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General Introduction
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Plant responses to abiotic stresses

Climate change has increased the incidence of weather extremes, posing a serious
challenge for global food security (Stott, 2016; Schiermeier, 2018). According to a recent
report published by the Intergovernmental Panel on Climate Change (IPCC), climate
change-associated heat waves, episodes of droughts, floods and storms caused
massive loss of crop productivity in 2022 (Intergovernmental Panel On Climate Change
(Ipcc), 2023). Therefore, it is of major interest to enhance plant tolerance to abiotic
stresses to ensure sufficient crop output.

Plants grown in either natural, or agro- environments, frequently encounter and
respond to different environmental stimuli. In recent years, studies on plant tolerance
to various environmental signals have received increasing attention (Wu et al., 2007;
Suzuki et al., 2014; Zhu, 2016; Lamers et al., 2020; Zhang et al., 2022a). Such studies
provided indispensable insights into the molecular machinery underlying functional
response strategies to diverse environmental stresses. Climate change-associated
increases in average temperatures are a major threat to crop growth and yield (Hatfield
& Prueger, 2015; Yu et al., 2019). Warmer temperatures in turn increase the incidence
of precipitation extremes of drought and flooding (Garner et al., 2015; Fahad et al.,
2017; Marchin et al., 2022; Intergovernmental Panel On Climate Change (Ipcc), 2023).

When threatened by heat stress, a variety of physiological processes are adversely
affected, including photosynthesis, cell membrane thermostability and osmotic
regulation (Kotak et al., 2007; Hemantaranjan, 2014; Zhao et al., 2020b). The
expression of heat shock transcription factors (HSFs) and heat shock proteins (HSPs)
are rapidly induced, to safeguard cells and allow the resumption of normal cellular
and physiological activities (Albertos et al., 2022). However, temperature increases
in natural or agri -settings are sometimes gradual and mild, involving only a few
degrees of ambient temperature elevation (Lee et al., 2020). Even such mild changes,
when imposed on plants that are susceptible (i.e., Arabidopsis), can result in a suite
of morphological alterations including, for example, leaf elongation and hyponasty
(increase in leaf angle). These traits can enhance plant cooling capacity during their
growth in warm temperatures (Crawford et al., 2012; Van Zanten et al., 2013; Praat et
al., 2021) and are collectively termed ‘thermomorphogenesis’. This is a whole-plant
acclimation strategy (or a ‘trait syndrome’) typically governed by a complex signal
transduction network consisting of diverse regulatory modules (Quint et al., 2016; Casal
& Balasubramanian, 2019; Perrella et al., 2022). A well-characterized signal mediator
involved in thermomorphogenesis, is PHY TOCHROME INTERACTING FACTOR 4 (PIF4),
which acts as a master transcription factor (TF) hub regulating downstream responses

(Proveniers & Van Zanten, 2013; Quint et al., 2016; Park et al., 2021b). Under warm
temperatures, PIF4 transcriptionally activates the auxin biosynthetic gene YUCCAS8
(YUCS) (Sun et al., 2012), to eventually promote thermomorphogenic growth.

Both salt and drought can commonly arise in natural environments and impose turgor
loss (Krasensky & Jonak, 2012). The early responses to salt are closely related and
mechanically overlap with drought responses as they both elicit osmotic stress (Zhu,
2002). However, prolonged exposure to salt leads to toxicity and nutrient imbalance
in addition to water limitation (Zhang et al., 2006; Chaves et al., 2009). Stomatal
closure is a typical physiological response of shoots under both salt and drought
conditions to prevent transport-mediated water loss, despite photosynthesis being
disrupted due to the impaired gas exchange (Song & Matsuoka, 2009; Dos Santos
et al.,, 2022). The regulation of stomatal closure during salt or drought is primarily
controlled by abscisic acid (ABA) through a series of signaling components in guard
cells such as reactive oxygen species (ROS), reactive carbonyl species (RCS), nitric
oxide (NO) and calcium ion (Ca?*) (Bharath et al., 2021; Zhao et al., 2021a; Muhammad
Aslam et al., 2022). Additionally, ABA has also been demonstrated to have a prominent
role in regulating root growth and architecture under salt and drought conditions
(Fernando & Schroeder, 2016). When Arabidopsis plants encounter moderate to high
salt concentrations (75-150 mM Nadcl), the elevation of endogenous ABA results in a
quiescent period in post-emergent lateral roots, forming Casparian strips (a ring-like,
specialized cell-wall modification) that function as a barrier to the diffusion of sodium
ion (Na*) through the endodermis (Naseer et al., 2012; Duan et al., 2013; Fernando
& Schroeder, 2016; Zou et al.,, 2022). ABA-mediated root response during drought
involves the elongation of primary roots. Upon moderate drought, ABA promotes
auxin transport in the root tip of Arabidopsis and rice (Oryza sativa), enhancing the
release of protons by activating H*-ATPase to maintain primary root elongation, which
enables subsoil foraging for water and nutrient that ultimately enables an increased
hydraulic conductivity (Pages, 2011; Xu et al., 2013; Muhammad Aslam et al., 2022).

In contrast to drought where water-uptake is considerably hampered, flooding
(waterlogging or submergence) creates an excess water supply, disrupting normal
gas exchange and light availability (when shoots are submerged in turbid waters).
This leads to a carbon and energy crisis and ultimately cell death (Mommer & Visser,
2005; Sasidharan et al., 2018). When plants are flooded, the limitation in gas diffusion
induces rapid accumulation of the volatile hormone ethylene. Ethylene is a key player
mediating a series of flood-adaptive morphological and physiological changes in both
shoot and roots (Sasidharan & Voesenek, 2015; Jia et al., 2021). Typical underwater
responses triggered by ethylene accumulation, for example, include accelerated



petiole (Rumex palustris) or internode (Oryza sativa) elongation upon complete
submergence (Kende et al., 1998; Peeters et al., 2002; Voesenek, 2003; Chen et al., 2011),
or the development of aerenchyma during waterlogging. Both these traits facilitate
enhanced internal aeration permitting gas exchange from aerial non-flooded parts
to the hypoxic regions of the plant (Kawase & Whitmoyer, 1980; Jackson & Armstrong,
1999; Yamauchi et al., 2013; Langan et al., 2022). In Arabidopsis, ethylene accumulation
due to flooding triggers the stabilization of the essential low-oxygen TFs, group VIl
ETHYLENE RESPONSE FACTORs (ERFVIIs), through NO depletion and consequently
leads to hypoxia acclimation (Gibbs et al., 2011; Hartman et al., 2019). Furthermore,
constitutive expression of SUBMERGENCE-1A (SUB1A), a rice ERF VII TF, confers
tolerance to multiple stresses including drought, submergence and dehydration
stress experienced upon de-submergence (Fukao et al., 2011; Yeung et al., 2018). In
addition to tissue dehydration, plants recovering from complete dark-submergence
also encounter challenges such as reoxygenation stress, reillumination stress and
tissue senescence (Yeung et al., 2019; Yuan et al., 2023a).

Abiotic stresses can occur simultaneously or sequentially

Abiotic stresses rarely occur in a fully isolated manner. Co-occurring abiotic stresses
often cause distinct effects on plants and elicit different acclimation responses,
compared to individual stresses (Choudhury et al., 2017; Zhang & Sonnewald, 2017;
Nadeem et al., 2022; Zandalinas & Mittler, 2022). For example, in wheat (Triticum
aestivum), episodes of prolonged drought in combination with heat waves exacerbate
biomass reduction and loss of grain yield, when compared to individually applied
drought or heat (Pradhan et al., 2012; Perdomo et al., 2015; Tricker et al., 2018).
This inhibition in crop growth under combined stress is attributed to the negative
interactions between heat and drought, with the effects becoming additive when
combined (Suzuki et al., 2014). Additionally, a recent meta-analysis (Cohen et al., 2021)
using >120 published cases studying crop responses to combined heat and drought
stress, revealed that it caused on average twice the decrease in relative yield (to
control) compared to exposure to heat stress alone.

For plants grown in natural or field conditions, the encountered (combined) abiotic
stresses are often at a gradual or sublethal severity, and hence relatively mild,
compared to those reported in experimental laboratory studies (Zhang et al., 2020a;
Morales et al., 2022). Sublethal stresses, compared to lethal stresses or stresses at a
moderate severity, cause typically less damage to plant growth, but can evoke distinct
acclimation responses (Clauw et al., 2015; Mohanty, 2003; Zhu et al., 2021). Acclimation
responses are governed by coordinated complex molecular networks, especially when

multiple stressors coexist (Suzuki et al., 2014; Zandalinas et al., 2020). Therefore, a
comprehensive understanding of plant acclimations - and the underlying signaling
and response mechanisms - to sublethal combinatorial stresses and the corresponding
individual stresses, typically at developmental, morphological, physiological, and
molecular levels, is urgent and necessary. Such understanding will facilitate the
production and informed breeding of next-generation multi-stress tolerant crops
capable of maintaining high productivity and quality in a changing climate.

Mechanisms of acclimation to combinatorial abiotic stresses

Despite the typical reduction in growth and yield caused by combinatorial stresses
(Jumrani & Bhatia, 2018; Cohen et al., 2021; Sareen et al., 2023), plants are not passive
and have evolved a series of adaptive responses at the morpho-physiological level
to counteract these unfavorable stress conditions (Nadeem et al., 2022; Zhang et al.,
2022a). The exact nature of the morphological and physiological responses to a given
combinatorial stress condition can differ from those elicited by the corresponding
individual stressors, as plants perceive the stress combination as a new state of
stress (Pandey et al., 2015). Therefore, the physiological and molecular effects of
combinatorial stress cannot be deduced by simply summing up the effects of the
corresponding single stresses. A well-documented example of this is the stomatal
responses of Arabidopsis to combined heat and drought stress (Rizhsky et al., 2004).
When confronted with heat stress, Arabidopsis plants open their stomata to enable
leaf cooling through transpiration, while under drought they reduce the stomatal
conductance to prevent water loss. Upon the simultaneous application of both heat
and drought, the stomatal conductance remained at a low level. Similar results of
the leaf stomatal response under combined heat and drought stress conditions were
observed in other plant species such as tobacco (Nicotiana tabacum) (Rizhsky et al.,
2002), citrus plants (Crtius) (Zandalinas et al., 2016b), broadleaf evergreen species
(Marchin et al., 2022) and soybean (Glycine max, hereafter soybean) (Sinha et al.,
2023b), suggesting that the stomatal responses under combined heat and drought
are conserved across different species. However, recent studies (Sinha et al., 2022;
Zandalinas & Mittler, 2022) have unveiled a deviant stomatal regulation in soybean
flowers subjected to a heat and drought combination. In this intriguing case, plants
prioritized transpiration through flowers over transpiration through leaves to ensure
alower innate temperature of the floral structures to maintain the proper functioning
of reproductive processes. Consequently, when heat and drought coexisted, leaf
stomata remained closed while flower stomata were open (termed as ‘different
transpiration’). The differences in stomatal regulation within the same individual
highlight a tissue-dependent responses to combinatorial stress conditions. Of note,



the age or developmental stage at which plants are exposed to combinatorial stress
also determines the outcome of plant growth and morpho-physiological responses.
For instance, the negative impact of combined heat and drought on plant yield is
more pronounced if the stress combination happens during the reproductive stage
than when it occurs during vegetative growth (Cohen et al., 2021).

Stomatal aperture regulation plays a crucial role in determining plant CO, uptake.
Together with the stabilization of ribulose bisphosphate carboxylase oxygenase
(Rubisco) and the functional integrity of Photosystem Il (PSIl), they jointly affect
photosynthetic activity during combinatorial stress conditions (Nishiyama & Murata,
2014; Castro et al., 2019; Peng et al., 2022). Combined heat and drought stress, for
example, caused exacerbated impediment of photosynthesis in both C3 and C4 plants,
compared to either heat or drought stress in isolation (Zhu et al., 2021a; Netshimbupfe
et al., 2022). In cotton (Gossypium arboreum) cultivars, combined heat and drought
stress caused a decrease in net photosynthetic rate and plant damage (Carmo-Silva et
al,, 2012; Zandalinas et al., 2018), although this inhibition in photosynthesis, reflected by
a low Rubisco activity, was more pronounced in a drought-sensitive cultivar compared
to a drought-tolerant cultivar. Similarly, a significant decrease in photosynthetic
activity was observed in two heat-tolerant tomato (Solanum lycopersicum, hereafter
tomato) cultivars, but not in a heat-sensitive cultivar, during simultaneous exposure
to combined heat and drought stress. This suggests that photosynthetic responses
to combined stresses may not align with the tolerance to individual stresses (Zhou
et al,, 2017). These studies imply that the maintenance of photosynthetic activity is
important for acclimation to combinatorial stresses (Zandalinas et al., 2018) and is
genotype-dependent.

Chloroplasts play a central role in sensing environmental fluctuations (Dogra &
Kim, 2019). The chloroplast is a major source of ROS production, during native
photosynthesis, and especially under stress conditions (Foyer & Shigeoka, 2011;
Maruta et al., 2012). Disrupted photosynthetic capacity accompanied by limited CO,
availability, can induce ROS overproduction and eventually cause damage to lipid
membranes and cellular organelles (Suzuki et al., 2012; Zandalinas et al., 2017a; Castro
et al., 2019). However, ROS overproduction can be ameliorated by the accumulation
of ROS detoxification proteins such as superoxide dismutase (SOD), ascorbate
peroxidase (APX), peroxiredoxin and glutathione peroxidase (GPX), or antioxidants
such as glutathione (GSH) and ascorbic acid (Mittler, 2002; Mittler et al., 2004). These
ROS-scavenging components display a unique pattern (in terms of types of enzymes
and levels of antioxidant accumulation) under combined stress conditions compared
to the relative individual stresses in plants (Choudhury et al., 2017). High antioxidant

capacity under stress conditions is considered beneficial for stress tolerance, as it
limits damage (Caverzan et al., 2016; Hasanuzzaman et al., 2020; Qamer et al., 2021),
and is typically genotype-dependent (Shabbir et al., 2022). Differences in antioxidant
capacity, for instance, explain the differences in drought and high-temperature stress
tolerance between two citrus genotypes, Carrizo citrange and Cleopatra mandarin,
where Carrizo plants more efficiently coordinated the antioxidants involved in ROS
detoxification and displayed a better performance and yield under combined stress
compared to Cleopatra plants (Zandalinas et al., 2017a).

Stress exposure can have dramatic effects not only on chloroplast structures, but also
on resident proteins, such as Rubisco and Filamentous temperature sensitive H (FtsHs)
(Das et al., 2016; Zhao et al., 2016a; Balfagon et al., 2019a; Mamaeva et al., 2020). The
combined ROS production from the chloroplast and other cellular compartments (e.g.,
mitochondria, apoplast, peroxisome, nuclei) constitutes an overall ‘ROS signature’
(Choudhury et al., 2017) which can vary between single and combined stresses
(Choudhury et al., 2017). For example, in poplar (Populus yunnanensis, hereafter poplar)
plantlets, different ROS levels caused by individually applied heat, drought and the
combination resulted in varying levels of antioxidant enzyme productions (Li et al.,
2014).

ROS also has a signaling role in regulating stress acclimation, especially during
simultaneously occurring stresses (Suzuki et al., 2012; Mittler, 2017; Zandalinas et al.,
2018). Zandalinas et al. showed that Arabidopsis plants with impaired ROS signaling
(rbohD mutant) or scavenging (apx1 mutant) exhibited poor survival rates under
multifactorial stress combinations (up to a combination of six stressors at the same
time), compared to wild-type plants (Zandalinas et al., 2021b). Furthermore, ROS
waves have been identified as essential drivers of plant systemic signaling pathways
in response to combinatorial stresses such as combined high light and heat stress
or sequentially applied waterlogging followed by completely submergence (Pelaez-
Vico et al., 2023; Zandalinas et al., 2020). Another indispensable role of ROS in plant
stress acclimation is the modulation of signal communications between chloroplast
and nucleus (retrograde signaling) (Foyer & Hanke, 2022; Li & Kim, 2022). For instance,
chloroplast-localized protein ETHYLENE-DEPENDENT GRAVITROPISM-DEFICIENT
AND YELLOW-GREEN 3 (EGY3) interacts with Cu/Zn-SOD2 (CSD2) to promote HZOZ-
mediated retrograde signaling, enhancing the tolerance of Arabidopsis plants to salt
stress (Zhuang et al., 2021). However, ROS-mediated chloroplast-to-nuclear retrograde
signaling in the context of combinatorial-stress tolerance has been poorly studied.



Concepts of stress interactions

Unlike the additive effects elicited by stress combinations (Vile et al., 2012; Ahmed et al.,
2015b), the co-occurrence of two different environmental stressors can sometimes lead
to antagonistic effects (Suzuki et al., 2014). For example, drought-induced reduction in
stomatal conductance can enhance the tolerance to ozone (O,) stress, when the two
stresses co-occur, as the closed stomata prevent O, from entering plants (Paakkonen
etal., 1998; L6w et al., 2006). In 2006, Mittler and colleagues introduced the concept
of ‘The Stress Matrix’ to describe the interactions of (two) co-existing stressors in
stress combinations that have significant impacts on agricultural production (Mittler,
2006a). However, other researchers have pointed out that this matrix oversimplifies
the complexity of combined stress scenarios (Mahalingam, 2015). In recent years, the
stress matrix has been adapted and expanded to include more stress interactions
(Mittler & Blumwald, 2010; Anwar et al., 2021a) and different physiological factors
(Zandalinas & Mittler, 2022). Suzuki and coworkers (Suzuki et al., 2014) further refined
the stress matrix by considering, for example, the dual interactions (both positive and
negative) of combined heat and salinity stress on plant growth. They demonstrated
that in tomato plants, combined heat and salinity stress promoted the accumulation of
glycine betaine and trehalose, which helped maintain a high K* concentration (thus a
lower ratio of Na* and K*) to improve cell water status and photosynthesis compared to
salinity alone (Rivero et al., 2014). However, the same combined stress scenario evoked
enhanced negative effects on tissue development in wheat seedlings (Keles & Oncel,
2002) or photosynthetic growth in Arabidopsis (Suzuki et al., 2016a).

In general, the physiological (and molecular) responses to a combinatorial stress are
predominantly determined by the (relative) most severe stressor (Pandey et al., 2015).
Accordingly, the stress magnitude, order and duration play crucial roles in determining
the morpho-physiological outcomes of combinatorial stresses (Mittler, 2006a; Anwar
et al., 2021a; Nadeem et al., 2022). Stress magnitude refers to the relative or absolute
intensity of individual stressors, such as the absolute temperature during heat or cold
stress (Praat et al., 2021; Zhu et al., 2022a), the soil water content during drought stress
(Ma et al., 2014), light availability during submergence (Mohanty, 2003; Vashisht et al.,
2011; Sasidharan et al., 2018), or the days post infection (dpi) during pathogenesis (Pal
et al., 2022). Additionally, the number of co-existing stressors during a combinatorial
stress scenario is also an important factor in determining the outcome for the plant.
A recent study by Zandalinas et al. presented a new concept termed ‘multifactorial
stress combination’ to describe how the combination of many co-occurring
environmental stresses (up to six) affects plant growth, survival, physiological and
molecular responses (Zandalinas et al., 2021b). This study suggested that while

individually applied stresses sometimes have minimal effects on plant growth and
survival, the accumulated impacts of multifactorial stress combination are detrimental.
This highlights the synergic interactions between individual stressors during their
simultaneous occurrences.

Building upon these findings and some other pioneering work discussing how global-
change factors impact the ecosystem processes (Rillig et al., 2019; Zandalinas et al.,
2021a), a ‘multifactorial stress principle’ was proposed to depict the synergistic effects
of stapled stressors and how they affect plants and ecosystems (Zandalinas & Mittler,
2022). With an increase in the number and complexity of stressors (simultaneously)
affecting a plant or an ecosystem, plant functioning or ecosystem processes
will drastically decline, even if the level of the individual stressors involved in the
multifactorial stress combination is low enough to not significantly affect plant
growth and survival if applied in isolation. Overall, these studies have emphasized the
importance of considering the relevance and impact of subtle (or sublethal) stresses
when studying plant acclimations to combinatorial stresses.

When plants are confronted with a sequential stress combination, the first stress
exposure, even if mild, may induce priming or memory effects, altering the responses
to future challenges (Hilker et al., 2016; Zhang & Sonnewald, 2017). Therefore, the
order in which the two stresses are encountered can be crucial in determining the
effect size of the response of the plant (Ahmed et al., 2015b; Zandalinas et al., 2021b).
For instance, poplar plants that were pre-exposed to drought exhibited a reduction
in stomatal conductance, which alleviated the harsh effect of a subsequent O, stress.
Conversely, when O, stress was applied prior to drought, the slow stomatal responses
induced by O, accelerated plant water loss during a subsequent drought exposure
(Pollastrini et al., 2014; Mahalingam, 2015).

Molecular mechanisms underlying acclimation to
combinatorial stresses

Morpho-physiological responses to sequential and combined stresses involve
changes at transcriptional, translational and metabolic levels, coordinated by
complex molecular signal transduction networks (Zhang & Sonnewald, 2017; Anwar
et al., 2021a). Combinatorial stresses can elicit unique molecular signatures that are
different from those induced by either of the corresponding individual stresses, as has
been shown by many ~omics studies (Rizhsky et al., 2004; Mittler, 2006a; Zhao et al.,
2016a; Zandalinas et al., 2018; Nadeem et al., 2022; Shabbir et al., 2022; Zandalinas &
Mittler, 2022). However, Pandey et al. proposed that plant responses to a given stress



combination are majorly determined by the more severe (dominant) stressor, as the
transcriptome response to combined stress resemble those observed under the more
severe individual stress (Pandey et al., 2015). These similarities at the molecular level
are reflected by a substantial proportion of shared transcripts.

Recently, the adoption of integrated systems biology approaches (the integration of
more than one omics approach), commonly referred to as ‘Multi-Omics Approach’,
has emerged as a tool to comprehensively decipher molecular acclimation strategies
of plants under combinatorial stresses (Anwar et al., 2021a; Kolb et al., 2022; Shabbir
et al,, 2022; Da Ros et al., 2023). Anwar et al. have summarized previously identified
responsive characteristics of Arabidopsis and maize plants under heat, drought and
their combination at the transcriptomic, proteomic and metabolic levels (Rizhsky et al.,
2004; Zhao et al., 2016a; Anwar et al.,, 2021a). This study revealed a considerable portion
of differentially regulated transcripts, proteins and metabolites under the combined
stress condition that were not apparently regulated if only the corresponding single
stresses were applied. This again suggests that combined stress exerts unique and
significant reconfigurations at different molecular levels. Importantly, by integrating
the approaches of genetic enrichment analysis such as Gene Ontology (GO) (Ashburner
et al., 2000) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa, 2000),
the identified transcript, proteins and metabolites that are uniquely regulated under
combined stresses are annotated for the relevant molecular functions, which can help
provide insights into the typical generic processes and master regulators guarding
plants against combinatorial stresses (Rejeb et al., 2014; Pandey et al., 2015; Zandalinas
etal., 2020b).

Transcriptional and post-transcriptional regulation

Plant TFs are essential for controlling growth and developmental processes that shape
acclimation to environmental stimuli and mediate responses to combinatorial stresses
(Liu et al., 1999; Yoon et al., 2020; Strader et al., 2022). An early study by Suzuki et al.
highlighted a transcriptional coactivator Multiprotein Bridging Factor 1c (MBF1c) and
its function in conferring tolerance to osmotic stress, heat stress and their combination,
by perturbing or partially activating the ethylene-response signal transduction
pathway (Suzuki et al., 2005). Furthermore, the functional characterization of MBF1c
revealed that its accumulation in Arabidopsis plants under combined water deficit
and heat stress is ABA-dependent (Zandalinas et al., 2016a).

Investigations into plant TFs and their functions in combinatorial-stress acclimation
often take the entire TF family into account. For example, by examining the Arabidopsis
transcriptome under combined heat and drought stress and the corresponding

individual stresses (Rizhsky et al., 2004), a considerable number of transcripts encoding
HSFs were enriched during stress combination and shown to be differentially regulated
compared to the corresponding individual stresses. The differences mainly involved
the degree of expression of HsfC1 and the presence of HsfA6a, HsfA2 and HsfA3 (Rizhsky
et al., 2004). A meta-analysis (Zandalinas et al., 2020) identified 340 transcripts that
were commonly upregulated during Arabidopsis subjection to combined drought
and heat (Rizhsky et al., 2004), salinity and heat (Suzuki et al., 2016b), and high light
and heat (Balfagén et al., 2019a). Among these transcripts, TFs belonging to the HSF,
myeloblastosis (MYB) and ethylene response factor (ERF) families were significantly
overrepresented. Moreover, different expression patterns of these TFs under combined
stress conditions, compared to the corresponding individual stresses, indicated that
transcriptomic responses of plants to different stress combinations could be regulated
by unique TFs that are dedicated to each of the different stress combinations. This can
be by additive, subtractive or combinatorial effects of expression patterns of different
groups of TFs, generating a novel overall TF expression pattern that is unique to the
stress combination (Zandalinas et al., 2020). Although some studies demonstrated that
WRKY transcription factors (WRKYs) play a role in acclimation to combined abiotic and
biotic stresses (Bai et al., 2018), none of these WRKY TFs were present in the identified
340 transcripts (Zandalinas et al., 2020). However, recent studies on plant responses
to multifactorial stress combinations have drawn attention to the role of WRKYs in
conferring plant responses to four- to six- factor stress combinations (Zandalinas et
al., 2021b; Pascual et al., 2022).

Given the magnitude of the impact of plant TFs on mediating stress adaptations,
other TFs and their family members, are likely involved in regulating acclimation to
combinatorial stresses. For example, the NAC transcription factor family (NACs), one of
the largest plant TF families, has been implicated in regulating multi-stress tolerance
in various plant species (Jensen et al., 2010; Shao et al., 2015; Li et al., 2018c¢), and might
also be taken into account as potential combinatorial-stress responsive TFs in future
studies.

In addition to the study of TF families, a recent study by Azodi et al. proposed the use of
cis-regulatory codes (Zou et al., 2011) to improve the understanding of transcriptional
regulation under combinatorial stress (Azodi et al., 2020). By integrating information on
putative/known combined-stress cis-regulatory elements and ~omics data (including
sequence conservation, chromatin accessibility and histone modification profiles),
important cis-regulatory promoter elements mediating tolerance to combined
heat and drought stress were predicted. While most of the cis-regulatory elements
found in the model are similar to known TF binding motifs involved in heat and/



or drought stress responses, some point to TFs with no established association to
either stress condition (Azodi et al., 2020). Likewise, another study (Sewelam et al.,
2020) on transcriptional and metabolic responses to drought, heat, salinity and their
combinations, demonstrated that plant exposure to combinatorial stress conditions
triggers transcription of several genes with yet uncharacterized functions. Overall,
these findings highlight the complexity of transcriptional regulations in plants under
combinatorial stress conditions and that current knowledge on this important subject
still needs to be expanded.

Although transcriptional regulation is essential for plant acclimation to environmental
stresses, post-transcriptional regulation, particularly at the microRNA (miRNA) level,
has emerged as a key factor in the modulation of stress signaling pathways (Zhang
& Sonnewald, 2017; Xu et al., 2019). In recent years, a growing body of evidence on
the role of plant miRNAs as (a)biotic stress regulators, has added new conceptual
insight into the molecular understanding of plant stress resilience (Sunkar et al., 2012;
Shriram et al., 2016). However, research investigating the regulatory roles of miRNAs
during combinatorial stress is still relatively scarce (Xu et al., 2019; Villalba-Bermell et
al., 2021). Nonetheless, some researchers have taken the initiative to explore this field.
For example, by using a deep-sequencing approach, unique miRNAs and their targets
were unveiled under combinatorial stress conditions compared to the corresponding
isolated stresses in different plant species such as tomato (Zhou et al., 2020), soybean
(Ning et al., 2019), and melon (Villalba-Bermell et al., 2021). Moreover, miRNAs were
also shown to be closely associated with the regulation of specific biological processes
under combinatorial stresses. For instance, an Arabidopsis loss-of-function mutant of
miRNA ath-miR164c exhibited an accumulation of proline to counteract harsh effects
caused by combined drought and bacterial infection stress (Gupta et al., 2020). This
is because ATH-miR164C can negatively regulate the expression of 1-PYRROLINE-5-
CARBOXYLATE SYNTHASE 1 (P5CST), a gene that controls proline metabolism, at the
post-transcriptional level. In addition, Liu et al. recently constructed a comprehensive
regulatory network that illustrated the molecular responses to combined heat and
drought in durum wheat (Triticumturgidum durum), by integrating multiple omics
analysis, including small RNAome (sRNAome), mRNA transcriptome and degradome
(Liu et al., 2020). This study provided novel and fundamental insight at the whole-
genome level into transcriptional and post-transcriptional regulation of combinatorial
stress. Given the essential role of miRNAs in mitigating combinatorial environmental
stresses, they can be considered as novel targets for engineering combinatorial-stress
resilient crops in the future.

Translational and post-translational regulation

Abiotic stresses can have significant impact on the plant proteome, especially
when more than one stress coincide (Kosova et al., 2018). This is evidenced by
numerous differentially regulated proteins under combinatorial stresses compared
to the relative individual stresses (Rizhsky et al., 2004; Li et al., 2014; Das et al., 2016;
Habibpourmehraban et al., 2022). Of note, HSPs are among the most prominent
proteins regulating plant tolerance to various combinatorial stresses (Li et al., 2014;
Rizhsky et al., 2004; Sewelam et al., 2020; Zandalinas et al., 2020; Zhao et al., 2016).
A recent study (Balfagon et al., 2023) investigating proteome and transcriptome
signatures of two citrus genotypes, Carrizo citrange (Citrus sinensis x Poncirus trifoliata)
and Cleopatra mandarin (Citrus reshni), under the triple combination of heat stress,
high irradiance and drought, revealed the importance of maintaining HSPs, typically
small HSPs and HSP70s, for combined stress tolerance. This is because HSPs chaperone
stress-denatured proteins, to prevent their irreversible aggregation, and translocate
unfolded or misfolded proteins out of the endoplasmic reticulum (ER) (Balfagon et
al., 2023). Moreover, Zhao et al. found that in addition to HSPs, LATE EMBRYOGENESIS
ABUNDANT Proteins (LEAs) are also highly present when maize (Zea mays) were
subjected to combined heat and drought stress (Zhao et al., 2016a). Furthermore, this
study investigated the changes in receptor proteins, protein kinases and phosphatases
during combined stress conditions. When maize plants were exposed to combined
heat and drought stress, the expression of three membrane receptor proteins was
significantly regulated, including two downregulated receptors; brassinosteroid
LRR receptor kinase and gibberellin receptor GIDIL2, and the upregulated receptor;
mitochondrial import receptor subunit TOM22, which points to the involvement of
hormonal perception and regulation in response to the combined stress. Moreover,
glycogen synthase kinase family proteins, together with protein kinase Kelch repeat/
Kelch were implicated in the regulation of heat and drought combined in maize (Zhao
et al., 2016a).

Receptor-like kinases (RLKs) are a family of membrane receptors responsible for
perceiving different environmental stimuli and balancing plant growth and stress
responses (Soltabayeva et al., 2022; Zhu et al., 2023) and with roles in combinatorial-
stress responses. For instance, the pathogenesis-related 5 (PR5) RLK 2 (PR5K2) has
been shown to modulate plant responses to drought by phosphorylating protein
Phosphatase 2Cs (PP2Cs) in Arabidopsis (Baek et al., 2019). PP2Cs are important protein
phosphatases in the ABA signaling pathway (Singh et al., 2016) and mediate ROS
(Rahikainen et al., 2016) signaling. Because both ABA and ROS signaling regulate the
tolerance to various types of stresses (Suzuki et al., 2016b; Zandalinas et al., 2016a;



Choudhury et al., 2017), including combinatorial stresses, RLKs are promising targets
for investigations into combinatorial-stresses acclimation.

Several protein kinases are involved in combined stress acclimation (Rejeb et al., 2014;
Zhang & Sonnewald, 2017), such as mitogen-activated protein kinases (MAPKs) and
calcium-dependent protein kinases (CDPKs). Noticeably, MAPK3, 4,and 6 have been
found to phosphorylate the heat stress factor HSFA4A and activate the expression of
the downstream targets to counteract combined heat and salinity stress in Arabidopsis
(Andrasi et al., 2019). Additionally, MAPK3 and 6 in Arabidopsis are also reported to
be essential for the regulation of cross acclimation (Beckers et al., 2009), which refers
to the phenomenon in which pre-exposure to one stress modifies the responses to a
different subsequent (Foyer et al., 2016; Llorens et al., 2020). Collectively, MAPKs might
be of much value for future combinatorial-stress studies.

Epigenetic regulation

Epigenetic processes involving DNA methylation and histone modifications, play
a crucial role in modulating the expression of stress-responsive genes at both the
transcriptional and post-transcriptional levels by, changing the chromatin status
of these genes (Luo & He, 2020; Miryeganeh, 2021). In response to sequentially
combinatorial stresses, cross-acclimation is closely associated with epigenetic
regulation (Munné-Bosch & Alegre, 2013; Walter et al., 2013). After being primed
by the initial stress, plants establish a cross-stress memory through epigenomic
(including sRNA-mediated regulation, DNA methylation and chromatin changes),
transcriptomic, proteomic, and metabolic regulations (Liu et al., 2022a). Consequently,
when confronted with a second stress, the established shared signaling pathways
between the two stresses facilitate the responses to the subsequent stress (Liu et al.,
2022a). Importantly, the imprinted stress memory by epigenetic modifications may be
inherited over generations (trans-generational memory) (Hirayama & Shinozaki, 2010a;
Sun et al., 2021; Ramakrishnan et al., 2022), which could provide leads for training of
crops to enhance tolerance to multiple (sequential) environmental stimuli.

Extensive studies have been conducted on epigenetic and epigenomic responses to
single abiotic stress (Crisp et al., 2016; Begcy & Dresselhaus, 2018; Miryeganeh, 2021).
However, studies focusing on epigenetic regulation under stress combinations remain
limited. It can be hypothesized that epigenomic changes induced by either of the two
stressors during their co-occurrence can influence the responses to another stressor.
For example, mildly elevated ambient temperature enables tri-methylation of histone
H3 at lysine 4 (H3K4me3) methylation and therefore promotes the expression of auxin-
related genes in Arabidopsis (Perrella et al., 2022). When combined with another stress

(e.g., drought, salinity), the promoted expression of the auxin-related genes may exert
an additive effect on the responses of the second stressor. Nevertheless, as molecular
responses to combinatorial stress are frequently distinct from those induced by the
corresponding single stresses (Mittler, 2006a; Pandey et al., 2015; Zhang & Sonnewald,
2017; Zandalinas et al., 2020a; Anwar et al., 2021a), it is equally likely that the co-
existence of two stressors may induce — and be regulated by - a unique epigenomic
signature that is distinct from the one evoked by the respective single stresses.

Metabolic regulation

Plant responses to combinatorial stresses often directly or indirectly involve changes
in plant metabolism (Zandalinas et al., 2018). Metabolic profiling studies have revealed
additive metabolic reconfigurations in response to combinatorial stresses compared
to corresponding individual stresses (Rizhsky et al., 2004; Sewelam et al., 2020; Guo et
al., 2021; Li et al., 2021a). Several studies have uncovered the roles of such compounds
in modulating diverse types of combinatorial stress acclimations using multi-omics
approaches (Rizhsky et al., 2004; Sewelam et al., 2020; Guo et al., 2021; Patel et al., 2022).

Zandalinas et al. summarized the changes in primary metabolites in Arabidopsis plants
exposed to multiple individual stresses and their combinations, including changes in
sugars, amino acids, tricarboxylic acid (TCA) cycle metabolites and other molecules
such as L-ascorbate and lactate (Zandalinas et al., 2022a). When encountering
environmental stresses, sugar levels in plants can be drastically influenced due to
the changes in photosynthesis and carbohydrate consumption (Sami et al., 2016).
However, sugars are also key players in stress perception as a signaling molecule,
as an osmoprotectant and in ROS scavenging (Dong & Beckles, 2019; Saddhe et al.,
2021). For example, Arabidopsis plants exposed to combined heat and drought stress,
accumulated high levels of sugars like sucrose, maltose and glucose (Rizhsky et al.,
2004) and acted as a major osmoprotectant under the combined stress condition.
Similarly, maize plants exposed to combined cold and drought stress, increased
raffinose levels facilitated osmotic adjustment and protection of the photosynthetic
apparatus from oxidative damage (Guo et al., 2021).

Protein degradation during stress leads to the accumulation of free amino acids
(Batista-Silva et al., 2019). This also contributes to osmotic adjustment and ROS
scavenging (Hildebrandt, 2018; Batista-Silva et al., 2019; Zandalinas et al., 2022b).
Especially proline, a crucial amino acid, is well known for its role in protecting cellular
osmosis during stress and recovery (Hayat et al., 2012). Proline accumulated in peanut
(Arachis hypogaea) under stress combinations that included salt (e.g., heat and salt,
drought and salt, heat and salt and mannitol (an osmoticum)) (Patel et al., 2022). Despite



its osmoprotectant role during osmotic stresses such as salt and drought (Chun et al.,
2018), proline was replaced by sucrose as a major osmoprotectant, when drought co-
existed with heat in Arabidopsis, because proline might be too toxic to cells during
the combined stress condition (Rizhsky et al., 2004). Also when drought was combined
with Turnip mosaic virus (TuMV) infection, proline content in Arabidopsis plants
increased (Prasch & Sonnewald, 2013). Such dynamic changes in proline accumulation
indicate the complexity of metabolic responses to different stress combinations.
Additionally, a study by Balfagén et al. highlighted the importance of another amino
acid, y-Aminobutyric acid (GABA) in response to combined heat and high light stress
in Arabidopsis, as GABA might promote autophagy during such combinatorial stresses
(Balfagon et al.,, 2022). Furthermore, levels of TCA cycle metabolites decreased in
plants exposed to combinatorial stresses such as water deficit in combination with
salt and high light combined with heat (Li et al., 2021a; Balfagén et al., 2022), as these
detrimental stress combinations can compromise plant respiration. In field-grown
maize plants, the levels of TCA cycle metabolites negatively correlated with grain yield
under combined heat and drought stress (Obata et al., 2015).

Flavonoids are a group of phenolic compounds that belong to one of the three
secondary metabolite groups (i.e., phenolic compounds, terpenes/isoprenoids,
nitrogen or sulfur containing compounds (Aharoni & Galili, 2011). Flavonoids have an
antioxidant role when plants encounter abiotic stresses such as salinity (Zhang et al.,
2021b; Gourlay et al., 2022), drought (Hernandez et al., 2004; Rao et al., 2020), or UV-B
stress (Nascimento et al., 2015; Gao et al., 2019). When confronted with cold combined
with salt, pepper plants (Capsicum) accumulated more flavonoids compared to the
relative individual stresses (Genzel et al., 2021). Moreover, some studies (Ahmed et al.,
2015a; Zandalinas et al., 2017b; Ibrahim et al., 2019; Schulz et al., 2021; Jan et al., 2022b)
have proposed a correlation between combinatorial stress tolerance and high levels
of plant flavonoid accumulation. This provides opportunities for selecting tolerant
cultivars for specific combinatorial stresses.

