022).

Complexes | and I transfer electrons to ubiquinone, a mobile electron transporter within the
inner mitochondrial membrane. Ubiquinol, the reduced form of ubiquinone, transfers
electrons to Complex Il1. Electron transport from complex 111 to Complex 1V is mediated by
cytochrome c, a small and hydrophilic protein localized in the mitochondrial intermembrane
space. The OXPHQOS comprises all the components of the electron transport chain (mETC)
and the ATP synthase complex, which, strictly speaking, is not part of the ETC but is
designated as complex V (Braun 2020). This highly conserved process occurs in the
mitochondria of animals, fungi and plants. However, in plants, oxidative phosphorylation
(OXPHOS) occurs within the framework of photosynthesis and various stress response
reactions (Millar et al. 2011a; Schertl and Braun 2014). Plant mitochondria is tightly
connected with several metabolic and catabolic processes for example ascorbate biosynthesis,
proline degradation, TCA cycle. Mitochondria contain complete TCA cycle as they are able

to oxidize most of the respiratory substrates. (Meoller et al. 2021)

Leaf mitochondria play a crucial role in mitigating environmental stresses by modulating cell

redox homeostasis and influencing antioxidant capacity (Dutilleul et al. 2003). Additionally,
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plant mitochondria may serve as early sensors of cellular stress, regulating programmed cell
death (Jones 2000; Rhoads et al. 2006).

1.3.1 Alternative oxidases

In plant mitochondria, when the main electron transport pathway (cytochrome c¢ pathway) is
damaged or blocked through the electron transport chain (ETC), the alternative oxidases (AOX)
can help to remove accumulated excess electrons. Alternative oxidases are potentially ‘energy
wasteful” protein that dramatically reduces ATP generation, with most of the energy dissipated
as heat, and avoid the formation of reactive oxygen species by preventing over-reduction of the

electron transport chain (Selinski et al. 2018).

There are two terminal oxidases in the plant mitochondrial ETC. One is the usual cytochrome
(cyt) oxidase (complex 1V), and the other one is the AOX (Selinski et al. 2018). AOX liberates
the highly coupled and extreme electron transport processes in mitochondria, thereby supplying
and maintaining much-needed metabolic homeostasis by directly reducing oxygen to water
(Saha et al. 2016).

In Arabidopsis, the AOX gene family consists of five members: Aox1a, 1b, 1c, 1d, and 2. Each
of these genes is active, but there are noticeable variations in their expression patterns across
different organs and developmental stages. This suggests that they might have slightly different
biological functions (Clifton et al. 2006). Interestingly, some of the AOX genes rank among
the most responsive to stress in Arabidopsis (Meller et al. 2021). Alternative oxidases prove to
be a key player in helping plants cope with various environmental challenges such as drought,
intense light, salinity, and heavy metal stress. When the AOX genes are highly expressed, they
can boost the plant's ability to withstand abiotic stress, through the regulation of ROS

generation and the safeguarding of the photosystem (Zhang et al. 2012).

1.4 PPR protein family

The family of PPR (pentatricopeptide repeat) proteins is a group of proteins that are found in
plants. They are characterized by 9-15 repeated units of pentatricopeptide domains and short
segments of 35 conserved amino acids. These repeated units form a helical structure and are
responsible for binding to RNA molecules. PPR domains share similarities with
tetratricopeptide repeats (TPR), which are involved in protein-protein interactions, suggesting
that PPR segments may also have the ability to bind to other proteins. In plants, the PPR protein
family is relatively large, with 441 members identified in Arabidopsis thaliana, with all
described proteins localized to mitochondria or, chloroplast, or nucleus (Small and Peeters
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2000; Lurin et al. 2004a; Schitzlinneweber and Small 2008). However, the exact biological
roles of most PPR proteins are still not fully understood.

PPR proteins are classified into two groups, namely P and PLS, based on the types of motifs
they contain and how these motifs are arranged. P-class proteins exclusively feature canonical
P-motifs, each consisting of 35 amino acids. On the other hand, PLS-class proteins are more
diverse, incorporating P-motifs (35 amino acids), L-motifs (35 or 36 amino acids), and S-motifs
(31 or 32 amino acids) arranged in tandem to form PLS triplets (Lurin et al. 2004). Within the
PLS class, proteins often have carboxyl-terminal extensions that include highly conserved E,
E+, or DYW domains (Cheng et al. 2016).

PPR proteins play important roles in regulating gene expression in mitochondria through post-
transcriptional processes. They are involved in various aspects of RNA metabolism within
mitochondria (Salone et al. 2007), including RNA editing (Ichinose et al. 2012; Hayes and
Santibanez 2020), splicing (Hashimoto et al. 2003), cleavage, translation initiation, and
association with ribosomes. In some cases, they also help anchor translation complexes to the
inner membrane of mitochondria, facilitating the integration of newly synthesized proteins into

the appropriate complexes.

They play a role in RNA maturation processes such as capping, nucleotide modifications,
methylation, polyadenylation, and RNA segment excision and ligation. By controlling RNA
metabolism and translation, PPR proteins regulate gene expression in organelles (Liu et al.
2013, Zhang and Lu 2019). Additionally, PPR genes have been found to influence various
biological processes in plants, including cytoplasmic male sterility, circadian clock function,
and seed development. Mutations in PPR genes can lead to detrimental effects such as embryo
lethality, reduced fertility, and dwarf phenotypes, highlighting their crucial roles in plant
growth and development.

Being one of the largest gene families, PPR proteins exhibit diverse functions in controlling
metabolism and signaling within organelles. Some of these proteins influence key signaling
pathways, including ABA and ethylene, which impact how plants respond to abiotic stresses
like drought (Yuan and Liu 2012; Zhu et al. 2014).

One remarkable PPR protein called SOARL localizes in both the cytosol and nucleus, and its
involvement in ABA signaling greatly contributes to the plant's ability to endure drought, salt,
and cold stress (Jiang et al. 2015; Lu et al. 2022). Another important member, GENOMES
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UNCOUPLED 1 (GUNZ1), resides in the chloroplast and plays a vital role in retrograde
signaling, essential for integrating developmental and stress-related signals (Koussevitzky et
al. 2007). GUNZ1's function is crucial in safeguarding chloroplasts from oxidative stress, as
evidenced by the gunl mutant displaying reduced activities of superoxide dismutase (SOD)
and ascorbate peroxidase (APX), leading to higher levels of reactive oxygen species (ROS) and

oxidative damage (Fortunato et al. 2022).

The mitochondrial PPR protein OsNBL3 in rice plays a pivotal role in nad5 splicing and the
activity of mitochondrial electron transport chain complex I. The osnbl3 mutant showcases
various significant effects, including elevated alternative respiration, growth retardation,
wilting leaves, premature senescence, improved resistance against pathogens, and enhanced
salt stress tolerance (Qiu et al. 2021). SVR7, found in chloroplasts, is involved in both
photosynthesis and the plant's ability to tolerate oxidative stress (Lv et al. 2014). Furthermore,
six mitochondrial PPR proteins in Arabidopsis, namely PPR40 (Zsigmond et al. 2008), ABO5
(Liuetal. 2010), AHG11 (Murayama et al. 2012), SLG1 (Yuan and Liu 2012), PGN (Laluk et
al. 2011), and SLO2 (zhu et al. 2014) have been shown to regulate ABA signaling and
influence the plant's response to salt and drought stress. Interestingly, while mutants in these
genes exhibit heightened sensitivity to salt or osmotic stress during germination and early
growth stages, adult plants of the slo2 or slgl mutants display increased drought and salt
tolerance (Yuan and Liu 2012; Zhu et al. 2014). This suggests that these PPR proteins regulate
plant responses to abiotic stresses depending on developmental stage. Their action possibly
affects reactive oxygen species (ROS) homeostasis and mediates stress responses through
modulation of ABA signaling. While most PPR proteins are in mitochondria or chloroplasts,
only a few have been found in other cellular compartments, such as the cytosol or nucleus.
Specifically, two PPR proteins found in the nucleus have been identified as regulators of
embryogenesis (Ding et al. 2006; Hammani et al. 2011). However, to date, no PPR protein
localized in the nucleus or cytosol has been discovered to directly regulate plant responses to

abiotic stresses.

1.4.1 Characterization of the ppr40 mutant

During the T-DNA insertion mutagenesis program (Szabados et al. 2002), a transgenic
Arabidopsis line has been identified that exhibited increased sensitivity to abscisic acid (ABA)
and reduced size (semi-dwarf phenotype) due to a mutation. Subsequent germination and
growth assays revealed that the mutant plant was sensitive to ABA, sugar and salt. Based on

the classification of Lurin et al. (2004), the mutant was named as ppr40-1. During the
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characterization of the ppr40-1 mutant, a tandem inverted (LB-RB/RB-LB) T-DNA insertion
in the coding region of the At3g16890 gene was found. The T-DNA insertion caused a 4-base
pair deletion of 311 base pairs downstream of the ATG start codon in the 3' direction (Figure
1). Another allele was obtained from the SALK insertion mutant collection (http://
signal.salk.edu/cgi-bin/tdnaexpress) and named ppr40-2 (SALK _071712). In this mutant, the

T-DNA insertion occurred 852 base pairs downstream of the ATG start codon in the 3'
direction, causing a 5-base pair deletion. The ppr40-1 mutant is a null phenotype, while
pprd0-2 displays a partially altered "leaky" phenotype likely due to truncated protein

production.
ppr40-2
ppr40-1 | )
S
PPR40F PPRUOR1 PPR40R2 PPR40R3
R 4= o
— J—
ATG  311bp 852 bp TAG

Figure 1: T-DNA insertion sites and gene-specific PCR primers in the At3g16890 gene. The
schematic representation illustrates the disruption of the At3g16890 gene in the ppr40-1 and ppr40-2
alleles. In the ppr40-1 allele, the coding sequence is interrupted by an inverted T-DNA repeat located
311 bp downstream of the ATG codon. Conversely, in the ppr40-2 allele (SALK _071712), a T-DNA
insertion occurs at position 852 bp downstream of the ATG codon (Zsigmond et al, 2008).

The PPR40 gene (At3g16890) contains one exon, which is 1980 base pairs long. The gene
encodes a protein of 659 amino acids with a molecular weight of 74.26 kDa. The PPR40
protein belongs to the P subclass of the PPR protein family(Lurin et al. 2004) and contains a
predicted mitochondrial targeting signal and 14 conserved pentatricopeptide repeat motifs.

The PPRs are separated into two domains (Figure 2).