Hormonal regulation- ABA in the spotlight

Phytohormone biosynthesis and signaling precisely regulate plant growth,
development and responses to different types of abiotic and biotic stresses (Suzuki,
2016; Verma et al., 2016; Rasool, 2023). ABA is particularly important for regulating
tolerance to multiple abiotic stresses, especially osmotic stresses (Tuteja, 20073; Fujita
et al., 2011). For instance, Nine-cis-epoxycarotenoid Dioxygenase 3 (OsNCED3), a gene
controlling ABA biosynthesis in rice, is responsible for conferring plant tolerance to salt,
polyethylene glycol (PEG) and H,O, (Huang et al., 2018). Overexpression of OsNCED3
also enhances salinity and water stress tolerance (Huang et al., 2018; Ye et al., 2023).

ABA has a role in mediating plant tolerance to combinatorial stress, particularly when
an osmotic stress (imposed by drought or salinity) is one of the co-occurring stresses.
For example, Arabidopsis ABA signaling or biosynthesis mutants exhibit impaired
acclimation to combined heat and drought (Zandalinas et al., 2016a) or heat and salt
stress (Suzuki et al., 2016b), reflected by reduced growth and survival compared to
wildtype plants (Suzuki et al., 2016b; Zandalinas et al., 2016a). However, given the
complexity of hormonal regulations under combinatorial stresses, the alterations
of applied stressors or the plant species/genotype can lead to distinct hormonal
responses (Suzuki, 2016; Zandalinas et al., 2022b). For example, in contrast to ABA being
crucial in regulating heat and drought response (Zandalinas et al., 2016a), jasmonic
acid (JA) is required for Arabidopsis acclimation to combined heat and high light stress
(Balfagon et al., 2019a). Citrus plants subjected to combined heat and drought stress,
accumulated high levels of salicylic acid (SA) compared to the corresponding individual
stresses and controls, while ABA levels surprisingly decreased (Zandalinas et al., 2016b).
Seemingly, this phenomenon is due to the interactions between different hormones
under a specific (combinatorial) stress condition (Suzuki, 2016; Zhang & Sonnewald,
2017). For example, Arabidopsis plants employ SA/JA- dependent signaling during the
sequential stress event of drought followed by pathogen infection, which antagonizes
ABA biosynthesis and signaling pathways during early stages of this stress (Gupta
et al., 2017). Therefore, when considering phytohormones as targets for improving
combinatorial stress tolerance, the interactive effects among different hormones
must also be considered. Furthermore, Arabidopsis mutants deficient in glutathione
exhibit increased susceptibility to combined cold and osmotic stress, with a differential
regulation of transcripts responsive to ABA, ethylene, auxin and brassinosteroids (BRs)
(Kumar et al., 2015). These findings indicate potential crosstalk between hormonal
regulation and antioxidative response in combinatorial- stress acclimation. Notably,
studies investigating the functions of specific hormones, such as ethylene, auxin, or
gibberellic acid, in plant response to combinatorial stresses remain scarce and warrant
further exploration.

Thesis outline

In this thesis, we followed an integrated experimental approach to uncover
physiological and molecular mechanisms underlying Arabidopsis responses to
simultaneously or sequentially applied sublethal combinatorial stresses (Figure 1.1).
We focus on i) combined high temperature and drought and ii) flooding followed by
drought, both of which are relevant in nature and in an agricultural context and have
already - and will further - increase in frequency due to climate change.



In Chapter 2, we characterized and compared the effects of these combined
and sequential stresses, and the corresponding individual stresses, on a suite of
morphological, developmental, and physiological traits. Our results show that
combinatorial stresses mostly elicited additive effects on plant growth, development
and physiological responses compared to the (corresponding) isolated stresses.
Moreover, based on the most responsive traits (i.e., chlorophyll change, leaf initiation,
and days to wilting) of the plant under combinatorial stress conditions, we established
a suitable multi-stress experimental setup as a basis for investigating the molecular
mechanisms underlying the observed phenotypic changes in the subsequent chapters.

To probe the molecular basis of plant resilience to combinatorial abiotic stresses, a
comparative mRNA sequencing (RNA-seq) approach was employed in Chapter 3.
This allowed us to characterize and compare the transcriptome responses of young
Arabidopsis leaves during the subjection to combined or sequential stresses and
their corresponding individual stresses. Surprisingly, the analysis of the RNA-seq
experiments uncovered the presence of an uncharacterized comovirus in our plants
that we named Arabidopsis Latent Virus 1 (ArLV1) (Verhoeven et al., 2023). The presence
of this virus did not affect the Arabidopsis transcriptome and did not trigger obvious
phenotypes under control or under our mild stress conditions.

The transcriptomic profiling of the remaining Arabidopsis-specific reads revealed
that combinatorial stresses triggered a profound transcriptome reconfiguration that
was distinct from either of the stresses applied individually. Furthermore, the RNA-
seq analyses identified several key molecular processes, including plastid-to-nucleus
communication (retrograde signaling) and ABA signaling, and potential candidate
genes that likely contribute to the acclimation of Arabidopsis to combined and
sequential abiotic stresses.

Using a genetic approach by testing mutants, in Chapter 4 we uncovered and
confirmed effects of several identified candidate genes (chapter 3) on plant growth,
development and wilting under combined or sequential stresses. We were able to
identify and confirm both positive and negative modulators of the typical phenotypic
traits contributing to whole-plant responsiveness to sublethal combinatorial stresses.
Of note, EARLY FLOWERING 6 (ELF6) and ARABIDOPSISDOPSIS TOXICOS EN LEVADURA
80 (ATL80), together with the phytohormone ABA, were identified as master regulators
contributing to the acclimation of combined and/or sequential abiotic stresses.

The transcriptome analysis also pointed towards a potential involvement of chloroplast-
associated genes in mediating responsiveness to high temperature stresses imposed

inisolation or in combination with drought. In Chapter 5, we deciphered in detail the
role of GOLDEN2-LIKE 2 (GLK2), a transcription factor responsible for the expression of
photosynthesis-associated nuclear genes (PhANGs) and chloroplast development, in
thermal responses. We show that GLK?2 is stabilized under high temperature conditions
and suppresses typical Arabidopsis thermomorphogenic responses such as petiole and
hypocotyl elongation. This occurred independent of the well-characterized GENOMES
UNCOUPLED 1 (GUN1)-mediated retrograde signaling pathway. Although not fully
understood, the findings connect chloroplast function to thermomorphogenesis add
a new layer to the current understanding of plant high temperature responsiveness.

Altogether, the results of the integrated approach described in this thesis (Figure 1.1)
provide a comprehensive understanding of plant response to sublethal combinatorial
stresses at the developmental, morphological, physiological and molecular genetic
levels. In Chapter 6, the main findings are discussed together with the limitations
of this study, and we provide an outlook on future research on combinatorial stress
resilience.
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Figure 1.1 Schematic representation of the experimental approach described in this thesis.
Arabidopsis thaliana Col-0 wild-type plants were treated with two types of sublethal
combinatorial stresses; i) combined high temperature and drought (HTD) and ii) submergence
followed by drought (PSD), as well as with their corresponding individual stresses (drought (D),
high temperature (HT), submergence (S), (post-)submergence (PS) and control conditions (C).
In-depth phenotyping was performed at different time-points to characterize and compare
the effects of individual and combinatorial abiotic stresses on plant growth, development, and
physiology (Chapter 2). This was informative for the subsequent mRNA-sequencing (RNA-
seq) approach employed to identify key molecular processes and potential candidate genes
involved in the acclimation to combinatorial stresses (Chapter 3). The putative candidate genes
were further validated for their phenotypic effects during the subjection to combinatorial
stresses by testing mutants in these genes (Chapter 4). The outcomes of the RNA-seq analysis
hinted at the involvement of chloroplasts in thermal responsiveness. Therefore, the role of

GOLDEN-LIKE 2 (GLK2), a transcription factor mastering the expression of photosynthesis-
associated nuclear genes (PhANGs) and chloroplast development, in thermorphogenesis, was
investigated (Chapter 5). This comprehensive study at both phenotypic and molecular levels
provides insight into plant resilience to combined or sequential abiotic stresses at a sublethal
severity.
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Abstract

Plants grown in natural or agricultural environments are frequently exposed to abiotic
stress combinations occurring either simultaneously or sequentially. Even though
these stresses rarely occur in isolation, most research on plant stress tolerance has
focused on single environmental stressors imposed at a lethal severity. Plant responses
to sublethal abiotic stress combinations, at both the phenotypic and molecular levels,
can be distinct from the responses to the corresponding single stresses. It is thus
crucial to characterize the mechanisms underlying plant acclimation to combinatorial
sublethal stresses. Here, we carried out a comprehensive phenotypic characterization
at the morphological, developmental, and physiological levels on Arabidopsis thaliana
plants exposed to two distinct combinatorial sublethal abiotic stresses; i) high ambient
temperature in combination with drought and ii) submergence followed by drought,
as well as the corresponding individual stresses.

Our results revealed distinct plant responses under combined stresses. Individually
applied drought stress had very subtle effects. However, when drought was combined
with either prior submergence or high temperature, additive effects were elicited as
reflected by significantly enhanced reductions in plant growth and leaf lengthening,
respectively. Combined or sequential stresses also resulted in distinct physiological
responses compared to the relative single stresses, typically in the context of changes
in chlorophyll content and stomatal conductance. Overall, our work i) highlights
the unique responsiveness elicited by combinatorial stresses at morphological and
physiological levels in comparison with the corresponding individual stresses and
i) presents a suitable multi-stress experimental system as basis for investigating the
relevant molecular mechanisms underlying the observed phenotypic responses in
Chapter 3-4.

Introduction

Climate change has become a significant problem for earth’s inhabitants, increasing
the occurrence of diverse detrimental abiotic stresses such as heat waves, droughts
and flooding (IPCC, 2021; Kreibich et al., 2022; Schiermeier, 2018; Stott, 2016). These
adversities negatively impact the natural environment and crop productivity and
therefore are a threat to food security (Raymond et al., 2020; Zandalinas et al., 2021a).
As sessile organisms, plants in both natural and agro- environments constantly
encounter and respond to all kinds of environmental signals.

In the past decades, acclimation to various abiotic stress signals has been thoroughly
studied in multiple plant species (Wu et al., 2007; Zhu, 2016; Fahad et al., 2017; Lamers
et al., 2020; Zandalinas et al., 2022a). These studies have provided invaluable insight
into the molecular pathways mediating various stress acclimation responses and
their functional significance. However, these studies often mainly focused on single
abiotic stresses that are applied to severe levels and for a short term, with often lethal
consequences for the plant. Abiotic stresses, however, rarely occur in isolation (Mittler,
2006b; Zandalinas & Mittler, 2022) and occurrences of unfavorable ‘stressful’ conditions
often coincide, either simultaneously or sequentially. For example, progressive drought
resulting in soil drying, is frequently accompanied by elevated ambient temperatures
(Lamaoui et al., 2018). Similarly, persistent rainfall often alternates with dry periods,
resulting in a sequential combination of flooding and drought (Miao et al., 2009). Some
studies have highlighted how different scenarios of combinatorial stresses can have
more destructive effects on crop yields than individual stresses (Prasad et al., 2011;
Pandey et al., 2017; Cohen et al., 2021).

In nature, abiotic stresses are often milder (at a sublethal severity) than in experimental
laboratory studies (Bailey-Serres & Colmer, 2014; Van Dooren et al., 2020; Zhang et
al., 2020a; De Smet et al., 2021). Some plant species, such as Arabidopsis thaliana can
be sensitive to even mild environmental changes in the laboratory. Such changes,
for instance, evoked by a small increase in ambient temperature or a shift in light
quality (reduced red and far-red ratio), often affect a multitude of phenotypic traits
simultaneously, resulting for example in leaf elongation, an increase of leaf angle
(hyponasty) and accelerated flowering time (Quint et al., 2016; Pantazopoulou et al.,
2017). These so-called whole-plant acclimation strategies, or ‘trait syndromes’ are
typically regulated by complex molecular networks, especially when multiple stresses
are involved. Importantly, the stresses can have synergistic or antagonistic interactions
during the combinatorial occurrence, and thus the responsiveness cannot be simply
deduced by counting the sum of the responses evoked by the two individual stresses



(Balfagén et al., 2019; Mittler, 2006; Rivero et al., 2022; Rizhsky et al., 2004; Suzuki et
al., 2014; Zandalinas et al., 2020). A typical example highlighting this is the opposing
stomatal responses of plants under high temperature and drought. High temperature
induces stomatal opening to allow leaf cooling through transpiration, while drought
causes plants to reduce the stomatal conductance to prevent unnecessary water loss.
When high temperature and drought occur concurrently, however, the stomata remain
closed (Rizhsky et al., 2004; Mittler & Blumwald, 2010; Zandalinas et al., 2016a, 2016b).

The acclimation strategy fitting a given concurrent stress combination is determined
by various (sometimes limiting) factors, such as plant genotype, developmental age,
and the relative and absolute severity of the two stresses (Zandalinas et al., 2016b;
Zhou et al., 2017; Sinha et al., 2021b; Rivero et al., 2022; Zandalinas & Mittler, 2022). In
conclusion, the acclimation strategy adopted by the plant in response to a concurrent
or simultaneous stress combination can possibly be a blend or additional effect of
either of the acclimation strategies to individual stresses, or a unique response, not
matching either of the individual stress outputs (Prasch & Sonnewald, 2015; Choudhury
etal., 2017; Zhang & Sonnewald, 2017).

Several factors are considered crucial in determining the effect size of a given
sequential stress, such as the severity and duration of stresses (Zandalinas et al., 2021a).
Additionally, the sequence in which the two stressors are applied plays a pivotal role
in determining the responsiveness to a sequential stress (Banti et al., 2008; Kong &
Henry, 2016). When confronted with a sequential combinatorial stress, the exposure
to the first stress (if non-lethal) can in some cases enhance the acclimation to the
second stress, which is termed ‘cross acclimation’ (Bowler & Fluhr, 2000; Cakirlar et
al., 2008; Kong & Henry, 2019). This phenomenon often involves many coordinated
signal transduction pathways and hormonal changes triggered by both stressors
(Hossain et al.,, 2018; Anwar et al., 2021a; Rossatto et al., 2023). For example, soil salinity
pretreatment can alleviate the subsequent low-temperature damage in tomato
plants, as salt stress-triggered signal cascades can activate downstream overlapping
transduction pathways (e.g., reactive oxygen species (ROS), abscisic acid (ABA) and
low-temperature signaling) that enhance photosynthetic acclimation under low-
temperatures (Liu & Li, 2022).

In another example, the growth ratio and biomass accumulation of three tree species
(Annona glabra, Acer rubrum and Bursera simaruba) at the seedling stage under
sequentially applied flooding and drought, appear to differ depending on the order
in which the two stresses are applied. If the stress sequence of flooding and drought
was reversed, the response changed as well (Miao et al., 2009).

Despite the highlighted importance of understanding multi-stress acclimation
mechanisms, the topic remains relatively poorly studied (Rivero et al., 2022; Zandalinas
et al., 2020; Zandalinas and Mittler, 2022). Thus, a comprehensive investigation of
plant acclimation to combinatorial sublethal abiotic stresses at the morphological,
physiological, functional, and molecular levels is needed. This will be essential for
meeting the long-term goal of breeding broad-spectrum stress resilience in crops
suffering from climate change.

Here, to identify and characterize phenotypic traits underlying plant responses to
simultaneous and sequential sublethal abiotic stresses, we exposed Arabidopsis
plants to i) combined high ambient temperature and drought (HTD) and ii) prolonged
submergence (in the light) followed by drought (PSD), and the corresponding individual
stresses. Both of these combinatorial stresses are relevant and occur frequently in
natural and agro- environments (Mittler, 2006b; Miao et al., 2009). For a series of
timepoints that correlated to the soil water loss and physiological changes under
individual and combinatorial stresses, plant growth, development and physiological
responses were assessed at both the whole-plant and leaf levels.

Our data demonstrated that Arabidopsis plants subjected to combined and sequential
sublethal stresses elicit distinct responses at the morphological and physiological
levels compared to corresponding isolated stresses in a leaf age-dependent manner.
Furthermore, these unique responses caused by combinatorial stresses are likely
due to the negative interactions between the two stressors during the combination
scenarios. In this chapter we establish the ‘optimal’ time-points, based on the
physiological responses of plants under multiple sublethal abiotic stresses, for the
in-depth transcriptomic analysis in Chapter 3, where we characterize and compare the
molecular changes underlying the observed responses to single and combinatorial
stresses.

Results

Combined abiotic stress impedes new leaf formation and accelerates
wilting

To study the effect of single and combined abiotic stresses on plant growth, Arabidopsis
Columbia-0 (Col-0) plants were subjected to two different stress combinations when
they reached the 10-leaf stage (LS10; i.e., having 10 true leaves): i) high ambient
temperature (27 °C day and night) + progressive drought (HTD) and ii) submergence,
followed by progressive drought (PSD) after de-submergence (post-submergence
phase) at 21 °C (Figure 2.1). Plants were also subjected to control conditions (C; at 21 °C



day and night) and corresponding single stresses: high temperature (HT; 27 °C day and
night), submergence (S) in the light (submergence during day and night), whereafter
plants were well-watered during the post-submergence phase (PS). Drought (D) was
imposed in a progressive manner by withholding watering. After 5 days, the average
soil water content (%SWC) dropped to 50-65%, of field water capacity (= 100%
saturation), and thereafter to 30-40% after 10 days (Figures S2.1A and S2.1B). Long-
term progressive drought eventually results in wilting (Harb et al., 2010; Zhao et al.,
2016¢; Malefo et al., 2020). In our experimental system, plants subjected to HTD and
PSD displayed earlier wilting than in D alone (Figures 2.2A-C).
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Figure 2.1: Overview of the experimental setup for imposing combined and sequential
sublethal abiotic stresses, their single applications, and controls.

2-leaf stage (LS2) Arabidopsis Col-0 plants were pre-grown at 21 °C or 27 °C (day and night)
until they reached the 10-leaf stage (LS10). Subsequently, the plants were subjected to either
high ambient temperature in well-watered conditions (27 °C; HT), to progressive drought at 21
°C (D), or progressive drought at high ambient temperature (27 °C; HTD). For the submergence
treatment, 10-leaf stage plants were subjected to complete submergence at 21 °C for 5 days in
the light and thereafter experienced post-submergence recovery under either well-watered
conditions (PS), or under progressive drought (PSD). Control plants are indicated with a Cand
were well watered and kept at 21 °C. Note that the colour codes used to depict each of the
treatments are also used in subsequent figures in this chapter and rest of the thesis.

The daily change in leaf number (i.e,, daily leaf initiation) was recorded throughout
the experiments until drought-treated plants (D, HTD and PSD) showed symptoms
of wilting (Figure 2.2D-E). This parameter indicates the ability of the shoot apical

meristem to generate new leaves and is a marker for plant viability (Cleland, 2001).
Plants exposed to HT showed initially a comparable leaf initiation rate as plants in C
conditions, but leaf formation was steadily delayed ~9 days after the treatment started,
while during submergence (S) plants had 2-3 leaves less compared to plants grown
at Calready after 5 days. During PS, plant leaf initiation resumed to rates comparable
to plants grown at C. D had a relatively subtle effect on new leaf formation, especially
during the first 10 days. However, plants subjected to combined stresses (HTD and
PSD) produced fewer new leaves than those subjected to the corresponding single
stresses. Overall, these results suggest that stresses, and especially when combined,
hinder leaf formation and accelerate wilting.
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Figure 2.2: Effect of combined and sequential sublethal stresses on leaf initiation and
wilting.

(A) Representative images showing Arabidopsis Col-0 rosettes at the wilting stage (right
column; non-turgid) after individually applied progressive drought and the relative controls
(left column; turgid non-wilted plants) at control temperature (21 °C, Cand D, upper row), high
temperature (27 °C) combined with drought (HT and HTD, middle row) and post submergence
followed by drought (PS and PSD, bottom row). (B, C) Number of days until wilting was
observed in plants subjected to (B) drought at control temperature (21 °C; D) and at high
ambient temperature (27 °C; HTD) and (C) drought at control temperature (21°C; D) and post-
submergence followed by drought (PSD). Days were counted after water was withdrawn. (B)
n= 8-10. (C) n= 8-9. Boxes indicate boundaries of the second and third quartiles (Q) of the data
distribution. Black horizontal bars indicate median and whiskers Q1 and Q4 values within 1.5
times the interquartile range. Numbers above the bars indicate p values (unpaired t-test). (D, E)
Leaf number of plants exposed to combined high temperature and drought (D) (HTD; pink) or
post-submergence followed by drought (E) (PSD; blue), and the associated single stresses (HT,
HTD, D, PS, PSD) and controls (C). Error bars indicate means + SEM, (D) n=6-18. (E) n = 5-33. The
dashed vertical line in panel (D) indicates the moment plants were de-submerged. For color
codes and abbreviations see legend figure 2.1.

Increase in leaf chlorophyll content imposed by drought is age-
dependent

Chlorophyll content is considered a marker of early stress responses as it is often
affected by adverse environmental conditions (Mecey et al., 2011; Neelam; Yang, 2013,

2013; Qi et al., 2021; Suzuki et al., 2016). Previous studies suggested that chlorophyll
changes in leaves caused by abiotic stresses are age-dependent (Yeung et al., 2018;
Kanojia et al., 2021; Rankenberg et al., 2021). To investigate the chlorophyll dynamics
under single and combined stresses, and especially to detect effects of early drought
responsiveness, we first classified all true leaves (thus excluding cotyledons) of 10
leaf-stage (LS10) plants into three categories based on their developmental stages:
the three oldest leaves (old; 1-3), three intermediate leaves (4-6) and the most recently
formed four leaves (young; 7-10) (Figure 2.3A).

Chlorophyll content was measured daily throughout the experiment of the three
differentially aged groups until the leaves started to wilt. We observed that plants
subjected to HT, S and PS had reduced chlorophyll content compared to those
subjected to C conditions independent of leaf age (Figures 2.3B-C). However, drought-
treated plants at control temperature (D) or during de-submergence (PSD) showed
increased chlorophyll content compared to the relative controls (C and PS). This
increase in chlorophyll content in drought-treated plants was confirmed by separate
experiments where chlorophyll content of the same young leaves was measured using
two different methods: a chlorophyll meter-based non-destructive measurement and
a destructive biochemical assay (Figures S2.2A and 2.2B). Of note, the drought-induced
chlorophyll accumulation was detectable at ~5 days (measured by the chlorophyll-
meter assay, but the induction was not significant when measured by the biochemical
assay), except for HTD, where the increase was only visible after day 9. We then decided
to take 0, 5, 10 and 15 (only for C and D in comparison with PS and PSD) days after
the stress initiations as the sampling timepoints for the following experiments in this
chapter (Figure 2.4).
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Figure 2.3: Chlorophyll dynamics in response to stresses are leaf-age dependent.

(A) Representative image of a 10-leaf stage (LS10) Col-0 plant on Jiffy coco pellet growth
substrate, with young, intermediate, and old leaves indicated. Associated leaf numbers are
counted starting from the first true leaves (thus excluding the cotyledons). (B, C) Chlorophyll
content of young (upper row), intermediate (middle row), and old leaves (lower row) exposed
to high temperature & drought (HTD) (B) or post-submergence & drought (PSD) (C), as well
as the associated single stresses (HT, PS, D). Error bars indicate means = SEM, (A) n=4-9. (B)
n=5-33. The dashed vertical line in panel (C) indicates the moment plants were de-submerged.
For color codes and abbreviations see legend figure 2.1.

During this project a required renewal of our Utrecht University phytotron growth
facility and accompanying switch from fluorescence tube lighting to LEDs took place.
All follow-up experiments in this chapter, and those in chapters 3, 4 and 5, were
performed in renovated LED climate rooms. Although conditions remained in theory
identical (except for a change in the light spectrum and intensity), we revalidated
our experimental system. We repeated the following experiments: i) quantification
of progressive soil water loss; ii) wilting timepoint; and iii) chlorophyll measurements
on young leaves and compared the data with those generated in the old fluorescent
light growth chambers.

In the new LED-growth chambers, the rate of soil water loss under drought was similar
to that measured in the old phytotron chambers (compare Figure S2.3A with S2.1A
and S2.1B). Despite this, regardless of the combination with HT or S, drought-treated
plants (D, HTD and PSD) wilted several days earlier than those in the old fluorescent
light chambers (Figure S2.3B compared to 2.2B and 2.2C). However, the differences
between D, HTD and PSD remained significant. Accordingly, the %SWC at the point
of wilting was significantly higher under PSD than under D and HTD, but there were
no significant differences in terms of wilting point %SWC between D and HTD (Figure
S2.3Q). Possibly, this early wilting can be attributed to changes in air circulation rates
inside the chambers.

Finally, we validated if the observed increase in chlorophyll content in drought-treated
plants (Figure 2.3B-C) was consistent in the new chambers. Indeed, after a 5-day
drought (D) treatment, chlorophyll content of young leaves was higher compared
with control (well-watered) plants (Figure S2.3D-E), confirming our earlier findings.
Additionally, the average chlorophyll content measured in the new chambers positively
correlated (Figure S2.3, tables) with the data obtained in the growth chambers
equipped with fluorescent tubes. Thus, we conclude that in general our data was
reproducible regardless of whether fluorescent tubes or LEDs chambers were used.
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Figure 2.4: Experimental scheme for phenotypic effect studies.

Harvest moments and measurements were typically conducted at 0, 5, 10 and 15 (C and D)
days after the drought (D, HTD and PSD) started (indicated by red dots), with average %SWC
of 100%, 50-65%, 30-40% and ~20% respectively (Figures S2.1 and 2.3A). For C, HT and PS the
%SWC were maintained at the saturated level (95%-100%) across all timepoints. Comparisons
were carried out within the same timepoints (as indicated by the numbers). For color codes
and abbreviations see legend figure 2.1.

High temperature and drought combination elicits distinct effects

on plant growth, development, and physiology than when applied in
isolation.

To further characterize the responses to HT, D and their combination (HTD), various
phenotypic and physiological traits were measured on LS10 rosette plants at 0, 5, and
10 days (Figures 2.5, 2.6 and S2.4). Under control conditions (C), rosette growth was
reflected in an increase in total leaf area, petiole and blade length, biomass (dry weight)
and below ground by root growth (Figure 2.5A-G). D did not hamper the increase in
total leaf area and petiole length, but it did have a small, but significant, effect on blade
length increase after 10 days (Figures 2.5B-D and S2.4C). Plants grown in HT showed a
typical ‘open-architecture’ phenotype referred to as “thermomorphogenesis” (Quint
etal, 2016). This included a larger total leaf area, and more elongated and hyponastic
leaves compared to plants grown at 21 °C (Figure 2.5A-E). When plants were subjected
to HTD, the hyponastic growth was similar to HT, whereas hyponastic growth at C
was similar to D, indicating that drought does not affect the leaf angle (Figure 2.5E).
Moreover, plants treated with the HTD formed smaller rosettes and shorter petioles

and leaf blades in comparison with plants exposed to single HT stress, but rosette
sizes, petiole length and leaf blade length under HTD exceeded the values observed
under D (Figures 2.5B-D, 52.4). Together, this indicates that during the subjection to
HTD, the single D and HT stresses interact resulting in intermediate trait values. Plants
grown in HT or D did not differ in dry weight compared to plants in C (Figure 2.5F).
However, the HTD combination caused significant dry-weight reduction after 10 days
compared to HT, but not to C.

Under water-limiting conditions, plants can elongate their roots to enhance water
uptake (Waidmann et al.,, 2020; Kang et al., 2022; Yang et al., 2022b). This was confirmed
by our results, as our drought-treated plants (D and HTD) generated longer primary
roots than non-droughted plants (C and HT) (Figure 2.5G). Interestingly, HT caused
an increase in primary root length 5 days after treatment began, but not after 10
days (Figure 2.5G). HT in combination with D (HTD) elicited the strongest increase in
primary root length, suggesting D and HT are additive in the context of root growth.
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Figure 2.5: Effects of combined sublethal stresses; high ambient temperature and drought and the corresponding single stresses on various

phenotypic traits.

(A) Representative images of whole rosettes on Jiffy coco pellet growth substrate, subjected to single and combined stresses at 0, 5, and 10 days,

counted from the moment that the treatments started. (B) Total leaf area of the whole rosette. n

(D) of young leaves. n

dry weight.n

14-20. (C, D) Average length of petiole (C) and blade

14-21. (F) Rosette

15-21. (E) Average angles of the 2 most hyponastic leaves of individual plants, relative to the horizontal. n

14-21. (B-G) Error bars indicate means + SEM. Letters denote significant differences between different

treatments at the same time points (p < 0.05, 2-way ANOVA with Tukey’s Post-hoc test). For color codes and abbreviations see legend figure 2.1.

15-18. (G) Primary root length. n=

Plants encounter cellular water stress when soil water declines during drought and this
is closely linked with regulation of stomatal opening (Lu et al., 2009; Wahab et al., 2022).
We observed that plants contained relatively more water under high temperature
conditions (HT and HTD) than at control temperatures (C and D) (Figure 2.6A). However,
stomatal conductance of plants in Cand HT was not significantly different, whereas C
and HTD did differ significantly, with HTD having lower stomatal conductance (Figure
2.6B). D caused, as expected, a reduction in relative water content corresponding with
a significant decline in stomatal conductance compared to C (Figure 2.6B).

It is well-documented that leaf surface temperature increases as a consequence of
stomatal closure (Crawford et al., 2012; Vialet-Chabrand & Lawson, 2020). The imaging
of plants with a high-resolution thermal imaging camera revealed that under D, leaf
temperature significantly increased approximately 10 days after the treatment started
(Figure 2.6C and 2.6D, both left). When treated with HTD, the elevation of leaf surface
temperature happened earlier: from day 8 onwards (Figure 2.6C and 2.6D, both right).
Moreover, temperature discrepancy between control and drought treated plants at
27 °C (HT and HTD) was greater than those at 21 °C (C and D), indicating that the
drought effect on leaf temperature was more pronounced when combined with high
temperature.

Malondialdehyde (MDA) content reflects the extent of lipid peroxidation caused
by ROS production (Morales & Munné-Bosch, 2019). Together with electrolyte (ion)
leakage, they are considered general indicators for cell damage (Nielsen et al., 1997;
Sharma et al., 2012). In general, MDA values declined over development (time), but
values were comparable among the applied stresses and control, except for day 0,
in which plants pre-grown at HT showed significantly lower MDA content than at C
(and D) (Figure 2.6E). This might be because plants were pre-grown in HT, leading
to acclimation to HT, which is reflected by a reduced level of lipid peroxidation and
hence a lower MDA content compared to C. However, the pre-growth at HT caused
enhanced level of ion leakage (Figure 2.6F), suggesting the occurrence of membrane
damage by HT. Furthermore, increased ion leakage in plants grown at high ambient
temperatures (HT and HTD) was strongly tempered by a combination with 10-day
drought (10 days of HTD), while it had no effect when D was applied in isolation, at
least up to 10 days of treatment (Figure 2.6F).
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Figure 2.6: Effects of combined high temperature and drought, the corresponding single
stresses and control conditions on various physiological traits.

(A) Rosette water content relative to the maximal water content that the leaves can hold (100%,
turgid water - dry weight). n=8-11. (B) Stomatal conductance of young leaves at 5 and 10 days
after treatments started. n=5-6. Boxes indicate boundaries of the second and third quartiles
(Q) of the data distribution. Black horizontal bars indicate median and whiskers Q1 and Q4
values within 1.5 times the interquartile range. Asterisks represent significant differences (*p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001, 2-way ANOVA with Tukey’s Post-hoc test). (C)
Dynamic change in leaf surface temperature at 21 °C (C and D, left) and 27 °C (HT and HTD,
right). Lines represent the average leaf temperature as measured every 6 hours (ZT=0, 6, 12,
and 18 h). n = 3. Asterisks represent significant differences between measured leaf temperature
within the same timepoints (p < 0.05, One-way ANOVA with Tukey's Post-hoc test). Note that
temperature fluctuates between the photoperiod (peak) and dark period. Data from three
time points (ZT =18 hon day 11 and ZT =0and 6 h on day 12 in 21 °C) were not recorded due
to camera failure. (D) Representative thermal images of plants at 21 °C (C and D-treated, left)
and 27 °C (HT-treated and HTD-treated, right) 10 days after the treatments started. (E) Rosette
Malondialdehyde (MDA) content. n = 5-10. (F) Rosette ion leakage relative to the maximal
electrolyte conductivity (100%). n=6. (A, E, F) Error bars indicate means + SEM. Letters denote
significant differences between different treatments within the same time points (p < 0.05,
2-way ANOVA with Tukey’s Post-hoc test). For color codes and abbreviations see legend figure
2.1.

Effects of submergence on plant growth, development and physiology
are exaggerated when followed by drought

To unravel the effects of sequential flooding and drought stress (PSD) compared to D
and PS applied in isolation, as well as C, we examined the phenotypic and physiological
traits of plants subjected to these stress treatments for 0, 5, 10, and 15 days (Figures
2.7,2.8,52.5,52.6 and S2.7). Five days of complete submergence in the light (S) was
already sufficient to severely inhibit rosette growth, indicated by a smaller total leaf
area and shorter leaves (both petiole and blade length) compared to non-submerged
plants (C and D) (Figures 2.7A-D, 52.5). During the post-submergence phase (PS and
PSD), plants could recover if irrigation was applied (PS), as indicated by the similarity
between slopes of the curves over time between PS and C when the time window
of 5 days (moments plants were taken out of the water) up to 15 days is considered
(Figures 2.7, 52.6).

Drought had a significant impact on young leaf expansion (inhibiting length of the
petiole and blade) if it lasted for 10 or 15 days (Figures 2.7B-D, S2.6A-C). Under PSD,
this inhibition was enhanced. As expected, leaf angle strongly increased during
submergence (hyponastic growth) but was restored to pre-submergence levels a
few days after submergence (Figure 2.7E). Like in the HT experiments, D had again no
influence on plant hyponasty even if the drought period was either extended to 15
days or in combination with prior submergence (Figures 2.7E and 52.6D).
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Effects of sequential submergence and drought stress on various phenotypic traits.
(A) Representative images of whole rosettes on Jiffy coco pellet growth substrate subjected to single and sequential stresses at 0, 5, 10 and 15 days,

Figure 2.7

15-20. (C, D) Average length of the petiole (C) and blade (D) of young leaves.

after the treatments started. (B) Total leaf area of the whole rosette. n

15-18.

14-21. (F) Rosette dry weight. n

14-21. (B-G) Error bars indicate means + SEM. Letters denote significant differences between different treatments at the

same time points (p < 0.05, 2-way ANOVA with Tukey’s Post-hoc test). The dashed vertical lines indicate the moment plants were de-submerged. For

color codes and abbreviations see legend figure 2.1.

15-21. (E) Average angles of the 2 most hyponastic leaves of individual plants, relative to the horizontal. n

(G) Primary root length. n

n=

Corresponding to the leaf traits mentioned above, submerged plants had a
considerably decreased rosette dry weight compared to non-submerged plants
(Figures 2.7F and S2.6E). Five days of D treatment barely affected dry weight
accumulation, but a 10- and 15-day D treatment did have a significant negative
effect on dry weight, compared to the control. PSD resulted in the lowest dry weight
accumulation compared to submergence alone (Figures 2.7F and S2.6E).

Submergence and drought can have a contrasting effect on primary root elongation
(Takenaka et al., 2018; Kang et al., 2022). Our results showed that submergence
significantly restricted the lengthening of primary roots, whereas drought could
promote root elongation (Figures 2.7G and S2.6F). Interestingly, root elongation was
enhanced under PSD.

Drought had a significant negative effect on the relative water content after 15 days,
but not 10 days, compared to the control (C) (Figure 2.8A). However, if prior submerged,
10-day drought treatment (PSD) already elicited a significant decrease in relative water
content (Figure S2.7A). This is consistent with the results of leaf stomatal conductance,
where the conductance under D and PSD were relatively low and comparable after
15 days (Figures 2.8B, S2.7B), while after submergence rosette relative water content
was restored to a level similar to non-submerged plants, if well-watered during the
de-submergence phase (PS).
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Figure 2.8: Effects of submergence followed by recovery under drought or well-watered
conditions, drought in isolation and control conditions on various physiological traits.
(A) Rosette water content relative to the maximal water content that the leaves can hold (100%,
turgid water - dry weight). n=15-16. (B) Stomatal conductance of young leaves at 5 and 10 days
after treatments started. n=5-6. Boxes indicate boundaries of the second and third quartiles (Q)
of the data distribution. Black horizontal bars indicate median and whiskers Q1 and Q4 values
within 1.5 times the interquartile range. Asterisks represent significant differences between
measured leaves within the same timepoints (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001,
2-way ANOVA with Tukey’s Post-hoc test). (C) Dynamic changes in leaf surface temperature
of plants with (PS & PSD, right) and without (C & D, left) pre-submergence treatment. Lines
represent the average leaf temperature measured every 6 hours (ZT =0, 6, 12,and 18 h).n = 3.
Asterisks represent significant differences between measured leaf temperature within the
same timepoints (p < 0.05, One-way ANOVA with Tukey’s Post-hoc test). Note that temperature
fluctuates between the photoperiod (peak) and dark period. Data from three time points
(ZT=18 honday 11 and ZT =0 h and 6 on day 12 in 21 °C) were not recorded due to the
camera failure. (D) Representative thermal images of plants in absence of prior submergence
subjected to control and drought treatments for 15 days (C and D, left), or in present of prior
submergence followed by either well-watered condition or drought for 10 days (PS and PSD,
right). (E) Rosette malondialdehyde (MDA) content. n = 5-10. (F) Rosette ion leakage relative
to the maximal electrolyte conductivity (100%). n=6. (A, E, F) Error bars indicate means + SEM.
Letters denote significant differences between different treatments within the same time points
(p < 0.05, 2-way ANOVA with Tukey’s Post-hoc test). For color codes and abbreviations see
legend figure 2.1. The dashed vertical lines indicate the moment plants were de-submerged.

We next investigated if submergence treatment affected the drought-induced
temperature increase of the leaf surface (Figures 2.8C-D). We observed that leaf

temperature significantly increased after a 9-day drought treatment in the de-
submergence phase (PSD), which is 1 day earlier compared with the lack of prior
submergence (D) (Figure 2.8C). Furthermore, temperature differences between
submerged groups (PS and PSD) were similar to those between non-submerged
groups (Cand D).

Finally, we assessed MDA content and ion leakage. Drought significantly increased
MDA accumulation, especially when it was combined with prior submergence (PSD)
(Figures 2.8E, S2.7C). While 5- or 10- day D triggered no significant changes in MDA
accumulation, the MDA content was significantly higher under D compared to C or PS
if the drought treatment (D) lasted for 15 days (Figures 2.8E, S2.7C). However, no clear
effect of PSD, D or PS was observed on ion leakage (Figures 2.8F, S2.7D).

Discussion

Plants are frequently subjected to combinations of sublethal abiotic stresses in both
natural environments and agricultural fields. These stress combinations often elicit
unique responses at the developmental, morphological, phenological, physiological
and molecular levels, when compared to the stress occurring in isolation (Mittler,
2006b; Suzuki et al., 2014). Here, we performed a comprehensive characterization of
Arabidopsis responses to combinatorial sublethal abiotic stresses of high temperature,
drought (HT, D, HTD) and submergence and drought (S, PS, D, PSD).

It is known that the co-occurrence of abiotic stresses can cause synergistic,
antagonistic, or additive effects, depending on the interactions between individual
stressors (Zandalinas & Mittler, 2022). In our study, plants exposed to HTD or PSD
had, for instance, lower leaf initiation rates than plants exposed to the respective
single stresses (Figures 2.2D-E), implying that combined stresses had additive negative
impact on plant growth. Our findings showed that the average time to wilting was
approximately 20 days after the withdrawal of water (Figures 2.2B-C). However, both
a 5-day prior submergence (PSD) treatment or the presence of elevated temperature
(HTD) significantly accelerated wilting time. These findings thus suggest that under
combined stress conditions (HTD and PSD), HT and D, as well as PS and D, interacted
additively rather than synergistically or antagonistically (meaning combined effects
of multiple stressors are respectively equal or less than the summation of individual
stressors) in the context of rosette plant growth.

By assessing the changes in chlorophyll content of differently aged leaves under
multiple abiotic stresses (Figures 2.3B-C), we uncovered distinct physiological



responses provoked by combined stresses compared to the individual stresses, which
appeared to be leaf-age dependent. In line with previous studies (Winkel et al., 2014;
Hussain et al., 2019; Kim et al., 2020; Zhuang et al., 2020), where plants experienced
chlorophyll deprivation under abiotic stresses such as high temperature, drought, or
submergence, we here showed chlorophyll deprivation caused by HT and S in all leaf
stages compared to controls (Figures 2.3 B-C). Drought-induced chlorophyll changes
were more pronounced in young and intermediate leaves compared to old leaves
(Figures 2.3, S2.2 and S2.3). This is consistent with previous findings (Berens et al.,
2019; Bui et al., 2020) showing that juvenile tissues are in general more responsive to
environmental stresses than mature tissues.

Interestingly, drought promoted rather than impeded chlorophyll accumulation
in young and intermediate leaves in our experiments (Figures 2.3 B-C), contrasting
with some previously reported findings (Zhang et al., 2020; Zhuang et al., 2020),
in which chlorophyll content of drought-exposed plants drastically declined. This
drought-induced chlorophyll increase is most likely a synchronistic genotype- and
age-dependent response, which has been previously demonstrated (Zhou et al.,
2017). Zhou et al. showed that under drought treatment, the chlorophyll content of
drought-tolerant tomato cultivars kept increasing. In another study, drought-treated
tobacco plants displayed a high chlorophyll content in the upper (young) leaves but
not in the lower (old) leaves (Mackova et al., 2013). The maintained high chlorophyll
content under a given stress is considered a protection mechanism to protect leaves
from harsh stresses (Mackova et al., 2013; Nankishore & Farrell, 2016). The increased
chlorophyll content in young leaves could be an acclimation strategy to cope with
drought. Additionally, drought in combination with high temperature, but not when
combined with prior submergence, drastically delayed drought-induced chlorophyll
increase, suggesting a more predominant role of HT under HTD than PS has under
PSD in affecting the physiological responses to drought.

High temperature has a predominant effect on plant development and

physiological responses over drought when occurring simultaneously.

In general, the responsiveness to a given (combinatorial) stress is highly dependent on
the severity and duration of individual stresses and the order of events (Anwar et al.,
2021a). The in-depth morphological characterization of plants subjected to D, HT and
HTD demonstrated that under HTD conditions the effect of HT on plant rosette growth
and leaf development (i.e., leaf elongation and hyponasty), prevails over that of D (i.e.,
reduced leaf size and shoot biomass) (Figures 2.5B- F S2.4B-D). Interestingly, despite
the mild effect imposed by D on these phenotypic traits, a significantly enhanced
drought effect was observed under HTD relative to HT, confirming that HT adds to

the negative effect of D on plant growth and development when the two stressors
are combined. This prevailing effect of HT over D under HTD may be due to the pre-
exposure of HT before D was applied, as one prior applied stress is able to ameliorate
the impact of the subsequent one during the combination treatment (Guo et al., 2021).
In contrast to our findings, some researchers highlighted the predominant effect of
drought over heat on plant growth and development when these two stressors are
applied concurrently (Zhou et al., 2017). However, high ambient temperature used
in our study was merely 27 °C (See; Chapter 2, Materials and Methods), which is not
considered heat stress (Praat et al., 2021; Zhu et al., 2022a).

In contrast to the negative effect of HTD on plant shoot growth, primary root
lengthening was significantly enhanced under HTD compared to that under HT
or D (Figure 2.5G). This reveals the existence of additive interactions between HT
and D in affecting plant belowground development during HTD. In response to
high temperature, the primary root growth of Arabidopsis is largely promoted by
increasing cell division rates in the root apical meristem through the de novo auxin
biosynthesis and polar auxin transport (Ai et al., 2023). When drought occurs, plants
stimulate root elongation to improve water capture in deeper soil (Markhart, 1985),
which is accomplished by re-allocating resources from shoot to root (Reinelt et al.,
2023). This resource allocation is likely stress-dose dependent (Agathokleous et al.,
2019) and governed by ABA (Chen et al., 2021b). In this case, HTD-promoted primary
root lengthening may indicate an additional effect caused by both auxin and ABA,
eventually leading to more dry mass allocation from shoot to root, which could be
partially reflected by the reduced shoot dry weight under HTD compared to individual
HT. However, to better elucidate the shoot-to-root resource allocation, including its
hormonal regulations, additional measurements such as root biomass, root/shoot
ratio and/or endogenous ABA concentration, should be performed in future work.

By induction of thermomorphogenic phenotypes, as described in this chapter
(Figures 2.5 and S2.4), the plant is thought to enhance leaf cooling capacity through
transpiration, which thus should reasonably result in increased water loss compared to
control temperature-grown plants (Crawford et al., 2012; Bueno et al., 2019). However,
we found on the contrary that plants under HT maintained a higher relative water
content and comparable stomatal conductance compared to C (Figure 2.6A-B). One
possible explanation for this apparent discrepancy is that water was not limiting in our
HT conditions or that plant developmental adaptations to high ambient temperature
promote water conservation by generating lower stomatal densities than at normal
temperatures (Crawford et al., 2012). Since measurements of stomatal index were not
included in our present study, future work should elucidate whether stomatal density



is indeed affected by our mild high temperature conditions. However, drought (D) led,
as expected, to stomatal closure already at 5 days after stopping watering (Figure 2.6B).
This suggests an early drought response by - or that affects the stomata, which is in
accordance with the notion that stomatal closure is among the first responses to occur
under drought (Bechtold et al., 2016; Pirasteh-Anosheh et al., 2016). It is also in line with
our previous finding that 5-days of D is sufficient to trigger some early physiological
responses such as changes in chlorophyll content (Figure 2.3B). Furthermore, in
comparison to the respective individual-stress controls, plants exposed to HTD
displayed stronger decreases in stomatal conductance and relative water content,
as well as accelerated leaf temperature increase (Figure 2.6 A-D), implying a distinct
physiological response elicited by the combined stress compared to the relative single
stresses. Because the stomatal density and the closure under drought are fine-tuned
by multiple signal molecules such as reactive oxygen species (ROS), calcium (Ca*) and
ABA (Liu et al., 2022b), plants under HTD might employ unique response signatures
at the molecular level.

Sublethal abiotic stresses as used in this study barely caused lipid peroxidation, as
indicated by MDA levels in D, HT and HTD compared to C (Figure 2.6E). HT, on the
other hand, resulted in a significant increase in ion leakage, which was later tempered
by D (Figure 2.6F). Similar findings were described in a study on drought and heat
responses in Eucalyptus globulus (Correia et al., 2018), although in this paper a
prolonged drought was applied prior to heat, resulting in enhanced osmoprotection
during the stress combination period. We therefore hypothesize that in our study
the prolonged exposure of plants to HT prior to D might elicit osmotic protections to
minimize membrane damage during HTD.

Prior submergence in the light alters the subsequential drought effect
on plant growth, development, and physiology.

When submerged, plant survival is, in general, higher if there is no light limitation
(Mohanty, 2003; Vashisht et al., 2011). However, submergence under sufficient
illumination can cause hyperoxia (Lee et al., 2011; Vashisht et al., 2011; Pedersen et al.,
2017), which when coupled with o, limitation, can eventually cause photorespiration
that impedes plant development (Sasidharan et al., 2018). Our results revealed that
submergence in the light caused a significant negative impact on plant growth,
including impeded leaf expansion and dry weight accumulation in comparison to
non-submerged plants (C and D) (Figures 2.7B-D, 2.7F and S2.5B-D). However, despite
shoot growth and leaf development being significantly hampered, submergence in
the light (in our study) did not cause lethal phenotypes as reported by previous studies
for submergence in the darkness (Vashisht et al., 2011; Van Veen et al., 2013). This is

mainly due to the fact that during submergence in light, plant photosynthesis is not
damaged as much as submergence in the darkness (Sasidharan et al., 2018). After water
recedes, dark-submerged plants suffer additional damage from re-exposure to light
and excess oxygen, which triggers the production of excessive reactive oxygen species
(ROS) and delayed recovery of plant growth (Yeung et al., 2018; Yuan et al., 2023b).
Light-submerged plants were able to steadily recover if optimal irrigation was applied
following de-submergence (Figures 2.7B-D, 2.7F). However, when plants recovering
from submergence experienced progressive drought (PSD), leaf lengthening, rosette
area increase and dry mass accumulation were significantly inhibited compared to
plants experiencing only drought (Figures 2.7B-D, 2.7F), implying that PSD has a more
stressful effect on plant growth and rosette development than the individual stresses.
Earlier work (Luo et al., 2009) already highlighted the essential role of photosynthetic
acclimation during submergence recovery. Drought, on the other hand, can be a
major impediment to photosynthesis (Cornic, 2000; Chaves et al., 2009). The enhanced
inhibition of growth and development of plants under PSD can thus likely be explained
by hampered photosynthetic acclimation by successively imposed drought during the
post-submergence phase. Additionally, the inhibition of plant shoot growth caused by
PSD aligns well with the notion that a combinatorial stress might elicit a more drastic
impact on plant growth and development than any of the individually-applied stresses
(Shabbir et al., 2022). Furthermore, by comparing the drought effect in the presence
or absence of prior submergence on shoot development traits (Figure S2.6A-E, Table
S2.1), we unraveled that the differences between PS and PSD were greater than those
between C and D after 10 days. This implies that PS exerted a negative and synergic
effect on D in regulating plant growth and development under PSD.

In contrast to drought, which induces continuous primary-root elongation (Markhart,
1985) (Figures 2.5G and 2.7G), prolonged submergence usually arrests root elongation
due to the energy deprivation caused by the dampened respiration (Takenaka et al.,
2018; Mignolli et al., 2021). However, prior light-submergence strikingly promoted
drought-induced primary root elongation (Figure S2.6F) in our experiments, suggesting
an additive interaction between PS and D during PSD in regulating root growth. Similar
to the effect imposed by HTD on root lengthening (Figure 2.5G), plants might adopt
an enhanced shoot-to-root resource allocation strategy when confronted with PSD.
Likely, these enhanced root responses can be due to cross acclimation between PS
and D. Previous research has shown that in response to a given sequential stress, the
prior stressor is able to trigger common signal transducing molecules to improve the
tolerance to the subsequent stressor (Pastori & Foyer, 2002; Mittler, 2006b; Foyer et al.,
2016; Hossain et al., 2016). In our work, a possible regulator of cross acclimation under
PSD is the phytohormone ABA, which has previously been shown to be a key player



in both submergence and drought responses (Sharp & LeNoble, 2002; Benschop et al.,
2005), particularly in regulating root lengthening under drought (Zhang et al., 2022c¢).

10 days of drought caused a decline in water content that was significantly enhanced
when preceded by a 5-day submergence (PSD) (Figure S2.7A). However, the effect of
the sequential stress (PSD) on relative water content is less strong than 15-day drought
(much closer to the drought-triggered wilting time) (Figure 2.8A). Under PSD, plants
exhibited a stronger decrease in stomatal conductance than in PS and D, possibly
to counteract the water loss (Figures 2.8B and S2.7B). These distinct physiological
responses adopted by plants under PSD again suggest that the combinatorial stress
is able to provoke a unique response signature compared to the corresponding
individual stresses, which is consistent with previous studies (Suzuki et al., 2014;
Balfagén et al., 2019a) and the findings we reported of plant responses to combined
high temperature and drought (HTD).

Although both HT and PS interact with D and consequently elicit distinct effects
on plant physiology under the combined stress conditions, HT and PS seemingly
affect the physiological responsiveness to HTD and PSD to different degrees. For
example, when combined with HT, drought-promoted leaf temperature increase
occurred substantially earlier than under individual drought conditions (Figure
2.6C). In contrast, a submergence pre-treatment (S) did not accelerate the drought-
induced leaf temperature elevation (Figure 2.8C). Furthermore, stomatal conductance
decreased drastically 5 days after HTD (Figure 2.6B) but not during 5-day PSD (Figures
2.8B and S2.7B). One possible explanation is that stomata are more susceptible to
high temperature than (post-)submergence, resulting in a more pronounced stomatal
response when combined with drought.

We also demonstrated that the levels of rosette ion leakage were not significantly
affected by individual or sequential stresses (Figures 2.8F and S2.7D), whereas MDA
level in PSD-treated plants was significantly higher compared to relative controls,
including D, at day 15 (Figure 2.8E). MDA level in general reflects the degree of lipid
peroxidation (Sharma et al., 2012). Similar as electrolyte leakage (ion leakage), MDA
is considered a biomarker of plant cell damage (Nielsen et al., 1997; Zhang et al.,
2021c). Here, despite the ion leakage under both individual and sequential stresses
being barely affected (Figure 2.8F), the increased accumulation of MDA under PSD
thus suggests that the sequential stress caused greater damage to the plant than
individual applied stress. This is in accordance with a previous study where alfalfa
seedlings experienced more cell-membrane damage when exposed to combined
abiotic stresses compared to the individual stresses (Bao et al., 2020). Furthermore,

when compared to plants subjected to 10-day D, the greater MDA abundance of plants
subjected to 10-day PSD also implies that the prior submergence likely exacerbates
the detrimental impact imposed by drought (Figure 52.6C). Of note, the MDA level,
in general, was not as abundant as previously reported when confronted with lethal
stresses (Ahmed et al., 2013), which underlines the sublethal nature of our stress
treatments.

In conclusion, the results presented in this chapter document the unique acclimation
responses to sublethal combinatorial stresses in Arabidopsis. Our work establishes
an experimental system for further exploration of molecular mechanisms underlying
characterized phenotypic and physiological responses (See; Chapter 3). Furthermore,
our study can contribute to the establishment of mechanistic models for predicting
trait responsiveness of crops under the given stress conditions. Such investigations of
plant responses to combined sublethal abiotic stresses in the context of plant growth,
development, and physiology, are critical considering the increased co-occurrence of
these stresses in the context of climate change. Collectively, this work has therefore
the potential to contribute to the development of multi-stress resilient crops that
maintain optimal yields in future climate conditions.
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Materials and Methods

Plant materials and growth conditions

Arabidopsis thaliana Col-0 (Col-0; NASC stock center ID: N1092) seeds were sown
on moist potting soil (Primasta BV, Asten, The Netherlands) and stratified at 4 °C in
darkness for 4 days. After stratification, seeds were transferred to a growing chamber
(MD1400; Snijders, The Netherlands) for germination with the following conditions:
8h photoperiod / 16h darkness, 21 °C, 120-150 umol m? s photosynthetically active
radiation (PAR) with fluorescence tube lightening, and 70% relative humidity. After
switching to the LED's lighting system (see result text), the light intensity was increased
to 130-150 pmol m2 s PAR, with other conditions unchanged.



When plants reached the 2 true-leaf stage (LS2), they were individually transplanted to
Jiffy 7c coconut pellet growth substrate (Jiffy Products International BV, Zwijndrecht,
The Netherlands) that were pre-soaked in deionized water and 50 mL Hoagland
solution (Millenaar et al., 2005) to the final saturated weight of 250 + 20 g. The pellets
with transplanted plants were then contained in 9 x 9 cm square pots, to prevent
tumbling over, and placed in trays that were covered by transparent lids. Trays with
plants were kept in the growing chamber with the above-mentioned conditions,
or in another chamber with identical conditions except for a temperature of 27 °C.
One day after the transplantation the lids were removed. Plants were supplied with
additional Hoagland solution on the 2", 5t and 7t day after transplantation. Irrigation
was accomplished by adding water to the trays every 2 days and randomization of
pellets was performed every time plants were watered, to ensure homogeneousness
and correct for confounding positional effects.

Stress treatment

Plants subjected to high-temperature treatments (HT and HTD) were grown at 27 °C
starting from LS2, while plants for all other treatments and controls (C) remained in
the chamber at 21 °C, including during subjection to the stress condition. When the
majority of plants reached the 10 true-leaf stage (LS10), they were divided into two
groups, based on the developmental stages: i) plants with 9 or 10 true leaves and ii)
plants at early 11 true-leaf stage. Plants that did not belong to either of the two groups
were discarded. Plants from each group were equally mixed and randomized and
progressive drought was imposed by withholding watering (D) at 21 °C and combined
high ambient temperature and drought (HTD) in 27 °C. The well-watered counterparts
in the two temperature conditions were control (C) and individual high temperature
treatments (HT). All stress treatments were initiated two hours after the photoperiod
started.

Plants subjected to submergence (PS and PSD) and their non-submerged controls (C)
were pre-grown and treated at 21 °C. One day before the treatments started, plastic
tubs (54 x 27 x 37 cm) were disinfected with a chlorine tablet (Diversey Lnc., Racine,
USA) for at least two hours and thereafter thoroughly rinsed. Then the tubs were
filled with deionized water and left in the growing chamber overnight to equilibrate
the water temperature to the room temperature. Plants were then completely
submerged (S) 2 hours after the photoperiod started for a total of 5 days. After 5 days
the submerged plants were removed from the water and the pellets were covered
from below and the side by absorbent papers for the removal of excess water (not
touching the plants). When the weight of these pellets reached a comparable level as
the weight of well-watered control plants (250 + 20g), they were subjected to either

a regime of regular irrigation, or to progressive drought conditions by withholding
watering. These groups were referred to as post-submergence and recovery (PS) and
post-submergence in combination with drought (PSD), respectively. Non-submerged
control groups (C) and (D) were as treated as indicated above.

Quantification of drought

The percentage of soil water content (%SWC) was used as a proxy for drought (i.e., an
indication of soil drying). %SWC was calculated by the ratio of measured pellet weight
(W) and the saturated pellet weight at field capacity (W, approximately 250 + 20 mg):

%SWC = % X 100%.

In general, after 5-day drought treatment, average %SWC dropped to approximately
50%, whereas after 10 days %SWC reached ~30% (See; Figures S2.1A and S2.1B).

Scoring of leaf number
Leaf number was scored to assess leaf initiation (rate). In short, the number of all visible
leaves, excluding cotyledons, was scored daily after the stress treatments started.

Chlorophyll content measurements

Chlorophyll content was determined both non-destructively and by a destructive
biochemical assay. For the non-destructive assay, a CM-300 Chlorophyll Meter (Opti-
Sciences Inc., Hudson, USA) with a fluorescent detector was used. After calibration,
the detector was placed at 5 mm distance from the leaf for 3 seconds and chlorophyll
content per square meter (mg / m?) was automatically calculated based on the
fluorescent intensity.

For biochemical detection of chlorophyll content, leaves were detached and placed in
a 1.5 mL Eppendorf tube. TmL 96% DMSO was added for the extraction of chlorophyll.
Tubes were then incubated in the dark on a shaking incubator at 65 °C for 30 minutes
and cooled down for 30 minutes in the dark to room temperature. For each sample,
250 uL of the extracts was pipetted into a 96-well microplate and the absorption at the
wavelengths of 664 nm, 647 nm, and 750 nm was determined by a spectrophotometer
plate reader (Synergy HT Multi-Detection Microplate Reader; BioTek Instruments
Inc., USA). The remaining plant tissue (deprived of chlorophyll) was dried in an oven
set at 80 °C for 3 days and subsequently weighed on an analytic balance (Sartorius
BP221S, Géttingen, Germany) to determine the dry weight. Chlorophyll a, b, and total
chlorophyll content were calculated based on the following formulas and normalized
by dry weight:
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Measurements of rosette traits and dry weight

To characterize rosette traits, plants subjected to different stress treatments were
selected and side pictures were first taken for the measurement of leaf angle
(hyponasty) with a regular camera, of the two most hyponastic opposing intermediate-
aged leaves, placed perpendicular to the camera. Plant shoots were subsequently
detached from the roots and flattened by pressing them using a transparent paper on
a blank paper, fit with a scale. Top pictures were taken with a regular camera. Image)J
software (National Institutes of Health, USA) was used to determine the leaf traits,
including the total leaf area, petiole, and blade length of young, intermediary, and
old leaves. For the determination of hyponasty, leaf angle relative to the horizontal
was measured by taking the average angle of the capture opposing leaves that were
most hyponastic. Dry weight was measured in a similar manner as described above
for the plants used for chlorophyll content assays.

Root length measurement

To measure root length, the cover of the pellet was gently removed, and the soil was
carefully rinsed away with tap water to recover the root system. The primary root
length, starting from the junction of hypocotyl and root, was then measured with a
ruler.

Measurement of rosette relative water content

Excised rosettes were first weighed on an analytic balance (Sartorius BP221S,
Gottingen, Germany) to determine the fresh weight and then immediately allowed to
saturate with water in 9 cm plastic petri dishes for 24 hours in the dark. After removing
the excess water from the leaf surface with a tissue, the turgor weight of plants was
measured. Plants were then dried in the oven at 80°C for 3 days and eventually the
dry weight was recorded. The relative water content was calculated based on the
following formula: ((Fresh weight — dry weight) / (turgor weight — dry weight)) x 100%

Stomatal conductance measurements

Stomatal conductance was measured using an SC-1 Leaf Porometer (Decagon Devices,
Inc., Pullman, USA) of young leaves. The porometer was initially equilibrated to the
ambient temperature and then calibrated at least 3 times to get stable readouts. The
measurements were conducted on the adaxial side of the leaf and the porometer
was always re-equilibrated to ambient temperature and humidity between readings.

Leaf temperature measurements

The measurements of leaf surface temperatures was performed using LS10 Arabidopsis
plants. A FLIR A655sc High-Resolution LWIR thermal imaging (IR) (Teledyne FLIR, USA)
camera, equipped with a 13.1 mm FoV 45° x 33.7°hawkeye IR lens, was mounted on
top of the plants for recording of the leaf surface temperatures. Thermal images were
captured every 15 minutes using FLIR ResearchIR Max 4 software (Teledyne FLIR, USA)
from the start of the stress treatments till wilting occurred. Obtained thermal pictures
were then used to determine leaf temperature: 6 leaves per plant were selected and
leaf surface temperatures were measured ‘every day’ at ZT =0, 6, 12, 18 h. For every
4t image, equaling every 24 hours, the regions of interest were manually adjusted for
correcting the leaf growth and movement, which ensured that the same region was
always tracked throughout the entire experiment.

Malondialdehyde (MDA) measurements

To determine the Malondialdehyde (MDA) content, the entire rosette was first weighed
to obtain fresh weight and then grinded in presence 1 mL 80% (w/v) ethanol in a pre-
cooled mortar with a pestle. Samples were then transferred to a 1.5 mL Eppendorf tube
and centrifuged at 16000 rpm for 20 minutes at 4 °C. 0.5 mL supernatant was mixed
with the same amount of TCA/TBA solution made by 0.65% (w/v) thiobarbituric acid
in 20% (w/v) trichloroacetic acid. The mixture was incubated on a shaking incubator
for 30 minutes at 95 °C and thereafter cooled-down for 5 minutes in an ice bath. After
centrifugation at 10000 rpm for 10 minutes at 4 °C, the samples were measured by
a spectrophotometer plate reader (Synergy HT Multi-Detection Microplate Reader;
BioTek Instruments Inc., USA) at absorbances of 532 nm and 600 nm. The MDA
concentration was calculated based on the following formula, normalized by fresh
weight: MDA (nmol/mL) = ((A532-A600) / 155000) x 1000000

lon leakage measurements

Rosettes were detached from the roots and were immediately transferred to a 50
mL falcon tube containing 30 mL deionized water (i.e., the solution) and shaken on
a roller for 1 hour at room temperature. After rolling, 100 uL solution was pipetted
onto the pre-calibrated EC-33 conductivity meter (HORIBA, Japan) to determine the
initial conductivity. Samples in the remaining solution were then incubated in a
water bath at 95 °C for 30 minutes to destroy all membranes. After cooling down to
room temperature, 100 pL solution was taken to quantify the final conductivity. lon
leakage was calculated based on the formula: lon leakage = (Initial conductivity / final
conductivity) x 100%



Statistical analysis Supplemental Data
Figures in this chapter were generated using GraphPad Prism 9 (GraphPad Software, La

Jolla, USA) and Biorender.com. Unpaired t-test, one-way or two-way ANOVA followed A B
by Tukey’s multiple test were performed by GraphPad Prism 9. The significance was 100y — —_— 100] —
considered as p < 0.05. | &
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Figure S2.1:

Progressive decline in soil water content (%SWC) during combined high temperature and
drought (A) and post submergence followed by drought (B) and the related single stress
experiments and control. (A) n=3-18. (B) n=8-34. For color codes and abbreviations see legend
figure 2.1.
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Figure S2.2:

Chlorophyll content of young leaves in control (C) and drought (D) conditions, obtained
by destructive biochemical assay (A) and by using a chlorophyll-meter (B). Harvests and
measurements were conducted at 0, 5, 10, and 15 days after drought started. Error bars indicate
means + SEM. n=4-5. For color codes and abbreviations see legend figure 2.1
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Figure S2.3: Validation of soil drying, point of wilting and chlorophyll measurements in
the renovated LED-growth chambers. (A)

Percentage of soil water content (%SWC) under different stress treatments in the renovated
LED-growth chamber. n=4-20. (B, C) Number of days (B), and percentage of soil water content
(C), at the moment that plants began to wilt, when subjected to single drought (D), high
temperature + drought (HTD), or post-submergence + drought (PSD). Days were counted
after water was withdrawn. Boxes indicate boundaries of the second and third quartiles of
the data distribution. Black horizontal bars indicate median and whiskers Q1 and Q4 values
within 1.5 times the interquartile range. Numbers indicate p values (unpaired t-test). (B) and (C)
n=10-12. (D, E) Chlorophyll content of young leaves of plants subjected to combined (D) and
sequential (E) stress and the relevant single stresses and controls. The tables indicate Pearson
correlation coefficients of corresponding (averaged) chlorophyll content under different stress
treatments between the ‘old’ fluorescent tube-lid growth chambers and the ‘new’ renovated
LED-chambers. Error bars indicate means + SEM, n=4-20. The dashed vertical line indicates the
moment plants were de-submerged. For color codes and abbreviations see legend figure 2.1.
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Figure S2.6: Phenotypic trait levels as an effect of drought in presence or absence of

prior submergence.
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(A) Total leaf area of the whole rosette. n=15-20. (B, C) Averaged length of the petiole (B)
and blade (C) of the young leaves. n=15-21. (D) Averaged angles of the 2 most hyponastic
leaves of individual plants, relative to the horizontal. n= 14-21. (E) Rosette dry weight. n= 15-18.
(F) Primary root length n=14-21. Error bars indicate means + SEM. Letters denote significant
differences between different treatments the stress treatments (p < 0.05, 2-way ANOVA with
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Tukey'’s Post-hoc test). For color codes and abbreviations see legend figure 2.1.

Figure S2.7: Physiological trait levels as effect of drought in present or absent of prior
submergence.

(A) Rosette water content relative to the maximal water content that the leaves can hold (100%,
turgid water - dry weight). n=15-16. (B) Stomatal conductance of young leaves. n= 5-6. (C)
Rosette Malondialdehyde (MDA) content. n=5-10. (D) Rosette ion leakage relative to the
maximal electrolyte conductivity (100%). n= 6. Error bars indicate means + SEM. Letters
denote significant differences between different treatments at the last timepoint of the
stress treatments (p < 0.05, 2-way ANOVA with Tukey’s Post-hoc test). For color codes and
abbreviations see legend figure 2.1.



Table S2.1: Statistical analysis of phenotypic trait level comparisons between applied
stresses and control as indicated by p values of phenotypic and physiological effects in

Figure S2.6 and 52.7.

Indicated are the p values of the multiple comparisons (2-way ANOVA) of measured factors
carried out between droughted and non-droughted groups at 0, 5 and 10 days during de-

submergence phase.

Factors

Whole rosette area
Hyponasty

Petiole length
(young leaves)

Blade length
(young leaves)

Dry weight

Primary root length
Stomatal conductance
Relative water content
MDA

lon leakage

0
CvsD
>0.9999
>0.9999
>0.9999

>0.9999

>0.9999
>0.9999
>0.9999
>0.9999
>0.9999

5

PSvsPSD CvsD

>0.9999
>0.9999
>0.9999

>0.9999

>0.9999
>0.9999
>0.9999
>0.9999
>0.9999

0.9998
0.6884
0.9983

0.8737

0.995
0.2089
0.005
0.548
0.9283
0.3717

PS vs PSD
0.0726
0.7707
0.0054

0.0003

0.1958
0.0131

0.8768
0.6126
0.3739
0.4488

10
CvsD
0.0003
0.9985
0.1178

0.0008

0.0624
0.0074
0.0012
0.8553
0.9754
0.703

PS vs PSD
<0.0001
0.7469
<0.0001

<0.0001

<0.0001
<0.0001
<0.0001
0.0027
<0.0001
0.9784
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Abstract

Plants either in a natural or agricultural environment, often encounter stresses in
combination. Yet studies on resilience mechanisms have focused mainly on plant
responses to single environmental stresses. Investigating molecular mechanisms
mediating relevant stress combinations is therefore essential. In chapter 2 we
demonstrated that in comparison with the corresponding individual abiotic stresses,
combinations of sublethal stresses that are simultaneously or sequentially imposed on
plants can elicit distinct physiological responses in Arabidopsis thaliana. Here we used
our established multi-stress experimental system to probe the molecular mechanisms
underlying resilience to combinatorial abiotic stresses. For this, a comparative mRNA
sequencing approach (RNA-seq) was used to characterize the transcriptome responses
of young Arabidopsis leaves to two combinatorial sublethal stresses; i) combined high
temperature and drought and ii) submergence (in the light) followed by drought, as well
the corresponding individual stresses.

Unexpectedly, the analysis of RNA-seq data revealed the presence of a previously
uncharacterized comovirus. Our analyses indicated that the existence of this virus
(named Arabidopsis Latent Virus 1 (ArLV1)) does not cause significant effects on the
Arabidopsis transcriptome or the phenotype under control or stress conditions. The
current dataset was therefore deemed suitable for the original goal of characterizing
molecular responses to multi-stresses. It provides a platform for delving for candidate
genes and processes that putatively control the responses to individual, combined, and
sequential sublethal stresses.

Our data revealed that for high temperature and drought, simultaneous stress exposure
caused a more profound transcriptome reconfiguration than either stress alone, with
high temperature dominating the response. In contrast, submergence still triggered
a more significant reconfiguration of the transcriptome compared to drought alone.
Although drought had a mild effect in both stress combinations, a unique and more
significant transcriptome signature was detected when it was combined with high
temperature simultaneously, or submergence sequentially. Our dataset permitted
the identification of molecular processes and candidate regulatory genes (including
transcription factors (TFs)) and phytohormones that contribute to the timely acclimation
of Arabidopsis to combined and sequential sublethal abiotic stresses. Overall, our data i)
highlights the unique transcriptomic signatures imposed by combined and sequential
sublethal stresses compared to the corresponding single stresses, which require the
coordination of multiple molecular regulators and integrated signaling pathways and
ii) identifies candidate regulators of multi-stress tolerance for further validation.

Introduction

The unpredictable effects of climate change on weather patterns is negatively
impacting crop productivity (Shabbir et al., 2022; Kopecka et al., 2023) and threatening
food security (Masson-Delmotte et al., 2021; Cushman et al., 2022; Kumar et al., 2022).
The occurrence of abiotic stresses such as heat, drought and flooding have dramatically
increased and there has been extensive research on underlying research mechanisms
(Larkindale et al., 2005; Harb et al., 2010; Van Veen et al., 2016). However, the focus
has been predominantly on single stresses, often involving abrupt transfer of plants
into severe stress conditions. In natural or agricultural settings, these abiotic stresses
seldom happen in isolation (Mittler, 2006b; Suzuki et al., 2014). It is now known that
co-occurring stresses elicit greater and distinct effects on plant growth, development
and physiology compared to the corresponding (isolated) stresses (Zandalinas et al.,
2021a; Rivero et al., 2022).

Additionally, stress onset is often gradual and sublethal. When faced with suboptimal
environments, plants need to sense and acclimate by for instance adapting their
morphology and diverse physiological processes, such as developing differently
shaped leaves or adjusting antioxidant levels when confronted a slight change
in ambient temperature (Leipner et al., 1997; Praat et al., 2021). One example is
thermomorphogenesis, which is characterized by an open rosette architecture (i.e.,
hyponastic leaf movement, induced lengthening of petioles, primary root elongation
and hypocotyl elongation), evoked by an increase in ambient temperature of just a
few degrees (Quint et al., 2016; Casal & Balasubramanian, 2019). At the molecular level,
thermomorphogenesis is governed by a complex signaling network involving diverse
regulators such as phytohormones and transcription factors (Castroverde & Dina, 2021;
De Smet et al., 2021). Of note, PHYTOCHROME INTERACTING FACTOR 4 (PIF4) is a central
transcription factor regulating above-ground thermomorphogenesis in Arabidopsis
(Van Zanten et al., 2013; Lee et al., 2021a), while the below-ground (root) response to
high temperature is regulated by ELONGATED HYPOCOTYL 5 (HY5) (Gaillochet et al.,
2020; Lee et al., 2021a). Some studies have also highlighted the emerging importance
of epigenetic processes in thermomorphogenesis responses (Zioutopoulou et al.,
2021). For example, the dynamic positioning and removal of histone H3 lysine K4
(H3K4) methylation, is proposed as a signaling hub in temperature signaling networks
participating in coordinating diverse high-temperature responses (Perrella et al., 2022).

Like elevated ambient temperatures, sublethal water stresses, such as drought or
prolonged submergence, can provoke a multitude of changes at the morphological,
physiological and molecular levels in cereal crops (Toulotte et al., 2022). In rice (Oryza



sativa), constitutively expressing an ethylene responsive TF (ERF), SUBMERGENCE-
1A (SUBTA), confers tolerance to more than one water stress including drought,
submergence and dehydration stress upon de-submergence (Fukao et al., 2011).
This multi-stress tolerance through SUBT depends on the coordination of various
phytohormones such as abscisic acid (ABA), ethylene and gibberellic acid (GA) (Fukao
et al,, 2011; Sasidharan & Voesenek, 2015; Bin Rahman & Zhang, 2016).

Despite the existence of dedicated signal transduction pathways mediating
acclimation to a certain stressor, a simultaneous or sequential combination of another
stressor can drastically affect the regulatory network at the molecular level (Rasmussen
et al., 2013; Coolen et al., 2016a; Anwar et al., 2021a). A well-studied abiotic stress
combination is combined severe heat stress and drought stress, which elicits unique
transcriptomic and metabolic effects on plants compared to either of the two stresses
applied in isolation (Rizhsky et al., 2004). These unique effects correspond to the
physiological alterations adopted by plants under the combined stress condition,
such as the enhanced reduction of stomatal conductance and the accumulation of
sucrose as a major osmoprotectant. Furthermore, it has also been demonstrated that
increasing the number of co-occurring stressors, or applying the stress(es) at different
developmental stages, can drastically alter the transcriptomic responses to a given
combinatorial stress (Zandalinas et al., 2021b; Sinha et al., 2023a). This suggests that
the impact of a stress combination is determined by multiple factors and underlines
its complex nature (Zandalinas & Mittler, 2022).

One crucial factor influencing the molecular responses to combinatorial stresses,
particularly during sequential stresses, is the order in which the two successive stresses
occur. For example, transcriptome profiles of Arabidopsis subjected to six sequential
double stress combinations between Botrytis cinerea infestation, Pieris rapae infestation
and drought application, were shown to be more similar to that of the second stress,
despite that the first-stress triggered transcriptome signature is always detectable in
the sequential stress profile (Coolen et al., 2016b). While these studies have uncovered
some of the molecular features involved in response to combinatorial stresses, the
knowledge of central biological processes and molecules mediating long-term
sublethal combined or sequential stresses is still lacking.

In Chapter 2, we characterized the effects of two combinatorial sublethal stresses; i)
combined high temperature and drought and ii) submergence followed by drought,
on a selection of Arabidopsis growth and development traits. We showed that the
effects of combined or sequential stress on several phenotypes are different and
in general additive compared to those of the corresponding individual stresses.

Additionally, combined and sequential stresses elicited unique physiological responses
compared to the corresponding individual stresses, in a leaf age-dependent manner.

In this chapter, we investigated the effect of these same single and combinatorial
sublethal stresses on plant transcriptome, with the aim of characterizing key underlying
molecular processes and identifying candidate genes that can be functionally studied.
By using an RNA-seq approach, we uncovered unique transcriptomic signatures
imposed by combined or sequential stresses in comparison with isolated stresses.
Furthermore, our data revealed that acclimation to combinatorial sublethal stresses
in young leaves involves synchronous regulation of multiple generic processes such
as plastid-nucleus communication (retrograde signaling), ABA signaling and photo-
acclimation. We also identified several potential regulators of the observed stress
acclimation processes for further functional validation (Chapter 4).