The PPR domain protein PPR40 plays a crucial role in Complex Il activity. Mutations in
PPR40 lead to a reduction in the activity of Complex I11, but not to a complete loss of activity.
PPR40 is not itself a core subunit of complex 111, although it is essential for the regulation of
Complex Il cytochrome c¢ reductase activity. The mutations in ppr40-1 and ppr40-2 lead to
probable truncated transcripts, resulting in proteins that are missing 9 or all the PPR repeats. In
ppr40-1 mutants, the defective cytochrome c pathway results in increased production of
superoxide ions, which are then converted to H>O> by MnSOD (Zsigmond et al. 2008).
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ppr40-1 pprd0-2

NH, kCOOH

Figure 2: Domain architecture of the PPR40 protein. This diagram depicts the domain structure of
the PPR40 protein, highlighting essential features. The mitochondrial targeting signal (mt) and two PPR
repeat domains (5 x PPR, 9 x PPR) are indicated. Notably, arrows denote the termination points of
PPR40 sequences in the predicted PPR40-1 and PPR40-2 proteins, providing insights into the disrupted
regions caused by T-DNA insertions (Zsigmond et al, 2008).
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Figure 3: Responses of ppr40-1 mutant compared to wild-type (Col-0) plants under various
conditions. a) Production of H;O- in roots and cell suspension in normal conditions. b) Detection of
hydrogen peroxide in leaves of wild-type (Col-0) and ppr40-1 plants by DAB histochemical assay. c)
Water loss of detached leaves of wild-type (Col-0) and ppr40-1 mutant plants. d) Enhanced stomatal
closure in ppr40-1 epidermal layers indicates enhanced ABA sensitivity (Zsigmond et al, 2008)

Reduced respiration in ppr40-1 mutants results in an increased H20. generation in the
mitochondria which can act as a signal for cellular defence responses. Reduced electron
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transport by Complex Il1l, resulting in increased use of alternative electron donors such as
ascorbate by Complex 1. Mitochondrial defects leading to increased ROS generation and a
possible limitation of ATP production might be responsible for the hypersensitivity of ppr40-
1 mutants to ABA and salt stress. On the other hand, in silico analysis did not reveal any known
RNA-binding motif in PPR40, although other mitochondrial PPR proteins are involved in RNA
processing and splicing (Zsigmond et al. 2008). Therefore, further studies are necessary to
understand how PPR40 is involved in the regulation of Complex Il through molecular

interactions with its core subunits.

Based on the findings of Zsigmond et al. (2008), it was observed that the ppr40-1 mutant
maintained higher water content in a leaf desiccation experiment compared to the wild type.
This suggests that the mutant may have mechanisms that allow it to conserve water more
effectively under drought conditions. The enhanced stomatal closure observed in the ppr40-1
mutant suggests that it may have an increased sensitivity or responsiveness to ABA and higher
production of H>O, because of compromised mETC which could confer improved drought
tolerance (Figure 3). By focusing on this mutant in drought studies, there is an opportunity to
elucidate the underlying genetic and molecular mechanisms that contribute to drought

tolerance.
1.5 High throughput Plant Phenotyping

The HUN-REN Biological Research Centre, Szeged hosts a state-of-the-art plant phenotyping
facility, which is instrumental in characterizing Arabidopsis plants. This facility employs a
sophisticated setup for daily plant imaging. Overhead CCD cameras capture RGB images, and
the entire process is seamlessly orchestrated within a PlantScreen™ analysis chamber. This
chamber allows for automated plant transportation between imaging, weighing, and watering
stations.The RGB images are captured simultaneously and are stored in a central database. To
extract valuable data, these images undergo pre-processing, following the methodology
outlined in (Awlia et al. 2016). This process enables the collection of both binary and RGB
data for each plant. Binary images play a crucial role in calculating growth parameters,
including area and perimeter. These parameters, comprising area, perimeter, and convex hull,
are then harnessed for real-time calculations of various morphometric rosette parameters. These
parameters include roundness, roundness 2, isotropy, eccentricity, compactness, rotational
mass symmetry (RMS), and slenderness of leaves (SOL) (Figure 4) using the PlantScreen™
analyzer from PSI, Czech Republic.
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Figure 4: Rosette morphology parameters analysis. (A) Raw Parameters: Area and perimeter of the
rosette are determined by counting pixels in binary images of the rosette and its edge pixels,
respectively. The values are then converted to millimeters for quantification. (B) Circular Parameters:
roundness, roundness 2, and isotropy are parameters reflecting circular characteristics of the rosette. (C)
Symmetric Parameters: Eccentricity and RMS represent symmetric features of the rosette. (D) Center-
Based Parameters: Compactness and SOL are calculated based on the center distance. The pink area
surrounding RMS, compactness, and roundness 2 illustrates the rosette convex hull, while for isotropy,
it represents the rosette polygon. (Source: Pavicic et al. 2017)

To characterize the overall morphology of the mutant lines, these nine morphological
parameters (Figure 4) are grouped into four categories based on their characteristics: raw,
circularity, symmetry, and center distance. Raw parameters, such as area and perimeter, are
represented by measuring the number of pixels in a rosette picture and its edge pixels, which
are then transformed into millimeters. The circularity parameters, including roundness,
roundness 2, and isotropy, offer insights into the circular aspects of the rosette's shape.
Roundness, in particular, describes the rosette area concerning a perfect circle with the same
perimeter, considering factors like leaf slenderness and petiole length. Eccentricity and RMS

provide information on the symmetry of the plant rosette, with eccentricity reflecting the
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elliptical shape of the rosette and RMS indicating its overall symmetry. Compactness and SOL,
on the other hand, are centered around center distance. Compactness expresses the ratio
between the rosette area and the rosette convex hull area, shedding light on petiole length and
leaf blade width. SOL, on the other hand, highlights the sharpness of leaf blades while being

influenced by the number of leaves present (Pavicic et al. 2017).
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2.ODbjectives

The general objective of the study was to investigate how ppr40 mutants which affect
mitochondrial electron transport influence responses to water deficit, and what is their role in
modulating drought tolerance in model plant Arabidopsis thaliana.

Objectives of this study were as follows:

e Assess the survival rates of ppr40-1, ppr40-2, and Col-0 wild type plants during drought
stress.

e Measure the physiological parameters including Electron Transport Rate, proline
content, lipid peroxidation, and relative water content in ppr40-1, ppr40-2, and Col-0
plants under drought stress.

e Examine the expression levels of drought-related genes in ppr40-1, ppr40-2, and Col-
0 plants under drought stress.

e Utilize advanced phenotyping system to evaluate leaf characteristics such as green area,
compactness, area ratio, slenderness, and different PSII parameters (e.g. QY max) in

ppr40-1, ppr40-2, and Col-0 plants under drought stress.
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3. Research Methodology

3.1 Plant material and growth conditions

During our experiments, we worked with Arabidopsis thaliana Columbia-0 ecotype as a wild
type, PPR40 overexpression and the T-DNA insertion mutants ppr40-1 (Zsigmond et al., 2008,
2012) and ppr40-2 (SALK_071712). The T-DNA insertion mutants ppr40-1 and ppr40-2 of
Arabidopsis thaliana with Col-0 background have previously been characterized (Zsigmond et
al., 2008). Whereas PPR40-OX genotype was described in Zsigmond et al. (2012) The plants
were grown in Plantobalt Substrate 1 sieved soil, approximately 30 grams in each pot.
(https://www.plantaflor.de/en/products/propagation/details/plantobalt-substrate-1-fine-80-20-
clay). The experimental conditions maintained a constant temperature of 22 °C, an 8/16h

light/dark cycle, and an approximate photon flux density of 150 pmol m2s™%,

3.2 Drought assay/survival assay

To conduct this investigation, plants were cultivated under standard growth conditions in
growth chambers, maintained at a temperature. Concurrently, another set of plants was grown
in a greenhouse, exposed to natural light conditions but maintaining the same temperature
conditions as growth chambers. Plants were monitored and nurtured 21-35 days depending on

conditions, ensuring optimal growth and health.

Following the initial growth period, drought stress was induced by withholding water from the
plants for 7-14 days. This period of water deprivation aimed to simulate the adverse effects of
prolonged drought conditions. After the stress period, the plants were re-watered and allowed
to recover for 7 days under their respective growth conditions (growth chambers and
greenhouse). The water deprived state of plants in growth chambers and green house was 14
days and 7 days respectively. The difference in the duration of water deprivation between the
growth chamber and greenhouse experiments, due to the fluctuating humidity in the greenhouse
causing more rapid drying, whereas the more controlled conditions in the growth chambers
mean that plants take longer to dry. In addition, plants in both environments were selected for

similar size and stage of development to minimise variability.

To evaluate the recovery rate, the number of healthy green plants were counted after the 7-day
recovery period. By comparing the number of surviving plants with the initial population, the

percentage of surviving plants in each condition was calculated. Statistical analyses were
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conducted to assess any significant differences between the recovery rates in mutant and wild

types.

3.3 Stomata conductance

Stomata conductance was measured in Col-0 and ppr40-1 mutants using a LI1-6400 Portable
Photosynthesis System (LI-COR Environmental GmbH, Germany). This instrument is
commonly employed in plant physiology studies. During the experiments, plants were
maintained in a controlled environment. The relative humidity inside the growth chamber was
set at 65 %. We ensured a constant flow rate of 300 pmol per second, and the block temperature
was maintained at 23 °C throughout the experiments. To ensure consistent conditions for the
plants, we kept the reference level of carbon dioxide (CO.) at 400 parts per million (ppm) and
the light intensity at 150 umol per square meter per second. These parameters are crucial in
maintaining a stable environment for plant measurements. Our measurements were taken at
daily intervals following the cessation of irrigation. This allowed us to monitor how the plants'
stomata conductance responded to changes in their water supply. We analyzed 15 plants for

each genotype, ensuring a robust dataset for our research.

3.3 Chlorophyll fluorescence measurement

In this study, the evaluation of photosynthetic capacity was carried out by assessing various
parameters using an Imaging-PAM system (M-Series, Maxi version; Heinz Walz GmbH),
detailed in (Baker 2008). Before conducting the measurements, the plants were ensured to have

adapted to darkness for 15 minutes.

The study evaluated the Electron Transport Rate (ETR), photosystem Il (PSII) maximum
quantum efficiency (Fv/Fm), and the quantum yield of PSII (®PSII) as indicators of
photosynthetic performance. A light curve approach was employed, which involved measuring
fluorescence parameters at various photosynthetic photon flux densities. Specifically,
measurements were taken at photon flux densities of 0, 55, 110, 185, 280, 335, and 395 pmol
per square meter per second. For each plant, two distinct leaf areas were selected for
assessment, ensuring robust data. To establish reliable results, measurements were conducted

on a total of 15 plants for each genotype, and the entire experiment was repeated three times.

3.4 Relative water content
We assessed the relative water content (RWC) in plants subjected to different watering

conditions, specifically well-watered and drought-treated plants, following the procedure
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outlined by (Barrs and Weatherley 1962). To ensure robust and consistent results, fresh leaf

tissue was collected from approximately 30 individual plants in each plant line.

The first step involved weighing the collected leaf samples (referred to as "W in our
calculations). Subsequently, to ensure full turgidity, the samples were hydrated by either
floating them in de-ionized water or by hydrating them through the leaf petiole. This approach
was chosen to minimize potential errors that can arise from variations in rehydration methods.
After reaching full turgidity, the samples were gently dried to remove any surface moisture and

then weighed to determine their full turgid weight (TW).

To obtain the dry weight (DW), the samples were subjected to oven-drying at approximately
80 °C and then weighed again. The RWC was calculated using the following formula: RWC
(%) = [(W - DW) / (TW - DW)] x 100. This RWC measurement serves as a valuable indicator
of the plant's water status and its ability to retain water under different conditions. To ensure
the reliability of our findings, the experiment was conducted three times, providing a potent

dataset for our analysis.