Results and Discussion

Transcriptomic responses elicited by combined and sequential
sublethal stresses are time- and treatment- dependent

To characterize the transcriptomic changes triggered by sublethal abiotic stresses,
we used a comparative RNA-seq approach on Arabidopsis Columbia-0 (Col-0) plants
exposed to i) combined high temperature and drought (HTD) and ii) submergence
in the light, followed by drought (PSD), and the relevant individual stresses (D, HT,
PS) as well as the control (C). We observed that physiological responses to drought-
associated treatments were leaf age- and timepoint-dependent (See; Chapter 2).
We therefore sampled only young leaves (7t"-10%" leaves counted from the earliest
emerged true leaves at LS10) under individual and combinatorial stresses at the pre-
defined timepoints of 0 (moment of stress application), 5, and 10 days after stress
treatment initiation (Figure 3.1). In total RNA-seq (lllumina) was performed on 58
samples, distributed among 15 different harvesting timepoints, resulting in a total
of 3,628,334,664 detected reads (Figure S3.1, Table S3.2). Subsequently, the reads
of each sample were mapped to the Araport10 A. thaliana reference transcriptome
(TAIR). 72% of the mapped reads across individual samples aligned to the Arabidopsis
transcriptome, ranging from a minimum of 5.4 million reads to a maximum of 61.8
million per sample (Figure S3.1).
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Figure 3.1: Experimental setup and sampling timepoints for transcriptomic profiling.
Arabidopsis Col-0 plants were pre-grown at 21°C or 27°C (day and night) until 10-leaf stage
(LS10) and were subsequently exposed to individual or combinatorial stresses, respectively:
G; control (black), D; drought (yellow), S; 5-day submergence in the light (blue), PS; (post-)
submergence (green), PSD; (post-)submergence & drought (purple), HT; high temperature
(orange), HTD; high temperature & drought (red). Sample harvesting was carried out at 0,
5 and 10 days after the treatments started, as indicated with the combination of treatment
abbreviations and numbers. Color areas represent the 8-hour light period supplemented with
multiple stress treatments, black areas represent the 16-hour darkness at night. All samples
were harvested at the same time during the photoperiod, at ZT = 2 hours. Note that the color
codes and abbreviations used to depict each of the treatments are also used in subsequent
figures.

For approximately one third of sequenced samples, less than 50% of the reads
mapped to the Arabidopsis transcriptome (Figure S3.1). This suggested the presence
of a contaminant in the plant materials used for the sequencing. An initial BLASTN
search for the unknown sequences identified Arabidopsis Latent Virus 1 (ArLV1), as
a possible contaminant. To confirm the nature of the reads that were not mapping
to the Arabidopsis genome, we extracted the unmapped reads from each sample
and mapped these to the two different RNA segments of ArLV1 (RNAT and RNA2;
GenBank accessions MH899120.1 and MH899121.1, respectively). On average, only
1.77% of the reads per sample did not map to either Arabidopsis or ArLV1, which led
us to conclude that ArLV1 was the only contaminant present in the samples. To assess
if ArLV1 infections caused any visible symptoms on plants, we re-analyzed the rosette
pictures of harvested plants for RNA-seq and compared the phenotypic effects (i.e.,
total leaf area and leaf numbers of plants exposed to 5-day C after LS10 and scanned
for any visual phenotypes) of plants that contained high viral load (average reads

mapping to ArLV1 = 81.6%), to those with an apparent low virus load (average = 4.18%
of the reads mapping to ArLV1) in control (C) conditions. We did not observe any
significant differences between highly infected and relatively healthy plants (Figure
S3.2A-Q), suggesting no significant impact of the viral infection on plant growth (hence
the name; latent virus).

Viral infections can have substantial impact on the host transcriptome and affect the
output of the -omics analyses, even in the absence of apparent phenotypic effects
on the plant (Shates et al., 2019). To investigate whether the dataset(s) contaminated
by ArLV1 caused any significant effects on Arabidopsis transcriptome, we compared
the samples mapping above and below 50% to the Arabidopsis transcriptome on
day 5 of the control (C) treatment (Figure S3.2D). We did not detect any differentially
expressed genes between both fractions (linear model with a Benjamini Hochberg
correction, FDR < 0.05), implying that ArLV1 does not evoke significant effects on the
plant transcriptome.

Comparing the transcriptome from the various sampled timepoints during multiple
stress treatments by PCA analysis revealed significant changes in time (PCO1,
explaining 29,88% of the observed variation), in addition to stress-associated effects
(separated over PCO1 and PCO2) (Figure 3.2A). As expected, individual biological
replicates of the same timepoint and stress treatment clustered together (Figures 3.2A
and S3.3). Notably, transcriptomes of drought-exposed plants (D) were not so different
from controls (C) as evidenced by the close clustering of these samples across different
timepoints. Superimposing the fraction of reads mapping to the Arabidopsis genome
per sample on the PCA (Figure 3.2B) revealed no clear pattern, showing that (the level
of) ArLV1 contamination did not significantly affect the stress-mediated transcriptomic
changes in our dataset. We therefore decided to continue processing our data using
all the samples except two samples (day 5 control) of which the mapping percentages
to Arabidopsis transcriptome were below 10%.
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Figure 3.2: Principal component analysis (PCA) of transcriptomes of young leaves
exposed to different stress conditions.

(A, B) PCA analysis visualizing distributions of samples categorized by time (0 = purple, 5
days = blue and 10 days = green) and the different stresses, indicated by symbols (A) and
the fraction of reads per sample mapping to the Arabidopsis transcriptome (B). Fraction of
reads mapping to the Arabidopsis reference transcriptome is presented by a color scale. For
abbreviations see legend figure 3.1.

Combined high temperature and drought elicit a major reconfiguration
of the transcriptome with a dominant high-temperature effect

To estimate the effects of D, HT and HTD on the transcriptome, we identified the
number of differentially expressed genes (DEGs) (|Log,FC| > 0, FDR < 0.05) by
comparing the fold changes of different samples (D, HT and PSD) to the corresponding
controls (C), at the same harvesting timepoint (Figure 3.3A). At timepoint 0 days (LS10),
we identified 548 DEGs, including 321 upregulated and 227 downregulated genes
in the high temperature (HT) samples. When the HT treatment was prolonged, the
number of DEGs increased after 5 days but decreased after 10 days (Figure 3.3A),
suggesting a potential acclimation strategy employed by the long-term exposure to
high temperature (Van Zanten et al., 2013).

The drought treatment (D) did not elicit significant transcriptomic changes. We detected
only 3 DEGs, GUARD-CELL-ENRICHED GDSL LIPASE 3 (GGL3), PHOSPHOFRUCTOKINASE
1 (PFKT) and AT5G16990 (not functionally annotated), during the entire drought
treatment period (day 5 and 10 after subjection to D conditions). This aligns with
the relative mild drought effects on, for example, rosette biomass accumulation and
leaf lengthening especially during the early stage (5 day) of drought (D) application
(See; Chapter 2, Figures 2.5 and 2.7). Some studies have shown that severe drought
exposure can have a major impact on the Arabidopsis transcriptome (Bouzid et al.,

2019; Chen et al., 2021a). Our experiments, however, imposed mild progressive drought,
which could explain why the effects on the plant transcriptome are not as profound
as observed under severe drought (Clauw et al., 2015). Plants in our treatment did
experience drought as evidenced typical physiological responses (Yasir et al., 2019;
Hura et al., 2022), which were measured following the same timepoints as the RNA-
seq experiments (See; Chapter 2 Figures 2.5-2.8 ), such as the elongated primary root,
the reduced (young leaf) stomatal conductance along with decreased rosette water
content during D compared to C.

Indeed, the relative mild transcriptome changes under progressive drought are
consistent with a earlier study in which only 41 DEGs were identified after Arabidopsis
plants were subjected to a 5-day progressive drought treatment, despite drought
causing a significant inhibition of plant growth (Prasch & Sonnewald, 2013).
Furthermore, it is possible that the young leaves that were sampled in our work are
less sensitive to environmental stresses than older leaves or roots, as plants might
evoke protective mechanisms to secure developing tissues from adversities (Verelst
et al., 2013).

Interestingly, when high temperature and drought treatments were combined (HTD),
the effect of drought is more apparent. Many more DEGs (1680 in total after 5 + 10
days of HTD) were observed in HTD than under either individually applied stress (HT
or D) (Figure 3.3A). This suggests that the combined stress has a greater impact on
plant transcriptome than the corresponding individual stresses in isolation. This also
aligns with previous study on soybean (Glycine max) responses to combined heat
and water defect (Sinha et al., 2023a), in which a more pronounced transcriptome
reconfiguration was observed during the exposure to the combined stress compared
to individual stresses. By comparing the identities of DEGs (D, HT and HTD at 5 and
10 days after the treatments started), it was shown that HTD resulted in many unique
DEGs (955) that were not affected by D or HT applied in isolation (Figure 3.3B).
This implies that combined stress evokes a unique response relative to the single
stresses. The conclusion also corroborates other work showing that combinatorial
stresses usually impose a distinct transcriptomic signature, when compared to the
corresponding individual stresses (Rasmussen et al., 2013; Shaar-Moshe et al., 2017;
Balfagdn et al., 2019b). Furthermore, HT and HTD appear to share a substantial number
(469) of overlapping DEGs, suggesting that HT has a more dominant effect on plant
transcriptome than D in the responses to combined stress (HTD) (Figure 3.3B). This
is also in accordance with our previous observations that HT overrides D in affecting
plant growth and leaf lengthening under HTD (See; Chapter 2 Figure 2.5). Moreover,
only 2 DEGs were found to be commonly regulated by D, HT and HTD (Figure 3.3B);



PFK1 and AT5G16990. PFKT is important for sugar homeostasis in leaf metabolism
and in source-sink relationships in Arabidopsis (Perby et al., 2022), while AT5G16990
participates in the responses to oxidative stresses (Mano et al., 2005). Both of the two
DEGs were upregulated after 5-day D, HT and HTD treatments, suggesting that these
triple-stress responsive genes might be involved in early responses to individual (D
and HT) and combined stresses (HTD) in young leaves.
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Figure 3.3: Effect of combined high temperature and drought (HTD) stress and the
corresponding single stresses (D, HT) on the Arabidopsis transcriptome.

(A) The number of up- (orange) or down- (green) regulated DEGs (|LongC| >0, p < 0.05) at day
0 (the pre-growth effect of HT before the drought treatment started), 5, and 10 days after the
treatments (D) started (note HT was prolonged), compared to control (C) conditions. (B) Venn
diagram showing the number of DEGs commonly or differently detected in the combined (HTD)
and single (D, HT) stresses. (C) k-means clustering presenting expression patterns of identified
DEGs (Table S3.9) at timepoints 5 and 10 days during combined and individual stress treatments.
Violin plots indicate the distributions of relative expression (Log,FC) of identified DEGs. Mean
values of each violin plot are indicated by a solid black line. Dashed horizontal lines indicate
Log,FC = 0. Key enriched biological processes identified by Gene Ontology analysis are listed
above the clusters. For color coding and abbreviations see figure 3.1 legend.

We employed a k-means clustering approach to identify gene clusters with similar
expression patterns across different timepoints and treatments (Figure 3.3C). We used
all the 1687 detected DEGs at day 5 and 10, across individual and combined stress

treatments. Gene Ontology (GO) annotation was used to identify the most significant
(adjusted P value < 0.01) biological processes in each cluster (Figure 3.3C and Table
S3.3). The 1687 DEGs clustered into 4 groups: Cluster 1 and Cluster 2 consisted of DEGs
that were downregulated under HT as well as in HTD conditions but were almost
unchanged under D. Cluster 1 was the largest cluster, containing 661 DEGs. This
cluster was dominated by genes associated with ribosome activities and translation
(i.e., GO:0042254, GO:0042273, GO:0002181, GO:0042255 and GO:0042274). Cluster 2
included 175 DEGs, with multiple biological processes affecting such as generation
of precursor metabolites and energy (GO:0006091), vesicle-mediated transport (GO:
0016192) and Golgi organization (GO:0007030). These GO terms imply that HTD, in
general, affects ribosome and protein processing, which is highly relevant to plant
growth and development under stress conditions (Ohbayashi & Sugiyama, 2018).

DEGs that were upregulated in HT and HTD were in Cluster 3 (327 DEGs) and Cluster 4
(524 DEGs) (Figure 3.3C and Table S3.3). Cluster 3 was dominated by DEGs associated
with RNA mobility and processing (i.e., GO:0006403, GO:0000375, GO:0000373 and
G00034660), which is in line with previous findings that RNA processing, particularly
alternative RNA splicing (GO: 0000375 and GO:0000373), enables plant acclimation
to environmental stresses (Calixto et al., 2018; Nardeli et al., 2023). Furthermore,
several organelle-associated GO terms, such as plastid organization (GO:00096575),
ubiquitin-depended endoplasmic-reticulum-associated protein degradation
(ERAD) pathway (GO:0030433), and terms related to mitochondrial activities (GO:
0000959 and GO:0140053), were highly enriched in this cluster. The mitochondrial
respiratory electron transport chain (mETC) functions to form ATP through oxidative
phosphorylation and eventually integrates into metabolic reactions for energy
provision via the connection with tricarboxylic acid (TCA) cycle. mECT is also responsible
for the production of antioxidants to benefit plants stress resilience (Welchen et al.,
2021). Recent studies have highlighted the links between mitochondria and hormonal
responses (Berkowitz et al., 2016; Bittner et al., 2022). For example, the accumulation
of mitochondrial reactive oxygen species (ROS) influences ABA-dependent stomatal
closure (Postiglione & Muday, 2023). The indication that mitochondrial activities are
affected in the HTD treatment, thus could explain the significantly reduced stomatal
conductance under HTD, compared to controls (See; Chapter 2 Figure 2.6B).

The DEGs in cluster 4 were linked with stress responsiveness, such as response to heat
(GO:0009480), response to oxidative stress (GO:0006979), leaf senescence (GO:0010150)
and response to starvation (GO:0042594). The heat response GO term in the HTD-
upregulated cluster corresponds with the predominant effect of high temperature,
relative to drought. This is in accordance with previous studies where temperature



stress (usually severe heat stress) was combined with another stressor such as drought,
salt, or high light. Typically, in these situations the temperature cue, more than the
other stressor, defines the transcriptomic signature when the two stressors occur
simultaneously (Balfagén et al., 2019b; Sewelam et al., 2020). It should be noted,
however, that heat stress elicits different responses at the molecular level than high
ambient temperature, as used here (Li et al., 2018a; Fonseca De Lima et al., 2021; Praat
et al,, 2021). As an example, heat shock proteins (HSPs) and heat shock factors (HSFs)
are both essential players mediating heat stress responses (Scharf et al., 2012; Tian
et al., 2021). These factors participate in regulating acclimation to combined heat
and drought stress (Sewelam et al., 2020; Sinha et al., 2022, 2023a). However, in our
RNA-seq dataset, HSFs and HSPs were not highly overrepresented among the DEGs
in the HTD-upregulated clusters, with only two HSFs (HEAT SHOCK TRANSCRIPTION
FACTOR B2B (HSFB2B) and 4 (HSF4)) and four HSPs (DNA J PROTEIN A69 (DJC69), HEAT
SHOCK PROTEIN 70-6 (HSP70-6) and 70 (HSP70), AT5G05750) present in the dataset
(of 24 HSPs and 156 HSPs annotated in Arabidopsis). Furthermore, the upregulation
of genes associated with oxidative stress responses under HTD suggests excessive
ROS production (Mittler, 2017; Mittler et al., 2022), even though HT and HTD can
both promote ROS production, the triggered ROS signatures can differ between the
individual and combined stresses (Choudhury et al., 2017).

Interestingly, genes associated with chloroplast organization (GO:0009657) were
not only significantly enriched in the HTD-upregulated gene clusters (cluster 3), but
also in the dataset obtained by applying HT in isolation (timepoint 0 days, before D
started) (Figure 3.3C and Table S3.4). This hints at a role for chloroplasts in mediating
responses to both HT and HTD. Although chloroplasts are believed to be involved
in the perception of - and acclimation to - temperature stresses such as heat or
chilling stresses (Gan et al., 2019; Hu et al., 2020), little is known about their function
in response to mildly elevated temperature as used (HT) in our study. Chloroplasts
communicate with the nucleus at the interorganelle level through retrograde signaling
(RS). This enables the modulation of nuclear gene expression, based on the chloroplast
status (Veciana et al., 2022a). One of the best studied mediators of plastid-to-nuclear
retrograde signaling is GENOMES UNCOUPLED 1 (GUN1), which coordinates signal
relay from chloroplast to regulate the expression of photosynthesis-associated nuclear
genes (PhANGs) during the de-etiolation process in seedlings (Herndndez-Verdeja
et al,, 2022). PHYTOCHROME INTERACTING FACTORS (PIFs) act antagonistically with
GUN1-mediated retrograde signaling pathways to control PhANGs (Martin et al., 2016).
Because PIFs play a central role in thermomorphogenic responses (Lee et al., 2021a;
Burko et al., 2022; Delker et al., 2022), it is possible that GUNT-mediated retrograde

signaling pathways might also be involved in plant responses to high ambient
temperature.

Prior submergence alters the transcriptome response to drought

To characterize the effect of the sequential stress of submergence followed by drought
on the plant transcriptome, several comparisons (of Log,FC in gene expression) were
made; i) To determine the effects of submergence (S), plants subjected to 5-day
submergence were compared to those of pre-submergence at LS10. ii) To determine
the effects of submergence followed by well-watered (PS) or drought (PSD), plants
subjected to 5- or 10- day PS or PSD were compared to those grown at C for 5 or
10 days (after reaching the LS10 stage), respectively. This approach ensures that
comparisons are carried out between samples at equivalent developmental stages.
iii) Drought effects were assessed by comparing plants harvested at 5 or 10 days after
D started to those grown under C at the same timepoints.

DEGs were calculated based on the same criteria as used for the HT/HTD datasets
described above (|LongC| > 0, FDR < 0.05). In total, 5-day submergence resulted in
3390 DEGs (2469 upregulated and 921 downregulated DEGs) (Figure 3.4A), reflecting a
considerable reconfiguration of the transcriptome by submergence. Plants confronted
with submergence adopt a series of metabolic and cellular adjustments, mediated by
multiple phytohormones (ethylene entrapment, gibberellin acid (GA) and ABA), to
overcome the adversities imposed by flooding. This includes either a conservative use
of carbohydrate and ATP reserves to enable quick recovery following de-submergence
or investment in rapid shoot elongation to escape from floods (Bailey-Serres &
Voesenek, 2008; Voesenek & Bailey-Serres, 2015). Oxygen sensing and signaling via the
Group-VIl Ethylene Response Factor (ERF7), in response to flooding-induced hypoxia
(Gibbs et al., 2011; Licausi et al., 2011; Giuntoli & Perata, 2018; Hartman et al., 2019),
triggers downstream acclimation responses and promotes hypoxia survival.

Despite the pronounced effects on plant transcriptome caused by submergence
mentioned above, following de-submergence (PS) only a limited number of DEGs were
detected at day 5 (2 DEGs) and 10 (51 DEGs) (Figure 3.4A), suggesting the comparability
of plant transcriptome under PS and C. This correlates with our previous finding that
plants that are well-irrigated in the post-submergence phase displayed comparable
leaf development rate compared to those in control conditions (C) (See; Chapter 2,
Figures 2.7 and S2.6). To better elucidate the restored transcriptomic effects by PS
compared to S, we examined the expression patterns (indicated as transcripts per
million (TPM)) of 49 core-hypoxia responsive genes under PSD related stress conditions
(S, PS, PSD and D) and the control (C) in our RNA-seq dataset (Figure S3.4). These



genes have been previously shown to be induced in their expressions by hypoxic
treatments (i.e., submergence) regardless of plant organs and cell types (Mustroph et
al,, 2009). Here we observed that the expression of several hypoxia genes was markedly
increased during submergence, but their expression was tempered during all de-
submergence treatments and timepoints (PS and PSD at day 5 and 10), regardless
of the presence of drought, which hints to alleviation of hypoxia effects during de-
submergence. However, even though both of D and PS applied in isolation did not
impose drastic transcriptomic changes, when the two stressors were combined during
the de-submergence phase (PSD), more DEGs were observed (897 DEGs in total at 5
and 10 days after PSD) (Figure 3.4A). Like HTD, PSD also led to a unique transcriptomic
signature, as the majority of DEGs identified after PSD treatment were not affected
by PS nor D (Figure 3.4B). This unique reconfiguration of the transcriptome under
sequential and combined stress is consistent with the concept that the prior exposure
to one stress can have profound consequences on the outcome of the second stress
(Rejeb et al., 2014), which is referred to as cross-acclimation. Despite the transcriptome
differences between plants subjected to PSD and PS, these two stressors elicited 33
shared DEGs. These DEGs are shown to be functionally associated with Arabidopsis
ribosome in the KEGG analysis with the classes of genetic information processing and
translation (Figure S3.5) and could be general stress-responsive factors. According to
a previous study (Coolen et al., 2016a), in which Arabidopsis plants were exposed to
six sequential double stresses, the transcriptome profiles of plants are most similar to
that of the second stressor. This is despite the fact that the first stressor also evokes
a marked transcriptome signature when applied in isolation and could trigger
adaptative responses. In our study, it is difficult to draw a similar conclusion, as a
complete elucidation of the commonalities between PSD and individual D application
is hampered by the limited number of DEGs found under D.
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Figure 3.4: Effect of submergence followed by drought (PSD), or well-watered conditions
(PS), and drought (D) alone on the Arabidopsis transcriptome.

(A) The number of up- (orange) or down- (green) regulated DEGs (|Log,FC| > 0, p < 0.05) at
day 0 (the start of post-submergence period), 5 and 10 days after the treatments started,
compared to control (C) conditions. (B) Venn diagram showing the number of DEGs commonly
or differentially expressed in the sequential (PSD) and single (D, PSD) stresses. (C) k-means
clustering presenting expression patterns of identified DEGs (Table $3.9) at timepoints 5 and 10
days during combined and individual stress treatments. Violin plots indicate the distributions
of relative expression (Log,FC) of identified DEGs, mean values of each violin plot are indicated
by a solid black line. Dashed horizontal lines indicate Log,FC = 0. Key enriched biological
processes (BPs) by Gene Ontology analysis are listed along with clusters. For color coding and
abbreviations see figure 3.1 legend.

To characterize the expression pattens of identified DEGs during exposure to D, PS
and PSD, we performed k-means clustering on all 814 DEGs from day 5 and day 10
across all the three stress treatments. This led to the identification of four clusters, of
which two contain PS- and PSD-downregulated genes (Cluster 1 and Cluster 2) and
two contain upregulated genes in these conditions (Cluster 3 and Cluster 4) (Figure
3.4C, Table S3.5). GO term analysis revealed that Cluster 1 and 2 were dominated
by genes associated with nucleic acid (GO:0034660, GO:0006281, GO:0006334),
ribosome (GO:0042254, GO:0042255, GO:0042274) and translation-related processes
(GO:0002181, GO:0006417, GO:0032544, GO:1901259). This enrichment likely implies
an considerable effect of PS and PSD on plant ribosome and translation, which are



important players for plant stress resilience (Son & Park, 2023). Additionally, several of
the downregulated GO terms in clusters 1 and 2 are associated with plastid functions
(GO:0042793, GO:0015995, GO:0032544, GO:0009657, GO:0045036, GO:1901259),
indicating impeded chloroplast activities during post-submergence (PS and PSD).

In Cluster 3 photosynthesis-related GO terms were significantly enriched (GO:0015979,
G0:0010258, GO:0006778) (Figure 3.4C, Table S3.5). Of these three upregulated GO
term categories, at least NADH dehydrogenase complex (plastoquinone) assembly
(GO:0010258) is relevant to abiotic stress responses (Pshybytko et al., 2008; Dopp
et al., 2021). Plastoquinone (PQ) functions as an electron transporter in the electron
transport chain of oxygenic photosynthesis (Swiezewska, 2004), acting as antioxidants
to scavenge free radicals and participating in the biosynthesis of phytohormones
such as GA and ABA (Liu & Lu, 2016). Additionally, PQ is also responsible for regulating
cell signal transduction in plant photo-acclimation processes (Yang et al., 2001).
Furthermore, under the GO term of porphyrin-containing compound metabolic
process (GO:0006778), GENOMES UNCOUPLED 4 (GUN4) is interesting for further
investigation in the context of post-submergence recovery, as it is an essential
mediator of retrograde signaling between chloroplast and nucleus (Tarahi Tabrizi
et al., 2016; Li et al., 2023). Collectively, these identified GO terms might point to a
putative PSD-acclimation strategy that involves the coordination of signal transduction
pathways associated with PQ-mediated photo-acclimation and chloroplast-to-nuclear
retrograde signaling.

In Cluster 4, only two GO categories (GO:0046148, GO:0009639) were enriched
(Figure 3.4C, Table S3.5). Of note, one of them, CYTOKININ-RESPONSIVE GATA FACTOR
1 (CGAT/GNL) is commonly shared by these two GO groups. Interestingly, this gene
was originally identified as controlling chloroplast development (Jeong & Shih, 2003;
Reyes et al., 2004; Hudson et al., 2011), but has recently been associated with post-
(dark)submergence recovery (Yeung, 2018) and stomatal differentiation (Klermund
et al., 2016). Given the high expression level of CGAT compared to the rest of PSD-
upregulated genes and its prominent role in stress acclimation (Table S3.7), further
investigation of the physiological function of CGAT in PSD tolerance is warranted.

Identification of putative regulatory factors mediating acclimation to
combined and sequential stresses

Plant TFs play essential roles in regulating plant development and stress responses (Jin
et al., 2015). In our RNA-seq dataset, the differentially regulated TFs, especially those
being upregulated under either HTD or PSD, are of particular interest to investigate as
the transcriptional upregulation of these (positive) regulators hints at their involvement

in combinatorial stress acclimation. Thus, to identify these positively regulated TFs
under combined or sequential stresses, we searched for differentially expressed TFs
enriched in HTD- and PSD- upregulated clusters (Cluster 3 and 4 in both HTD and
PSD datasets). A DEG was considered a TF if it was annotated as member of one of
50 Arabidopsis TF families in the AtTFDB database (https://agris-knowledgebase.org/
AtTFDB) (Figure 3.5A-B).

In total, 48 different TFs from 23 TF families were identified as being upregulated by
HTD (35) or PSD (21), with 8 TFs overlapping between the two groups (Figure S3.6).
Notably, 5 TFs including ARABIDOPSIS TOXICOS EN LEVADURA 66 (ATL66), DREB AND
EAR MOTIF PROTEIN 3 (DEAR3), HSFB2B, HSF4 and WHIRLY2 displayed relatively strong
differential expression (Log,FC > 1) in HTD either at day 5 or at day 10 (Figure 3.5A and
Table S3.6). HSFB2B and HSF4 are known to mediate responsiveness to heat (Baniwal
et al.,, 2004; Scharf et al., 2012; Lin et al., 2018) or heat-predominated combinatorial
stresses (Balfagon et al., 2019a; Sewelam et al., 2020). WHIRLY2 can be localized to
mitochondria, plastids and the nucleus, and is able to regulate leaf senescence and
carbon allocation from maternal tissues to filial tissues, as a potential retrograde
signaling modulator (Huang et al., 2020). The significant upregulation of WHIRLY2 thus
may point to a role for a retrograde signaling-mediated carbon allocation strategy
in responses to HTD stress. Specific studies elucidating a role for DEAR3 and ATL66
in stress responses are still lacking. However, TFs from the same transcription factor
family (ERF/AP2 and ATL) hint that these TFs might also be corresponding to abiotic
stress acclimation (Guzman, 2012; Sazegari et al., 2015).
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Figure 3.5: Transcription factors (TFs) identified among the upregulated DEGs in the
PSD and HTD datasets.

(A, B) Heatmaps showing relative expression of TFs identified in the upregulated clusters of
combined (HTD) along with the individual applied stresses HT and D (A) and sequential (PSD)
along with individually applied stresses D and PS (B). For each identified TF, the AGI gene
locus ID, the commonly used abbreviation (if available) and TF family the factor belonged
to, are listed. Color scales indicate Log,FC values (relative to control (C) conditions). Asterisks
indicate overlapping TFs between (A) and (B). For abbreviations of stress treatments see figure
3.1 legend.

In addition to the profoundly upregulated TFs (Log,FC > 0), BASIC LEUCINE ZIPPER
28 (bzIP28) and 17 (bZIP17) were also induced during HTD (Table S3.6). These two
TFs have previously been characterized as key players in modulating endoplasmic
reticulum-mediated unfolded protein responses (ER-mediated UPR) and were shown
to synergically regulate cell elongation to promote root lengthening during plant
vegetative growth (Kim et al., 2018). This may point to involvement of ER-stress
responses during HTD acclimation. Of note, only 7 out of all 35 HTD-upregulated
TFs displayed similar upregulation trends under individual HT (thus in the absence of
drought) (Table S3.6), underlining the unique response that is evoked by combined
stress application, relative to the application of single stresses.

Apart from the above-highlighted TF CAG1, ARABIDOPSIS TOXICOS EN LEVADURA
80 (ATL80), ZINC FINGER PROTEIN 4 (ZFP4) and NUCLEAR FACTOR Y, SUBUNIT B2 (NF-
YB2/HAP3b) were also upregulated in response to PSD (Log,FC > 1) (Figure 3.5B, Table
S3.7). NF-YB2 regulates several biological processes including flowering-time (Zhao
et al., 2017) and ABA-mediated seed germination (Kumimoto et al., 2013). Previous
research has documented that the overexpression of NF-YB2 confers Arabidopsis with
dehydration tolerance as NF-YB2 is able to bind to the promoters of dehydration-
inducible genes (Sato et al., 2019). Moreover, even though the molecular functions of
ATL80 or ZFP4 have not been thoroughly characterized at this moment, some studies
made the putative connections between these TFs and abiotic stress adaptations
(Joseph et al., 2014; Suh & Kim, 2015).

Of note, only 3 out of a total of 21 PSD-upregulated TFs identified, were significantly
induced under 5 or 10 days of PS (Table S3.7). Thus, 18 TFs were uniquely induced
by the sequential stress, highlighting that PSD-elicited a transcriptomic signature
that differs from single stress application. However, 12 of them were significantly
upregulated by 5-day submergence (S) (Table S3.7), suggesting that the effect of the
prior submergence event, part of the PSD treatment, persisted to affect the sequential-
stress transcriptome signature. This corresponds with the previous notions from other
studies (Coolen et al., 2016a; Davila Olivas et al., 2016).

In addition to the identification of TFs, we constructed gene regulatory networks
(GRNs) to identify putative upstream regulators and co-expressors associated with
the upregulation of DEGs under HTD and PSD (Figure 3.6). Here, DEGs from the
upregulated HTD or PSD clusters (Clusters 3 and 4) were inputted respectively and
the GRNs were built using TF2network tool (Kulkarni et al., 2018). This tool integrates
the information of both of protein-DNA interactions and co-expression that are
experimentally confirmed or computationally predicted in Arabidopsis.

In total, the obtained HTD network consisted of 12913 interactions between 847
regulators (nodes), while only 4169 interactions between 340 regulators were formed
in PSD network (Figure 3.6). To identify putative master regulators in the GRNs, we
selected the top 11 nodes with the highest number of connections with the others
within the same GRN. Of the selected regulators, four genes were shared by both the
HTD- and PSD- networks; G-BOX BINDING FACTOR 3 (GBF3), ABSCISIC ACID RESPONSIVE
ELEMENT-BINDING FACTOR 1 (ABF1), ABA INSENTITIVE 5 (ABI5) and NF-YB2 (Figure 3.6,
table). All four genes have already been identified as key players mediating the
tolerance to a wide range of abiotic stresses (Ramegowda et al., 2017; Fernando et
al., 2018; Ren et al., 2022). NF-YB2 has an important role in plant stress acclimations



as discussed above. GBF3, has previously demonstrated to be a TF targeting specific
stress responsive genes when plants experience combined drought and Pseudomonas
syringae infection (Dixit et al., 2019). Both ABF1 and ABI5 are previously characterized
to be involved in ABA signaling (Linden et al., 2021). Of note, it is evidence that in
Arabidopsis ABF3 can activate ABI5 and thus confers salt tolerance (Chang et al., 2019).

The central modulator of thermomorphogenic responses, PHYTOCHROME
INTERACTING FACTOR 4 (PIF4) (Proveniers & Van Zanten, 2013; Quint et al., 2016), was
identified as one of the 11 nodes with the highest number of connections with the
others in the HTD network (Figure 3.6). This may point to a novel role in mediating the
acclimation to HTD despite the high-temperature response being partially restrained
by the combination with drought (See; Chapter 2).
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Figure 3.6: Gene regulatory network (GRN) analysis for upregulated DEGs in combined
and sequential sublethal stresses.

(A, B) GRNs for DEGs from the upregulated gene clusters in combined high temperature and
drought (HTD) (A) and submergence followed by drought (PSD) (B). For each GRN, the putative
upstream regulators (11) with the greatest number of connections with the others in the same
network were indicated. The genes associated with ABA responses were highlighted with
yellow nodes and the common highlighted regulators shared by the two GRNs are indicated
in the table.

In addition to the overlapping regulators between the two GRNs, another five genes
(PHOSPHORIBULOKINASE (PRK), AT5G65840, AT5G62140, AT1G66130 and GUN4) in the PSD
network (note GUN4 and AT1G66130 had the same number of nodes in GRN, therefore
in totally 11 overrepresented genes are shown in Figure 3.6 instead of 10). These five
genes were shown to be relevant for photosynthesis or chloroplast activities (Larkin
et al., 2003; Bosco et al., 2004; Ascencio-lbanez et al., 2008; Tarahi Tabrizi et al., 2016;
Guirrieri et al., 2019, 2023). This strengthens our previous notion that photo-acclimation
or plastid-to-nucleus signaling might play a role in PSD acclimation. Moreover, quite a

large proportion of the highlighted regulators from the HTD- and PSD- networks are
associated with ABA signaling (GBF2, GBF3, ABF1, ABF3, ABF4, ABI5 and MYBR1) (Choi et
al., 2000; Kim et al., 2017; Ramegowda et al., 2017), suggesting that the responsiveness
to HTD and PSD may involve ABA regulation This is not surprising, as ABA is a central
regulator of various abiotic stress responses (Wani, 2015; Sah et al., 2016; Tuteja, 2007).

Hormonal regulations under combined and sequential sublethal
stresses

Because our data hinted that ABA may play a role in responsiveness to HTD and PSD,
we performed a hormone-specific-signature analysis using the HORMONOMETER
tool (Volodarsky et al., 2009) (Figure 3.7A). The HORMONOMETER tool correlates
transcriptomic signatures of the imported dataset to that with datasets obtained
after exogenous hormone application at different timepoints (Volodarsky et al., 2009).
Indeed, a clear ABA signature was observed under both HTD and PSD treatment,
further supporting that ABA may have a role in regulating combined (HTD) or
sequential (PSD) stress responses. This result was experimentally validated using an
ABA reporter GUS line 6xABRE_RD29A:GUS to visualize ABA signaling under multiple
stress conditions at the same sampling timepoints (Figure 3.7B). Results indicate that
both HT and HTD stimulate ABA signaling, in agreement with the observed hormonal
signatures in our transcriptome data. Individually applied D, however, did not trigger
any visible staining, even though the drought period lasted for 10 days (Figure 3.7B).
This is in line with our finding that D only imposed a very subtle effect on plant
physiology/development (See; Chapter 2) and on the transcriptome. However, when
combined with submergence (PSD), ABA signaling was markedly enhanced, which
complied with observed ABA signatures by the HORMONOMETER tool (Figure 3.7B).
Collectively, ABA signaling thus seemingly plays a role in mediating plant responses
to combinatorial stresses (HTD and PSD), which is in line with previous studies that
ABA is involved in plant responses to stress combinations (Suzuki et al., 2016a; Berens
et al., 2019; Zandalinas & Mittler, 2022).
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Figure 3.7: Hormonal signatures for DEGs associated with combined or sequential
sublethal stresses.

(A) HORMONOMETER identified correlations between the transcriptomic signatures of
Arabidopsis exposed to individual and combinatorial stresses at different timepoints (X-axis),
and hormone signatures triggered by exogenous hormone applications in different time courses
(Y-axis). For the abbreviations of hormones: JA; jasmonic acid, ACC; 1-Aminocyclopropane-1-
carboxylic acid, ABA; abscisic acid, IAA; Indole-3-acetic acid, GA; gibberellic acid, CK; cytokinins,
BR; brassinosteroids, SA; salicylic acid. Numbers following the hormones indicate minutes
after the hormone applications. Colors scales indicate the levels of correlation, with yellow
representing a positive correlation, cyan a negative correlation, black for no correlation and
white for blank (lack of the correlation information due to the limited number of inputted DEGs).
(B) Representative images of 6xABRE_RD29A:GUS stained rosettes, subjected to individual,
combined and sequential stresses at 0, 5, 10 and 15 days after the treatments started. For colors
and abbreviations of stress treatments see figure 3.1 legend.

The HORMONOMETER profile (Figure 3.7A) also suggested the potential involvement
of other hormones in regulating combinatorial stress responses. For example, the
hormonal signature of 5-day PSD-treated plants displayed high correlations with
those treated by ACC (an ethylene precursor) and GA. However, the enhanced
correlations were tempered if PSD treatment lasted for 10 days, possibly due to the
crosstalk between different hormones (Murphy, 2015), as both ethylene and GA are
antagonistically regulated by ABA (Sharp & LeNoble, 2002; Liu & Hou, 2018). On the
other hand, ABA has also been found to antagonistically interact with brassinosteroids
(BR) in regulating plant thermotolerance (Divi et al., 2010), which may explain the
negative correlation between the BR profile and the HT- / HTD-triggered transcriptome

signatures. Furthermore, the salicylic acid (SA) signature in general negatively
correlated with the PSD- induced transcriptome signature (Figure 3.7A). One possible
explanation is that abiotic stresses can blunt SA-mediated plant immune responses,
and this suppression is most likely mediated by ABA (Yasuda et al., 2008; Berens et
al., 2019). Notably, a highly induced cytokinin (CK) and auxin/IAA signature appeared
after PS treatment (Figure 3.7A), which can be correlated to the steady recovery of
plant growth under a well-watered de-submergence phase (See; Chapter 2), as both
CK and IAA positively affect growth and leaf development of Arabidopsis (Dreher et
al., 2006; Park et al., 2021a).

Identification of multi-stress tolerant factors

One of the goals of our study is to identify general stress regulators mediating
tolerance to multiple abiotic stresses including drought, post-submergence and
high temperature. We therefore searched for all DEGs associated with these stress
treatments in our dataset (D, HT and PS, neglecting HTD and PSD in this case). However,
because we only identified a limited number of DEGs, especially under D and PS
conditions, we calculated the effects of each of the three stress treatments within the
entire dataset, regardless of whether they were individually applied or combined with
another stress. By overlapping each of the single-stress trigged DEGs, we eventually
identified 31 genes showing changes in expression in response to all the three stresses.
These genes can thus be considered ‘multi-stress-associated genes’ (Figure 3.8A).
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Figure 3.8: Identification of multi-stress responsive genes from the RNA-seq dataset
(A) Venn diagram presenting the overlap (and uniqueness) in DEGs elicited by the transcriptomic
effects of 5- and 10- day drought (D), post-submergence (PS) and high temperature (HT)
treatments in the entire RNA-seq dataset. (B) Gene ontology enrichment analysis for the 31
multi-stress responsive genes shared by all three stresses (center of the VENN diagram). The
most significantly (p < 0.01) enriched GO terms of KEGG pathways and biological processes
were listed with the significances indicated by -log10(p) values. (C) MCODE network presenting
a cluster of 10 densely connected genes, predicted based on protein-protein interactions (PPIs)
of the 31 multi-stress genes. (D) Relative expression levels, indicated as Log,FC, under individual
stress treatments (D, PS and HT) of the 10 genes of the MCODE network. Colors represent the
statistical significances of expression values, relative to control (C) conditions. Gene locus AGI
IDs were indicated along with the most commonly used gene names. For abbreviations see
figure 3.1 legend.

Next, we performed Gene Ontology (GO) enrichment analysis to investigate the
biological functions of these highlighted 31 multi-stress-associated genes (Figure S3.8).
The enrichment identified ribosome (ath03010) protoporphyrinogen IX biosynthetic
process (GO:0006782) and regulation of translation (GO:0006417) (Figure 3.8B). Indeed,
several of the 31 genes encode ribosomal proteins (RPs) involved in translation, such as
RIBOSOMAL PROTEIN BL21C (RPL21C), RIBOSOMAL PROTEIN EL30Y (RPL30B), RIBOSOMAL
PROTEIN BL28C (PRPL28), and RIBOSOMAL PROTEIN UL15C (RPL15). However, as ribosomal
protein gene expression can be largely influenced by adverse growth conditions (Liu
et al., 2014), these factors may just be the general stress-downregulated genes. By
using the MCODE tool (Bader & Hogue, 2003), 10 ribosomal genes densely connected
with each other in the protein-protein interaction (PPI) network were identified from
the 31 genes (Figure 3.8C). These 10 genes were all downregulated during each of
the individual stress treatments (Figure 3.8D), suggesting that these genes are likely
general stress responsive genes. In contrast to these ribosomal genes, three genes

(of the 31) exhibited consistent upregulation trends across D, HT and PS: AT1G04350,
GAMMA-VPE and AT4G16190 (Figure S3.7). Both GAMMA-VPE and AT4G16190 are
members of cysteine proteinases (Van Wyk et al., 2014; Hatsugai et al., 2015) and
have previously been characterized as important stress modulators (Kinoshita et al.,
1999; Bernoux et al., 2008). We therefore conclude that GAMMA-VPE and AT4G16190
are potential multi-stress responsive genes of D, PS and HT.

Conclusions

Taken together, our transcriptome analyses revealed unique response signatures
imposed by sublethal combinatorial abiotic stresses, which might account for the
unique phenotypic or physiological traits characterized before (See; Chapter 2). The
RNA-seq data analysis enabled the identification of genetic processes, candidate genes
(including TFs and overrepresented genes in GRNs) and hormonal regulators that
may contribute to the acclimation to combined and sequential sublethal stresses as
well as multi-(single)stress modulators. Given that these identified stress regulators
may be essential for the tolerance to combinatorial stresses, it is necessary to further
verify the physiological functions of these candidates (Table S3.8, also see; Chapter 4).
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Material and methods

Plant materials and growth conditions

Arabidopsis thaliana Columbia-0 (Col-0; NASC stock center ID: N1092) plants were
grown as described in Chapter 2. In brief, seeds were stratified and thereafter grown
in a climate-controlled growth chamber (8 h photoperiod / 16 h darkness, 21 °C, 120-
150 umol m? s PAR with fluorescence tube lightening, 70% relative humidity) until
they reached 2 true leaf stage (LS2). Plants were then individually transferred to Jiffy
7c coconut pellets (Jiffy Products International BV, Zwijndrecht, The Netherlands) that
were presoaked in 50 mL Hoagland solution (Millenaar et al., 2005) and thereafter
saturated with deionized water to a final weight of 250 + 20 g per pellet. Plants



subjected to high temperature (HT and HTD) were transferred to a growth chamber
set at 27 °C, with otherwise similar conditions as used for C, D, PS and PSD treatments.
Nutrition supplementation and randomization were performed as described in
Chapter 2 (See; Chapter 2, Materials and Methods).

Stress treatments and sample harvesting

Plants were subjected to individual (PS, D, HT) or combined stresses (HTD, PSD) or kept
at control conditions (C), at the day they reached 10-true-leaf stage (LS10). The stress
treatments for the transcriptomic analyses were applied as described in Chapter 2.
Sample harvesting was performed 2 hours after the photoperiod began (ZT = 2 hours)
at 0, 5 and 10 days after treatments started, which aligns with the timepoints of the
phenotypic characterizations described in Chapter 2, except for the 15-day C and D
treatment and control, which was not used for the transcriptomic analysis described in
this chapter. For the plant tissue sampling at each timepoint, 5-6 plants were chosen
and 2 of the young leaves (leaf 7 to 10, counting from the earliest emerged true leaves
(See; Chapter 2, Figure 2.3A) from individual plants (including petioles) were dissected
and pooled together. Samples were immediately snap-frozen in liquid nitrogen and
stored at -80 °C until further processing. In total, 58 samples were collected consisting
of 3-7 independent biological replicates (leaf pools) across all harvesting timepoints.
The percentage of soil water content (%SWC) at the moment of harvesting of samples
are indicated in Table S3.1.

RNA isolation and sequencing sample preparation

Frozen samples from -80 °C were grinded using a cryogenic grinding mill (Retsch,
Haan, Germany) to a fine powder and plant total RNA was extracted using the RNeasy
kit (Qiagen, Germany) following the manufacturers protocol. Samples were diluted to
25 ug RNA/ pL in a total volume of 60 pL using DEPC-treated water.

RNA quality control, library construction and lllumina sequencing

RNA quality control, library construction and lllumina sequencing was done
commercially by Macrogen (Macrogen, Amsterdam, The Netherlands). Total RNA
integrity and purity were checked using an Agilent Technologies 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, USA) and only samples with RNA Integrity Number
of 7 or above were used for library construction. Library preparation was performed
based on the TruSeq stranded mRNA protocol (lllumina, USA). The constructed libraries
were sequenced by lllumina Novaseq6000 sequencer (lllumina, USA) with 150 bp pair-
end reading, providing FASTQ files output.

Data processing and sequence alignment

Data processing, including adaptor trimming and reads filtering,
was conducted using CUTADAPT (Martin, 2011). The Truseq adaptor
sequences ‘AGATCGGAAGAGCACACGTCTGAACTCCAGTCA’ and
‘AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGT were trimmed with a maximum error
rate of 0.07. Reads filtering was based on the criterion of the minimum cutoff length of
30 bp and quality score of 20. This yielded at least 61 million clean pair-end reads per
sample. The trimmed and filtered reads were then assembled and mapped to the A.
thaliana transcriptome (Araport10) using KALLISTO (Bray et al., 2016).

Normalization and calculation of differential expression

Before analysis, the transcripts per (kilobase) million (TPM) values were filtered and
transformed in R software (RStudio, Inc). Next, Arabidopsis gene-expression was
filtered for read detection of log, TPM > 2 in all the samples. We also removed two
samples with a total mapped Arabidopsis read count below 7 million due to the ArLV1
infection. This filtering step resulted in 6087 detected genes (out of 27655 protein
coding genes in the assembly). Subsequently, the TPM values were transformed by:

TPM =log,(TPMj,j + 1)

log,i,j
where TPM, - was the log,-normalized TPM value of gene i (one out of 6087) and
sample j (one out of 56 samples).

For the principal component analysis (PCA) and correlation analysis, a ratio was also
calculated with the mean of the TPM, by

TPM,;
TPM, )

TPMratio,i,j = Ing(

where TPM__was the log, of the TPM value of gene i (one out of 6087) and sample j
(one out of 56 samples), divided by the average TPM value over all samples for gene
i. To understand the sources of variance in the expression data, principal component
analyses were performed with the prcomp function in R with the parameter scale = TRUE
on the TPMmio-transformed expression data. Likewise, correlation matrices were made
on the TPM__ -transformed expression data with cor and the heatmap function in R.
For the determination of ArLV1 effects on plant transcriptome, Control samples at
timepoint 5 days (no applied abiotic stress) were selected, as three of these samples
contained relatively few reads mapping to ArLV1 (0.01-9.56%) and four samples



contained high amounts of ArLV1 (78.94- 90.08%). Only for this analysis, the complete
dataset including the two low-quality samples was used.

Statistical analysis was done in R using the log,-normalized TPM values in linear models
ran for 5 and 10 days timepoints separately, with the different stress treatments as
variables when compared to the control treatment (C) at the same timepoint. The
obtained significances were corrected using a Benjamini-Hochberg adjustment for
multiple testing (provided by the prcomp function). Visualization of the significantly
expressed genes was done with the ggplot2 package (Wickham, 2009).

Gene clustering, Gene Ontology (GO) enrichment and Protein network
analysis

To visualize gene expression differences, k-means clustering was used to arrange the
significantly regulated genes in clusters with similar expression patterns. The optimal
number of clusters was determined visually by plotting the within-cluster sums of
squares and the average silhouette with the fviz_nbclust function from the factoextra
package in R (Lé et al., 2008). Groups with a high variation in expression between the
stress treatments were chosen for additional enrichment analysis.

For the GO enrichment analysis, Metascape (Metascape, http://Metascape.org/)
(Zhou et al., 2019) was used to characterize the biological processes and the enriched
pathways by Kyoto Encyclopedia of Genes and Genomes (KEGG) of the inputted
candidates. The process enrichment was carried out following the settings of p value
cutoff = 0.01, minimal number of overlapping genes = 3 and a minimal enrichment
value = 1.5.

For the protein network analysis, the list of protein IDs were inputted into Metacape
which incorporated the dataset of physical protein-protein interactions (PPIs) from
BioGrid (Chatr-aryamontri et al., 2017) and protein interaction networks were extracted
and formed by the candidates. The integrated algorithm MCODE was subsequentially
utilized to identify the densely connected network complexes from the PPl network.

Transcription factor (TF) analysis

The locus IDs of Arabidopsis were inputted into Arabidopsis transcription factor
database (AtTFDB, https://agris-knowledgebase.org/AtTFDB/) and TFs were
automatically identified by annotating the candidates to TFs from 50 different TF
families. The Log,FC and significances of the identified TFs were then plotted as
heatmap figures using R.

Construction of gene regulatory networks (GRNs)

Candidate gene IDs were first imported into TF2Network (Kulkarni et al., 2018) to
search for the information of their promoter binding sites and thereafter the putative
upstream TFs were identified. These TFs were then analyzed for the co-expressions
and protein-DNA interactions with the predicted targets and the networks thereafter
generated using Cytoscape (Shannon et al., 2003).

Hormonal signature analysis

HORMONOMETER (Volodarsky et al., 2009) was used to characterize the hormonal
signature of the RNA-seq dataset. Locus IDs, Log,FC and statistical significances of
the candidates were together imported into HORMONOMETER and the correlations
between the input RNA-seq dataset and known transcriptome responses triggered
by exogenous hormone applications (Goda et al., 2008) were then calculated. The
output of the analysis was plotted as heatmaps using GraphPad Prism 9 (GraphPad
Software, La Jolla, USA).

Histochemical GUS assay

Entire rosettes of 6xABRE_RD29A:GUS were harvested at 0, 5, 10 and 15 (only for C and
D) days after the treatment started and immediately fixed in 90% acetone (v/v) at -20
°C for 20 min and then washed by washing solution (0.1 M phosphate buffer pH=7,
10 mM EDTA, 2 mM K,Fe(CN),) under vacuum for 10 min in darkness. Plants were
subsequently transferred to the staining solution (0.1 M phosphate buffer pH=7, 10
mM EDTA, 1 mM K,Fe(CN),, TmM K, Fe(CN) -H,0) and vacuumed for 10 min in darkness,
followed by an overnight incubation at 37 °C. To stop the staining, samples were
soaked in 3:1 acetic acid: ethanol solution for 1 hour at 37 °C and were cleared with
70% ethanol (v/v) for 10 minutes. The stained plant tissues were scanned by an Epson
V800 scanner (EPSON, Japan).
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Figure S3.1: Sequence coverage of RNA-seq dataset.

Number of sequenced reads mapping to known Arabidopsis genes part of the transcriptome
(Mapped_Araport10, green), RNA1 and RNA2 of the ArLV1 virus (Mapped_ArLV1, yellow) or
neither of the two (Unmapped, dark green). For abbreviations see figure 3.1 legend.
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Figure $3.2: Effects of ArLV1 infections on Arabidopsis growth, development and
transcriptome.

(A) Representative images showing each of the pooled plants containing either low (upper
row, average percentage of sequence mapping to ArLV1 is 4.18%) or high (bottom row, average
percentage of sequence mapping to ArLV1 is 81.6 %) levels ArLV1 sequence reads. The two
groups of Arabidopsis plants were grown under control conditions for 5 days after which the
(B, C) total leaf area (B) and number of leaves(C) were measured. Error bars indicate means +
SEM, n = 5-6. ns indicates a non-significant difference. (D) Volcano plot showing transcriptomic
differences between samples mapping above and below 50% to the A. thaliana transcriptome
in Control (C) plants at timepoint 5 days. Genes with FDR (false detection rate) < 0.05 are
considered significant.
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Figure S3.3:

Correlation matrix of all samples in the RNA-seq dataset visualizing the distribution of transcripts
of all 56 samples that passed the quality control. The color scale indicates the strength of
the correlation (negative: blue, positive: yellow) and the distribution of the matrix values. The
relatednesses of individual samples are indicated by the hierarchal clustering trees. Samples
are named as;

abbreviation_timepoint_biological replicate. For abbreviations see figure 3.1 legend.
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Figure S3.4: Expression of 49 core-hypoxia responsive genes

Heatmap showing the expression ratio in transcripts per million (TPM) of hypoxia responsive
genes under submergence (S) followed by drought (PSD) and the relevant individual (D and
PS) stresses and control (C). Indicated are the AGI gene locus ID and the commonly used
abbreviation. The color scale indicates the expression levels, yellow represents up- and blue
represents down-regulation. For abbreviations see figure 3.1 legend.
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Figure S3.5: 33 DEGs regulated by both PS and PSD.

Heatmap shows relative expression of DEGs shared by both PS and PSD. For each DEG, the AGI
gene locus ID is indicated. Color scales indicate Log,FC value (relative to control (C) conditions),
yellow and blue indicate up- and down- regulations, respectively. For abbreviations of stress
treatments see figure 3.1 legend. The GO and KEGG enrichment analysis of the 31 DEGs are

indicated in the table.
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Figure S3.6: TFs upregulated in both combined and sequential stresses.

Heatmap presenting the expression patterns across individual and combinatorial stresses of
8 common TFs that are enriched in both the combined (HTD)- and sequential- (PSD) stress
clusters with upregulated genes, compared to controls (C). Indicated are the AGl gene locus ID
and the commonly used abbreviation. The color scale indicates the expression levels, yellow
represents up- and blue represents down-regulation. For abbreviations of stress treatments
see figure 3.1 legend.
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Table S3.3: Significantly enriched GO terms (p < 0.01) of biological processes in each

of the k-means clusters under combined high temperature and drought stress (HTD).

Indicated are the GO category (accession) and term description, p value of GO term enrichment
and the k-means clusters in which the term was enriched. For abbreviations of stress treatments

see figure 3.1 legend.

GO accession
G0:0042254
GO0:0042273
G0:0002181
GO0:0042255
GO:0042274
GO0:0006119
GO0:0072344
GO0:0001510
G0:0032544
GO0:0034728
G0:0000413
GO0:0016074
G0:0097549

G0:0043038
G0:0006091

G0:0016192
G0:0007030
G0:0006403
G0:0009657
G0:0000375
G0:0030433
G0:0034660
GO0:0000373
GO:1903311

G0:0000959
G0:0006457
G0:0009790
G0:0006281
G0:0048574

Term description

ribosome biogenesis

ribosomal large subunit biogenesis
cytoplasmic translation

ribosome assembly

ribosomal small subunit biogenesis
oxidative phosphorylation

rescue of stalled ribosome

RNA methylation

plastid translation

nucleosome organization

protein peptidyl-prolyl isomerization
sno(s)RNA metabolic process

chromatin organization involved in negative
regulation of transcription

amino acid activation

generation of precursor metabolites and
energy

vesicle-mediated transport

Golgi organization

RNA localization

plastid organization

RNA splicing, via transesterification reactions
ubiquitin-dependent ERAD pathway
ncRNA metabolic process

Group Ilintron splicing

regulation of MRNA metabolic process
mitochondrial RNA metabolic process
protein folding

embryo development

DNA repair

long-day photoperiodism, flowering

p-Value
6.03979E-40
1.31912E-28
4.54098E-20
1.23714E-15
1.76745E-11
4.70525E-07
2.7165E-05
3.61458E-05
0.000431133
0.000485249
0.000912284
0.001450317
0.001494455

0.001783933
0.00011082

0.00157761
0.00319522
1.20322E-07
1.30079E-06
1.36781E-05
2.27199E-05
2.84923E-05
3.26535E-05
0.000139591
0.000185024
0.000276219
0.000381017
0.002059724
0.003376124

Cluster
1
1

w W W w w w w w w w w wNNDN

GO accession
GO0:0140053
G0:0065002
G0:0022613
G0:0006897
G0:0090305
G0:0042026
GO0:0009408
GO0:0016560

G0:0006979
G0:1901607
G0:0048878
G0:0009644
G0:0006790
GO0:0009611
G0:0120253
G0:0016485
G0:0010150
G0:0046471
GO0:0019684
GO0:00425%94
G0:0009620
G0:0009743
GO0:0006914
G0:0006790

Term description

mitochondrial gene expression

intracellular protein transmembrane transport

ribonucleoprotein complex biogenesis
endocytosis

nucleic acid phosphodiester bond hydrolysis
protein refolding

response to heat

protein import into peroxisome matrix,
docking

response to oxidative stress
alpha-amino acid biosynthetic process
chemical homeostasis

response to high light intensity

sulfur compound metabolic process
response to wounding

hydrocarbon catabolic process
protein processing

leaf senescence

phosphatidylglycerol metabolic process
photosynthesis, light reaction
response to starvation

response to fungus

response to carbohydrate

autophagy

sulfur compound metabolic process

p-Value
0.004569125
0.006145542
0.006222077
0.006450208
0.007427573
0.008236804
1.56187E-05
3.73094E-05

0.000104547
0.000192445
0.000337441
0.000443147
0.000716216
0.000954123
0.001017665
0.00127862
0.001773684
0.001807701
0.00183533
0.001857114
0.001947046
0.002241505
0.003415799
0.000716216

Cluster

A A W W WW W W

A A D D DD D DA DD DM DD DD D DD

Table S3.4: Significantly enriched GO terms (p < 0.01) of biological processes of DEGs

atHT atday 0.

Indicated are the direction of differential transcription (relative to control C; down or up), the
GO category (accession) and term description, p value of GO term enrichment.

Regulation
pattern

down
down

down

GO accession Term description

G0:0042254 ribosome biogenesis
G0:0002181 cytoplasmic translation
G0:0042255 ribosome assembly

p-Value

9.95729E-22
1.4703E-08
2.13327E-08



Table S3.4: Continued

Regulation
pattern

down
down
down

down

down
down
down
down
up
up

up
up
up
up
up
up
up
up
up
up

Table S3.5: Significantly enriched GO terms (p < 0.01) of biological processes in each of

GO accession Term description p-Value
G0:0046148 pigment biosynthetic process 7.16182E-07
G0:0000470 maturation of LSU-rRNA 6.84428E-06
G0:0009812 flavonoid metabolic process 0.000668975
GO0:0006515 protein quality control for misfolded or 0.003913854
incompletely synthesized proteins
G0:0006626 protein targeting to mitochondrion 0.004064226
G0:0031167 rRNA methylation 0.004707484
G0:0010191 mucilage metabolic process 0.007093014
G0:0006417 regulation of translation 0.008076844
G0:0015979 photosynthesis 1.46374E-11
G0:0010275 NAD(P)H dehydrogenase complex 1.57962E-07
assembly
GO0:0044247 cellular polysaccharide catabolic process 0.000116583
GO0:0010190 cytochrome b6f complex assembly 0.000117325
G0:0006790 sulfur compound metabolic process 0.000449286
GO0:0006002  fructose 6-phosphate metabolic process 0.000890839
GO0:0009069  serine family amino acid metabolic process 0.001109036
GO0:0009658  chloroplast organization 0.00119019
GO0:0009765 photosynthesis, light harvesting 0.001477437
G0:0000103 sulfate assimilation 0.00281855
G0:0009266 response to temperature stimulus 0.0050875
G0:0000373 Group Il intron splicing 0.0056605

the k-means clusters under submergence followed by drought treatment.

Indicated are the GO category (accession) and term description, p value of GO term enrichment

and the k-means clusters in which the term was enriched.

GO accession
G0:0034660
GO0:0042793
G0:0000373
GO:0000959
GO0:0006281
GO0:0065002

Term description p-Value

Cluster

ncRNA metabolic process

plastid transcription

Group Il intron splicing

mitochondrial RNA metabolic process
DNA repair

intracellular protein transmembrane transport

2.91039E-05
6.05524E-05
0.001097608
0.00110131
0.003283367
0.003663384

1

Table $3.5: Continued

GO accession
G0:0006334
G0:0072527

G0:0042254
G0:0002181

G0:0042255
G0:0015995
G0:0042274
GO0:0006417
G0:0032544
G0:0009657
G0:0045036
G0:1901259

G0:0015979
G0:0010258

G0:0009110
G0:0009642
G0:0006778

G0:0030001
G0:0070417
GO0:0016051

G0:0001101

GO:0051604
G0:0046148
G0:0009639

Term description
nucleosome assembly

pyrimidine-containing compound metabolic
process

ribosome biogenesis
cytoplasmic translation
ribosome assembly

chlorophyll biosynthetic process
ribosomal small subunit biogenesis
regulation of translation

plastid translation

plastid organization

protein targeting to chloroplast
chloroplast rRNA processing
photosynthesis

NADH dehydrogenase complex
(plastoquinone) assembly

vitamin biosynthetic process
response to light intensity

porphyrin-containing compound metabolic
process

metal ion transport

cellular response to cold
carbohydrate biosynthetic process
response to acid chemical

protein maturation

pigment biosynthetic process

response to red or far-red light

p-Value
0.004910088
0.008403109

2.10002E-32
1.61112E-18
1.16976E-12
4.91082E-09
5.72558E-08
9.99943E-05
0.00039216
0.000621101
0.00114847
0.003910888
1.6229E-06
3.7316E-05

0.00042279
0.00202643
0.0020781

0.00403665
0.00462344
0.00488961
0.00749204
0.0084925
0.00149185
0.00677587

Cluster

w

A A W W W W W
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Table S3.8: Identified candidate genes mediating acclimation to combined high Table S3.8: Continued
temperature and drought (HTD) and/or submergence followed by drought (PSD)

according to the transcriptomic analysis. Gene Name Locus ID Stress type Selection criteria
BEL1 AT5G41410 HTD Upregulated TF
Indicated are the the commonly used abbreviation (Gene name), AGI gene locus, stress type, MYB34 AT5G60890 HTD Upregulated TF
and selection criteria. For abbreviations of stress treatments see figure 3.1 legend. CGAT/GNL AT4G26150 PSD Upregulated TF
NAC083 AT5G13180 PSD Upregulated TF

Gene Name Locus ID Stress type Selection criteria WRKY17 AT2G24570 PSD Upregulated TF
HSFB2B AT4AG11660  HTD Upregulated TF FB AT4G09180  PSD Upregulated TF
HSF4 AT4G36990  HTD Upregulated TF ERF34 AT2G44940  PSD Upregulated TF
WHY2 ATIG71260  HTD Upregulated TF RGAT AT2G01570  PSD Upregulated TF
VIPT ATIG43700  HTD Upregulated TF DOF2 AT3G21270  PSD Upregulated TF
ATL66 AT3G11110 HTD/PSD Upregulated TF DOF1 AT1G51700 PSD Upregulated TF
DEAR3 AT2G23340  HTD Upregulated TF B34 AT3G28920  PSD Upregulated TF
NF-YB2 AT5G47640 HTD/PSD Upregulated TF/Hub genes in GRN AT3G10760 AT3G10760 PSD Upregulated TF
ZFP4 AT1G66140 HTD/PSD Upregulated TF AL4 AT5G26210 PSD Upregulated TF
TLP7 ATIG53320  HTD Upregulated TF CDF3 AT3G47500  PSD Upregulated TF
BZIP28 AT3G10800 HTD Upregulated TF TCP22 AT1G72010 PSD Upregulated TF
ERF3 ATIG50640  HTD Upregulated TF ATL80 ATIG20823  PSD Upregulated TF
BzIP17 AT2G40950  HTD Upregulated TF ABI5 AT2G36270  HTD/PSD Hub genes in GRN
HB1 AT3G01470 HTD/PSD Upregulated TF MYBRI AT5G67300 HTD Hub genes in GRN
ATL24 AT1G74410  HTD/PSD Upregulated TF ATIG16080 ATIG16080  HTD Hub genes in GRN
ELF6 AT5G04240  HTD Upregulated TF ABF3 AT4AG34000  HTD Hub genes in GRN
SE AT2G27100  HTD Upregulated TF PIF4 AT2G43010  HTD Hub genes in GRN
SCLi4 AT1G07530  HTD/PSD Upregulated TF GBF3 AT2G46270  HTD/PSD Hub genes in GRN
bes AT1G09770  HTD Upregulated TF ABF4 AT3G19290  HTD Hub genes in GRN
PCFS4 ATAG04885  HTD Upregulated TF TLP18.3 ATIG54780  HTD Hub genes in GRN
MYBRT AT5G67300  HTD Upregulated TF ABFI ATIG49720  HTD/PSD Hub genes in GRN
ARID5 AT3G43240 HTD Upregulated TF CRL AT5G51020 HTD Hub genes in GRN
AT1G01930 AT1G01930 HTD Upregulated TF GBF2 AT4GO1120 PSD Hub genes in GRN
TCP23 ATIG35560  HTD Upregulated TF CCA AT2G46830  PSD Hub genes in GRN
TCP9 AT2G45680  HTD Upregulated TF PRK ATIG32060  PSD Hub genes in GRN
AT5G12310 AT5G12310 HTD Upregulated TF AT5G65840  AT5G65840  PSD Hub genes in GRN
ILR3 AT5G54680  HTD Upregulated TF AT5G62140 AT5G62140  PSD Hub genes in GRN
ATLI3 AT3G60080  HTD Upregulated TF GUN4 AT3G59400  PSD Hub genes in GRN
BEH4 ATIG78700  HTD Upregulated TF ATIG66130 ATIG66130  PSD Hub genes in GRN
TCp22 AT1G72010 HTD/PSD Upregulated TF GAMMA-VPE AT4G32940 - Putative multi-stress associated gene
SCLT AT1G21450 HTD Upregulated TF AT4G16190 AT4G16190 - Putative multi-stress associated gene
AT1G80400 AT1G80400 HTD Upregulated TF
HB2 AT4G16780 HTD Upregulated TF

SCL8 AT5G52510 HTD/PSD Upregulated TF
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Abstract

Plant response to multiple abiotic stresses involves intricate signal transduction
pathways that can lead to acclimation. In Chapter 3, we demonstrated that sublethal
combinatorial stresses, either simultaneously or sequentially imposed on Arabidopsis
thaliana, trigger unique and more pronounced transcriptome signatures compared to
the corresponding individual stresses. We identified a suite of molecular processes and
candidate regulatory genes potentially participating in the acclimation to sublethal
combinatorial stresses. In this chapter, we describe a reverse genetics approach
to characterize the genetic effects of the identified candidates in regulating plant
growth, development, and wilting, during Arabidopsis subjection to different types
of sublethal combinatorial stresses; i) combined high temperature and drought and
i) submergence followed by drought. Furthermore, we validated the morphological
and physiological effects of promising candidates during the subjection to the relative
individual stresses.

Our results revealed that acclimation to different sublethal combinatorial stresses is
likely coordinated by distinct candidate regulatory genes, acting as either positive
or negative regulators to modulate plant growth, development, and wilting. EARLY
FLOWERING 6 (ELF6) and ARABIDOPSIS TOXICOS EN LEVADURA 80 (ATL80) were
identified as candidate master regulators of acclimation to combined and sequential
stresses, respectively. Our results also confirmed the pivotal roles of previously
identified molecular processes in response to combined or sequential stresses such
as ABA signaling and chlorophyll accumulation. Overall, our work validates the
phenotypic effects of previously identified candidate genes on the responsiveness
to sublethal combinatorial stresses and provides important leads for future studies on
the dedicated molecular mechanisms how identified multi-stress regulators control
plant stress responsiveness.

Introduction

As sessile organisms, plants growing in natural or agricultural settings constantly
encounter and must respond to diverse abiotic stresses (Jenks & Hasegawa, 2005;
Mittler, 2006a; Zhang et al., 2022b). In recent years, there has been a tremendous
increase in studies deciphering molecular and physiological mechanisms of plant
abiotic-stress adaptation or acclimation (Hirayama & Shinozaki, 2010b; Pereira,
2016; Praveen et al., 2023). Many of these studies have primarily focused on the
responsiveness to individual stresses, often involving severe, lethal conditions.
However, in nature, abiotic stresses rarely occur in isolation. Additionally, the onset of
abiotic stresses is in general gradual, and the stresses often occur at sublethal severities.
Co-occurring stresses typically elicit distinct effects on plant growth, development,
and physiology in comparison with the corresponding individual stresses, leading to
unique acclimation strategies at both phenotypic and molecular levels (Choudhury
etal., 2017; Balfagon et al., 2019a; Anwar et al., 2021b; Zandalinas & Mittler, 2022). The
precise effect of a given combinatorial stress is determined by multiple parameters
such as the duration, severity, order, and the number of applied stresses (Pandey et
al., 2015; Fong et al., 2018; Zandalinas et al., 2021a; Zandalinas & Mittler, 2022).

Several plant species can induce a series of phenotypic changes at the whole-plant
level when confronted with suboptimal environmental stimuli. For example, a slightly
elevated ambient temperature, or a reduced red-to-far red ratio in the perceived
light can drastically affect the rosette and root architectures of Arabidopsis thaliana,
inducing traits like leaf elongation and hyponastic growth. Furthermore, under
submerged or hypoxic conditions, cereal crops such as maize can form lysigenous
aerenchyma in the root cortex to maintain adequate oxygen supply and enhance
hypoxia tolerance (Drew et al., 1981; Evans, 2004; Ni et al., 2019). These changes are
precisely regulated by complex signal transduction pathways involving a vast number
of factors (Rajhi et al., 2011; Yamauchi et al., 2013; Zhu, 2016; Kleine et al., 2021). For
example, responses to high temperature or light quality are among others regulated
by PHYTOCHROME INTERACTING FACTOR (PIF) transcription factors (TFs), which
target genes associated with e.g. auxin signaling and cell wall remodeling and thereby
control plant growth and morphology (Hornitschek et al., 2012; Van Zanten et al., 2013;
Courbier et al., 2021; Burko et al., 2022). However, when more than one stress occur
simultaneously or sequentially, the combinatorial stresses can elicit distinct effects
on the plant transcriptome when compared to the corresponding individual stresses
(Mittler, 2006b; Coolen et al., 2016a; Anwar et al., 2021b; Zandalinas & Mittler, 2022).



Heat Shock Factors (HSFs) were shown to play a pivotal role in regulating Arabidopsis
response to several stress combinations, including combined heat and drought, salinity
and heat, and high light intensity in combination with heat (Rizhsky et al., 2004; Suzuki
et al., 2016a; Balfagon et al., 2019a). Additionally, Arabidopsis mutants with impaired
abscisic acid (ABA) signaling exhibited reduced growth and survival when subjected
to combined high temperature and drought stress, accompanied by a high level of
H,O, compared to the wild-type plants (Zandalinas et al., 2016a). This underlines the
importance of reactive oxygen species (ROS)-ABA interactions for the acclimation to
combinatorial stresses (Devireddy et al., 2021). A recent study investigating molecular
responses of Arabidopsis to single, double and triple combinations of heat, osmotic
and salt stresses revealed many functionally uncharacterized genes as important
regulators of stress acclimation, and are prospective candidates for engineering plant
abiotic stress tolerance (Sewelam et al., 2020). Despite of this recent study, in many
studies potential regulators of combinatorial stresses are suggested based on analysis
of ~omics datasets, but subsequent experimental functional validation of these factors
is lacking.

In Chapter 3 of this thesis, we performed an mRNA sequencing (RNA-seq) analysis
to characterize the effects of two combinatorial sublethal stresses; i) combined high
temperature and drought (HTD), ii) sequentially applied submergence and drought
(PSD), and their corresponding individual stresses, on the transcriptome of young
Arabidopsis leaves. We show that both combined and sequential stresses impose
unique transcriptomic signatures in comparison to the relevant individual stresses. We
also proposed several molecular processes to be putatively involved in the regulation
of these combined and sequential stresses, such as plastid-nucleus communication
(retrograde signaling), ABA signaling and photo-acclimation. Additionally, we
highlighted a group of candidate genes (mostly TFs) as potential key regulators
involved in mediating the acclimation to combinatorial sublethal stresses, which are
considered of prime interest for further functional validation.

The selection of these candidate genes was based on their expression patterns
under either HTD or PSD according to the RNA-seq dataset and met at least one of
the following criteria; i) TFs that were transcriptionally upregulated (See; Chapter 3,
Figure 3.5), ii) overrepresented genes from constructed gene regulatory networks
(See; Chapter 3, Figure 3.6) and/or where iii) identified as multi-stress responsive genes
(See; Chapter 3, Figure 3.8). In this chapter, we utilized a reverse genetics approach,
using (mainly) Arabidopsis T-DNA insertion mutants, to confirm the involvement of
these selected candidate genes on plant growth, development and wilting during
subjection to the combined and sequential abiotic stresses. Mutants of confirmed

candidates were subsequently also validated for their role in mediating responses to
the respective individually applied stresses.

Our results confirmed that several of the selected candidate genes, being generally
transcriptionally upregulated (See; Chapter 3), coordinate the regulation of typical
phenotypic acclimation traits (e.g., leaf lengthening, dry weight accumulation, wilting,
etc.) under HTD or PSD. The reverse genetics approach confirmed the significance of
some previously identified key generic processes from the transcriptomics dataset,
such as ABA signaling and chlorophyll accumulation for acclimation to HTD or PSD.
Moreover, we identified novel candidate TFs, such as EARLY FLOWERING 6 (ELF6) and
ARABIDOPSIS TOXICOS EN LEVADURA 80 (ATL80), with significant effects on not only
plant growth and leaf development, but also on plant survival (wilting) during HTD and
PSD, respectively. These are promising candidates for follow-up studies to gain more
insights into the signaling networks controlling combinatorial stress acclimation and
adaptation and might be of relevance for applied studies aiming on improving plant
growth and yield under unstable and changing climatic conditions.

Results

In chapter 3 we identified a set of candidate genes potentially mediating responses
to combined (HTD) and sequential (PSD) abiotic stresses, using a transcriptome
profiling approach (See; Chapter 3 Table 53.8). Here we employed a reverse genetics
approach to experimentally validate some of these candidates and probe their
underlying physiological functions in combinatorial-stress acclimation. Arabidopsis
T-DNA insertion mutants of the corresponding genes were subjected to combinatorial
stresses and the effects on plant growth, development, and wilting were characterized
(Figure 54.1). We selected TFs that were upregulated during either HTD or PSD (Log,
[FC| > 0, p < 0.05) (See; Chapter 3 Figure 3.5), together with the overrepresented
genes from the gene regulatory networks constructed based on the upregulated
differentially expressed genes (Log, [FC| > 0, p < 0.05) under HTD or PSD (See; Chapter
3 Figure 3.6), and the identified multi-stress responsive genes (Log, |FC| >0, p < 0.05,
in at least one of the individual stress conditions (D, HT, PS)) (See; Chapter 3 Figure 3.8).
In total, we successfully isolated 44 confirmed homozygous T-DNA insertion mutants,
covering 31 HTD- and 22 PSD- candidate genes, respectively (Tables S4.1 and S4.2).
We were unable to obtain homozygous lines for the remaining 11 mutants, mainly
because of issues with seed germination. All confirmed homozygous mutants, along
with the corresponding wild-type plants (WT), were subsequently assessed for their
genetic effects on phenotypic traits under either HTD or PSD.



Characterization of mutants of candidate regulators controlling
acclimation to combined high temperature and drought

We subjected the 31 Arabidopsis mutants with putative effect on HTD traits (Table
S4.1) and their corresponding WT genotypes (Col-0, Col-3) to HTD conditions when the
plants reached the 10-leaf stage (LS10) (Figure 4.1A). Traits indicative for plant growth
and leaf development, including total rosette area, leaf (both petiole and blade) length
and leaf number were measured at 0 and 10 days after the HTD treatment was initiated
and the relative changes in trait values over the 10-day HTD treatment period were
calculated. Subsequently, the HTD treatment was extended until the WT and mutants
started to show wilting symptoms. At that moment, plant dry weight and leaf number,
days to wilting and percentage of soil water content (%SWC) were recorded. All trait
values were compared between mutants and their corresponding WTs.

Of the 31 mutants tested, five lines including aba insensitive 5 (abi5-7), early flowering
6 (elf6-3), at5g12310, VIRE2-interacting protein 1 (vipl) and zinc finger protein 4 (zfp4),
displayed early wilting phenotypes based on exhibiting either accelerated wilting time
(days to wilting) and/or having a relatively high %SWC at the moment of wilting (Figure
4.1B, Table S4.3). As expected, the ABA signaling mutant abi5-7 (Dekkers et al., 2016;
Bi et al., 2017) showed substantial deviating phenotypes under HTD compared to the
WT, such as lower total leaf area and reduced leaf initiation rate, and larger petioles,
next to its clear wilting phenotypes (Figure 4.1B, Table S4.3). This points to a pivotal
role for ABA signaling in modulating plant growth and leaf lengthening under HTD.
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Figure 4.1 Effects of selected mutant genotypes on plant growth, development and
wilting under HTD.