3.5 Proline estimation

Free proline content in plant samples was determined using a ninhydrin-based colorimetric
assay, as described (Abraham et al. 2010). This method relies on the reaction of proline with
ninhydrin, forming a colored reaction product that can be quantified spectrophotometrically.
To begin the analysis, plant samples were collected from each genotype and treatment. Four
replicates were prepared for each sample to ensure data accuracy and reproducibility. The
absorbance of the reaction product was measured at a wavelength of 520 nm using the Thermo
Scientific, Multiscan Go Microplate Spectrophotometer. To calculate the proline concentration
in the plant samples, a standard curve was established using known concentrations of proline
standards. These standards were subjected to the same ninhydrin-based colorimetric assay, and
their absorbance values were measured at 520 nm using the microplate spectrophotometer. The
resulting data were used to plot a standard curve, which allowed for the conversion of
absorbance values of the unknown samples into proline concentrations. Once the absorbance
values of the plant samples were obtained, they were correlated with the standard curve to
determine their respective proline concentrations. Statistical analysis was performed to assess
any significant differences in proline content between different genotypes and treatments. The

experiments were repeated three times independently.
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3.6 Lipid peroxidation assay

To evaluate lipid peroxidation, we employed the well-established thiobarbituric acid-reactive
substances (TBARS) assay as described by (Heath and Packer 1968). 50-100 mg of leaf tissues
from three biological replicates of all genotypes were homogenized in 1 ml of 0.1 %
trichloroacetic acid (TCA). The homogenates were centrifuged at 13000 rpm for 20 minutes.
250 ul of the supernatant was collected carefully and mixed with 1 ml of a reaction mixture
(0.5 % thiobarbituric acid (TBA) and 20 % TCA). This mixture was incubated at 96 °C for 30
minutes. This will allow the reaction between TBA and malondialdehyde (MDA), a byproduct
of lipid peroxidation. The absorbance of the resulting chromophore was measured at 532 nm
using a Multiskan GO microplate reader (Thermo Fisher Scientific). To correct for nonspecific
absorbance, a reference measurement was taken at 600 nm and subtracted from the absorbance
at 532 nm.

To determine the concentration of MDA, which serves as a marker for lipid peroxidation, we
utilized the extinction coefficient €532 = 155 mM™ cm™. This coefficient allows the
conversion of absorbance measurements into MDA concentration. The entire experiment was

carried out with three biological replicates.

3.7 RNA Extraction and qPCR analysis

In this study, the extraction of total RNA was carried out using 100 mg of Arabidopsis leaves,
following the protocol outlined by Yaffe et al. (2012). This method ensured the isolation of
high-quality RNA. To eliminate any potential contamination with DNA, the extracted RNA
underwent treatment with the TURBO DNA-free™ Kit, a product from Thermo Fisher
Scientific known for effectively degrading DNA while preserving the integrity of the RNA
molecules. For the subsequent step of complementary DNA (cDNA) synthesis, 1 ug of the
purified RNA was used. This transformation of RNA into cDNA was achieved through the
utilization of the High-Capacity cDNA Reverse Transcription Kit, a product of Applied
Biosystems. The reverse transcription process adhered to the manufacturer's recommendations,
ensuring the efficient conversion of RNA into cDNA.

To conduct quantitative real-time polymerase chain reaction (QRT-PCR) experiments, an ABI
7900 Fast Real-Time System, manufactured by Applied Biosystems, was employed. The
reaction mix utilized for these experiments consisted of SYBR Green qPCR Master Mixes from
Thermo Scientific, which facilitated specific and sensitive gene amplification. To determine
the relative transcript levels of the target genes, suitable reference genes were used for
normalization. The choice of the reference genes UBC18 (AT5G42990) and ACT2
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(AT3G18780) was made based on their proven stability in expression across various

experimental conditions.

For the analysis of the qRT-PCR data, the 22t or 224t method was applied. This method is
described by (Livak and Schmittgen 2001),

3.8 Metabolomics

We analyzed the metabolic profiles of the Col-0 and ppr40-1 mutant plants, which were
subjected to water deprivation stress. To do this, 50 milligrams of leaf material from 4-week-
old plants were collected, weighed, and frozen in liquid nitrogen. Subsequently, the frozen
samples were grounded using an MM400 laboratory mill from Retsch, Germany, operating at
30 Hz for 1 minute. Following homogenization, the samples were resuspended in an extraction
buffer composed of 40 % methanol, 20 % water, and 40 % acetonitrile. For each 30 milligrams
of leaf material, 1 milliliter of the extraction buffer was added and vigorously vortexed the
samples for 10 minutes. The next step involved centrifugation at 20000 g, maintained at 4 °C

for 10 minutes, after which the supernatant was collected.

For metabolomic analysis, an ultrahigh-performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS) system was employed, specifically the Thermo Q-Exactive
Focus instrument from Thermo Fisher Scientific in the USA, equipped with a Dionex Unimate
3000 UHPLC system. An Xbridge Premier BEH Amide column (2.1 mm x 150 mm, 2.5 um)
from Waters Corporation for chromatographic separation was utilized. Five microliters of each
sample were injected into the system. The mobile phase composition was gradually altered
from 98% solvent A (a mixture of 97.5 % acetonitrile and 2.5 % water) to 80 % solvent B (a
combination of 20 % acetonitrile and 20 mM ammonium acetate + 20 mM ammonia in water)
over a span of 9 minutes. This was carried out using a flow rate of 400 uL/min and a gradient
profile 6. After a 1-minute equilibration period, the eluent composition returned to its initial
conditions within 0.5 minutes, and the system was equilibrated for 4 minutes. For the
acquisition of semi-quantitative metabolome data, the system operated in MS1 scan mode with
negative ionization. The data were acquired with specific settings: sheath gas at 55 I/min,
auxiliary gas at 14 I/min, sweep gas at 4 I/min, probe heater at 440 °C, capillary temperature at
280 °C, and a capillary voltage of 2500 V in negative ionization mode. Scanning mass ranged
from 80 to 800 m/z with an automatic gain control (AGC) target of 3 x 108 and a maximum ion
trap (IT) time of 250 ms. Pooled extract samples as quality controls were also used, injecting
multiple times throughout the batch following established guidelines.
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For the identification and verification of metabolites, 6 preselected compounds, pooled from
the extracts, were injected multiple times at the end of the sequence. To acquire MS2 data, we
used different normalized collision energies (NCE) of 10, 30, and 50 for data-dependent mass

spectrometry (DDMS) confirmation mode.

Data processing and analysis involved using Tracefinder to obtain peak intensity values. The
signal intensities (peak area) were extracted for 37 putatively identified metabolite signals
based on retention time (+/- 0.25 minutes) and exact mass data (+/- 5 ppm). Metabolite data
were subjected to PQN normalization, and we selected 6 metabolites for MS2 level
confirmation. For putative metabolite identification at the MS2 level, Compound Discoverer
2.1 was used and searched against the Endogenous Metabolites compound class of the mzCloud
database. The metabolites presented in this study were identified at the highest available level
A (Alseekh et al. 2021).

To assess the statistical significance of our findings, ANOVA analysis was performed using
the aov function from the stats package. For data visualization and analysis, we utilized
tidyverse (Wickham et al. 2019) and ggplot (Wickham and Wickham 2016). All statistical and
normalization procedures were carried out using the R statistical language, specifically version
4.0. Furthermore, all data generated from this study will be made accessible in the
MetaboLights repository. This ensures transparency and allows for further validation and

exploration of the results.

3.9 Plant phenotyping

In this study, the phenotypic responses of the wild-type Col-0 plants and two mutant lines,
ppr40-1 and ppr40-2, were investigated using the advanced PlantScreen™ Compact System
from Photon System Instrument (PSI), To ensure consistency and comparability with previous

research, we followed the experimental protocol established by(Farago et al. 2022).

The plants were cultivated in individual pots containing Plantobalt Substrate 1 soil, which is
renowned for promoting optimal plant growth. To maintain controlled environmental
conditions, we implemented an 8-hour light and 16-hour dark cycle (short day conditions), with
temperatures ranging between 22 °C during the day and 20 °C at night. A relative humidity of
65 % was also upheld. lllumination was provided by LEDs emitting a combination of cool
white light (5700 K), deep red light (660 nm, 30 %), blue light (470 nm, 20 %), far-red light
(740 nm, 30 %), and ultraviolet (UV) light (405 nm, 20 %), resulting in a photon irradiance of
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130 umol per square meter per second. These conditions were carefully optimized to ensure

the best possible growth environment for the plants.

a Day 0 Day 21 Day 34 Day 40
| Standard growth conditions Drought / control Recovery
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Figure 5: llustration of the phenotyping experimental design for the drought study. a) Sequence
of plant growth and treatments. Plants were grown in standard conditions for 21 days, than watering
was stopped for 13 days. Plant recovery was stimulated by rewatering at day 34. b) Change of soil water
content in the stress period. Gray line indicates weight change of well-watered pots (watered). Red line
shows changes of pots after watering was stopped (drought).

The experimental duration comprised two main phases: the growth phase and the stress
induction phase. During the initial 21 days after sowing, the plants were allowed to establish
stable growth and development. Following this period, drought stress was induced by
withholding water for 13 days, subjecting the plants to challenging conditions. Subsequently,
a recovery phase was initiated by rewatering the plants, enabling us to assess their capacity to
recuperate after enduring water stress. Throughout the drought stress period, daily imaging of
the plants was conducted (Figure 5). This involved using a top-view RGB GigE PSI RGB
camera with a high resolution of 12.36 MP. In addition to RGB images, chlorophyll
fluorescence (ChlF) images were captured using the FluorCam FC-800MF Pulse Amplitude-
modulated (PAM) system. The PAM system employed pulse-modulated short-duration

measuring flashes with red-orange 620 nm light at 33 us for Fo, 800 ms of saturation pulses
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with cool-white light at 1200 umol per square meter per second irradiance in the dark-adapted
state for Fm, and 180-second intervals of cool-white actinic light at 130 pmol per square meter
per second.

For this study, a total of 40 plants were analyzed for each genotype and treatment, ensuring
robust statistical power. Data processing and retrieval of raw data were facilitated by the
PlantScreen™ Data Analyzer software provided by PSI. To ensure data quality, a rigorous
curation process was applied to identify and eliminate any outliers from the dataset. The curated
dataset was then subjected to a statistical analysis, which involved analysis of variance
(ANOVA) with the Kruskal-Wallis test, followed by pairwise Wilcoxon's test or Mann—
Whitney's test of significance (with a significance level of p < 0.05). These statistical analyses
adhered to the methodology outlined by (Julkowska et al. 2019).

3.10 Software tools and statistical analysis

All the data analyses were implemented using the software Rstudio (RStudio Team
(2020). RStudio: Integrated Development for R. RStudio, PBC, Boston, MA URL
http://www.rstudio.com/), Origin (2020b) version 9.7.5.184 (Academic) and Microsoft Excel
(2016).

We conducted the experiments with a minimum of three to four independent biological
repetitions to ensure the reliability of our results. The data presented are expressed as the mean
+ standard error (SE), which was calculated by combining the data from these independent
repetitions. To determine significant differences from the wild-type control, we employed
Student's t-test (significant differences were denoted as * for p<0.05, ** for p<0.01, and ***

for p<0.001), and ANOVA with Tukey test or Fisher’s LSD test.
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4. Results

4.1 Evaluation of drought tolerance

ABA sensitivity of the ppr40 mutants was determined in germination assays (Zsigmond et al.
2008). The ppr40-1 knockout mutant exhibited a pronounced ABA hypersensitivity, with
significantly delayed germination compared to the wild-type Col-0 plants. On the other hand,
the ppr40-2 knockdown mutant displayed an intermediate level of ABA sensitivity, indicating
partial impairment of ABA responses. While ppr40 mutants showed sensitivity to salt, the
overexpression line of PPR40 dislayed enhanced tolerance to salt and reduced oxidative
damage (Zsigmond et al. 2012).

To evaluate the consequences of altered ABA responses in drought conditions, survival rates
of the ppr40 mutants and Col-0 wild-type plants were compared after exposure to water stress.
Following the re-watering phase, surviving ppr40-1 mutants quickly resumed turgor and
displayed a green rosette after a few days, indicating successful recovery. In contrast, the dead
plants, including Col-0 and ppr40-2 mutants, exhibited chlorosis, signifying irreversible
damage due to prolonged water stress (Figure 6).

After 12 days of water deprivation, the ppr40-1 mutant showed a significantly higher
percentage of surviving plants compared to Col-0 (Figure 7), suggesting a greater level
of drought tolerance. The ppr40-2 mutants displayed intermediate survival rates,
further supporting the link between ABA hypersensitivity and drought tolerance in these

mutants.

ppr40-1
pprd0-2
Col-0

PPR40- OX

Before Drought After Drought After Rewatering

Figure 6: Enhanced drought tolerance in ppr40-1 and ppr40-2 mutants compared to Col-0 wild-
type plants. Plants cultured in a phenotyping system were subjected to 13 days of water deprivation,
followed by re-watering, with representative images at Day 0, after 12 days of water stress, and 6 days
post re-watering.
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ABA hypersensitivity observed in the ppr40-1 knockout mutant suggests that PPR40 might
negatively regulate ABA signaling. Conversely, the ppr40-2 knockdown mutant's intermediate
ABA sensitivity points to the leaky nature of that allele. The significant increase in survival
rates of the ppr40-1 mutant under prolonged water stress indicates that its ABA hypersensitivity
could confer a certain degree of drought tolerance (Figure 7). Enhanced ABA sensitivity likely
contributed to faster stomata closure in the ppr40-1 mutant, thus reducing water loss through

transpiration and maintaining cellular water balance during drought conditions.
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Figure 7: Survival rates in a representative experiment. In this experimental assessment, 80 plants
were observed, evaluated in cohorts of 10. The percentage (%) of plants that successfully recovered is
presented, with error bars representing standard deviation (n=8). Note that we did not see any significant
difference in Col-0 and PPR40-OX lines in survival assay and other physiological experiments that is
why we excluded the PPR40 overexpression line from the results. Statistical significance was
determined using a T-test, denoting significance with * and ** for p-values less than 0.05 and 0.01,
respectively, in comparison to Col-0.

4.2 Confirmation of drought tolerance in ppr40 mutants through plant phenotyping

To further investigate the drought tolerance of the ppr40 mutants, we utilized an automatic
plant phenotyping platform (PlantScreen™ Compact System, PSI) to compare the growth and
morphology of well-watered and water-stressed plants.
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Figure 8: Evaluation of green area through phenotypic analysis. The growth dynamics of
Arabidopsis plants were assessed through phenotypic analysis, utilizing RGB images captured between
5 and 13 days after watering suspension. Changes in rosette size were quantified by measuring the color-
segmented green area of 40 plants for each genotype under two conditions: Control (uninterrupted
watering) and Drought (water withdrawal). Statistical comparisons were conducted using the Kruskal-
Wallis test for both treatments and genotypes. Different letters (highlighted in red) signify significant
differences at p < 0.05.

Under normal watering conditions, the growth of rosette sizes in the ppr40 mutants, namely
ppr40-1 and ppr40-2, was significantly reduced compared to the wild-type Col-0 plants.
Specifically, ppr40-1 plants were approximately 70 % smaller, while ppr40-2 plants were
around 30 % smaller than Col-0 plants, confirming the previously reported semi-dwarf
phenotype of these mutants(Zsigmond et al., 2008) (Figure 8).

Upon subjecting the plants to water stress, the growth of rosette sizes in all genotypes was
severely affected. In the Col-0 plants, the green area continued to grow until day 9 of water
deprivation, after which it declined rapidly, indicating a loss of chlorophyll content and

deterioration of plant health. However, in the ppr40 mutants, the decline in the green area
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started later, particularly in the ppr40-1 mutant, which showed the most delayed decline
compared to Col-0. The ppr40-2 mutant exhibited an intermediate response (Figure 8).
Normalized parameters for green pixel areas confirmed that the relative rosette sizes of all
genotypes grew similarly under water-limited conditions, but the ppr40 mutants showed better

viability compared to Col-0, as their decline in relative green area was delayed (Figure 9).
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Figure 9: Normalized relative green areas in Col-0, ppr40-1, and ppr40-2 plants detected by plant
phenotyping. This figure displays the relative green areas of Col-0, ppr40-1, and ppr40-2 plants as
detected through plant phenotyping. The values are presented in a normalized form, relative to the first
day of the imaging period, which commenced when watering was suspended (day 1).
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To gain further insights into the morphological changes during water stress, we analyzed the
hue ratios in well-watered and water-stressed plants. Interestingly, genotype-dependent shifts
in hue abundances were observed in plants exposed to 12 days of water deprivation. However,

the greenness hue indexes were similar in well-watered plants of all genotypes (Figure 10).
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Figure 10: Changes in Greenness Hue Index of Plants After 10 and 12 Days of Drought Detected
by RGB Images in the Plant Phenotyping Experiment. This figure illustrates the alterations in the
greenness hue index of Col-0, ppr40-1, and ppr40-2 plants following 10 and 12 days of drought, as

identified through RGB images in the plant phenotyping experiment. The RGB images were
segmented according to the method outlined by Awlia et al. (2016).

RGB images were subsequently used to describe changes in morphological parameters of wild
type and mutant plants cultivated in well-watered and water-deprived conditions.
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Figure 11: Evaluation of plant morphology through SOL parameter. Plant morphology changes,
specifically in terms of leaf slenderness (SOL), were tracked using a phenotyping platform as detailed
in Figure 4. SOL values were computed from RGB images under two conditions: Control
(uninterrupted watering) and Drought (water withdrawal). Statistical comparisons employed the
Kruskal-Wallis test to assess both treatment and genotype effects. Distinct letters (highlighted in red)
signify significant differences at p < 0.05.

Additionally, we examined the parameter Slenderness of Leaves (SOL), which reflects
morphological changes in the rosette growth of well-watered plants. In response to water stress,
the SOL values of Col-0 plants became highly variable on day 11 and subsequently dropped
rapidly, indicating a significant decline in rosette morphology. In contrast, the ppr40 mutants
showed a slower change in SOL values, suggesting better preservation of plant morphology
during drought stress, especially in the ppr40-1 mutant (Figure 11).
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We also investigated the compactness of leaves as an indicator of rosette growth morphology
in response to water stress. Like the patterns observed with SOL, the compactness values
exhibited noteworthy changes under drought conditions. For Col-0 plants, the compactness
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Figure 12: Assessment of plant compactness. Changes in plant morphology, particularly in
compactness, were monitored utilizing a phenotyping platform. The values were derived from RGB
images under two conditions: Control (continuous watering) and Drought (water deprivation).
Statistical analysis was conducted using the Kruskal-Wallis test to evaluate treatment and genotype
impacts. Different letters (highlighted in red) indicate significant variations at p < 0.05.

values displayed increased variability around day 11, followed by a rapid decline, indicative of
a significant alteration in rosette morphology due to water stress (Figure 12). Conversely, the
ppr40 mutants, particularly the ppr40-1 mutant, demonstrated a more gradual shift in
compactness values, suggesting a more resilient response to drought stress and better
preservation of rosette morphology. This alignment in results between SOL and compactness
further underscores the adaptive advantages conferred by the ppr40 mutants under water stress

conditions.
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Overall, our plant phenotyping data provided compelling evidence that the ppr40 mutants
exhibit enhanced drought tolerance compared to the wild-type Col-O plants. The delayed
decline in rosette size, sustained greenness, and better-preserved morphology in the ppr40
mutants under water-limited conditions indicate their improved ability to withstand drought
stress, further supporting the link between ABA hypersensitivity and drought tolerance in these

mutants.

4.3 Confirmation of drought tolerance in ppr40 mutants through physiological
parameters

Physiological parameters were employed to further investigate the drought tolerance of the
ppr40 mutants. Enhanced ABA sensitivity in these mutants could potentially lead to faster
stomata closure, helping the plants preserve water during periods of water shortage. To assess
the water status of stressed plants, we determined the relative water content (RWC) in fully
hydrated and dehydrated wild-type Col-0 plants and the ppr40 mutants.

Under normal watering conditions, RWC was similar among all tested genotypes. However,
under water stress, Col-0 plants experienced a substantial 75 % reduction in RWC, indicating
a severe water deficit. In contrast, the ppr40-1 mutant exhibited a more efficient water retention
mechanism, with only a 40 % reduction in RWC, while the ppr40-2 mutant showed an
intermediate response with a 63 % reduction (Figure 13). These findings suggest that the water-
stressed ppr40-1 mutant retained more water compared to Col-0, which correlated with slower

wilting and higher viability observed in these mutants.
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Figure 13: RWC in response to water deprivation. Arabidopsis ppr40-1 and ppr40-2 mutants, along
with Col-0 wild-type plants, were subjected to 10 days of water deprivation to assess RWC. The
experiments, performed in a growth chamber, were repeated three times. Error bars indicate standard
deviation. Statistical analysis involved Two-way ANOVA followed by the Tukey test. Different letters
signify significant differences at p < 0.05.
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Proline accumulation is a well-known physiological response to water deprivation in higher
plants and is associated with osmotic and oxidative stress defenses (Alvarez et al. 2022). In
standard growth conditions, the ppr40 mutants, particularly ppr40-1, exhibited two to four
times higher proline content than wild-type plants (Figure 14). In response to drought stress,
proline levels gradually increased in Col-0 plants after 7 days of water deprivation. In contrast,
the ppr40-1 mutant showed little change in proline levels until day 8 of water stress, after which
it started to increase. The ppr40-2 mutant displayed slower kinetics of proline accumulation
compared to Col-0 but faster than the ppr40-1 mutant, aligning with its intermediate phenotype
(Figure 14).
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Figure 14: Proline accumulation in response to water deprivation. The alteration in proline content
was examined in wild type (Col-0) and mutant (ppr40-1, ppr40-2) plants subjected to water withdrawal
for up to 10 days. The experiments were conducted in a growth chamber, and proline levels were
assessed as a response to the stress. Statistical analysis utilized Two-way ANOVA, Fisher’s LSD, and
Tukey test. Distinct letters represent significant differences at p < 0.05.