(A) Experimental scheme for the reverse genetic analysis. 2-leaf stage (LS2) Arabidopsis mutants
and corresponding wild-type (WT) plants were pre-grown at 27 °C (day and night) until they
reached the 10-leaf stage (LS10). Subsequently, the plants were subjected to combined high
temperature and drought conditions (HTD) for 10 days and thereafter were left unwatered until
wilting occurred. Measurements of phenotypic traits were carried out at day 0, 10 and at the
moment of wilting (i.e., timepoint differed per plant). (B) Heatmaps showing the phenotypic
traits of Arabidopsis mutants with either significantly advanced wilting time and/or high
%SWC relative to the corresponding wild-type plants (Col-0) during the exposure to HTD. The
relative values of total leaf area, petiole/blade length and leaf number were calculated by
normalizing the data obtained at day 10 by that of day O (left 4 panels). Dry weight and leaf
number at wilting, days to wilting and %SWC at wilting are indicated as well (right 4 panels).
The abbreviated names of tested mutants and the wild-type plants are indicated on the left.
Color scales indicate relative values of measured traits (relative to the corresponding wild-type
Col-0 plants). Underlined mutants indicate confirmed knockout of the corresponding genes
based on previous studies (Table S4.1). Asterisks represent significant differences between
mutants and the corresponding wild-type plants for the particular trait (Table S4.3) (p < 0.05,
unpaired t-test). n=8-12.

The elf6-3 mutant showed accelerated wilting compared to the WT, while also a high
level of %SWC at wilting was observed (Figure 4.1B, Table S4.3). This mutant also
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exhibited a considerable delay in leaf initiation rate. Compared to WT, both at5g12310
and vip1 mutants exhibited early wilting in terms of the number of days it took before
the plants wilted. The zfp4 mutant wilted at a high %SWC, but the number of days
until wilting was unaffected Although the at5g12310, vipl and zfp4 mutants did not
exhibit clear phenotypes at the morphological level compared to the WT under HTD
(Figure 4.1B, Table S4.3), we set out to further validate the genetic effects of these
genes, and of elf3-6 on plant growth, development and physiological responses under
control conditions (C; 21 °C), high temperatures (HT; 27 °C), single drought (D; 21 °C)
and combined high temperature and drought conditions (HTD) (Figures 4.2 and 4.3).
Since ABA signaling is a known universal player in plant acclimation to diverse stresses
(Skubacz et al.,, 2016; Wang et al., 2021), we omitted the ABA signaling mutant abi5-7
from further validation. Instead, we included the phytochrome interacting factor 4 (pif4-
2) mutant as a phenotypic control for high-temperature responses, as this mutant is
unable to acclimate to high-temperature conditions and its response to drought is
only poorly studied (Leivar et al., 2008; Van Der Woude et al., 2019). Of these mutant
lines, dry weight, and leaf traits (total leaf area, leaf lengthening and initiation) were
measured at 0, 5 and 10 days after the respective treatments were initiated (Figures
4.2A-C, S4.2A-C). The elf6-3 mutant showed significantly higher dry weight and rosette
area compared to the WT during HTD (Figure 4.2B). Additionally, elf6-3 also displayed
enhanced levels of dry weight accumulation and total rosette area (relative to the
WT) at 0-day (pre-growth) at HT, but neither at later time points of HT nor under C
and D treatments. Collectively, our result thus indicates that ELF6 could potentially be
a negative regulator in controlling plant growth and rosette expansion under HTD.
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Figure 4.2 Effect of combined stress; HTD, the individual stresses of D, HT and control
(C) on phenotypic traits of selected Arabidopsis mutants and the corresponding wild-
type plants.

(A) Representative images of whole rosettes of the selected mutants and the corresponding
wild-type plants (Col-0) grown on Jiffy coco pellet growth substrate and subjected to single
and combined stresses at 10 days after the treatments initiated. Scale bars indicate 1 cm.

Note the inability of pif4-2 to respond to high temperature in terms of petiole elongation.
(B, C) Rosette dry weight (B) and total leaf area (C) of Arabidopsis mutants (zfp4 (blue), elf6-3
(pink), at5g12310 (brown), vipT (orange) and pif4-2 (red)) and the wild-type plants (Col-0; gray).
For plants that wilted before the harvesting time points, the traits were measured at the day
of wilting onset. Boxes indicate boundaries of the second and third quartiles (Q) of the data
distribution. Horizontal bars indicate median and whiskers Q1 and Q4 values within 1.5 times
the interquartile range. Asterisks represent significant differences between the mutant and the
corresponding wild-type plants within the same time point (p < 0.05, multiple unpaired t-test
with Holm-Sidék correction). Numbers indicate days after treatments started. Abbreviations; C;
control, D; drought, HT; high temperature, HTD; high temperature & drought. n=5-10.

The zfp4 mutant showed a reduction in dry weight accumulation and total leaf area
compared to the WT under both D and HT treatment, whereas vip1 only showed
smaller total leaf area than the WT under 0- or 10- day HT (Figure 4.2B-C), suggesting
that both ZFP4 and VIP1 might be involved in mediating plant growth during HT and/
or D but not HTD. The values of dry weight accumulation and rosette expansion of
at5g12310 and the WT were comparable at all treatment conditions (Figure 4.2B-C).
The pif4-2 mutants displayed significant reduction in dry weight accumulation under
C and D, but not under HT or HTD (Figure 4.2B). Moreover, pif4-2 showed reduced
blade length relative to the WT during the subjection to D, but the petiole length of
pif4-2 was constitutively inhibited in almost all treatments relative to the WT (Figure
S4.2 A-B). PIF4 is thus likely a general regulator of petiole elongation including under
drought conditions, next to its role under HT (Koini et al., 2009; Van Zanten et al., 2013;
Lee et al., 2021a).

Upon the HTD treatment, all tested mutants with accelerated wilting phenotypes
(note, here pif4-2 was not included as it only served as a morphological control for
the phenotypic validation) displayed a significant decrease in chlorophyll content
compared to the WT (Figure 4.3A). Of note, both vip? and at5g12310 displayed
significantly increased chlorophyll content under 10-day single drought treatment
(D) relative to the WT. No significant differences were observed between mutants
and the WT in terms of chlorophyll abundance during HT treatment. Under HT and
HTD, stomatal conductance of mutants and the WTs was comparable (Figure 4.3B).
However, 5-day D resulted in a reduction in stomatal conductance in both vip7 and
at5g12310 mutants.
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Figure 4.3 Effects of combined stress HTD, the individual stresses of D, HT and control
(C) on chlorophyll content and stomatal conductance of selected mutants.

(A, B) Chlorophyll content (A) and stomatal conductance (B) of Arabidopsis mutants (zfp4
(blue), elf6-3 (pink), vip1 (orange), at5g12310 (brown)) and the wild-type plants (Col-0; gray).
Box plots show the median and boxes indicate boundaries of the second and third quartiles
(Q1 and Q3) of the data distribution. Whiskers indicate Q1 and Q4 values within 1.5 times the
interquartile range. Asterisks represent significant differences between the mutant and the
corresponding wild- type plants within the same time point (p < 0.05, one-way ANOVA with
Dunnett test). Numbers on the X-axis indicate days after treatments started. Abbreviations; C;
control, D; drought, HT; high temperature, HTD; high temperature & drought. n=4-7.

Principal component analysis reveals trait correlations and validates
mutant effects under combined high temperature and drought

To define correlations among traits and identify mutants with significantly different
composite phenotypes in addition to wilting, a principal component analysis (PCA) was
conducted including all measured phenotypic data (Table S4.3) of 31 HTD candidate
genes and the WTs (Figure 4.4A-B). This indicated that, for example, thylakoid lumen
protein 18.3 (tlp18.3) and bcaZ2a zinc finger atl13 (btl13, Col-3 background) mutants,
showed high correlation with traits related to leaf lengthening (RPL; relative petiole
length, RBL; relative blade length). These mutants displayed significantly increased
(young) leaf lengthening compared to the corresponding WT plants (Col-0 or

Col-3) (Figure 4.4, Table S4.3). In particular tIp18.3, whose relative petiole length was
approximately 3-fold higher than Col-0 (Figure 4.4A and Table S4.3). This suggests
that the TPL18 and BTL13 transcription factors might play a role in controlling leaf
elongation during HTD, likely as negative regulators.

The mutant homeobox 2 (hb2), nuclear factor y subunit b2 (nf-yb2), arabidopsis toxicos
en levadura 66 (atl66) and teosinte branched] /cycloideal/proliferating cell factor 22 (tcp22),
exhibited enhanced relative petiole and/or blade elongation (RPL and RBL) compared
to the WT under HTD (Figure 4.4A, Table S4.3). Likewise, btl13, whirly2 (why2-1) and
serrate (se-T) showed reduced total leaf area and leaf number at wilting in comparison
to the WT. This implies that BTL13, WHY2 and SE transcription factors may act as
positive regulators of plant rosette development during the HTD treatment.

The basic region/leucine zipper motif (bZIP) TFs, bZIP17 and bZIP28 act as key
regulators in the so called ‘unfolded protein’ response (UPR) (Kim et al., 2018) and have
also been implicated in heat stress responses (Kataoka et al., 2017; Gao et al., 2022).
Compared to the WT, bzip17 displayed significantly reduced total rosette area, blade
lengthening and leaf formation under HTD, while bzip28 only showed reduction in the
number of formed leaves (Figure 4.4A, Table S4.3). The bzip28 bzip60 double mutant, in
which the UPR is constitutively hampered (Samperna et al., 2021), showed significant
delay in both leaf formation and dry weight accumulation (Figure 4.4A, Table S4.3),
implying that UPR might be important in acclimation to HTD.
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Figure 4.4 Effects of selected mutant genotypes on plant growth, development and
wilting under combined high temperature and drought stress.

(A) Heatmaps showing the phenotypic traits of Arabidopsis mutants, without early wilting
phenotypes (opposed to those indicated in Figure 4.1) along with the corresponding wild-type
plants (Col-0 and Col-3) in response to subjection to HTD. Relative values of total leaf area,
petiole/blade length and leaf number were calculated by normalizing the data obtained at
day 10 by that of day 0 (left 4 panels). Dry weight and leaf number at wilting, days to wilting
and %SWC at wilting were indicated as well (right 4 panels). Abbreviated names of mutants
and the wild-type plants are indicated on the left. Color scales indicate relative values of
measured traits (relative to the corresponding wild-type plants, with Col-3 relative to Col-0).
Underlined mutants indicate confirmed knockout mutants of the corresponding genes based
on previous studies (Table S4.1). Asterisks represent significant differences between mutants
and the corresponding wild-type plants for the particular trait (Table S4.3) (p < 0.05, unpaired
t-test), n=8-12. (B) Principal component analysis (PCA) of all measured traits of all mutants and
corresponding wild-type plants. Visualized are the distributions of mutants and wild-type
plants indicated by symbols and correlations between measured traits by arrows. Abbreviations
of traits: RLA; relative total leaf area, RPL; relative petiole length, RBL; relative blade length,
RLN; relative leaf number, DWW, dry weight at wilting, LNW; leaf number at wilting, DTW; day
to wilting, %SWCW; percentage of soil water content (%SWC) at wilting.

Several mutants displayed significant changes in only one of the measured traits.
For example, hb1 only showed significantly reduced relative total leaf area compared
to the WT during HTD (Figure 4.4A, Table S4.3). HSFs and MYELOBLASTOSIS (MYBs)
proteins are well-known TFs controlling responses to various types of abiotic stresses
(Katiyar et al., 2012; Scharf et al., 2012; Guo et al., 2016; Li et al., 2022b). Like the hb1
mutant, two of the tested HSF and MYB mutants, hsfb2b and myb34, exhibited
significantly reduced relative rosette area compared to the WT during HTD (Figure
4.4A, Table S4.3). However, two other mutants of these gene families, hsf4 and myb44,
did not show significant differences relative to the WT in measured traits. Additionally,
tcp9 and scarecrow-like 14 (scl14) displayed significantly reduced relative leaf number
relative to the WT, while at1g80400 and at-rich interacting domain 5 (arid5) were able to
accumulate significantly higher dry weight levels than the WT at the moment of wilting
(Figure 4.4A, Table S4.3), suggesting that AT1G80400 and ARID5 might negatively
govern biomass gain during HTD. Both pif4-2 and the previously identified multi-stress
mutant, gagmma-vpe, were only compromised in leaf initiation compared to the WT
under HTD (Figure 4.4A, Table S4.3).

According to the PCA, ilr3-1 phenotypically resembles abi5-7 (Figure 4.4B). We observed
that ilr3-1 mutant plants exhibited enhanced hyponastic growth when grown at
elevated ambient temperature (27 °C) relative to the WT. However, the presence of
drought seemingly did not alter the enhanced hyponastic growth phenotype of ilr-3-1
(Figure S4.3A-B). Nonetheless, the enhanced hyponastic phenotype under HTD did
not contribute to plant wilting as no significant differences between ilr3-1 and the WT
were observed in either days to wilting or %SWC at wilting (Figure 4.4A).

Traits associated with leaf development, including the relative petiole (RPL) and blade
(RBL) length and total leaf area (RLA), are highly correlated (Figure 4.4B). Likewise, traits
relevant to leaf initiation (relative leaf number (RLN), leaf number at wilting (LNW)) and
relative dry weight at wilting (DWW) were positively correlated. As expected, days to
wilting (DTW) and %SWC at wilting (%0SWCW) negatively correlated, indicating that
fast-wilting mutants indeed also generally contained a high %SWC at the moment
of wilting.

Characterization of mutants of candidate regulators for acclimation to
post-submergence drought

To investigate the effects of selected candidate genes on responses to submergence
followed by drought (PSD), we tested (mainly) T-DNA mutants of 22 candidate genes
(Table S4.2) and WT (Col-0) (Figure 4.5A, Table S4.4). Measurements (same traits as
measured for HTD described above) were taken at day 0 and 10-day PSD. The data of



10-day PSD plants were normalized to 0-day PSD (the onset of post-submergence).
Wilting-related traits were obtained at the moment the plants showed symptoms of
wilting.

Of all tested mutant lines, 6 lines exhibited early wilting phenotypes (either a lower
number of days to reach the wilting point and/or retainment of a high level of %SWC
at wilting) (Figure 4.5B, Table S4.4). This included the NAC domain containing protein 83
(nac083), hbl, genomes uncoupled 4 (gun4), abi5-7 and atl80 mutants (Figure 4.5B). In
terms of phenotypic changes under PSD, nac083, hb1 and abi5-7 exhibited a significant
increase in total leaf area and/or leaf lengthening compared to the WT (Figure 4.5B,
Table S4.4). Both gun4 and at3g10760 had significantly reduced levels of leaf initiation
relative to the WT. Notably, gun4 was only ~50% of the (dry) weight at the moment of
wilting compared to the WT (Table S4.4). Despite exhibiting wilting already at a high
%SWC level, the phenotypic traits of the at/l80 mutant were comparable with those
of the WT (Figure 4.5B, Table S4.4).
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Figure 4.5 Effects of selected mutant genotypes on plant growth, development and
wilting under PSD.

(A) Experimental scheme for the reverse genetic analysis. 2-leaf stage (LS2) Arabidopsis
mutants and corresponding wild-type (WT) plants were pre-grown at 21°C (day and night)
until they reached the 10-leaf stage (LS10). Subsequently, the plants were subjected to a 5-day
submergence treatment in the light, followed by progressive drought (PSD) treatment upon
de-submergence until wilting. Measurements of phenotypic traits were carried out at day
0 (moment of de-submergence), day 10 and the moment of wilting (i.e.,, time point differed
per plant). (B) Heatmaps showing the phenotypic traits of Arabidopsis mutants exhibiting
either significantly advanced wilting time and/or a high %SWC relative to the corresponding
wild-type plants (Col-0) during the subjection to PSD. The relative values of total leaf area,
petiole/blade length and leaf number were calculated by normalizing the data obtained at
day 10 to that of day O (left 4 panels). Dry weight and leaf number at wilting, days to wilting
and %SWC at wilting are indicated as well (right 4 panels). The abbreviated names of tested
mutants and the wild-type plants are indicated on the left. Color scales indicate relative values
of measured traits (relative to the corresponding wild-type plants, Col-0). Underlined mutants
indicate confirmed knockout of the corresponding genes based on previous studies (Table
S4.2). Asterisks represent significant differences between mutants and the corresponding wild-
type plants (Table S4.4) (p < 0.05, unpaired t-test), n=8-12.

We next tested the effects of the atl80, nac083, at3g10760, hb1 and gun4 mutants as
well as the WT Col-0 on plant growth, development, and physiological responses
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when drought (D) and post submergence (PS under well-watered conditions) were
individually applied next to PSD (Figures 4.6 and 4.7). Given the universal effects of ABA
signaling (Skubacz et al., 2016), the abi5 mutants were not included for the validation
test. Measurements of rosette traits and dry weight were taken at 0, 5, and 15 days after
the treatments were initiated (note that for both PS and PSD, the 15-day treatment
thus refers to 10-day PS/PSD) (Figures 4.6A-C, S4.4A-C). Of the five tested mutants,
only atl80 showed a significant decrease in both dry weight accumulation and total
leaf area compared to the WT when subjected to PSD and developed smaller rosettes
and shorter leaves than the WT during both C and D (Figures 4.6A-C, S4.4A-C).

136

Functional validation of putative candidate genes

nac083

at3g10760

137




B 0.10 . C 60001 11 ¢col0[1atiso
008 T - - = -
C %4000
£006 2
Zo04 52000 é é
ol T N Y P
ooolea =8 . Be L oi=2 - -
0.08 60007 [ Col-0 [] naco83
5006 Ewoo -
£ ]
2004 5
z 2000
0.02 E E é é ° é E ;
P 3 S« T, ® é
0.00/ = % % % L LXY ? ol22 .
0.08 . .
— —_— 6000 [1Col-0 | at3g10760
5006 % -
% Etooo
20.04 1;:
g E ; 2000 E
0.02 °
ﬁ i é ? ]
0.001 % L * ol : :
0.05 50009[]Col-0 [Jhb1 ——
0.04 - 4000
5 0.03 E E § 3000
g -
20.02 82000 @
a é g é é
0.01 ¥ 1000
& bl ; T
000l e B % e olos L s

* 4000

L N > []Col-0 []gun4 =
< s L
008 € 3000
5 ]
002 & 2000 g
5 ] -
0.01 @ @ é @a ;‘93 1000 % % é
8s
0.00 ' @ B . 0 Se B b $ é’c
’ 0 5 10 10 0 5 15 5 15 0 10 10
D “sPs PsD c D SPS  PSD

Figure 4.6 Effect of sequential stress; PSD, the related individual stresses of D, S/PS and
control (C) on phenotypic traits of selected Arabidopsis mutants and the corresponding
wild-type plants.

(A) Representative images of whole rosettes of the selected mutants and the corresponding
wild-type plants (Col-0) on Jiffy coco pellet growth substrate subjected to single and
sequential stresses 15 days after the treatments started. Scale bars indicate 1 cm. (B, C) Rosette
dry weight (B) and total leaf area (C) of Arabidopsis mutants (at/80 (aqua), nac083 (purple),

at3g10760 (yellow), hb1 (azure) and gun4 (magenta)) and the wild-type plants (Col-0; gray).
For plants that wilted before the harvesting time points, the traits were measured on the day
of wilting onset. Boxes indicate boundaries of the second and third quartiles (Q) of the data
distribution. Horizontal bars indicate median and whiskers Q1 and Q4 values within 1.5 times
the interquartile range. Asterisks represent significant differences between the mutant and the
corresponding wild-type plants within the same time point (p < 0.05, multiple unpaired t-test
with Holm-Sidak correction). Numbers indicate days after treatment started. Abbreviations; C;
control, D; drought, S/PS; 5-day submergence / (post-)submergence & recovery, PSD; (post-)
submergence & drought. n=6-13.

Both nac083 and hb1 mutants had similar dry weights and total leaf area as the WT
during the subjection to individual (D, S/PS) and sequential stresses (PSD) (Figure
4.6B-C). However, prolonged PS treatment resulted in decreased blade length and
leaf number in nac083 compared to the WT (Figures S4.4A and 4.4C). As reflected
by a reduced dry weight accumulation, blade length and number of leaves during
10-day PS, the at3g10760 mutant was unable to recover to the same extent as WT
after submergence (PS), despite sufficient water being supplied during the post-
submergence phase (Figures 4.6B, S4.4B-C). The gun4 mutant appeared to be highly
sensitive to both D and PS, as dry weight, total leaf area, leaf length and leaf initiation
rate traits were significantly lower than the WT, even though gun4 also exhibited a
significant reduction in the above-mentioned traits relative to the WT under control
conditions (C) (Figures 4.6B-C, S4.4A-C).

Measurements of chlorophyll content and stomatal conductance revealed that most
of the mutants displayed comparable levels of chlorophyll and similar stomatal
conductance as the WT (Figure 4.7A-B). The exception to this was gun4, which
exhibited a high level of chlorophyll and a high stomatal conductance under 10-day C.
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Figure 4.7 Effect of sequential stress PSD, and the related individual stresses of D, S/PS
and control (C) on chlorophyll content and stomatal conductance of selected Arabidopsis
mutants and corresponding wild-type plants.

(A, B) chlorophyll content (A) and stomatal conductance (B) of Arabidopsis mutants (at/80
(aqua), nac083 (purple), at3g10760 (yellow), hb1 (azure) and gun4 (magenta)) and the wild-type
plants (Col-0; gray). Boxes indicate boundaries of the second and third quartiles (Q) of the data
distribution. Horizontal bars indicate median and whiskers Q1 and Q4 values within 1.5 times
the interquartile range. Asterisks represent significant differences between the mutant and the
corresponding wild-type plants within the same time point (p < 0.05, one-way ANOVA with
Dunnett test). Numbers indicates days after treatment started. Abbreviations; C; control, D;
drought, S/PS; 5-day submergence / (post-)submergence & recovery, PSD; (post-)submergence
& drought. n=3-8.

Principal component analysis reveals trait correlations and validates
mutant effects under submergence followed by drought

Like with HTD, PCA analysis revealed clear correlations among measured traits under
PSD (Figure 4.8B). Traits related to leaf development (relative total leaf area (RLA),
relative petiole length (RPL) / relative blade length (RBL)) were positively correlated.
Moreover, dry weight (DWW) and traits associated with leaf initiation (relative increase
in leaf number (RLN) and leaf number at wilting (LNW)) were also correlated (Figure
4.8B). Days to wilting (DTW) and %SWC at wilting (%SWCW) were as expected

negatively correlated. Dry weight and total leaf area were selected to describe
the genetic effects of mutations in selected candidate genes on plant growth and
development.

Considering the mutants with no clear early wilting phenotype (Figure 4.8A), DNA
binding with one finger 2 (dof2) showed a notable reduction in leaf formation rate and
dry weight accumulation compared to the WT in response to PSD treatment (Figure
4.8A, Table S4.4). The scl14 mutant showed increased relative total leaf area, whereas
the number of leaves counted at wilting was lower than the WT (Figure 4.8A, Table
S4.4). Interestingly, hb34, which displayed decreased petiole length and leaf formation
rate relative to the WT, exhibited a typical leaf-rolling phenotype in response to PSD,
but not under control (C) conditions (Figure S4.5A-B). Additionally, both tcp22 and
nf-yb2 mutants had significantly longer leaf blades but had a reduced leaf initiation
rate in comparison to the WT (Figure 4.8A, Table S4.4). This implies that both TCP22
and NF-YB2 might regulate blade lengthening and new leaf initiation during PSD. The
zfp4 mutant, only showed a lag in leaf formation in PSD (Figure 4.8A, Table S4.4). The
cytokinin-responsive GATA factor 1 (cgal, also known as gnl (Richter et al., 2013)) mutant
did not differ from WT in any of the measured traits during PSD (Figure 4.8A, Table
S4.4). However, in combination with a knockout of a homolog of CGAT, GATA NITRATE-
INDUCIBLE CARBON-METABOLISM INVOLVED (GNC) (the gnlgnc double mutant), plants
accumulated less dry weight and had impaired leaf initiation in comparison with the
WT (Figure 4.8A, Table S4.4). Additionally, both atl66 and cycling dof factor 3 (cdf3)
mutants had a larger leaf area and larger relative blade length (Figure 4.8A, Table S4.4),
indicating that ATL66 and CDF3 might act as negative regulators of leaf development
during PSD. Additionally, flowering bhih 2 (fbh2) and repressor of gal-3 1 (rgal) showed
a significant reduction in relative leaf number compared to the WT when exposed to
PSD (Figure 4.8A, Table S4.4).
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Figure 4.8 Effects of selected mutant genotypes on plant growth, development and
wilting under PSD.

(A) Heatmaps showing the phenotypic traits of Arabidopsis mutants without early wilting
phenotypes (opposed to those indicated in Figure 4.5) along with the corresponding wild-
type plants (Col-0) in response to subjection to PSD. Relative values of total leaf area, petiole/
blade length and leaf number were calculated by normalizing the data obtained at day 10 to
that of day 0 (left 4 panels). Dry weight and leaf number at wilting, days to wilting and %SWC
at wilting are indicated as well (right 4 panels). The abbreviated names of tested mutants and
the wild-type plants are indicated on the left. Color scales indicate relative values of measured
traits (relative to the corresponding wild-type Col-0). Underlined mutants indicate confirmed
knockout of the corresponding genes as described in previous studies (Table S4.2). Asterisks
represent significant differences between mutants and the corresponding wild-type plants
for the particular trait (Table S4.4) (p < 0.05, unpaired t-test), n=8-12. (B) Principal component
analysis (PCA) of measured traits of mutants and the corresponding wild-type plants (Col-
0). Visualized are the distributions of mutants and wild-type plant indicated by symbols
and correlations between measured traits, indicated by arrows. Abbreviations of traits: RLA;
relative total leaf area, RPL; relative petiole length, RBL; relative blade length, RLN; relative leaf
number, DWW; dry weight at wilting, LNW; leaf number at wilting, DTW; day to wilting, %SWCW;
percentage of soil water content (%SWC) at wilting.

Discussion

Plant acclimation to abiotic stresses is governed by numerous molecular regulators
and complex signal transduction networks, especially when multiple stresses co-occur
(Zhang & Sonnewald, 2017; Zandalinas et al., 2020b). Signaling molecules controlling
responsiveness to combinatorial stress can be different from those regulating the
corresponding individual stresses (Rizhsky et al., 2004; Mittler, 2006a; Balfagén et al.,
2019a; Zandalinas & Mittler, 2022; Da Ros et al., 2023).

In chapter 3, following a transcriptome profiling approach, we identified a set of
candidate genes that putatively mediate the responses to combined (HTD) or
sequential (PSD) sublethal stresses. In this chapter, we performed a reverse genetics
analysis to validate the physiological functions of several of the identified candidate
genes in combinatorial-stress response using T-DNA insertion mutants, of which
several are confirmed knockouts as described in literature (Table S4.1 and S4.2).
Our aim was to identify novel gene(s) mediating plant responses to combinatorial
and/or the relevant individual stresses at the morphological, developmental, and
physiological levels. The selection of candidate genes was based on upregulation
of transcription factors under HTD or PSD in the RNA-seq data (See; Chapter 3 Figure
3.5). We also included putative (upregulated) regulators based on constructed gene
regulatory networks (See; Chapter 3 Figure 3.6), and multi-stress responsive genes
(See; Chapter 3 Figure 3.8). Although downregulation was not among the selection
criteria, it is likely that some or several of the significantly downregulated DEGs in our
RNA-seq dataset also play important roles in mediating responses to either combined
or sequential stresses and are worthwhile to test in future experiments, despite these
may not be easily identified using the mutant characterization approach, as used in
this chapter.

A reverse genetics approach as conducted here is useful to screen for effects genes
of interest may have. However, it should be interpreted with care, as this approach is
not fully conclusive on the roles of factors whose single knock-out mutants are lacking
phenotypes, as gene redundancy might mask their roles (Tax & Vernon, 2001). For
further elucidation of the relevant functions of a certain candidate in response to a
given combinatorial stress, additional research including assessment of independent
mutant alleles, generation of overexpression lines, or functional validation of the
homologs is needed (Bhaskara et al., 2022). Of note, in this chapter, our aim was to
unveil genetic effects based on probing a broad range of candidates (TFs, Figure 54.1),
rather than focusing on deciphering the precise molecular mechanisms underlying



selected genes, which would be the next stage in disclosing the roles of confirmed
candidate genes in multi-stress tolerance.

Although most of the T-DNA insertion lines used in our study were confirmed as
knockout mutants according to previous studies (Tables S4.1 and S4.2) and were
additionally examined to ensure homozygosity here, it is still essential to verify whether
the target genes are functionally knocked-out at the transcriptional and translational
levels before drawing definite conclusions on their physiological functions under a
certain stress condition, based on the observed phenotypes. Put in other words,
absence of phenotypes in this study should be interpreted with care as long as the
mutations are not all (yet) effectively characterized.

ABA signaling is relevant for plant acclimation to combined and
sequential abiotic stresses

ABA signaling plays a pivotal role in plant responses to various individual and
combinatorial abiotic stresses (Tuteja, 2007b; Sah et al., 2016; Suzuki et al., 2016¢;
Zandalinas et al., 2016a; Segarra-Medina et al., 2023). Considering its well-established
role in drought responses (Sreenivasulu et al., 2012; Zhao et al., 2016¢), the involvement
of ABA signaling in stress combinations containing drought is perhaps not surprising.
Our results confirmed the importance of ABA signaling in regulating plant growth,
leaf development and wilting under both HTD and PSD and we observed pronounced
phenotypic differences between abi5-7, an ABA insensitive mutant with pleiotropic
defects in ABA responses (Finkelstein & Lynch, 2000; Skubacz et al., 2016), and the
WT (Figure 4.1B, Table S4.3). In response to HTD, abi5-7 showed in general enhanced
leaf lengthening, but suppressed rosette expansion, leaf formation rate and dry
weight accumulation relative to the WT (Figure 4.1B, Table S4.3), suggesting that ABA
(signaling) may have a dual function in regulating plant growth and leaf development
during HTD. This dual role aligns well with previous studies in which ABA was identified
to have both inhibiting and stimulating effects on plant shoot growth, especially under
water stress conditions (Saab et al., 1990; Sharp & LeNoble, 2002). In contrast to HTD,
in which abi5-7 displayed reduced total leaf area compared to the WT, ABA signaling
seemingly controls rosette growth in a negative manner during PSD, as abi5-7 mutant
plants had a larger leaf area compared to the WT (Figure 4.5B, Table S4.4). This negative
effect of ABA under PSD can possibly be explained by the observation that ABA-
induced stomatal closure under water-limited conditions can compromise plant
photosynthesis (Sreenivasulu et al., 2012; Negin et al., 2019).

ABA accumulation is closely associated with stress-induced plant wilting (Wright &
Hiron, 1972; Zhang & Zhang, 1994; Tuteja, 2007b). In our study, both HTD and PSD

resulted in significantly accelerated wilting and/or a high level of %SWC retainment
at wilting in abi5-7 relative to the WT (Figures 4.1B and 4.5B, Table S4.3 and S4.4).
Likely, the early wilting phenotype of abi5-7 is attributed to the inability to close
stomata (Kang et al., 2018; Liu et al., 2022b). This suggests an involvement of ABI5 /
ABA signaling in the acclimation to both HTD and PSD.

Additionally, some mutants displayed phenotypic similarities to abi5-7 when
exposed to HTD or PSD, such as nf-yb2 and ilr3-1 under HTD or nac083 under PSD
(Figure 4.4B and 4.8B). This leads to the speculation that the corresponding TFs of
these mutants might control plant growth and leaf development under combined
or sequential stresses by affecting ABA in an unknown manner. ILR3 has, to the best
of our knowledge, not been directly linked to ABA biosynthesis or signaling so far.
But NF-YB2 is indeed known to function during ABA-mediated seed germination and
dehydration stress response through an ABA dependent pathway (Kumimoto et al.,
2013; Sato et al., 2019), while NAC083 has been demonstrated by previous studies to
be an ABA responsive TF involved in modulating abiotic stress responses and plant
senescence (Seo & Park, 2011; Yang et al., 2011). Taken together, NF-YB2 and NAC083
may control the morphological response to HTD or PSD downstream of ABA-signaling,
but more work is needed to confirm this.

Novel regulators of combinatorial-stress responses

Although elf6-3 did not differ pronouncedly from the WT in terms of rosette growth
and development (i.e. relative leaf lengthening, total leaf area and dry weight
at wilting) according to the initial reverse genetics screen data (Figure 4.1B), the
subsequent functional validation of early wilting mutants (zfp4, elf6-3, at5g12310
and vip1) highlighted that ELF6 might be negatively controlling biomass (dry
weight) accumulation and rosette development, but positively regulates plant
wilting under HTD (Figure 4.2B-C). ELF6 was initially identified as a repressor in the
photoperiodic flowering pathway as its loss-of-function mutant leads to an early
flowering phenotype (Noh et al., 2004; Yu et al., 2008). Additionally, both ELF6 and its
close homolog RELATIVE OF EARLY FLOWERING 6 (REF6), are characterized as main
histone H3 at Lys27 trimethylation (H3K27me3) demethylases in Arabidopsis (Lu et
al., 2011; Crevillén et al.,, 2014; He et al.,, 2022). H3K27me3 is crucial for the regulation
of plant thermomorphogenesis and heat stress memory (Casal & Balasubramanian,
2019; Yamaguchi et al., 2021; Perrella et al., 2022). For example, enhanced hypocotyl
elongation (a typical shoot thermomorphogenesis phenotype (Park et al., 2017; Delker
et al., 2022)) of plants grown under high ambient temperature is likely accomplished
by PICKLE (PKL)-dependent removal of H3K27me3 (Jing et al., 2013; Zha et al., 2017;
Perrella et al., 2022). Therefore, it can be hypothesized that the involvement of ELF6 in



regulating plant growth and development under HTD in our work may be somehow
related to H3K27me3-mediated high temperature responses. The physiological and
molecular function of ELF6 in governing the acclimation to HTD or HT deserves further
investigation.

Of the 5 early wilting mutants characterized under PSD conditions (at/80, nac083,
at3g10760, hbl and gun4), ATL80 stood out as the only TF that apparently positively
modulates plant growth, leaf development as well as wilting during PSD (Figures 4.5B).
Moreover, ATL80 may participate in controlling leaf lengthening during individually
applied D conditions (Figures 4.6B and S4.4A-B). Next to acting as a TF controlling
the expression of downstream target genes, ATL80 protein is known as a plasma
membrane-localized RING E3 ubiquitin ligase that negatively regulates cold stress
response and phosphate mobilization (Suh & Kim, 2015). However, it is unclear whether
ATL80 regulates the response to PSD and/or D through a similar regulatory mechanism.
Nonetheless, future studies on deciphering the molecular mechanisms underlying the
acclimation strategy of PSD can particularly focus on the ATL80 and its target proteins.

Next to ELF6 and ATL80 as master regulators for combinatorial stresses, our results
also highlighted several genes governing morphological response to multiple isolated
stresses. For example, ZFP4 was identified as a positive regulator of plant growth and
leaf development under HT and D, but not HTD (Figures 4.2B and 4.2C), although the
zfp4 mutant retained high %SWC at wilting (Figure 4.1B). Previous research implicates
ZFP4 in vascular development and aliphatic glucosinolate biosynthesis (Li et al.,
2018b; Smit et al., 2020). Together with its homolog ZFP3, ZFP4 has at least a partially
redundant biological function in controlling ABA response during seed germination
(Joseph et al., 2014). A recent finding discovered that ZFP1, another close homolog of
ZFP4, controls root hair initiation and elongation (Han et al., 2020), which is relevant
to plant drought resilience (Comas et al., 2013; Marin et al., 2021; Duddek et al., 2022).
Further investigations are needed to determine whether ZFP4 governs the acclimation
to D and HTD through analogous mechanisms as its homologs (e.g., via the control of
ABA signaling and/or root hair development).

Under PSD, GUN4 appeared to positively regulate plant dry weight accumulation and
leaf initiation. GUN4 is identified as a crucial factor in regulating multiple generic
processes such as chlorophyll synthesis, ROS homeostasis, photoprotection and plastid
retrograde signaling (Li et al., 2021b), thus the precise role of GUN4 in PSD acclimation
remains ambiguous, especially since we did not observe a deviating chlorophyll
content in the gun4 mutant. However, because our transcriptomic data implicates
the relevance of photosynthesis-related processes in PSD acclimation (See; Chapter

3, Figure 3.4), we hypothesize that GUN4 may positively modulate plant development
through retrograde signaling under PSD.

In Chapter 2, we demonstrated that increased chlorophyll content in young leaves
under D (also HTD and PSD) is likely part of the acclimation strategy plants adopt to
cope with stressful conditions (See, Chapter 2 Figures 2.6 and 2.8). Here, our results
showed that all tested HTD-relative mutants with altered wilting phenotypes (zfp4,
elf6-3, vip1, at5g12310) had a lower chlorophyll abundance in young leaves than the
WT, specifically under 10-day HTD (Figure 4.3A). On the contrary, vipl and at5g12310
had a higher chlorophyll abundance than WT under D, but not HT. This suggests that
the corresponding TFs of the mutants may control HTD-triggered plant wilting, at
least partly, through the regulation of chlorophyll accumulation in a complex and
not yet understood manner. However, both vip7 and at5g12310 mutants exhibited a
remarkable decrease in stomatal conductance under D. Together with the increased
chlorophyll content, our result implicates possible (novel) functions of both VIP1 and
AT5G12310 in antagonizing chlorophyll accumulation and stomatal closure during the
subjection to D. Our results also showed that the five selected early wilting mutants
(atl80, nac083, at3g10760, hb1 and gun4) exhibited similar levels of chlorophyll content
and stomatal conductance under D, PS and PSD (Figure 4.7A-B). This suggests that
these TFs might not directly affect plant growth, leaf development or wilting via effects
on stomata or chlorophyll but the control of other physiological processes.

Finally, some of the candidate genes tested might also impact root phenotypes and
thereby the responsiveness to HTD or PSD, since root traits are important in acclimation
to drought-associated stresses (Comas et al., 2013; Kang et al., 2022; Reinelt et al., 2023).
However, it is hard to draw reliable conclusions here considering the focus on shoot
traits in our present study.

Genetic factors coordinate the phenotypic responses to combinatorial
stresses

According to observed diversity in phenotypic traits of the mutants (Figures
4.1B, 4.4A-B, 4.5B and 4.8A-B, Table S4.3 and S4.4), different aspects of the overall
acclimation strategies of plant growth, development and wilting under HTD or PSD,
are coordinated by different genetic factors (candidate genes or TFs). These factors
may together or individually contribute to a certain phenotypic response. For example,
in response to HTD, TFs such as TLP18.3, BTL13, TCP22 and HB2 are likely involved in
orchestrating leaf elongation, possibly as negative regulators, as their corresponding
mutant lines displayed induced relative leaf lengthening (Figure 4.4 A-B, Table 54.3).



Upon PSD treatment, HB1 and CDF3 seemingly inhibit the lengthening of petiole and
blade (Figures 4.5B and 4.6B, Table S4.3).