Proline metabolism is regulated by two key enzymes, the A-Pyrroline Carboxylate Synthase
(P5CS) and the Proline Dehydrogenase (PDH), which control the first steps of proline
biosynthesis and catabolism, respectively (Szabados and Savouré 2010). In Arabidopsis, these
enzymes are encoded by two genes with distinct transcriptional regulations. P5CS1 is an ABA-
regulated gene essential for stress-dependent proline accumulation (Székely et al., 2008). We

found that P5CS1 expression was enhanced sevenfold in drought-stressed wild-type plants,

37



while three to fivefold enhancements were detected in the ppr40-1 and ppr40-2 mutants,
respectively (figure 15). In contrast, the expression of the PDH1 gene remained unchanged in
all conditions and was similar in wild-type and mutant plants (Figure 15). These results indicate
that the less efficient activation of P5CS1, responsible for proline biosynthesis, contributes to

the reduced proline accumulation in the ppr40 mutants under water-limited conditions.
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Figure 15: Expression of P5CS1 and PDH1 genes in water-stressed plants. The expression patterns
of P5CS1 and PDH1 genes were investigated in response to water deprivation in ppr40-1, ppr40-2
mutants, and wild-type (Col-0) plants. The experiments carried out in a growth chamber, involved both
water-stressed and well-watered plants after 8 days of treatment. Relative expression is presented, where
1 corresponds to transcript levels in non-treated Col-0 plants. Statistical analysis employed Two-way
ANOVA, Fisher’s LSD, and Tukey test. Different letters denote significant differences at p < 0.05.

Taken together, these physiological parameters provide compelling evidence that the ppr40
mutants exhibit enhanced drought tolerance compared to the wild-type Col-0 plants. The
superior water retention and slower wilting in the ppr40 mutants, as well as the altered kinetics
of proline accumulation and P5CS1 expression, highlight the involvement of PPR40 in
regulating plant responses to water stress. These findings further support the notion that ABA
hypersensitivity of the ppr40 mutants can confer drought tolerance and underscore the potential
of PPR40 as a promising target for improving drought resilience in crops.
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4.4 Stomatal conductance patterns in ppr40-1 mutant highlight ABA hypersensitivity
and altered responses to water stress

Stomatal conductance, a key indicator of gas exchange and transpiration, is intricately linked
to stomatal aperture. The ABA hypersensitivity observed in the ppr40-1 mutant was associated
with accelerated stomatal closure. To unravel the implications of the ppr40-1 mutation on
stomatal conductance, a comparative analysis was performed between water-stressed wild-type
and mutant plants.

In well-watered conditions and up to three days after withholding water, stomatal conductance
in the ppr40-1 mutant was consistently lower than in Col-0. The rate of decline in stomatal
conductance of Col-0 plants was more rapid than of ppr40-1 mutant under water-restricted
conditions. Under severe water deprivation, stomatal conductance became significantly

reduced in both genotypes (Figure 16).
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Figure 16: Impact of water deprivation on stomatal conductance. The effect of water deprivation
on stomatal conductance in Col-0 wild-type and ppr40-1 mutant plants is illustrated. Four-week-old
plants underwent a 7-day water deprivation, with stomatal conductance measured at daily intervals.
Error bars represent standard deviation. The experiments, conducted in a growth chamber, were
replicated three times. Statistical analysis employed Two-way ANOVA followed by Tukey test. Distinct
letters indicate significant differences at p < 0.05.

4.5 Insights from a metabolomics survey under water stress conditions
Plant mitochondria, recognized for their vital roles in energy supply and redox control, function
as central metabolic hubs influencing diverse metabolic pathways through respiration (Millar
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et al. 2011b). To unravel the repercussions of the ppr40-1 mutation on mitochondrial
metabolism, we conducted a targeted metabolomics survey with a focus on the tricarboxylic
acid (TCA) cycle, sugar, and amino acid metabolic pathways.
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Figure 17: Metabolic profiles of selected metabolites in Col-0 wild-Type and ppr40-1 Mutant
Plants. The metabolic profiles of six chosen metabolites were assessed in leaves of 4-week-old Col-0
wild-type and ppr40-1 mutant plants. The analysis was conducted using LC/MS under both well-
watered (control) and water-restricted (drought) conditions.
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Under conditions of water deprivation, significant alterations in the concentrations of various
organic acids within the TCA cycle and amino acids were observed, with distinctive responses
in the ppr40-1 mutant (Figure 17). Drought-induced reductions in alanine and glutamate
content in Col-0 plants were only moderately abated in the ppr40-1 mutant. Notably, drought-

dependent proline accumulation was lower in the ppr40-1 mutant compared to wild-type plants.

The metabolomics survey also revealed differences in citric acid and glucose-6-phosphate
concentrations between wild-type and ppr40-1 plants under water stress. While concentrations
of these metabolites decreased in response to water stress in Col-0 plants, they were elevated
in the ppr40-1 mutant, regardless of water availability. Additionally, fumaric acid content was
lower in ppr40-1 than in wild-type plants, and only a moderate enhancement was observed

under drought conditions in the mutant.

These findings emphasize the significant impact of the ppr40-1 mutation on various metabolic
pathways, including the mitochondrial TCA cycle. The observed alterations in metabolite
profiles provide valuable insights into the intricate metabolic responses associated with the
ppr40-1 mutation, shedding light on the broader metabolic consequences in the context of water

stress conditions.

4.6 Enhanced stability of photosynthesis in drought-stressed ppr40 mutants
Photosynthesis is a critical physiological process that is highly sensitive to drought stress in
plants. To investigate the changes in photosynthesis in the ppr40 mutants under water stress,
we monitored chlorophyll fluorescence through phenotyping image analysis in plants grown
under standard and water-deprived conditions.

Under normal watering conditions, the maximum quantum yield of PSII photochemistry
(Fv/Fm) was similar among wild-type and mutant plants, showing values of 0.83-0.84 during
the observation period. However, when watering was suspended, Fv/Fm values in the wild-
type Col-0 plants remained relatively stable until the 10th day of water deprivation, after which
they sharply dropped, reaching an average of 0.57 on day 13. In contrast, the ppr40-1 mutant
exhibited a more stable Fv/Fm value under such conditions, with a slower decline that started
on the 12th day after watering was stopped. On day 13, the average Fv/Fm value of ppr40-1
was still around 0.77. The ppr40-2 mutant showed an intermediate response, with a faster
decline in Fv/Fm compared to ppr40-1 but still more stable than Col-0 (Figure 18) The image-
based analysis of chlorophyll fluorescence over time revealed significant differences between
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the wild-type and ppr40 mutant plants in the maximum quantum yield of PSII, a widely used
photosynthetic parameter in plant stress biology. These differences indicated that the
photosynthetic electron transport remained functional for more extended periods in the

drought-stressed ppr40 mutants than in wild-type plants.
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Figure 18: Impact of water deprivation on photosynthetic parameters in Col-0 wildtype and ppr40
Mutant Plants. This figure depicts the influence of water deprivation on photosynthetic parameters in
Col-0 wild-type and ppr40 mutant plants. Chlorophyll fluorescence (ChlF) imaging was employed to
monitor alterations in photosynthetic parameters between water-stressed and well-watered plants,
utilizing an automated plant phenotyping platform. The change in the Fv/Fm parameters is presented as
an average from 40 plants. Control conditions involved uninterrupted watering, while drought
conditions entailed water withdrawal. Statistical analysis employed the Kruskal-Wallis test to compare
treatments and genotypes, with different letters (highlighted in red) denoting significant differences at
p < 0.05.

To gain further insights into the photosynthetic efficiency in drought-stressed plants, we
analyzed electron transport rates (ETR) in separate experiments using plants cultured under
well-watered and water-deprived conditions in growth chambers. Under standard conditions,
ETR(II) values were similar in wild-type and ppr40 mutants. However, when subjected to 10

days of water deprivation, ETR(II) in the Col-0 wild-type plants was reduced by 50 %.
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Figure 19: Quantitative analysis of ETR. This figure presents a quantitative examination of electron
transport rates in ppr40-1 and ppr40-2 mutants, as well as in wild-type (Col-0) plants. ETR(II) was
measured in dark-adapted conditions using a pulse-amplitude-modulated chlorophyll fluorometer
(Maxi-PAM). The ETR values were derived from both well-watered (Control) and water-stressed plants
subjected to 10 days of water deprivation (Drought). Error bars represent standard deviation (n=3), and
the experiments were independently repeated three times. Statistical analysis involved Two-way
ANOVA and Tukey test. Different letters indicate significant differences at p < 0.05.

Remarkably, this reduction in ETR(II) was significantly alleviated in the ppr40-1 mutant,
which exhibited a 35 % higher ETR(Il) compared to the drought-stressed Col-0 plants. The
ETR(I) values in the ppr40-2 mutant were intermediate between Col-0 and ppr40-1 under
water-stressed conditions (Figure 19). These results provide strong evidence that
photosynthesis is less affected by water stress in the ppr40 mutants compared to wild-type
Arabidopsis plants.

The observed differences in the maximum quantum yield of PSII and ETR(II) further supported
the notion that photosynthesis is more stable in the drought-stressed ppr40 mutants. The
correlation between the phenotypic changes, other physiological data, and the photosynthetic
responses in the knockout and knock-down mutants underscores the role of PPR40 in

enhancing drought tolerance.
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4.7 Oxidative damage is alleviated by ppr40 mutations

ROS generation is a common response to environmental stress in plants. Photosynthesis is a
major source of superoxide, which is rapidly converted to hydrogen peroxide in stressed plants.
Increased levels of ROS may induce oxidative stress, causing peroxidation of different
macromolecules and lipids (Maeller et al. 2007). The photosynthetic parameters of wild-type
and mutant plants were affected differently by drought. Therefore, we wanted to investigate

oxidative damage during water stress.
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Figure 20: Lipid peroxidation rates in response to water deprivation. This figure illustrates the lipid
peroxidation rates in Col-0 wild-type and ppr40 mutant plants under both well-watered and water-
stressed conditions. The plants were cultured in growth chambers under standard conditions for 4 weeks,
followed by a 10-day water withdrawal. MDA levels, indicative of oxidative damage, are presented in
response to gradual stress. Statistical analysis involved Two-way ANOVA and Tukey test. Different
letters signify significant differences at p < 0.05.

To assess lipid peroxidation, we measured malondialdehyde (MDA) levels, which serve as an
indicator of oxidative damage. As expected, MDA levels increased over time in response to
drought stress, indicating enhanced lipid peroxidation and oxidative damage. The increase in
lipid peroxidation became evident after the 7th day of water deprivation. Subsequently, MDA
accumulated more rapidly and reached 2 to 2.5 times higher levels in the wild-type Col-0 plants
compared to the ppr40-1 mutant. The ppr40-2 mutant displayed a slower increase in lipid
peroxidation compared to the wild type, but it eventually reached a level comparable to Col-0
after nine days of water deprivation (Figure 20). These findings suggest that the drought-
dependent oxidative damage was significantly lower in the ppr40-1 mutant compared to both

pprd0-2 and wild-type plants.
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ROS signals and ABA signals are known to interact and modulate stress responses, including
the activation of stress-induced genes (Mittler and Blumwald 2015). The differences observed
in lipid peroxidation rates led us to investigate whether ROS-induced gene expression might
be altered in the ppr40 mutants.