We found that certain genetic factors have specific roles depending on the identity
of the applied (combinatorial) stress. For example, HB1 is likely a positive regulator of
rosette development under HTD (Figure 4.4A), whereas it might negatively control
both rosette expansion and blade lengthening during PSD (Figure 4.5B). The role
of HB1 in controlling leaf development is in line with a previous study (Miguel et al.,
2020), in which HBT overexpression in Arabidopsis led to an atypical leaf phenotype
of deep serration. However, in subsequent functional validation, the hb7 mutant only
showed distinct growth and leaf development/lengthening (relative to the WT) under
control conditions (C), but not under any of the stress conditions (Figures 4.6 and
S4.4). Although we do not fully grasp the cause of this inconsistency, it may arise from
the experimental settings as small variations in soil water loss when manipulating
drought in the growth chamber. Additionally, the adopted approaches for data
normalization and statistic analysis can also be reasons for some inconsistencies in
our work. For example, the pif4-2 mutant displays a significant reduction in petiole
lengthening in combined stress (HTD) and the corresponding control conditions (C, D
and HT) compared to the WT (Figure S4.2). However, according to the results of reverse
genetics screening, the reduction in relative petiole length of pif4-2 is not statistically
significant (Figure 4.4, Table 54.3).

Intriguingly, we observed that the ilr3-1 mutant displayed an exaggerated hyponastic
growth phenotype under both HT and HTD conditions (Figure S4.3A-B). In Arabidopsis,
leaf hyponasty is considered a typical morphological adaptation to elevated ambient
temperature, driven by increased auxin levels and signaling following PIF4 activation
(Koini et al., 2009; Quint et al.,, 2016; Park et al., 2019). However, the ilr3-1 mutant
has been documented to show diminished sensitivity to indole-3-acetic acid (IAA)
conjugates IAA-Leu and IAA-Phe, while maintaining WT response to free bioactive
IAA (Rampey et al., 2006). Additionally, the downstream target genes of ILR3 are
responsible for encoding metal transporters, which might indirectly modulate IAA-
conjugate hydrolysis by controlling the availability of metals that influence IAA-amino
acid hydrolase protein activity (Rampey et al., 2006). Accordingly, the exaggerated
hyponastic growth phenotype of ilr3-1 under high ambient temperature (HT and
HTD) may be associated with the altered sensitivity of auxin conjugate(s). Further
investigation into crosstalk between ILR3-regulated iron homeostasis and high
temperature response is therefore a potentially promising way forward.

We also found that hb34 displayed a distinctive leaf rolling phenotype upon PSD (Figure
S4.5A-B). Leaf rolling serves as a protective mechanism against excessive water loss by
transpiration (Kadioglu et al., 2012; Yang et al., 2022a). Among the factors accounting
for plant leaf rolling are proteins related to cell wall, particularly secondary cell wall
biosynthesis or formation (Zhu et al., 2022b; De Souza et al., 2023). It has recently
been discovered that SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 10 (SPL10), which is
characterized to be functionally associated with cell wall development (Bascom, 2023),
is a direct downstream target of HB34 (Lee et al., 2022). Collectively, HB34 in our study
thus may participate in negatively controlling cell wall development and thereby affect
leaf rolling and (possibly) lengthening during PSD, which may consequently lead to
enhanced transpiration and thereafter water loss.

In conclusion, the reverse genetics approach adopted here to validate selected
candidate genes identified from our transcriptomics dataset yielded several promising
candidates for further investigations into the complex regulatory networks mediating
multi-stress acclimation.
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Materials and methods

Plant materials and growth conditions

Arabidopsis thaliana wild-type Columbia-0 (Col-0; NASC stock center ID: N1092),
Columbia-3 (Col-3; NASC stock center ID: N908) and T-DNA insertion mutants (Tables
S4.1 and S4.2) were grown as described in Chapter 2. In brief, stratified seeds were
germinated in a climate-controlled growth chamber (8 h photoperiod / 16 h darkness,
21 °C, 120-150 ymol m= s' PAR with LED lightening, 70% relative humidity) until
they reached 2-true-leaf stage (LS2). Individual plants were then transferred to Jiffy
7c coconut pellets (Jiffy Products International BV, Zwijndrecht, The Netherlands)
presoaked in 50 mL Hoagland solution (Millenaar et al., 2005) followed by saturation
with deionized water to a final weight of 250 + 20 g per pellet. Plants subjected to
high temperature treatments (HT and HTD) were transferred to a growth chamber set
at 27 °C, with otherwise identical conditions as used for the rest of treatments at 21



°C (C, D, S/PS, PSD). Nutrition supplementation and randomization were performed
as described in Chapter 2 (See; Chapter 2 Materials and Methods).

Stress treatments

Plants were subjected to individual (S, PS, D, HT) or combinatorial stresses (HTD, PSD)
or kept at control conditions (C). Stress treatments for phenotypic and physiological
validations were applied on plants that reached the 10-true-leaf stage (LS10), as
described in Chapter 2. For each stress treatment, wild-type and mutant plants were
randomized in the experimental setups and growth chambers to avoid position
effects.

Confirmation of T-DNA insertion lines

Fresh leaves were detached and gDNA was extracted using Direct PCR-Phire and
Phusion kit (Thermo Scientific, Inc, USA) following the manufacturers protocol. In brief,
dissected leaves were initially submerged in the Dilution Buffer (Thermo Scientific, Inc,
USA). Subsequently, leaves were briefly crushed against the tube wall with a pipette
tip. When the solution became greenish, the supernatant was used for PCR after
centrifugation. The presence of the T-DNA insertions and the homozygosity were
determined by PCR using the primer pairs indicated in Tables S4.1 and S4.2.

Measurements of rosette traits and dry weight

Rosette traits and dry weight were measured as described in Chapter 2. Briefly, side
and top pictures of the rosette plants subjected to different stress treatments and
controls were taken with a regular camera. Thereafter the entire rosette was oven-
dried at 80 °C for 3 days to dry weight was determined using an ultra-balance. The
number of leaves, plant hyponasty, total rosette area, and petiole and blade length of
the young leaves (7t"- 10*" leaves, counting from the earliest emerged leaves after LS2)
were quantified using ImagelJ software (National Institutes of Health, USA).

Measurements of physiological traits

Chlorophyll content and stomatal conductance were measured as described in
Chapter 2. In brief, young leaves (7" - 10" leaves) of plants were dissected and
chlorophyll content and stomatal conductance were immediately measured using
a pre-calibrated CM-300 Chlorophyll Meter (Opti-Sciences Inc., Hudson, USA) and an
SC-1 Leaf Porometer (Decagon Devices, Inc., Pullman, USA), respectively.

Statistical analysis
Figures in this chapter were generated using GraphPad Prism 9 (GraphPad Software,
La Jolla, USA) and Biorender.com. Unpaired t-test, multiple t-test and one-way ANOVA

followed by post hoc analysis of Holm-Sidak correction (multiple t-test) or Dunnett test
(one-way ANOVA), were performed by GraphPad Prism 9. Significance was considered
as p < 0.05.
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candidate genes on plant growth, development, and physiology during the subjection
to combinatorial abiotic stresses.

Mutants of selected (upregulated) candidate genes identified by a transcriptomics approach
(Chapter 3) were tested for their phenotypic responses upon subjection to combinatorial
stresses; i) combined high temperature and drought (HTD) and ii) submergence followed by
drought (PSD). Thereafter mutants that exhibited a clear effect on plant survival (wilting) were
selected for further functional validation by assessing developmental, morphological, and
physiological responses under both combinatorial stresses and the corresponding individual
stresses in more detail.
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Figure S4.2 Effect of combined HTD stress, the individual stresses D, HT and controls (C)
on leaf development traits of selected Arabidopsis mutants.

(A, B, C) Average lengths of petiole (A) and blade (B) of young leaves, and leaf number (C) of
Arabidopsis mutants (zfp4 (blue), elf6-3 (pink), at5g12310 (brown), vip1 (orange) and pif4-2 (red))
and the wild-type plants (Col-0; grey). Box plots show the median and boxes indicate boundaries
of the second and third quartiles (Q1 and Q3) of the data distribution. Whiskers indicate Q1 and
Q4 values within 1.5 times the interquartile range. Asterisks represent significant differences
between the mutant and the corresponding wild-type plants within the same timepoint (p
< 0.05, multiple unpaired t-test with Holm-Sidék correction). Numbers indicates days after
treatment started. Abbreviations; C; control, D; drought, HT; high temperature, HTD; high
temperature & drought. n=5-10.
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Figure S4.3 Leaf hyponasty of ilr3 and pif4 mutants and wild-type plants during
subjection to high temperature-related treatments.

(A) Representative rosette (side) images of Col-0 (left), ilr3-1 (middle) and pif4-2 (right) upon
5-day high temperature (HT, upper row) or combined high temperature and drought (HTD,
lower row) treatment. Note the exaggerated hyponastic response of ilr3-1 and absence of
response in pif4-2. (B) Average angles of the 2 most hyponastic leaves of individual plants,
relative to the horizontal. Red dashed lines represent HTD treatment and solid orange lines
indicate HT treatment. The letter ‘n.s' represents no significant differences between treatments
within the same timepoint (p>0.05, unpaired t-test). Abbreviations; Abbreviations; C; control,
D; drought, HT; high temperature, HTD; high temperature & drought. n=5-10.
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Figure S4.4 Effect of sequential stress PSD, the individual stresses D, S/PS and control
(C) on leaf development of the selected Arabidopsis mutants.

(A, B, C) Average lengths of petiole (A) and blade (B) of young leaves, and (C) leaf number of
Arabidopsis mutants (at/80 (aqua), nac083 (purple), at3g10760 (yellow), hb1 (azure) and gun4
(magenta)) and the wild-type plants (Col-0; grey). Box plots show the median and boxes
indicate boundaries of the second and third quartiles (Q1 and Q3) of the data distribution.
Whiskers indicate Q1 and Q4 values within 1.5 times the interquartile range. Asterisks represent
significant differences between the mutant and the corresponding wild-type plants within
the same timepoint (p < 0.05, multiple unpaired t-test with Holm-Sidak correction). Numbers
indicates days after treatment started. Abbreviations; C; control, D; drought, S/PS; 5-day
submergence / (post-)submergence & recovery, PSD; (post-)submergence & drought. n= 6-13.
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2" and 4" row) at (A) 15 days after

.
7

Figure S4.5 Representative images of Col-0 (upper two rows) and hb34 mutant (lower

two rows) plants on Jiffy coco pellet growth substrate, subjected to control (C

3" row) and submergence followed by drought (PSD,

treatments started (B) the day of wilting.
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Abstract

Plants are susceptible to environmental cues including temperature. Even a mild
increase in ambient temperature can cause substantial changes in growth, physiology
and development. Changes in plant morphology/architecture in response to mild
increases in temperature are referred to as thermomorphogenesis. High temperature
can also pronouncedly affect chloroplast functions and thereby photosynthesis. While
plant temperature perception, signalling and regulation of thermomorphogenesis are
increasingly well understood, the role of chloroplasts in thermal responses remains
poorly explored.

The transcriptomics experiments described in Chapter 3 pointed to a potential
involvement of chloroplast-associated genes in mediating responsiveness to high
temperature conditions (including individually applied high temperature and the
combination with drought). Here, we show that one of the identified candidates;
GOLDEN2-LIKE 2 (GLK2), a transcription factor responsible for the expression of
photosynthesis-associated nuclear genes and chloroplast development, regulates
thermomorphogenesis in Arabidopsis thaliana. We demonstrate that GLK2
protein is stabilized by high temperature. Both mutation and overexpression of
GLK impeded thermomorphogenic responses, suggesting that GLK2 regulates
thermomorphogenesis in a complex manner. Furthermore, we show that GLK2 governs
plant thermal responses likely independent of GENOMES UNCOUPLED 1 (GUN1)-
dependent retrograde signalling pathway. Results of experiments conducted to test if
GLK2 affects thermomorphogenesis through the regulation of auxin signalling or/and
biosynthesis were inconclusive. However our data suggest that GLK2 might attenuate
PIF4 in a not yet understood manner. Together, our finding uncovers a novel role for
GLK2 in modulating thermomorphogenesis and points to a potential link between
chloroplast functioning, auxin biology and temperature responses.

Introduction

Ambient temperature is an important environmental factor that affects plant growth,
development and yield (Hatfield & Prueger, 2015; Susila et al., 2018; Lee et al., 2021b).
Even a slight increase in ambient temperature, below the heat stress level, can lead
to a multitude of phenotypic changes in some plant species, including Arabidopsis
thaliana (Proveniers & Van Zanten, 2013; Praat et al., 2021; Burko et al., 2022). High-
temperature trigged growth and morphological acclimation at the whole plant level
are referred to as ‘thermomorphogenesis’. Thermomorphogenesis is characterized
by traits like petiole and hypocotyl elongation, leaf hyponasty and early flowering
(Casal & Balasubramanian, 2019; Vu et al., 2019). These phenotypic changes are able
to mitigate the negative effects of high temperature and help plants maintain optimal
growth under sub-optimal growth environments (Bita & Gerats, 2013; Van Der Woude
etal., 2019).

At the molecular level, thermomorphogenesis is governed by a complex signalling
network involving diverse receptors and regulators (Quint et al., 2016; Lee et al., 2021a;
Ai et al., 2023). For example, the perception of high temperature in Arabidopsis is
partially accomplished by the Phytochrome B photoreceptor (phyB), which directs
the expression of a subset of high-temperature responsive genes (Mathur et al.,
2014; Jung et al., 2016). Another crucial signal integrator in thermomorphogenesis is
PHYTOCHROME INTERACTING FACTOR 4 (PIF4), a transcription factor that among others
stimulates auxin biosynthesis and signalling, which are required for the induction of
thermomorphogenesis (Sun et al., 2012; Proveniers & Van Zanten, 2013; Delker et al.,
2022). Recently, some studies highlighted the importance of epigenetic processes
involving histone modifications and histone variants in thermomorphogenic responses
(Perrella et al., 2022). For example, HISTONE DEACETYLASE 9 (HDA9) is required for
YUCCA8 (YUCS8)-dependent auxin biosynthesis during thermomorphogenesis in
Arabidopsis in a phyB independent manner (Van Der Woude et al., 2019; Hou et al.,
2022), while the SANT-domain protein POWERDRESS (PWR) can interact with HDA9
and regulate its function (Chen et al., 2016; Tasset et al., 2018).

Unlike mildly elevated temperatures that do not elicit permanent damage in plants
(Praat et al., 2021), more extreme high temperatures (heat stress) can considerably
disrupt photosynthesis and chloroplast activities including chlorophyll biosynthesis,
photochemical reactions, electron transport and carbon assimilation and eventually
lead to retardation in plant growth, development and sometimes even death
(Mathur et al., 2014; Hu et al., 2020). To survive heat stress, plants must restore their
energy homeostasis via recovery of perturbed photosynthesis, which involves the



reprogramming of gene expression in the nucleus and cellular metabolism. This
requires mutual signalling events, called retrograde signalling, to take place between
organelles (chloroplast, mitochondria etc.) and the nucleus and thereby control
nuclear-gene expression in response to functional changes in organelles (Baena-
Gonzélez, 2010; Crawford et al., 2018; Dogra & Kim, 2019; Wang et al., 2020).

Retrograde signals can derive from various sources, such as the tetrapyrrole pathway,
organellar gene expression or reactive oxygen species (ROS) (Leister, 2012). Of all
known retrograde signalling pathways, GUN1-dependent chloroplast-to-nuclear
retrograde signalling is among the best studied (Koussevitzky et al., 2007; Richter
et al., 2023). GUNT1 is a chloroplast-localized pentatricopeptide-repeat protein and is
involved in plastid development (Koussevitzky et al., 2007; Gommers et al., 2020). When
chloroplasts are stressed by photodamage, GUN1 is activated and transcriptionally
represses GOLDEN2-LIKET (GLKT), a transcription factor controlling the expression of
photosynthesis associated nuclear genes (PhANGs) in the nucleus (Waters et al., 2009;
Martin et al., 2016; Veciana et al., 2022b). A recent study demonstrated that GUN1-
mediated retrograde signaling also directs the expression of antioxidant related genes
to scavenge excess ROS caused by perturbed chloroplast functioning in Arabidopsis
seedlings (Fortunato et al., 2022). To the best of our knowledge, GUN1-mediated
retrograde signaling has not been linked to high ambient temperature signaling events
so far, despite the apparent close connections between chloroplast and temperature
responses (Hu et al.,, 2020; Schwenkert et al., 2022).

The transcriptomic analysis described in Chapter 3 demonstrated that many
chloroplast-related genes were differentially regulated in response to high ambient
temperature stresses, both in the presence (HTD) and absence (HT) of drought (See;
Chapter 3 Figure 3.3C, Tables S3.3 and S3.4). Furthermore, we noted that GLK2,
a transcription factor regulating chloroplast development and the expression of
chloroplast-associated genes (including PhANGs), was upregulated upon high
temperature conditions. These results hinted at a potential (novel) role for chloroplasts
in high temperature responses. In this chapter, we demonstrate that overexpression,
but also mutation of GLK2, suppresses plant thermomorphogenesis in seedling and
rosette stage plants. GLK2 protein is stabilized under high temperature conditions and
its overexpression triggers the upregulation of PIF4 and YUCS8 at the transcriptional
level. Surprisingly, GLK2-mediated high temperature responses occur independently
of GUN1-dependent retrograde signalling. Our findings uncover a novel role for
GLK2 in thermomorphogenesis, adding to our current understanding of the complex
regulatory networks mediating plant responses to high temperatures.

Results

According to the Gene Ontology (GO) analysis of upregulated differentially
expressed genes (DEGs) under high temperature conditions (HT and HTD) in chapter
3, genes associated with plastid organisation (GO:0009657) were significantly
enriched (See; Chapter 3 Figures 3.3C, Tables S3.3 and S3.4). This implies a role for
chloroplasts in regulating responses to high temperature signals. Chloroplasts being
semi-autonomous organelles retaining their own genomes, are responsible for
photosynthesis and plant development (Zhang et al., 2020¢). Chloroplast biogenesis
and functionality are fine-tuned by genes, termed photosynthesis-associated plastid
(PhAPGs; encoded in the plastid genome), and photosynthesis-associated nuclear
genes (PhANGs; encoded in the nuclear genome) (Dubreuil et al.,, 2018; Lv et al., 2019;
Ji, 2020; Yoo et al., 2020).

To assess the role of chloroplasts in regulating high temperature responses, we
examined the expression patterns of genes that associate with chloroplast and/or
photosynthesis, including PhAPGs, PhANGs and two well-characterized transcription
factors governing chloroplast development and the expression of PhANGs; GLK1
and GLK2 (Chen et al., 2016; Hernandez-Verdeja and Lundgren, 2023; Li et al., 2022;
Nagatoshi et al., 2016), upon high temperature treatments in the RNA-seq dataset
(Figures 5.1A-B, S5.1A-B). Our results indicate that high temperature treatment indeed
pronouncedly downregulated several PhANGs, but upregulated many PhAPGs (Figure
S5.1B). In our analysis of the RNA-seq data, GLKT was not identified as a DEG, while GLK2
was found in the HT/HTD upregulated clusters by the k-means clustering approach
(See; Chapter 3, Figures 3.3C). Both GLK7 and GLK2 showed low transcripts per million
(TPM) rates, whereas 5-day HT boosted the TPM rate of GLK2 (Figure 5.1B). Moreover,
HT also upregulated the expression of GLK2 (Log,FC). These findings suggest that
the chloroplast, and the GLKs may have a role in acclimation to high temperature
conditions (i.e., thermomorphogenesis). GLKT and GLK2 are partially redundant in their
functions (Waters et al., 2009). Due to the absence of GLK7 in our DEGs (See; Chapter
3), and the fact that the overexpression line of GLKT (355::GLK1) (Waters et al., 2008)
failed to germinate in the trial experiments, we only investigated the function of GLK2
in thermomorphogenesis.

GLK2 affects chlorophyll accumulation under both control and high
temperature conditions

To study the genetic effects of GLK2 on thermal acclimation, a suite of rosette
phenotypic traits were assessed using wild-type Col-0, a GLK2 overexpressing line
(355::GLK2) (Waters et al.,, 2008) and the double mutant glkiglk2 (Fitter et al., 2002a).



Traits included were chlorophyll content and leaf initiation rate (score of leaf number
across time). The results showed that plants grown under HT accumulated less
chlorophyll in young leaves than plants grown under control temperatures (C) (Figure
5.1C). Both Col-0 and 355::GLK2 maintained comparable levels of chlorophyll content
regardless of the growth temperature, while the glkiglk2 double mutant displayed
remarkably low chlorophyll levels in accordance with its pale green phenotype (Figure
S5.2A), despite all plants being at a similar developmental stages (Figure 5.1C).
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Figure 5.1. Effects of high temperature on photosynthesis-associated genes and effect
of GLK on high temperature-mediated phenotypic traits.

(A) Heatmap presenting the expression (Transcript per million, TPM) of photosynthesis-
associated chloroplast genes (PhAPGs, left panel) and photosynthesis-associated nuclear genes
(PhANGs, right panel) in response to high temperature (HT) treatments. Data are derived from
the transcriptomics experiments described in chapter 3. Indicated are the AGI gene locus ID
and the commonly used abbreviation. The colour scale indicates the expression levels; yellow
represents up- and blue represents down-regulation. For abbreviations see chapter 3, legend
figure 3.1. (B) Expression levels of GLKT and GLK2 indicated as transcripts per million (GLK7 and
GLK2, left) or Log,FC (GLK2, relative to the corresponding controls (C), right). Data are derived
from the RNA-seq dataset (Chapter 3) at high temperature (HT) conditions on day 0, 5 and 10
(HTO, HT5, HT10). (C) Chlorophyll content (left) and number of leaves (right) of wild-type Col-0
(black), 355::GLK2 (aqua) and glkiglk2 (orange) grown under control (C) and high temperature
(HT) conditions from 2-leaf stage till the 10-leaf stage. Error bars indicate means + SEM. Letters
denote significant differences between different treatments and genotypes (p < 0.05, 2-way
ANOVA with Tukey’s Post-hoc test). n=3-8.

We next examined if 355:GLK2 and glkiglk2 affected wilting time when high
temperature was combined with drought (HTD). Upon HTD, Col-0 wild-type and

glkiglk2 wilted at 18 days after the drought treatment started, while 355::GLK2 plants
were on average one day delayed (Figure S5.2B). When plants were subjected to
10-day C or HTD, the chlorophyll content of young leaves of 355::GLK2 plants was
significantly higher than that observed in wild-type Col-0, while on the contrary
glkiglk2 again exhibited considerably low chlorophyll levels (Figure S5.2C). The leaf
initiation rate of Col-0 and glk1glk2 under C and HTD conditions were comparable
(Figure S5.2D). However, 355:GLK2 plants overall generated more leaves per unit of
time . Taken together, our results suggest that GLK2 may act as a positive regulator of
plant growth and development. It should however be noted that this is not strictly
linked to HT or HTD conditions, as similar genetic effects were also observed under C
conditions (Figures 5.1, S5.2).

Overexpression of GLK2 attenuates thermomorphogenesis

To test for a possible effect of GLK2 on plant thermomorphogenesis, we quantified
petiole length and leaf angles (hyponasty) of the wild-type plants, glk1glk2 mutant
and GLK2 overexpression line at control (C, 21 °C) and high temperature (HT, 27 °C)
conditions (Figure 5.2A-C). Col-0 wild-type and glklglk2 mutant plants grown exhibited
significant induction of leaf hyponasty under HT compared to control conditions as
expected, while 355:GLK2 plants were unable to induce hyponastic growth in response
to high temperature (Figure 5.2B). All three lines displayed significantly enhanced
petiole elongation in response to high temperature, but surprisingly, both 355::GLK2
and glkiglk2 did so to a much lesser extent than Col-0 wild-type (Figure 5.2C).

Next, we tested whether the observed differences in thermomorphogenic responses
of Col-0, 355::GLK2 and glkiglk2 were consistent in seedlings by quantifying the ability
to induce hypocotyl elongation in response to high temperature (Figure 5.2D-E), a
key characteristic of thermomorphogenesis (Proveniers & Van Zanten, 2013; Delker
et al., 2022). We included two phenotypic controls for high temperature responses,
phytochrome interacting factor 4 (pif4-2) and phytochrome b (phyb-9) mutants. The
pif4-2 mutant is unable to acclimate to high temperature conditions and is disturbed
in hypocotyl elongation in response to high temperature (Leivar et al., 2008; Van Der
Woude et al., 2019), while phyb-9 has constitutively elongated hypocotyl, regardless
of the growth conditions (Reed et al., 2000). As expected, Col-0 seedlings showed
enhanced hypocotyl length under 27 °C relative to 21 °C (Figure 5.2E) and the known
pif4-2 and phyB-9 phenotypes could be recapitulated. Hypocotyl elongation of both
of 355::GLK2 and glkiglk2 was considerably reduced compared to Col-0, although not
to the level of pif4-2 (Figure 5.2E). Given that both GLK2 overexpression and mutation
result in largely similar phenotypes under high temperature in seedlings (hypocotyl
elongation) and vegetative plants (petiole elongation), but also clearly differed in



temperature responsiveness when hyponasty is considered as output, suggest
that GLKs, particularly GLK2, acts as a regulator of plant thermomorphogenesis in a
complex manner.
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Figure 5.2. Genetic effects of GLK2 on thermomorphogenesis.

(A) Representative images of 10-leaf stage (LS10) Col-0, 355:GLK2 and glk1glk2 pre-grown at
either control temperature 21 °C (upper row) or high temperature 27 °C (lower row). Scale
bars indicate 1 cm. (B) Average angles of the two most hyponastic leaves of individual plants,
relative to the horizontal. n=12-15. (C) Average length of the petioles of the 3 -6 youngest
leaf. n=12-15. (D) Representative images of 8-day old seedlings of Col-0, 355::GLK2, glkiglk2,
pif4-2 and phyb-9 grown at control (21 °C) or high temperature (27 °C). Scale bars indicate 1
cm. (E) Quantification of hypocotyl length of Col-0 (black), 355::GLK2 (aqua), glk1glk2 (orange),
pif4-2 (red) and phyb-9 (purple) seedlings grown at 21 °C or 27 °C for 8 days. n= 4 independent
replicates, each containing 25-30 seedlings. (B,C) Temperatures are indicated by different
colors; 21 °C white, 27 °C; gray. (B,C,E) Boxes indicate boundaries of the second and third
quartiles (Q) of the data distribution. Black horizontal bars indicate median and whiskers Q1
and Q4 values within 1.5 times the interquartile range. Letters denote significant differences
between different treatments and genotypes (p < 0.05, 2-way ANOVA with Tukey’s Post-hoc
test).

GLK2 modulation of thermomorphogenesis occurs independent from
GUN1-mediated retrograde signalling

The expression of PhAPGs is associated with chloroplast biogenesis and can be
triggered by the photoactivation of phytochromes (Yoo et al., 2019), while PhANGs
are considered marker genes of GUN1-mediated retrograde signalling and are direct
downstream targets of GLKs (Wu et al., 2018; Zhao et al., 2019a; Li et al., 2022a). It has
been previously demonstrated that the transcription factor GLK1 acts downstream

of the chloroplast-derived retrograde signalling regulator GUN1 and is repressed
upon photodamaging conditions to mediate the expression of PhANGs and seedling
morphogenesis (Martin et al., 2016; Veciana et al., 2022a). We therefore explored the
hypothesis that GUN1 controls plant thermomorphogenesis at high temperature
conditions through GLK2 (Figure 5.3A), as GLKT and GLK2 are redundant in their
functions (Waters et al., 2009). To test this, hypocotyl lengths of Col-0 and mutant
guni plants grown at 21 °C and 27 °C were compared (Figure 5.3B) in the expectation
that the gunT mutant line would exhibit a similar phenotype as 355::GLK2 under high
temperature conditions. However, we found that the hypocotyl lengths of Col-0 and
the mutant line gunT did not significantly differ (Figure 5.3B). This result indicates
that GUNT1 is likely not a regulator of GLKs under high temperature conditions when
acclimation to high temperature is considered.
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Figure 5.3. Phenotypic and transcriptional analysis of Col-0 and gun7 mutantin response
to high temperature.

(A) Hypothesized scheme indicating the potential inhibition of GLK2 under high temperature
through GUN1-dependent retrograde signalling. (B) Hypocotyl lengths of Col-0 wild-type and
guni mutant seedlings grown at 21 °C (white bars) or 27 °C (gray bars) for 8 days. Boxes indicate
boundaries of the second and third quartiles (Q) of the data distribution. Black horizontal bars
indicate median and whiskers Q1 and Q4 values within 1.5 times the interquartile range. n=4,
with each containing 25-30 seedlings. (C) Relative mRNA abundance (expression) of GLK1, GLK2
and their known downstream target genes (LHCBI1.2, LHCB2.1 and LHCB6) at 21 °C (white bars)
or 27 °C(gray bars), as determined by RT-qPCR. n=4, each containing 30-50 pooled seedlings.
Error bars indicate means + SEM. (B,C) Letters denote significant differences between different
treatments and genotypes (p < 0.05, 2-way ANOVA with Tukey’s Post-hoc test).
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Our finding that GUNT1 is not involved in thermomorphogenesis regulation via GLK2
was largely confirmed by analysis of the expression of GLKs and their target genes
(Hills et al., 2015): LIGHT-HARVESTING CHLOROPHYLL B-BINDING (LHCB) 1.2, LHCB2.1 and
LHCB6, at 21°C and 27°C in the mutant line gunT and wild-type Col-0 (Figure 5.3C). qRT-
PCR experiments revealed that the expression of both GLKT and GLK2 was not affected
by high temperature. Moreover, GUNT had no effect on GLKT or GLK2 expression.
Expression of the GLK downstream targets (LHCB1.2, LHCB2.1 and LHCB6) was overall
decreased at 27°C relative to 21°C, but this effect occurred regardless of the presence of
GUNT (Figure 5.3C). Together, these results show that the GLK2-mediated regulation of
thermomorphogenesis occurs independent of GUN1T-mediated retrograde signalling.
The decrease of the core-photosynthesis associated genes LHCB1.2, LHCB2.1 and LHCB6
at 27 °Cindicates that high temperature might have a direct negative effect on plant
photosynthesis.

GLKs regulate thermomorphogenesis at the transcription and
translational levels

To understand the molecular mechanism underlying GLK regulation of plant
thermomorphogenesis, we first quantified the relative expression levels of GLK2 in
Col-0 wild-type, 355::GLK2 overexpression and glkiglk2 double mutant backgrounds
at 21 °C and 27 °C (Figure 5.4A). This confirmed our previous results (Figure 5.3C)
that GLK2 expression is not affected by high temperature. Moreover, our data also
confirmed the overexpression of GLK2 in 355::GLK2 and the absence of GLK2 transcript
in glkiglk2 at both 21 °Cand 27 °C.

We next examined the protein levels of GLK2 at 21 °C and 27 °C by Western blot
analysis using a line expressing 355:GLK2-GFP (Waters et al., 2008) (Figures 5.4B,
S5.3). The results showed that GLK2 protein accumulated more under high ambient
temperature compared to control temperature conditions, suggesting that GLK2 is
stabilized by high temperature even though it may be considered a negative regulator
of thermomorphogenesis based on our genetic analyses.
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Figure 5.4. Transcriptional regulation and protein stability of GLK2 under high
temperature conditions.

(A) Relative mRNA abundance of Col-0 wild-type, 355:GLK2 and glkiglk2 at 21 °C (white bars)
or 27 °C (gray bars), as determined by RT-qPCR. n=4-5 replicates of 30-50 pooled seedlings
each. Letters denote significant differences between different treatments and genotypes
(p < 0.05, 2-way ANOVA with Tukey’s Post-hoc test). (B) Western blots showing the level of
GLK2-GFP in Col-0 and 35S::GLK2-GFP expressing seedlings grown at 21 °C or 27 °C for 8 days.
Stain-free imaging of Rubisco protein (rbcL) was used as loading control. n=3, each containing
approximately 30-50 pooled seedlings. The original uncropped blot images are indicated in
Figure S5.3. (C) Quantification of relative GLK2-GFP abundance at 21 °C (white bars) or 27
°C (gray bars) from the Western blots shown in panel C and Figure S5.3. Asterisks represent
significant differences (*p < 0.05, unpaired t-test). (A,C) Error bars indicate means + SEM.

To connect our findings on GLK2 to the existing knowledge framework of
thermomorphogenesis regulation, we tested the effect of GLK2 on the expression
(mRNA) levels of several marker genes that are known to be affected by high
temperature and/or are key factors in the thermomorphogenesis regulatory network,
including HEAT SHOCK PROTEIN 70 (HSP70), PIF4 and YUCCAS (Figure 5.5), and several
PIF4 target genes (Figure S5.4). HSP70 has no apparent role in thermomorphogenesis
regulation, but its expression level is considered a molecular thermometer as HSP70
mMRNA abundance scales with temperature (Kumar & Wigge, 2010; Van Der Woude
et al., 2019). Our data showed that expression of HSP70 was consistently induced at
27 °Cin all three genotypes, suggesting that GLKs do not affect sensitivity to high
temperature.



HSP70 PIF4 Yucs
3 2.0 3
21°c Marc
a a a
8 ] 8
€ 1.5
g 2 a ab g ab ab éz
5 S b S b b
o F-] I o
3 8 b 3 b
z E < 2
4 be z10 b -4
E E = E
@ I c c @ ° c
g1 T ] g1 % c
& - 205 & -

0.0 [
Col-0 35S::GLK2 glk1glk2 Col-0 355:GLK2 glk1glk2 Col-0 355:GLK2 glk1glk2

Figure 5.5 Effect of GLK2 on the expression of temperature-regulated genes.

Relative mRNA abundance of HSP70, PIF4 and YUC8 at 21 °C (white bars) or 27 °C (gray bars), as
determined by RT-gPCR. n=4-5, each containing 30-50 pooled seedlings harvested at ZT =9
h. Error bars indicate means + SEM. Letters denote significant differences between different
treatments and genotypes (p < 0.05, 2-way ANOVA with Tukey’s Post-hoc test).

The expression of PIF4 (Gangappa et al., 2017; Hwang et al., 2017; Lee et al., 2021a)
showed no significant differences at 21°C in glkiglk2 and 355::GLK2, but a notably
increased expression in PIF4 was found in 355:GLK2 at 27 °C, compared to Col-0.
However, no differences in PIF4 expression were found between glkiglk2 and Col-0.
High temperature-induced hypocotyl elongation requires auxin biosynthesis (Sun et
al., 2012; Van Der Woude et al., 2021). In line with the upregulation of PIF4, YUCCAS8
(YUCS), a rate-limiting auxin biosynthesis gene directly targeted by PIF4 under high
temperatures (Sun et al., 2012), was significantly induced by high temperature in all
tested genotypes, but most notably in 355::GLK2, despite that two auxin responsive
genes responsible for hypocotyl elongation, INDOLE-3-ACETIC ACID INDUCIBLE 19 and
29 (IAA19 and IAA29) (Tatematsu et al., 2004; Sun et al., 2013a), showed in general a
decrease at 27 °Crelative to 21 °Cin all the three genotypes (Figure S5.4).

The role of auxin in GLK2-mediated thermomorphogenesis is
ambiguous

Our gRT-PCR data on PIF4 and YUCAS8 (Figures 5.5 and S5.4) suggested that GLKs might
directly or indirectly interfere with auxin levels and response under high temperature
conditions. This interference could also potentially explain our apparent contradictory
finding that both overexpression and mutation of GLK2 results in the abolishment
of thermomorphogenesis capacity. This is because the same response strength
phenotype could be explained by both high (hyper-optimal) and low (supra-optimal),
but still enhanced (relative to 21°C) levels of auxin, despite having auxin concentrations
that are highly offset from the maximal response concentration (Van Der Woude et
al., 2021; Zhu et al., 2022a).

To investigate whether GLKs affect auxin transport or biosynthesis in response to high
temperature, we compared auxin dose-responsiveness of hypocotyl elongation of
355:GLK2, glk1glk2 and Col-0, as well as pif4-2 and phyb-9 (as phenotypic controls) by
applying different concentrations of the synthetic auxin chemical Picloram or the auxin
transport inhibitor N-1-naphthylphthalamic acid (NPA) (Prigge et al., 2016; Abas et al.,
2020) (Figure 5.6A-B). Overall, low levels of Picloram stimulated hypocotyl elongation
as expected (Figure 5.6A). Higher concentrations repressed hypocotyl from ~2.5 uM
onwards at 21 °C and from ~1 pm onwards at 27°C in Col-0 and glkiglk2, whereas
for 355:GLK2 a higher concentration was required to repress elongation (Figure
5.6A). Remarkably, glk1glk2 showed a rather similar trend of hypocotyl growth as the
wild-type Col-0 in response to Picloram treatment, while 355::GLK2 and pif4-2 overall
showed comparable elongation responses without restoring comparable trends as
Col-0 upon high concentrations of Picloram (Figure 5.6A).

NPA inhibits auxin transport and thereby inhibits hypocotyl elongation. It was
observed that NPA causes a decrease in hypocotyl length in all genotypes at 27°C.
Intriguingly, 355::GLK2 and pif4-2 displayed clear similarities in hypocotyl elongation at
27°C. Similarly, pif4-2 did not fully restore the elongation trend to a comparable level
as Col-0 upon high concentrations of NPA treatment. These results may suggest that
GLK?2 attenuates thermomorphogenic response through repression of PIF4.

Agravitropism is induced by disturbance of auxin distribution and/or signalling in
the plant and is strongly induced by NPA and Picloram (Rakusova et al., 2011). In our
study, with an increase in the concentration of Picloram and NPA, 35S::GLK2 displayed
stronger agravitropy than at lower concentrations. 355::GLK2 even reaches 75%,
meaning total absence of gravitropism response (Figure 5.6B). At total absence of
Picloram and NPA, both pif4-2 and 355::GLK2 were already showing some degree of
agravitropism. Taken together, these results again implicate that GLK2 may negatively
regulate PIF4 and thereby the downstream auxin response, although this regulatory
mechanism needs to be supported by additional work, for example, by measuring the
absolute auxin concentrations in GLK2 mutation and overexpression lines.
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Figure 5.6. Effects of Picloram and NPA on hypocotyl length and shoot (a)gravitropy. Hypocotyl length (A) and percentage of agravitropic

seedlings (B) of 8 day-old Col-0 wild-type (black), 355:GLK2 (aqua), glk1glk2 (orange), pif4-2 (red) and phyB-9 (purple) seedlings over a range of

concentrations of Picloram (upper rows) and NPA (bottom rows), at 22 °C (left) or 27 °C (right). Error bars indicate means + SEM. Dashed horizontal

lines in panel B indicates 75%, which equals complete agravitropy.

Discussion

Chloroplasts serve as stress sensors in perceiving environmental signals (Song
et al., 2021; Li & Kim, 2022). Sub-optimal growth conditions like stressful high
temperatures can drastically disrupt photosynthetic activities (Mathur et al., 2014).
In this chapter, we present a novel role for GLK2, a transcription factor that controls
chloroplast development (Waters et al., 2009; Martin et al., 2016), in modulating
thermomorphogenesis in Arabidopsis. Our results however indicate that GLK2 affects
thermomorphogenesis likely independent of GUN1-dependent retrograde signaling
events but might involve manipulation of auxin biosynthesis and/or signaling possibly
by attenuating PIF4 function in a yet unknown manner.