We focused on ZAT12, a well-known transcription factor responsible for regulating the
expression of numerous ROS-induced genes (Davletova et al. 2005). Upon drought treatment,
transcript levels of ZAT12 were enhanced in all genotypes, but the induction was notably lower
in the ppr40 mutants, especially in the ppr40-1 mutant (Figure 21). This result suggests that the

activation of ROS-dependent gene expression is attenuated in the ppr40 mutants.
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Figure 21: Expression of ROS-induced ZAT12 gene in drought-stressed plants. This figure depicts
the expression patterns of the ROS-induced ZAT12 gene in plants subjected to drought stress for 8 days.
The relative transcript levels are presented, where 1 corresponds to values measured in Col-0 plants
under control conditions. The reference genes Actin2 and UBC18 were used for normalization. Averages
of three replicates are shown, with standard deviation indicated by the bars on the diagrams. Statistical
analysis utilized Two-way ANOVA and Tukey test. Different letters indicate significant differences at
p <0.05.

These results indicate that the ppr40 mutants display reduced oxidative damage under water
stress, as evidenced by lower lipid peroxidation rates compared to wild-type Col-0 plants.
Moreover, the attenuated induction of the ROS-responsive transcription factor, ZAT12, in the

ppr40 mutants further supports the notion of altered ROS signaling.
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4.8 Modulation of drought-induced gene expression by PPR40.

Water deprivation induces significant changes in the gene expression profiles of plants, with
hundreds of genes being either upregulated or downregulated under drought conditions. A key
player in the stress response is ABA, the primary stress hormone, which not only promotes
rapid physiological responses, such as stomata closure during high osmotic conditions but also
induces the expression of a large set of dehydration-responsive genes (Finkelstein 2013).

To investigate the potential effect of the ppr40 mutation on ABA-induced transcriptional
regulation, we monitored the transcript levels of selected target genes from 7 days drought-
stressed plants. RAB18, an ABA-induced dehydrin gene, showed a 30 to 40 times increase in
expression in response to water stress in wild-type plants. However, the transcript levels of
RAB18 were around 80 % lower in the drought-stressed ppr40-1 mutant, and ppr40-2 exhibited
approximately half the expression level observed in Col-0 plants. Another drought-responsive
gene, RD29A, which is regulated by both ABA-dependent and independent signals, was
induced in water-stressed plants, although the difference between wild-type and mutant plants
was not as pronounced as in the case of RAB18 (Figure 22a).
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Figure 22: Expression profiles of selected stress-induced genes in response to water availability.
This figure illustrates the expression patterns of stress-induced genes under water-limited and well-
watered conditions. Transcript levels of a) RD29A and RAB18, b) ABF2 and ABF3, and ¢) AOX1a and
AOX1d genes were quantified using qRT-PCR, with Actin2 and UBC18 serving as reference genes for
normalization. Relative expression levels are presented, where a value of 1 corresponds to transcript
levels in Col-0 control plants. The data represents the average of three replicates, with standard deviation
indicated by the bars on the diagrams. Statistical analysis involved Two-way ANOVA and Tukey test,
with different letters denoting significant differences at p < 0.05.

We also examined the expression levels of bZIP-type ABF transcription factors, which are key

regulators of ABA-induced transcription. ABFs bind to ABA-responsive cis promoter elements
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(ABRE motifs) and play a central role in ABA signaling (Finkelstein 2013). Under well-
watered conditions, the expression of ABF2 and ABF3 was similar in wild-type plants and
mutants. However, in response to water stress, the transcript levels of ABF2 and ABF3
increased three to four times in Col-0 plants and approximately twice in the ppr40-1 mutant.
The induction of these ABF genes in the ppr40-2 mutant was intermediate between Col-0 and
pprd0-1 (Figure 22b).

Furthermore, we examined the expression of two stress-responsive alternative oxidases (AOX)
genes, AOX1a and AOX1d, which function as non-energy conserving terminal oxidases in the
mitochondrial electron transport and can alleviate over-reduction of the mitochondrial electron
transport chain (METC) during stress (Clifton et al. 2006). AOX genes responded to water stress
in wild-type plants, but their activation was less efficient in the ppr40 mutants compared to
wild-type. Particularly, AOX1d expression, a dominant stress-induced AOX gene, showed a
notable difference in expression levels between wild-type and mutant plants (Figure 22c).

These results collectively suggest that drought-responsive transcriptional activation is less
efficient in the ppr40 mutants, especially in ppr40-1. This difference is likely a consequence of
the hydration status, as indicated by the RWC data. The reduced water loss in the ppr40-1
mutant mitigated dehydration and resulted in moderate osmotic stress, lower ROS
accumulation, and reduced oxidative stress, leading to minor stress-responsive gene activation.
In conclusion, the findings highlight the role of PPR40 in modulating drought-induced gene
expression, particularly under severe water stress conditions. The altered expression of stress-
responsive genes, such as RAB18, RD29A, ABFs, and AOX, in the ppr40 mutants provides
valuable insights into the molecular mechanisms underlying the enhanced drought tolerance

observed in these mutants.

4.9 Hormone signaling modulation under drought stress

Response to water depletion is regulated by various hormones in higher plants. In investigating
the potential impact of ppr40 mutations on hormone signaling, we scrutinized transcript levels
of several hormone-regulated genes in ppr40-1 and ppr40-2 mutants compared to the wild-type
Col-0 under standard and water-restricted conditions (Figure 23). Notably, the genes LAX3 and
AUX1, integral to auxin signal transduction (Péret et al. 2012), exhibited downregulation in
response to water deprivation in wild-type plants, a phenomenon less pronounced or absent in

the ppr40 mutants.
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Figure 23: Expression profiles of hormone-regulated genes in Col-0 wild type, ppr40-1, and
ppr40-2 mutant plants under water stress. This figure presents the expression profiles of hormone-
regulated genes LAX3, AUX1, NPR1, WRKY30, EIN3, and COI1, in Col-0 wild-type, ppr40-1, and
ppr40-2 mutant plants subjected to water stress. Relative expression levels are depicted, where 1
corresponds to the transcript levels of Col-0 in control plants. The data represents the average of three
replicates, with standard deviation indicated by the bars on the diagrams. Statistical analysis involved
Two-way ANOVA and Tukey test, with different letters denoting significant differences at p < 0.05.

Examining the salicylic acid (SA) signaling pathway, we focused on NONEXPRESSOR OF
PATHOGENESIS-RELATED GENES1 (NPR1), a pivotal regulator in pathogen response
pathways (Chen et al. 2021a). While water stress halved NPR1 expression in Col-0 plants, this
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reduction was not observed in the ppr40 mutants, suggesting a distinct regulatory role for

PPR40 in SA signaling under stress conditions.

Considering the environmental responsiveness of the WRKY30 transcription factor, which
integrates signals from various stimuli and hormones (Jiang et al. 2017; Andrasi et al. 2019),
we observed a reduction in WRKY30 transcript levels in drought-treated wild-type plants.
Intriguingly, drought-dependent enhancement in WRKY30 expression was observed in ppr40
mutants in contrast to Col-0 plants, where water deprivation reduced WRKY 30 transcription
(Figure 23).

Turning our attention to ethylene signaling, the key transcriptional regulator EIN3 (Song et al.
2022) displayed minor alterations under drought conditions, with only marginal differences
detected in the ppr40 mutants. Conversely, the jasmonate receptor complex component COI1,
essential in wound and jasmonate-dependent signaling (Wasternack and Song 2017), exhibited
moderate upregulation in response to water stress. Interestingly, the ppr40-2 and ppr40-1
mutants displayed either no or only slight differences in COI1 transcript levels, suggesting a

potential role for PPR40 in modulating jasmonate-dependent signaling pathways.

Our transcript analysis implies that PPR40 not only influences ABA-dependent regulation but
also has a regulatory impact on pathways controlled by other hormones, such as auxin, salicylic
acid, and brassinosteroids. These findings contribute to a comprehensive understanding of the
multifaceted role of PPR40 in hormone signaling pathways, shedding light on its intricate

regulatory network under stress conditions.
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5. Discussion

The findings presented in this thesis have shed light on the role of the mitochondria localized
PPRA40 protein in enhancing drought tolerance in Arabidopsis plants. Earlier data demonstrated
that PPR40 directly influences cellular respiration and is involved in responses to salt, osmotic,
and oxidative stresses (Zsigmond et al. 2008). While most PPR proteins are known to bind
RNA and participate in post-transcriptional processing of organelle-encoded RNA sequences,
PPR40 stands out as an exception. It does not bind RNA nor engage in RNA processing, yet it
exerts a significant impact on stabilizing mitochondrial electron transport and reducing ROS
generation under salt stress (Zsigmond et al. 2008, 2012).

Interestingly, the absence of PPR40 protein in the ppr40-1 mutant resulted in compromised
mitochondrial electron transport through Complex I11, leading to heightened ROS production,
increased H>O> content, and hypersensitivity to ABA (Zsigmond et al. 2008). The role of
hydrogen peroxide as a mediator of ABA signals in guard cells, together with cytosolic Ca2+,
acting as a second messenger to coordinate ion transport and facilitate stomatal closure under
drought stress, further emphasizes the importance of PPR40 in drought response (Zhang et al.
2001; Kwak 2003; Postiglione and Muday 2020). Additionally, the activation of NADPH-
oxidases (Respiratory Burst Oxidase Homologs, RBOH) by SnRK2-mediated phosphorylation
was shown to control ROS accumulation in response to ABA (Kwak 2003; Sirichandra et al.
2009). A recent discovery suggesting that mitochondria and chloroplasts serve as significant
sources of ABA-generated H>O> in guard cells, and that mitochondria-derived H>O> is
responsible for enhancing ABA sensitivity and promoting ABA-triggered stomatal closure
(Postiglione and Muday 2023).These data are in line with our results obtained with the ppr40
mutants and confirm the relevance of PPR40-modulated mitochondrial functions in ABA
signaling. Hence, the enhanced ABA sensitivity observed in the ppr40-1 mutant may be
attributed to the increased H20- production resulting from the damaged mitochondrial electron
transport, ultimately promoting stomatal closure (Figure 24) (Zsigmond et al. 2008). Also,
stress priming or pre-exposure to mind stress, can enhance a plant’s adaptation to future events
and the development of stress memory. Due the production of H2O> in ppr40 mutants, plants
might have developed adaptive mechanisms to cope with drought stress more efficiently
(Lagiotis et al 2023)
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Figure 24. Model of PPR40 action in drought responses of Arabidopsis plants. PPR40 is associated
with Complex Il in mETC and can downregulate ABA signaling in dehydrating plants as it stabilizes
electron transport and suppresses ROS generation. ABA-induced stomata closure is faster in the ppr40-
1 mutant reducing water loss during drought and leading to higher RWC that diminishes osmaotic stress.
Reduced proline accumulation in ppr40-1 can be the consequence of higher RWC and lower osmotic
pressure. Lower osmotic and oxidative stress in drought-stressed ppr40-1 can alleviate inhibition of
photosynthetic ETR and contribute to enhanced viability and growth of drought-stressed ppr40-1 plants.
Small arrows indicate enhanced or diminished features in water-stressed ppr40-1 mutant.

Mitochondria play a pivotal role in influencing various metabolic and hormonal signaling
pathways, thus modulating physiological processes, ROS homeostasis, and gene expression
patterns (Rhoads and Subbaiah 2007; Mgller et al. 2021b). Studies on mutants with
mitochondrial defects have revealed altered ABA sensitivity, particularly during germination,
which is an energy-demanding process (Wang et al. 2014; Huang et al. 2016). Furthermore,
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mitochondrial ROS has been shown to impact plant hormone signaling, especially abscisic acid
and auxin. For instance, the hot ABA-deficiency suppressor 2 (HAS2) encodes a PPR protein
responsible for editing a cytochrome c-heme lyase subunit coding RNA. The has2 mutation
has increased respiration and H>O> production, leading to enhanced ABA sensitivity of
stomatal closure and increased drought tolerance (Sechet et al. 2015). Similarly, SLG1, another
PPR protein involved in RNA editing of nad3, a key component of Complex | in the
mitochondrial electron transport chain, displays impaired electron transport and excessive H>O>
production, resulting in ABA hypersensitivity, faster stomatal closure, and improved drought
tolerance (Yuan and Liu 2012). The parallel phenotypic characteristics observed in both slgl
and ppr40-1 mutants, along with their enhancement of ABA responses, support the idea that
mutations affecting Complex | or Complex Il in the mitochondrial electron transport chain led
to similar phenotypes, ultimately promoting enhanced drought tolerance.

The two insertion mutants ppr40-1 and ppr40-2 were previously identified as representing null
and leaky mutations, respectively. Their differential ABA hypersensitivity observed in
germination assays suggests that the two alleles may exert varying degrees of influence on
ABA signaling (Zsigmond et al. 2008). The faster stomatal closure observed in these mutants
enables them to retain higher leaf water content during drought conditions, thus reducing
osmotic and oxidative stress (Bharath et al. 2021). Consequently, the improved drought
tolerance in the ppr40-1 and ppr40-2 mutants correlates with earlier observations and confirms
ppr40-1 as a strong, while ppr40-2 is a weak mutant allele.

Moreover, the higher water content in drought conditions influences various physiological and
molecular parameters, ultimately impacting the stress tolerance of plants. Proline accumulation,
a characteristic metabolic response to high osmotic conditions with protective effects against
drought stress, was found to be lower in the ppr40-1 mutant compared to ppr40-2 and wild type
plants. This difference could be attributed to the higher relative water content of ppr40-1 and
ppr40-2 mutants under water-deprivation conditions. The negative correlation between leaf
water content and proline accumulation aligns with previous studies and supports our findings
(Sperdouli and Moustakas 2012). Moreover, transcript levels of the ABA-induced P5CS1 gene
were lower in the ppr40 mutants compared to Col-0 plants under water deprivation, which
correlated with the inferior proline accumulation observed. Interestingly, higher proline content
was detected in ppr40 mutants under well-watered conditions, possibly due to their ABA
hypersensitivity.

Photosynthesis is one of the most sensitive metabolic processes to water deprivation,

significantly affected in our water-stressed plants. However, time-course analysis of
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chlorophyll fluorescence indicated that the decline in PSII quantum yield (Fv/Fm) was slower
in ppr40-1 and ppr40-2 mutants compared to Col-0 wild-type plants, indicating a more stable
photosynthetic process in the mutants (Figure 18). Furthermore, the electron transport rate of
PSII, measured at different light intensities in water-limited conditions, was significantly higher
in ppr40-1 and to a lesser extent in ppr40-2 than in wild type plants (Figure 19). These
observations suggest that drought-induced photo-damage of PSII was alleviated in ppr40
mutants, which is consistent with their reduced oxidative damage and moderate inhibition of
photosynthetic processes.

Mitochondria and chloroplasts have a close interaction in various metabolic and signaling
pathways, which adds complexity to drought tolerance mechanisms (Blanco et al. 2014; Van
Aken 2021). Alternative oxidases (AOX) play a vital role in non-energy conserving electron
transport pathways that help stabilize energy balance during stress, such as drought
(Vanlerberghe et al. 2016). Our data revealed significantly higher AOX1a and AOX1d transcript
levels in drought-treated ppr40 mutants compared to wild type plants, suggesting that these
mutants experienced limited stress and had less activated non-phosphorylating respiratory
pathways (Figure 22c).

In conclusion, our study has provided valuable insights into the multifaceted role of the
mitochondrial PPR40 protein in modulation of drought tolerance in Arabidopsis plants.
PPR40's influence on various physiological and molecular processes, including ABA
sensitivity, proline accumulation, photosynthetic stability, ROS generation, and gene
expression patterns, contributes to responses to water deprivation, as observed in the ppr40
mutants. These findings advance our understanding of the intricate mechanisms underlying
plant stress regulation and emphasize the potential of PPR40 as a promising target for
engineering to improve drought tolerance in crops, addressing the challenges of water scarcity.
However, it is important to acknowledge that some aspects remain to be fully explored. For
instance, a more comprehensive understanding of the specific downstream targets and signaling
pathways regulated by PPR40, as well as its potential interaction with other proteins, would
provide valuable insights into the underlying molecular mechanisms. Additionally,
investigating the interplay between PPR40 and other stress-responsive pathways, such as the
role of ABA and ROS signaling in drought responses, could reveal intricate crosstalk and
synergistic effects. Moreover, expanding the analysis to other plant species and agricultural
crops would be instrumental in assessing the broader applicability of PPR40-based strategies

for enhancing drought tolerance.
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The findings presented in this thesis contribute significantly to our knowledge of the molecular
and physiological mechanisms governing drought tolerance in plants. The identification of
PPR40 as a possible key player in these processes opens new avenues for targeted genetic
engineering and breeding approaches aimed at developing drought-tolerant crops, which are
crucial for ensuring food security and sustainable agriculture in the face of global climate
change. By unraveling the complex interplay of mitochondrial function, ABA signaling, and
stress responses, this research paves the way for future investigations and applications in crop

improvement and environmental sustainability.

55



6. Summary

Climate change poses adverse effects on plants, particularly crucial agricultural crops. One of
the most pressing concerns is drought which can cause severe food scarcity in the world;
therefore, it is necessary to understand the intricate plant mechanisms to develop resilient crop
varieties. The findings presented in this thesis provide significant insights into the role of
PPR40 in enhancing drought tolerance in Arabidopsis plants. Through a comprehensive
analysis of various physiological, biochemical, and molecular parameters, we have
demonstrated the role of PPR40 in conferring resilience to water stress.

The Arabidopsis thaliana ppr40-1 mutant showed hypersensitivity to ABA, salt and sugar in
germination assays, was identified in a T-DNA insertion mutagenesis program. The knock-out
mutant plants exhibit a semi-dwarf growth phenotype. In addition, another allele was identified,
ppr40-2, whose mutation did not completely abolish the PPR40 gene function but resulted in a
phenotype intermediate between ppr40-1 and the wild type. These mutations in the PPR40 gene
affect mitochondrial electron transport chain reducing electron transport rates. Our
investigation began by characterizing the ppr40 mutant’s response to drought conditions. The
ABA hypersensitivity is correlated with improved survival rates in water-limited conditions, as
the ppr40-1 mutant showed significantly higher survival rates compared to Col-0 wild-type
plants, while the ppr40-2 mutant exhibited intermediate survival rates.

Complex phenotyping of the ppr40 mutants in an automatic plant phenotyping platform
provided valuable information on their growth and morphology in well-watered and water-
limited conditions. Under standard growth conditions, the ppr40-1 mutant showed semi-dwarf
phenotype and reduced growth rates when compared to Col-0 (wild type) and ppr40-2 mutant.
However, under water stress, the ppr40 mutants exhibited delayed declines in rosette size and
sustained their viability for longer periods compared to wild-type plants. The analysis of hue
ratios and slenderness of leaves further supported the superior tolerance of the ppr40 mutants
to water deprivation, as their rosette morphology was better preserved during water stress.

We further investigated the stability of photosynthesis in the ppr40 mutants under drought
conditions. Chlorophyll fluorescence analysis indicated that photosynthetic electron transport
remained functional for more extended periods in the drought-stressed ppr40 mutants
compared to wild-type plants. The maximum quantum vyield analyzed under automatic
phenotypic system, dropped faster in Col-0 when compared to ppr-40 mutants under water

deficit conditions, again supporting our results.
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The higher water content during drought conditions affects a range of physiological parameters,
eventually influencing the stress tolerance of plants. Physiological parameters, such as Relative
water content, proline accumulation, and MDA revealed important insights into the drought
tolerance mechanisms of the pprd0 mutants. ppr40 mutants showed better water retention
capabilities, with significantly reduced RWC reductions under water stress compared to wild-
type plants, due to faster stomata closure in ppr40 mutants. Proline accumulation, a well-known
response to water deprivation in plants, was also higher in the Col-0 when compared to ppr40
mutants, suggesting that these mutants experience less stress. The lower level of P5CS1 gene
expression in ppr40 mutants correlates well with compromised proline accumulation.
Additionally, we observed reduced oxidative damage in the ppr40 mutants, as evidenced by
lower lipid peroxidation rates (MDA levels) and attenuated ROS-induced gene activation.
The modulation of drought-induced gene expression, ABA-responsive genes, and stress-
responsive Alternative Oxidases (AOX) further highlights the role of PPR40 in regulating plant
responses to water stress. The ppr40-1 mutant displayed significantly reduced transcript levels
of the ABA-induced dehydrin gene RAB18 under drought stress, with ppr40-2 exhibiting
intermediate expression compared to wild-type plants. Transcript levels of the ROS-induced
gene regulator ZAT12 were also significantly lower in ppr40-1, indicating attenuated activation
of ROS-dependent gene expression under drought treatment. Expression analysis revealed
lower AOX1a and AOX1d transcript levels in drought-induced ppr40 mutants compared to wild
type plants, suggesting that these mutants experienced limited stress and their non-
phosphorylating respiratory pathways were less active. The expression levels of bZIP-type ABF
transcription factors, which are key regulators of ABA-induced transcription and showed
similar patterns to AOX genes. These lower levels in ppr40 mutants were basically because the
decreased water reduction prevented dehydration hence there was lower accumulation of
reactive oxygen species and lower oxidative stress. We examined the transcript levels of
specific genes involved in auxin, salicylic acid (SA), and other hormone-related genes, but this
effect was less pronounced or absent in the ppr40 mutants.

Overall, the comprehensive analysis of the ppr40 mutants revealed that PPR40 can play a
critical role in modulating drought tolerance through multiple interconnected mechanisms. The
mutants exhibited improved water retention, reduced oxidative damage, and stabilized
photosynthetic electron transport, resulting in better survival rates under water stress. These
findings shed light on the complex interplay between ABA signaling, photosynthesis, ROS
homeostasis, and stress-responsive gene regulation, all of which can be influenced by the

absence of PPR40 protein.
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A deeper understanding of the function of PPR40 and related proteins in enhancing drought
tolerance could have an impact on crop improvement. Such an understanding holds great
promise for addressing escalating water scarcity and mitigating the adverse effects of climate
change. Harnessing the potential of the PPR40 protein in ongoing plant breeding initiatives
offers the opportunity to develop more resilient and productive crop varieties. Such efforts are

key to strengthening future food security and promoting sustainable agricultural practices.
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7. Osszefoglalé

Az éghajlatvaltozas kovetkeztében megjelend karos kdrnyezeti valtozasok szdmtalan negativ
kovetkezménnyel jarnak a ndvényekre, kiilonosen a kulcsfontossagh mezdgazdasagi
novényekre. Az egyik legégetdbb probléma az aszaly, amely stlyos élelmiszerhianyt okozhat
a vilagon, ezért sziikséges lehet megérteni a ndvények Osszetett védekezési mechanizmusait,
hogy a késébbiekben ellenalld névényfajtakat fejleszthessiink ki. A jelen disszertacidmban
bemutatott eredmények betekintést nytjtanak az Arabidopsis PPR40 fehérje szerepére a
szarazsagtlirés szabalyozasaban. A kiilonboz0 fizioldgiai, biokémiai és molekularis bioldgiai
paraméterek atfogo elemzésével bemutatjuk a PPR40 fontos szerepét a vizhidnnyal szembeni
ellenalld képesség eldsegitésében.

Az Arabidopsis thaliana ppr40-1 mutans vonalat egy T-DNS inszerciés mutagenezis
programban azonositottak. A mutans csiraztasi tesztekben tilérzékenységet mutatott abszizin
savval (ABS), soval és cukorral szemben. A funkciovesztéses ppr40-1 mutans névények
,félig torpe” novekedési fenotipussal rendelkeznek. Ezen kiviil egy masik allélt is sikertilt
azonositani: a ppr40-2-t, amely esetében mutacié nem sziintette meg teljesen a PPR40 gén
funkcidjat, ami a ppr40-1 és a vad tipus kozti fenotipust eredményezett. A PPR40 gén ezen
mutacioi képesek befolyasolni a mitokondrialis elektrontranszportot, csokkentve annak
hatékonysagat.

A kutatasaink soran a ppr40 mutansok szarazsagra adott valaszainak vizsgalatara fokuszaltunk.
A pprd0-1 mutans fokozott ABS érzékenységet, mig a pprd0-2 egy atmeneti fenotipust
mutatott a vad tipushoz képest, ami gyorsabban sztomazaroédashoz és csokkent vizveszteséghez
vezetett. Az ABS érzékenység kapcsolatban allt a szarazsag tiiré képesség javulasaval, mivel a
ppr40-1 mutansban a talélési arany jelentésen magasabb volt a vad tipusi ndvényekhez képest.
A ppr4d0-2 mutans esetében egy atmeneti, kevésbé kiugro kiilonbséget figyeltiink meg a talélési
aranyban, ami megerdsitette az ABS érzékenység ¢és szarazsagtiirés kozotti kapcsolatot.
Automatizalt ndvény fenotipizald rendszer segitségével végzett kisérletek segitségével a ppr40
mutansok novekedésérdl, morfologiai és fonoszintézis valtozasaikrdl szereztiink értékes
informaciokat locsolt illetve vizhianyos kortilmények kozott. Jo ontozési feltételek mellett a
ppr40-1 mutans a korabbrol ismert kis ndvekedésii fenotipust mutatta kisebb rozetta mérettel,
mig a pprd40-2 egy a vad tipusu novényekhez hasonlé novekedést mutatott. Vizmegvonas
kovetkeztében a ppr40 mutansok rozetta mérete lassabban csokkent, és életképességiiket is
hosszabb idejig képesek voltak fenntartani a vad tipusti ndvényekhez viszonyitva. A szintonus

aranyok és a levél karcsusag valtozasanak adatai szintén megerdsitették a ppr40 mutansok
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szarazsag tlréssel Osszefliggd jobb eredményeit, mivel rozetta morfologiajuk jobban
megorzodott vizhianyos koriilmények kozott. A fotoszintézis stabilitasat is vizsgaltuk pprd0
mutansoknal a komplex fenotipizal6 rendszer segitségével vizmegvonasos utan. A klorofill
fluoreszcencia elemzése azt mutatta, hogy a fotoszintetikus elektrontranszport hosszabb ideig
maradt aktiv a ppr40 mutansoknal a vad tipusu ndvényekhez képest, ¢s a maximalis
kvantumhozam is lassabban csokkent a mutansokban a vad tipushoz képest. Ezek az
eredmények alatamasztjdk a ppr4d0 mutansok szarazsaggal szembeni megndvekedett
toleranciajat.

A szarazsag idején tapasztalhato magasabb viztartalom szamos élettani paraméterre hatdssal
van, és befolyasolhatja a ndvények stressztiird képességét. Az olyan fizioldgiai paraméterek,
mint példaul a relativ viztartalom (RWC), a prolin felhalmozddasa és a lipidek oxidacids
allapota fontos betekintést engedtek a ppr40 mutdnsok szdrazsagtiirési mechanizmusaiba. A
ppr40 mutansok jobb vizmegtartod képességgel rendelkeznek: vizmegvonas esetén a vad tipust
novényekhez képest szignifikansan nagyobb RWC értékeket mutattak, ami a gyorsabb
sztomazarddasara vezethetd vissza. A prolin felhalmozodas jellemzéd a vizhidnyos
novényekben. A vizmegvonasnak kitett novények prolin tartalma alacsonyabb volt a ppr40
mutansokban mint a vad tipusu névényekben, ami jelzi, hogy a mutansokra kevésbé hatott a
vizmegvonas miatt kialakult ozmotikus stressz. A P5CS1 gén expresszidjanak alacsonyabb
szintje a ppr40 mutansokban Osszefiigg a megvaltozott prolin felhalmozodassal. Emellett
csokkent oxidativ karosodast figyeltiink meg ppr40 mutansokban, amit az alacsonyabb lipidek
oxidacios szintje (MDA-szint) és a kisebb ROS-indukalt génkifejez6dés bizonyitott.

A pprd0-1 mutansban jelentdsen alacsonyabb volt az ABS altal indukalt RAB18 dehidrin gén
kifejezddése vizhiany soran, mig a pprd40-2 esetében ez a kiilonbség kisebb volt. Hasonld
mintazatot mutatott az oxidativ stresszvalaszt szabdlyoz6 ZAT12 expresszidja, amely
szignifikdnsan alacsonyabb volt a ppr40-1 mutinsban a vad tipushoz képest. A
mitokondriumban lokalizalt alternativ oxidazokat kodolo AOX1a és AOX1d gének expresszioja
szintén alacsonyabb volt a ppr40 mutansokban a vad tipustu névényekhez képest, utalva a nem
foszforilalo 1égzési tutvonalaik csokkent aktivitasara. Az ABS-indukalt transzkripciot
szabalyozd bZIP tipusu ABF transzkripciés faktorok (ABF2 és ABF3) expresszids szintjei
hasonld mintazatot mutattak az AOX génekhez. A ppr40 mutansokban ezek az alacsonyabb
expresszios szintek azért alakulhattak Ki, mert a csokkent vizvesztés megakadalyozta a
kiszaradast, igy alacsonyabb volt a reaktiv oxigénfajtak felhalmozddasa és az oxidativ stressz.
Megvizsgaltuk kiilonb6z6 novényi hormonokhoz kapcsolt jelatviteli utakban részt vevd gének

kifejezddését is, melyek esetében alacsonyabb indukcidt tapasztaltunk mutdnsokban a vad
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tipushoz képest. Ezek az eredmények arra utalnak, hogy a PPR40 kézvetve befolyasolhatja az
etilénnel, jazmonattal, brassinoszteroidokkal és citokininnel kapcsolatos utvonalakat is.
Osszességében a ppr40 mutansok részletes elemzése kimutatta, hogy a PPR40 fontos szerepet
jatszhat az szarazsag tlrés szabalyozasaban. A mutansok jobb vizmegtartassal rendelkeztek,
csokkentett oxidativ karosodast és stabiliabb a fotoszintetikus elektrontranszportot mutattak,
ami jobb tulélési ardnyt eredményezett. Ezek az eredmények ravilagitanak az ABS-jelatvitel, a
fotoszintézis, a ROS-homeosztazis és a stressz altal befolyasolt génszabalyozds kozotti
Osszetett kdlcsOnhatasra, amelyenekre hatassal lehet a PPR40 hianya.

A PPRA40 ¢és a hozza hasonld funkcioval rendelkezd fehérjék szerepének jobb megértése
hozzajarulhat a szarazsagtiirés javitasat célzo 01j biotechnologiai stratégidk kidolgozasat. Az
altalunk vizsgalt PPR40 fehérjében rejld lehetéségek kiakndzasa a novénynemesitési
programokban lehetdséget teremthet rugalmasabb és produktivabb fajtak kifejlesztésében,

segitve a jovébeni élelmezésbiztonsagot €s a fenntarthaté mezdgazdasagot.
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12.Supplementary data

Gene

Locus

Forward Primer (5'-3")

Reverse Primer (5'-3")

Reference

ACT2

At3g18780

GGTAACATTGTGCTCAGTGGTGG

AACGACCTTAATCTTCATGCTGC

(An et al.
1996)

UBC18

At5g42990

ACAGCAATGGACATATTTGTTTAGA

TGATGCAGACTGAACTCACTGTC

(Ayaydin
et al.
2015)

ZATI12

At5g59820

GACGCTTTGTCGTCTGGATT

GTGTCCTCCCAAAGCTTGTC

(Pérez-
Salam¢é et
al. 2014)

RD29A

At5g52310

ATCACTTGGCTCCACTGTTGTTC

ACAAAACACACATAAACATCCAAAGT

(Pandey
and
Assmann
2004)

RAB18

At5g66400

CAGCAGCAGTATGACGAGTA

CAGTTCCAAAGCCTTCAGTC

(Pandey
and
Assmann
2004)

P5CS1

At2g39800

GGCAGATGGTCTTGTCTTAGAG

CACTACGGATGGCAAGTGAA

(Kant et
al. 2024)

PDH1

At3g30775

GTCCTCTCTACCACACAAACTC

TGGACTCTTGGCATTTCCTAC

(Kant et
al. 2024)

AOX1A

At3922370

CTGGACCACGTTTGTTC

ACACCCCAATAGCTCG

(Saisho et
al. 1997)

AOX1D

Atlg32350

ATTGGAGGATTCAGGGGACA

CGTTCGGATAGGATTTTCTGG

(Kant et
al. 2024)

AUX 1

AT2G38120

CTTTCCTCCTCTGCACATTTCT

AAGAGTGGTTTTTGTCCGTTTG

(Rigd et
al. 2013)

LAX3

AT1G77690

TGCTTACCTTTGCTCCTGCT

GTCCCCATCCATCCTCCTAC

(Rigd et
al. 2013)

EIN3

AT3G20770

AACTTTGGGATGGTTGCTAAAA

CTGGGACTTCTTCTTTGACAGG

Kantetal.,
2024

WRKY30

AT5G24110

AGAGCGATGATTCCGATCAAG

CATCGTCCAGCGTTCTATCAA

(Besseau
et al.
2012)

COol1

AT2G39940

TGATGATGTCATCGAGCAAG

ATGCTCTCTCGTCTCGGAAT

(Liu et al.
2016)

NPR1

AT1G64280

TTTACAGCAGCAGAGTGAGACC

AGCCAAATAGAGAACCTCCAACA

Kantetal.,
2024
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