Our data show that overexpression of GLK2 (355::GLK2) in rosette plants resulted in
significant increased chlorophyll levels and a higher leaf initiation rate under C, HT
and HTD conditions (Figures 5.1C and S5.2C-D), accompanied by slightly delayed
leaf wilting under HTD (Figure S5.2B). These results are consistent with prior studies
(Mackova et al., 2013; Nankishore & Farrell, 2016) and our findings in Chapter 2 (See;
Chapter 2 Figures 2.2 and 2.3) that increase in chlorophyll content likely accounts
for better performance of plant growth and the survival of stresses. In this chapter,
we did not investigate if and how GLK2 contributes to acclimation to the other
combinatorial stress that is the focus of this thesis; submergence followed by drought
(post-submergence & drought, PSD). PSD was not included in this chapter as the
chloroplast-associated GO terms found in response to HT and HTD were not enriched
in PSD-upregulated gene clusters (See; Chapter 3 Figure 3.4C and Table S3.5). However,
we did observe the overrepresentation of another GUN protein, GUN4, in the gene
regulatory network constructed by PSD-upregulated genes (See; Chapter 3, Figure
3.6). Given that GUN4 plays a pivotal role in activating Mg chelatase during chlorophyll
biosynthesis and retrograde signaling (Tarahi Tabrizi et al., 2016; Li et al., 2023; Richter
et al., 2023), its presence during PSD hints at a potential involvement of retrograde
signaling regulation that distinct from the GUN1-mediated retrograde signaling. On
the other hand, considering the fact that GLK2 overexpression is known to enhance
chlorophyll content, further investigation into plant stress responses (e.g., wilting,
leaf development) under PSD in GLK2 mutant and overexpression lines might be
enlightening. This would help in further corroborating our findings that accumulation
of chlorophyll content in young leaves could contribute to the acclimation of both
HTD and PSD (See; Chapter 2; Results and Discussion).

Our data indicate that GLK2 is stabilized under 27 °C at the protein level and is an
apparent negative regulator of thermomorphogenesis, as its overexpression resulted



in attenuated petiole elongation, hyponastic growth in rosette plants and hypocotyl
elongation in seedlings (Figure 5.2). The (increase in) protein abundance of GLK2
under high temperature may fine tune plant thermomorphogenesis by translationally
repressing high-temperature responsive regulator(s) (i.e., PIF4) in a feedback loop
and therefore controls plant growth. However, glkiglk2 also displayed impeded
petiole and hypocotyl lengthening, but displayed a hyponastic response similar to
Col-0 wild-type under high temperature, which is likely due to the inhibition of plant
development and carbon acquisition caused by impaired chloroplast biogenesis
and photosynthesis when GLKT and GLK2 are both knocked-out (Waters et al., 2009;
Zubo et al.,, 2018; Herndndez-Verdeja et al., 2022; Li et al., 2022a). GLKs thus control
thermomorphogenesis in a complex manner and additional work is needed to better
understand its role. Testing the expression or protein abundance of other marker
genes of thermomorphogenesis in the 355:GLK2 and glkiglk2 backgrounds should
resolve if indeed the phenotypic similarities observed in 355:GLK2 vs. glk1glk2 have a
different origin, i.e., thermomorphogenesis is impaired in GLK2 overexpression lines
due to disruption of native signaling events and in the double mutant because it
has issues with energy homeostasis. Most notably, future studies should focus on
assessing protein stability of PIF4 as our data on GLK2 could be explained in part by
GLK2 attenuating PIF4 and its effects.

GUN1-mediated retrograde signaling can transcriptionally repress GLKs and thereby
the expression of PhANGs and chloroplast biogenesis (Waters et al., 2009; Lee et al.,
2023). Because the GUN1/GLK1 retrograde signaling inhibits photomorphogenesis
upon chloroplast damage (Martin et al., 2016; Veciana et al., 2022a), we tested the
hypothesis that GLK2 might negatively control plant thermomorphogenesis through
the GUN1-mediated plastid-to-nuclear retrograde signaling pathway. However,
based on the observation that hypocotyl elongation as well as the expression of
GLK-targeted PhANG genes were similar in the gun? mutant line and Col-0 at both
control and high temperature (Figure 5.3B-C), we conclude that the impeded
thermomorphogenesis caused by GLK2 is likely not GUN1-dependent. Despite LHCB
genes being direct targets of GLK2, the observed downregulation of these genes by
high temperature likely occurs independent of GLK2 (and GUN1), as GLK2 has been
shown to act as a positive regulator of nuclear-coded photosynthesis genes, including
LHCB1.2, LHCB2.1 and LHCB6 and GLK2 is stabilized by high temperature (Figure 5.4).
Because GLK1 was not fully assessed in this study, it is possible that GLK1 has a more
dominant effect on the expression of LHCBs than GLK2, despite GLK1 and GLK2 being
partially redundant in their functions (Waters et al., 2009). Moreover, despite GLKT
not being a significant DEG in our RNA-seq dataset (See; Chapter 3), its expression,
indicated as transcripts per million, decreased during HT (Figure 5.1B). Whether

GLK1 has a (dominant over GLK2) role in the expression regulation of LHCBs under
high temperature conditions needs to be further verified by checking the protein
abundance of GLK1 upon high temperature conditions and by assaying single glk1
mutants and an GLKT overexpression line. Given that multiple pathways and mediators
are involved in communication between plastids and nucleus upon stress conditions
(Jan et al,, 2022a), it is also possible that other retrograde signaling pathways are
involved in controlling GLK2 to mediate high temperature responses rather than GUNT1.
For example, ETHYLENE-DEPENDENT GRAVITROPISM-DEFICIENT AND YELLOW-GREEN-
LIKE 3 (EGY3) is able to mediate chloroplast ROS homeostasis and promotes retrograde
signaling in response to salt stress in Arabidopsis (Zhuang et al., 2021). Additionally,
a recent study pointed out that GUN1 is necessary for H,0,-dependent oxidation of
the cellular environment (Fortunato et al., 2022). Thus, future studies should focus on
if and how retrograde signaling controls thermomorphogenesis, perhaps by focusing
on cellular ROS signaling.

The induced expression of YUC8 in 355::GLK2 compared to glkiglk2 and Col-0 under
both normal and high temperature conditions implicates a potential role of GLK2 in
controlling auxin responses (Figure 5.5), which is further validated by comparing the
dose-responsive hypocotyl growth between GLK mutants (355:GLK2 and glkiglk2),
wild-type Col-0 and the phenotypic controls (pif4-2 and phyb-9) (Figure 5.6A-B). Our
results demonstrated that upon Picloram treatment, 355::GLK2 resembles pif4-2 in
hypocotyl growth under both normal and high temperature conditions, while glkiglk2
responded similar as the wild-type plants (Figure 5.6A). Together with the high
percentage of agravitropism observed in 355::GLK2, it is possible that the attenuated
thermomorphogenesis reflected by the inhibition of hypocotyl elongation in
355::GLK2 is attributed to the lack of auxin response, or overaccumulation of auxin, that
triggers inhibition (Bellstaedt et al., 2019; Van Der Woude et al., 2021). However, upon
higher concentrations of Picloram or NPA treatments, pif4-2 was unable to reach a
comparable level of hypocotyl elongation as the wild-type plants, which is inconsistent
with previous studies carried out on pif4-2 mutants using the same treatments and
experimental setups (Van Der Woude et al., 2021). Thus, due to the presence of the
inconsistencies at diverse levels, we were not able to conclude whether or not GLK2
manipulates auxin response through the regulation of PIF4, or otherwise directs auxin
biosynthesis and/or signaling. To elucidate this, additional work such as replicating the
dose-responsive experiment, or quantifying auxin levels in the GLK2 overexpression
line in the presence or absence of high temperature, is necessary. Additionally, further
studies should also address whether the reduced hypocotyl elongation in glkiglk2,
compared to Col-0, is due to the metabolic imbalance brought on by the compromised
chloroplast function.



Previous studies have highlighted multiple negative regulators of
thermomorphogenesis such as EARLY FLOWERING 3 (ELF3) and CRYPTOCHROME
1 (CRY1) (Raschke et al., 2015; Ma et al., 2016). These factors can directly interact
with PIF4, a transcription factor that is induced by high temperature at both the
transcriptional and the protein stability level, and constitutes a main signaling hub
in thermomorphogenic responses (Proveniers & Van Zanten, 2013; Quint et al., 2016).
It has been demonstrated that GLKs (GLKT and GLK2) are transcriptionally repressed
by PIF4 and are direct PIF4 targets (Oh et al.,, 2012; Song et al., 2014; Martin et al.,
2016). Our results showed that high levels of GLK2 (in the 355:GLK2 overexpression
line, Figure 5.4A-C) result in enhanced PIF4 mRNA abundance (Figure 5.5), suggesting
that GLK2 positively regulates PIF4. It is possible that GLK2 and PIF4 form a positive
feedback regulatory loop; PIF4 abundance represses GLK2, while GLK2 in turn
stimulates PIF4 and thereafter promotes auxin biosynthesis. This likely explains why the
overexpression of GLK2 resembled the phenotypes of pif4-2 upon high temperature
and/or exogenous auxin treatment (Figures 5.2 and 5.5). We also propose that the
impeded thermomorphogenesis caused by GLK2 overexpression in this study might
be due to feedback regulation of PIF4 as PIF4 can modulates its own expression
by binding its own promoter (Lee et al., 2021b; Shapulatov et al., 2023). GLK2 thus
may affect the expression of PIF4, downstream of PIF4, and acts as an autofeedback
regulator to modulate thermomorphogenesis. In the native (wild-type plants, Col-0)
situation, GLK2 may be stabilized on the protein level by high temperature to boost
PIF4 expression, needed to initially trigger auxin biosynthesis in early stages after
high temperature perception, followed by the induction of thermomorphogenesis,
but later participates in repression of thermomorphogenesis via PIF4 feedback
attenuation. This system may be out of balance in the 355:GLK2 line with repression
of thermomorphogenesis as a phenotypic outcome. However, high expression levels
of YUC8 were observed in 355:GLK2, which does not necessarily fit this PIF4 attenuation
hypothesis. Nevertheless feedback attenuation of (and by) PIF4 is not unprecedented,
as a recent study presented a autoregulatory composite negative feedback loop
of PIF4-HECATE (HEC)s in thermomorphogenic responses, where HEC2 can be
transcriptionally activated by PIFs, while conversely, HEC2 physically heterodimerizes
PIF4 to inhibit its function (Lee et al., 2021b). Moreover, it is known that PIF4 induces the
Arabidopsis RNA-binding protein FCA, which thereafter attenuates PIF4 effectiveness
by mediating PIF4 dissociation from the YUC8 promoter by removing H3K4me2 from
the promoter (Lee et al., 2014; Choi & Oh, 2016). It is clear that major question marks
remain and to further test the role of GLK2 in general, and the PIF4-GLK2 feedback-
loop hypothesis in particular, additional work such as characterization of physical
interactions between PIF4 and GLK2, or the quantification of PIF4 protein abundance
in the genetic background of GLK2 overexpression, are needed.
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Material and methods

Plant material and growth conditions

Arabidopsis thaliana seeds were obtained from the NASC stock center or were
obtained via colleagues. The following lines were included in this study: wild-type
Columbia-0 (Col-0; NASC stock center ID: N1092), 355::GLK2 (NASC stock center ID:
N9906), 355::GLK2-GFP (NASC stock center ID: N2107721) (Waters et al., 2008), glki1glk2
(Fitter et al., 2002b), gunT (NASC stock center ID: N72518), (Ruckle et al., 2008), pif4-2
(NASC stock center ID: N879261) and phyb-9 (NASC stock center ID: N71625 (Yoshida
et al., 2018)).

Plants for rosette trait measurements were grown as described in Chapter 2. In brief,
seeds were sown on moist potting soil (Primasta BV, Asten, The Netherlands) and
thereafter stratified at 4 °C in darkness for 4 days. The stratified seeds were then
transferred to a growth chamber (MD1400; Snijders, The Netherlands) for germination
with the following conditions: 8 h photoperiod / 16 h darkness, 21 °C, 120-150 umol
m~2 s PAR with LED lightening, 70% relative humidity. On the day the plants reached
the 2-true leaf stage (LS2), the seedlings were individually transplanted to Jiffy 7c
coconut pellets (Jiffy Products International BV, Zwijndrecht, The Netherlands) that
were presoaked in 50 mL Hoagland solution (Millenaar et al., 2005), followed by
saturation with deionized water to a final weight of 250 + 20 g per pellet. Plants that
were to be subjected to (combined) high temperature treatments (HT and HTD) were
placed in the growth chamber set at 27 °C, with otherwise identical conditions as used
for the control treatments (C) at 21 °C. Nutrition supplementation and randomization
were performed as described in Chapter 2 (See; Chapter 2 Materials and Methods).



For hypocotyl measurements, seedlings were grown on MS-agar plates. Seeds were
sterilized for 2 hours in a mixture of commercial bleach (Glorix) and concentrated
hydrochloric acid (Sigma-Aldrich) before sowing. After sterilization, seeds were sown
on sterile 1% plant agar supplied with 1 x Murashige-Skoog medium (MS, Duchefa
MO0255) without sucrose in square petri dishes (120 x 120 x 17 mm, Greiner Bio One).
Plates containing the seeds were kept at 4 °C for 4 days in the darkness for sterilization
before being placed vertically in growth chambers set at 21 °C or 27 °C and other
conditions as described above, for 8 days.

Stress treatments

Plants for rosette trait measurements were subjected to individual (HT) or combined
stresses (HTD) or kept at control conditions (C). Stress treatments were applied as
described in Chapter 2.

Measurements of rosette and seedling traits

Petiole length was recorded by averaging the lengths of the 3 -6 youngest leaf per
plant. The hyponasty (leaf angle) was obtained by calculating the average of the angles
of two opposing petioles relative to the horizontal.

To measure hypocotyl lengths, plates were scanned by an Epson V800 scanner (EPSON,
Japan) and thereafter the hypocotyl length was measured per seedling using Image)
(National Institutes of Health, USA). Seedling agravitropy was scored by counting the
percentage of seedlings with agravitropic growth (hypocotyls deviated more than
45° from the opposite of the direction of gravity). Notably, when encountering total
absence of gravitropic response, about 75% of the seedlings would show agarvitropic
growth, as a population of plants that is fully agravitropic has on average 25% of its
seedlings within 45° from the opposite of the direction of gravity by chance.

Chlorophyll content measurements

Chlorophyll content was determined using a CM-300 Chlorophyll Meter (Opti-Sciences
Inc., Hudson, USA) with a fluorescent detector. After calibration, the detector was
placed at 5 mm distance from the leaf for 3 seconds and chlorophyll content per square
meter (mg / m?) was automatically calculated based on the fluorescent intensity.

RNA isolation and quantitative real-time PCR (RT-qPCR)

Approximately 30-50 seedlings were harvested at ZT = 9 h and pooled together as
one biological replicate and thereafter snap-frozen in liquid nitrogen. Frozen samples
were subsequently grinded using a cryogenic grinding mill (Retsch, Haan, Germany)
to a fine powder. Total RNA was extracted using the RNeasy kit (Qiagen, Germany)

following the manufacturers protocol. cDNA was synthesised using RNase H Reverse
Transcriptase (Thermo Fisher Scientific) and random hexamer primers (Thermo Fisher
Scientific). RT-qPCRs were performed using the Applied Biosystems ViiA 7 Real-time
PCR system (Thermo Fisher Scientific) with a 5 pL reaction mixture containing 2.5 pL
2X SYBR Green MasterMix (Bio-Rad), 0.25 uL forward and reverse primer (10 um) and
2 pL of 5 ng/uL cDNA. Relative mRNA abundance (indication of gene expression) was
calculated by normalizing the CT values derived from the average of two technical
replicates, by that of the housekeeping gene, ACTIN2 and PROTEIN PHOSPHATASE 2A
(PP2A), and thereafter normalized to Col-0 wild-type values under control temperature
(21 °C). Primers used for RT-qPCR are indicated in Table S5.1.

Confirmation of T-DNA insertion lines

The confirmation of T-DNA insertion lines was performed using the same approach as
described in Chapter 4. In brief, fresh leaves were detached and gDNA was extracted
using Direct PCR-Phire and Phusion kit (Thermo Scientific, Inc, USA) following the
manufacturers protocol. The presence of the T-DNA insertions and the homozygosity
were determined by PCR using the primer pairs indicated in Table S5.1.

Western blotting

Approximately 30-50 seedlings were pooled together and pulverized in liquid nitrogen.
Protein was extracted by incubating the samples in modified RIPA lysis buffer (Zhang
etal., 2018; Hartman et al., 2019) for 30 min on ice and thereafter protein concentration
was quantified using a BCA kit (Pierce). 30 ug protein was loaded into a pre-cast Mini-
PROTEAN Stain Free TGX Gel (Bio Rad). Rubisco large subunit was visualized using
stain-free imaging. Protein was then transferred to a 0.2 um PVDF membrane (Bio
Rad) using trans-blot turbo transfer system (BioRad). Membranes were then blocked
for 1 hour in blocking solution (TBS-T (TBS supplied with 0.1% Tween 20) + 5% milk)
at room temperature before being probed with primary antibody (anti-GFP, 1:2500,
Roche #11814460001) in blocking solution at 4°C overnight. Membranes were rinsed
for 4 times with 1x TBS-T and thereafter incubated with secondary antibody (rabbit
anti-mouse, 1:2500, Cell Signaling #7076) at room temperature. After incubation,
membranes were washed with TBS-T for 3 times and subsequently with TBS for 2
times. Membranes were incubated with Femto chemiluminescence substrate (Thermo
Fisher Scientific) and imaged under a ChemiDoc imaging system (BioRad) to visulize
the Horseradish Peroxidase (HRP) activity.

Pharmacological assays
N-1-Naphthylphthalamic acid (NPA; Duchefa) and Picloram (Sigma-Aldrich) were first
dissolved in DMSO (Sigma-Aldrich) to a 100 mM stock solution. The stock solutions



were further diluted into required concentrations (here 50 uM, 25 uM, 12.5 uM, 5 uM,
2.5uM, 1 uM, 0.5 uM and 0.1 uM) with DMSO and thereafter dissolved in the MS-agar
medium to a final DMSO concentration of 0.1%. For mock treatments, DMSO lacking
other chemical compounds were supplied to the agar medium.

Statistical analysis

Figures in this chapter were generated using GraphPad Prism 9 (GraphPad Software,
La Jolla, USA) and Biorender.com. One-way or two-way ANOVA followed by Tukey’s
multiple test were performed by GraphPad Prism 9. The significance was considered
as p < 0.05.
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Figure S5.1. Expression levels of photosynthesis associated genes.

Heatmap presenting the expression (Transcript per million, TPM) of photosynthesis-associated
chloroplast genes (PhAPGs) (A) and photosynthesis-associated nuclear genes (PhANGs) (B) in
response to combined, sequential and single stresses. Data are derived from the transcriptome
experiments described in chapter 3. Indicated are the AGI gene locus IDs and the commonly
used abbreviations. The color scale indicates the expression levels, yellow represents up- and
blue represents down-regulation. For abbreviations see chapter 3, legend figure 3.1.
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Figure S5.2. Effects of combined high temperature (HT), HT in combination with
drought (HTD) and control (C) conditions on rosette phenotypic traits of Col-0 wild-
type, 355::GLK2 and glk1glk2.

(A) Representative images of Col-0, 355:GLK2 and glk1glk2 plants subjected to control (C) and
combined high temperature and drought (HTD) treatment for 10 days. (B) Number of days till
wilting occurred of Col-0 (black), 355::GLK2 (aqua) and glk1glk2 (orange) during the subjection of
high temperature combined with drought (HTD). Dots represent individual biological replicates
(plants). Black lines indicate the mean values. n=3-4. (C,D) Chlorophyll content (C) and number
of leaves (D) of in Col-0 (black), 355::GLK2 (aqua) and glkiglk2 (orange) under control (C, left)
and combined high temperature and drought (HTD, right) treatments at different timepoints
after the treatments started. Error bars indicate means + SEM. Asterisks represent significant
differences between mutants (355::GLK2 and glk1glk2) and the wild-type plants (Col-0) at the
same time points (p < 0.05, 2-way ANOVA with Tukey's Post-hoc test). n= 3-8.
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Figure S5.3. Full images of original uncropped Western blots used to detect GLK2.
Uncropped Western blots (left) and Stain-free imaging of Rubisco protein (rbcL) (right) of Figure
5.4B (A) and the biological replicate (B).
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Figure S5.4. Relative mRNA abundance of PIF4 target genes IAA19, IAA29, HB2, CKXS5,
XTH15 and ACS8 at 21 °C or 27 °C, as determined by RT-qPCR.

n=4-5, each containing 30-50 seedlings as a pool harvested at ZT = 9 h. Error bars indicate
means + SEM. Letters denote significant differences between different treatments and
genotypes (p < 0.05, 2-way ANOVA with Tukey’s Post-hoc test).

191



Table S5.1 Primers used in this study.

Indicated are oligo name (FW; forward primer, RV; reverse primer), primer sequence, purpose

for the primer pairs and the corresponding AGl identifier code.

Oligo Name
GUNTFW
GUNTRV
GLK1 FW
GLK1 RV
GLK2 FW
GLK2RV
LHCB2.1 FW
LHCB2.1RV
PIF4AFW
PIF4 RV
LHCB6 FW
LHCB6 RV
LHCB1.2 FW
LHCB1.2RV
HSP70 FW
HSP70 RV
YUC8FW
YUC8 RV
IAAT9 FW
IAAT9 RV
HB2 FW
HB2 RV
CKX5 FW
CKX5RV
XTH5 FW

XTH5RV

ACS8 FW
ACS8RV
IAA29 FW
IAA29 RV
ACTIN2 FW

Sequence (5" - 3')
ATGCTGCATATCAGATTTCGG
GTGGGTTCTGCTGTTTCTTTG
TATGACGGTGACAGTGACCGG
AACTGTTCCACTGCCTCCACG
TGTGTGTAAGCAAGAGGGTGG
CTACCCCTAATTGCTCCACCG
GGAAACCCTAACTTGATCCACG
GACCGTTCTTAAGCTCCTTCAC
CTCGATTTCCGGTTATGG
CAGACGGTTGATCATCTG
AACCCAATTGCTTCTCATGG
CCAACGGATCGAAGAATCTC
CTTCGTTCAAGCCATTGTCA
AACAAAGTTGGTTGCGAAGG
CTGACAGCGAGCGTCTCAT
GGATCACTGTATCTTCTTCCGATT
CGTCCCATATTGGCTACAAG
CCTTTCCTCGTAAACCCAAC
TAAGCTCTTCGGTTTCCGTG
ACATCCCCCAAGGTACATCA
CGAGCAAGACAAGTGGAAGT
ATTCTCGCAGCATCTCCGTA
TCGACGTTGTAACTGGGAAAGGAG
AGAGAGATTCGTGCTCGAGTGATG

TAGTTGGAATGGGTTTGACGGCGT
AAGTCATCTAA

TTATGGAGTTGGGTTTTGGGTTTG
GTTGATAGAA

TGGGTCTAGCAGAAAATCAGTTG
TCCGACATGAAATCCGCCAT
AAGATGGATGGTGTGGCAAT
GTCACCCTCTTTCCCTTGGA
TTCGTGGTGGTGAGTTTGTT

Purpose
Genotyping
Genotyping
qPCR/Genotyping
qPCR/Genotyping
qPCR/Genotyping
qPCR/Genotyping
qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

qPCR

gPCR
gPCR
gPCR
gPCR
qPCR

AGI

AT2G31400
AT2G31400
AT2G20570
AT2G20570
AT5G44190
AT5G44190
AT2G05100
AT2G05100
AT2G43010
AT2G43010
AT1G15820
AT1G15820
AT1G29910
AT1G29910
AT4G16660
AT4G16660
AT4G28720
AT4G28720
AT3G15540
AT3G15540
AT4G16780
AT4G16780
AT1G75450
AT1G75450
AT5G13870

AT5G13870

AT4G37770
AT4G37770
AT4G32280
AT4G32280
AT3G19780

Table S5.1: Continued

Oligo Name
ACTIN2 RV
PP2A FW
PP2ARV
Spm5

2bgbs

Spm8
ara4
SALK LB

Sequence (5’ -3')

GCATCATCACAAGCATCCTAA
TAACGTGGCCAAAATGATGC
GTTCTCCACAACCGCTTGGT

CGGGATCCGACACTCTTTAATT
AACTGACACTC

AACTGCAGGTTACTGATCCGA
TTGTTCTT

GTTTTGGCCGACACTCCTTACC
TCCGATGTGACCTATATTTC
GCATCTGAATTTCATAACCAATC

Purpose
gPCR

gPCR

gPCR
Genotyping

Genotyping

Genotyping
Genotyping
Genotyping

AGlI

AT3G19780
AT1G10430
AT1G10430
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The notable increase in average global temperatures due to climate change has
already become problematic for earth’s inhabitants, as its occurrence leads to not
only temperature extremes like heat waves, but also an increase in episodes of drought
and flooding events (Mimura, 2013; Stott, 2016; Schiermeier, 2018; Sutanto et al., 2020;
Intergovernmental Panel On Climate Change (Ipcc), 2023; Tripathy et al., 2023). Such
weather extremes can have a substantial negative impact on the growth and yield of
agricultural crops and jeopardize food security (Kumar, 2020; Raymond et al., 2020;
Kopecka et al., 2023).

Being sessile organisms, plants rely on timely sensing of environmental signals
to trigger various acclimation mechanisms that increase resilience in stressful
environments (Zhang et al., 2020a; Kleine et al., 2021). In the past few decades, extensive
research has contributed to our understanding of these mechanisms, but these have
been predominantly focused on individual abiotic stresses. Plants in the field, however,
are often exposed to variations in several environmental parameters and abiotic
stresses rarely occur in isolation in nature (Mittler, 2006b; Zhang & Sonnewald, 2017).
The understanding of how plants cope with multiple environmental threats and the
mechanisms conferring multi-stress resilience therefore remains poorly understood.
In this thesis, we characterized the responses of the model plant species Arabidopsis
thaliana to two commonly occurring abiotic stress combinations; i) simultaneous
imposition of high temperature and drought, and ii) sequential application of flooding
followed by drought. Research on these stress combinations is relevant due to the
heightened occurrence of the corresponding isolated stresses driven by unpredictable
weather imposed by climate change (Anwar et al., 2021a; Morales et al., 2022). For
instance, an elevation in temperature can accelerate soil drying and consequently
leads to the co-occurrence of high temperature and drought (Lamaoui et al., 2018).
Similarly, persistent heavy rainfall during the wet season can swiftly alternate with
dry spells, resulting in a sequential presence of flooding events and drought episodes
(Miao et al., 2009). The choice of Arabidopsis allowed us to leverage the vast amount
of knowledge from previous studies on individual abiotic stresses. Together with its
short life cycle, this facilitated an easier and faster optimization of combined stress
treatments. Additionally, the compact and well-characterized genome along with
numerous accessible mutations make Arabidopsis an optimal model for functional
genetics studies of plant stress resilience (Pederson, 1968; Dean, 1993; Hays, 2002).

In natural and agricultural settings, abiotic stresses often occur at a gradual and
sublethal severity. This contrasts with the often lethal stress levels applied in
experimental laboratory studies to test for plant tolerance (Bailey-Serres & Colmer,
2014; Clauw et al., 2015; De Smet et al., 2021). As indicated above, sublethal stresses can

often evoke acclimation responses to cope with the environmental stress (Proveniers
& Van Zanten, 2013; Pantazopoulou et al.,, 2017; Lee et al., 2020). To date, there is only
a limited number of publications that focus on the acclimation capacity of plants to
prolonged stress combinations at a sublethal severity.

While our understanding of plant multi-stress resilience is relatively poor compared
to the knowledge on acclimation to individual stresses, it is known that co-occurring
stresses can elicit distinct effects at both transcriptome and phenotypic levels
compared to the corresponding individual stresses (Mittler, 2006b; Choudhury et
al., 2017; Anwar et al., 2021a; Zandalinas et al., 2021b). The findings described in this
thesis align with this. We observed unique response characteristics that were only
apparent when stresses were applied in combination or sequentially, compared to
the individual stresses. These responses included diverse Arabidopsis (rosette) growth,
development, and physiological characteristics such as chlorophyll content, stomatal
conductance and traits associated with leaf lengthening (Chapter 2). Through a
comparative mRNA sequencing (RNA-seq) approach, we elucidated that the observed
differences in phenotypic responses upon combined or sequential stresses correlate
to differential gene regulation at the transcriptome level, as combined and sequential
stresses led to a distinct set of differentially expressed genes (DEGs) that were not
differentially regulated in response to either of the corresponding individual stresses
(Chapter 3). The analysis of RNA-seq data also permitted the identification of crucial
molecular processes and putative candidate genes that contribute to the acclimation
to individual or combinatorial abiotic stresses, which were thereafter validated by
a mutant analysis approach using identical experimental settings (Chapter 4&5).
We also demonstrated the robustness of the phenotypes we studied by generating
reproducible outcomes regardless of whether the stress treatments were conducted
under LED or fluorescence-tube lighting systems (Chapter 2, Figure S2.3).

Considerations on mild drought treatments.

Drought stress is among the major environmental stresses hindering plant growth and
productivity (Seleiman et al., 2021; Chieb & Gachomo, 2023). Our work showed that
individually applied progressive drought (D) for 5 or 10 days did not elicit considerable
changes at the morphological or the transcriptome level (Chapter 2 Figures 2.5 and
2.7, Chapter 3 Figures 3.3 and 3.4), even though the percentage of soil water content
(%SWC) had dropped to approximately 30% after 10-days of progressive drought
(Chapter 2 Figures S2.1 and S2.3). However, plants displayed some typical drought
responses including elongated roots and reduced stomatal conductance (Chapter
2 Figures 2.6, 2.7, 2.8 and 2.9). This implies that the plants used in our experimental
setup did perceive the water deficit.



Because the main goal of our study was to decipher the molecular underpinning of
acclimation strategies of prolonged sublethal stresses, rather than focusing on the
tolerance to stresses at a lethal severity, the transcriptomic profiling was conducted on
young leaves that continued to expand while being subjected to the stress. Therefore,
the limited number of detected DEGs under D were considered the ‘just right’ drought
response, which enabled the initiation of chlorophyll abundance at the physiological
level (Chapter 2 Figure 2.3), but did not alter the expression of a multifold of genes
associated with e.g. metabolic changes as frequently observed under more severe
drought conditions (Guo et al., 2018; Fabregas & Fernie, 2019; Lozano-Elena et al., 2022).
However, when D was imposed on the plants in combination with high temperature
(HTD) or prior submergence (PSD), more DEGs were significantly differentially regulated
compared to control conditions (Chapter 3 Figures 3.3 and 3.4). We propose that the
three detected drought-associated DEGs (GUARD-CELL-ENRICHED GDSL LIPASE 3 (GGL3),
PHOSPHOFRUCTOKINASE 1 (PFKT) and AT5G16990 can be considered as potential marker
genes for acclimation to mild drought stress and are worthy of further investigation
into their physiological functions in drought acclimation. Obviously, since drought is
primarily sensed in the roots and we did note root elongation in response to drought
(Chapter 2 Figures 2.5G and 2.7G), it is plausible that in these below-ground tissues
drought triggers a more extensive transcriptome reconfiguration, than the three genes
detected in young leaves.

Some aspects of our experimental setup might also have contributed to the subtle
effects of drought treatment, such as the high relative humidity (70%) in the growing
chamber, or variation in soil water evaporation due to (uneven) ventilation. Given
the relatively uncontrolled soil water loss during progressive drought, a controlled
(moderated) drought application, where soil water content is sustained at a defined
low level might be more optimal for studying drought stress resilience in future
experiments. Such a controlled drought treatment can help sustain low soil water
moisture at a sublethal severity for a long period of time, allowing probing long-
term effects of mild drought as well (Harb et al., 2010; Ma et al., 2014; Abid et al.,
2016). Moreover, a better controlled sustained drought system can also facilitate the
precise comparison of performances and acclimation phenotypes between different
plant genotypes with different growth characteristics (Harb et al., 2010). This can help
studies aiming to determine the (natural) genetic basis of (differences in) drought
susceptibility.

Acclimation to combinatorial abiotic stress in different plant tissues
While our study on the molecular responses to combined or sequential stresses only
focused on expanding (young) leaves, as we aimed to identify genetic regulators

mediating ‘stress acclimation’ rather than ‘stress tolerance’, different plant organs
such as the aboveground and belowground tissues can exhibit variations in response
signatures to a certain environmental signal (Sarwat, 2017; Ambroise et al., 2020; Vives-
Peris et al., 2020). Roots are the primary organ to perceive the stress signals for osmotic
stresses such as salt or drought (Li et al., 2021a). When exposed to drought, plants
attempt to invest in longer primary roots for water capture in deeper soil (Markhart,
1985). This typical drought response was confirmed by our study where primary root
elongation was observed under D relative to controls (C) (Chapter 2 Figures 2.5G
and 2.7G). Drought in combination with high ambient temperature can enhance the
intensity of soil drying relative to isolated drought occurrence and roots thus need to
penetrate into deeper soil for a better plant hydraulic status (Bengough et al., 2011).
Indeed, drought in combination with either high temperature or prior submergence
treatment further stimulated primary root lengthening (Chapter 2 Figures 2.5G and
2.7G), which can be considered an additional effect caused by combinatorial stresses.
Possibly, induced root elongation under combinatorial stresses is attributed to changes
in shoot-to-root resource allocation upon stress treatments (Agathokleous et al., 2019;
Reinelt et al., 2023). However, to better elucidate the mechanisms underlying shoot-
to-root communications under combinatorial stresses, further investigation on root
responses to combinatorial stresses at the molecular level is needed. A recent study
highlighted that a prior waterlogging stress can trigger a rapid systemic hydraulic
wave from root to shoot, inducing a heightened state of tolerance to a subsequent
submergence stress (Peldez-Vico et al., 2023). In addition, the systematic response
upon combinatorial stresses occurs not only between above- and below-ground, but
also between leaves (Zandalinas et al., 2020). These studies have provided valuable
insights for future studies of the whole-plant acclimation to combinatorial abiotic
stresses in the particular context of signaling communication between different
tissues. For example, whether hydraulic waves in root can facilitate the shoot/leaf
responsiveness to combinatorial stresses, or if signals derived from leaves can initiate
the acclimation response in belowground tissues.

Cross-acclimation to sequentially combinatorial stresses

In response to sequentially combinatorial stress, the initial stress can prime plants
to enhance the effective responses to the subsequent stress (Coolen et al., 2016a;
Perincherry et al., 2021; Liu et al., 2022a). While our work identified molecular
components, including transcription factors and phytohormones, that potentially
govern acclimation to either combined or sequential stresses (Chapter 3&4), we did
not investigate cross-acclimation between sequentially occurring stresses such as
submergence (S) and PSD. We argue that potential key regulators of cross-acclimation
in a sequential combinatorial stress should reside in the fraction of genes/proteins



that are actively regulated in response to both the first and second stresses. In our
study, genes potentially involved in cross-acclimation should therefore be among the
599 DEGs (Log2 |FC|>0, p < 0.05) overlapping between submergence (S) and PSD in
the transcriptomic dataset (Figure 6.1). Among these are putative cross-acclimation
candidates genes that have a functional association with responsiveness to both
submergence and drought (i.e., DEGs relevant to energy consumption, ABA or ethylene
response (Tamang et al., 2021)), and are of particular interest for further studies.

Epigenetic regulation is known to play a crucial role in cross acclimation processes (Luo
& He, 2020; Miryeganeh, 2021). Therefore, future work on (sequentially) combinatorial
stress resilience should include an investigation of changes occurring at the post-
transcriptional level, such as sSRNA-mediated regulation, DNA methylation and histone
modifications.

PSD
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Figure 6.1. Putative cross-acclimation regulators.

Venn diagram showing the number of differentially expressed genes (DEGs, |Log,FC| >0, p <
0.05) commonly (overlap) or differentially expressed upon submergence in the light (S) and
post-submergence and drought (PSD) stresses, compared to control conditions.

Improving plant multi-stress resilience

Plant responses to abiotic stresses are usually age-dependent (Rankenberg et al., 2021).
Juvenile tissues are in general more responsive to environmental stresses than mature
tissues, while also being more tolerant (Berens et al., 2019; Bui et al., 2020). In our study,
young Arabidopsis leaves tended to maintain a higher level of chlorophyll content
under D, PSD, and HTD, compared to the corresponding controls, while the old(er)
leaves did not (Chapter 2 Figure 2.3). Additionally, increased chlorophyll abundance
linked to GLK2 overexpression under HTD could contribute to improved survival under

drought (i.e., delayed wilting) (Chapter 5 Figure S5.2). Seemingly, tweaking chlorophyll
content can be a promising strategy to improve plant resilience to abiotic stresses like
drought, as an enhanced abundance of chlorophyll content enables more efficient
photosynthetic activities under certain conditions if photon capture is limiting (Zhao
et al., 2019b; Mandal & Dutta, 2020; Monteoliva et al., 2021).

Frequently implicated molecules in combinatorial-stress responses, such as reactive
oxygen species (ROS) or genes encoding Heat Shock Proteins (HSPs) or Heat Shock
Factors (HSFs) (Zandalinas et al., 2020; Zandalinas et al., 2021; Zandalinas and Mittler,
2022; Zhang and Sonnewald, 2017), were not overrepresented in our RNA-seq dataset.
This is potentially attributed to the sublethal stress severity, as well as the focus of
our study on identifying genes responsible for ‘stress acclimation’ rather than ‘stress
tolerance’ by assaying young expanding leaves which consequently resulted in the
enrichment of putative candidates linked to sublethal stress acclimation instead of
lethal-stress associated genes.

The presence of Arabidopsis Latent Virus 1 (ArLV1) in our RNA-seq dataset (and thus
plants) was unexpected. We showed that the presence of this comovirus has only
very subtle effects on the Arabidopsis transcriptome and measured phenotypic
traits (whole rosette area, leaf initiations) (Chapter 3, Figures S3.1, $3.2). Arabidopsis
plants inoculated with ArLV1 exhibited a higher level of chlorophyll, accompanied
by delayed wilting time under progressive drought (Verhoeven et al., 2023). This
implies that ArLV1 infection likely confers plants with mild drought tolerance, which
is consistent with the concept from previous studies that many plant viruses can have
protective effects on their host by mitigating the negative effects of abiotic stresses
such as high temperature (Anfoka et al., 2016), drought (Mishra et al., 2022) or salinity
(Sinha et al., 2021a). Given the beneficial effect of ArLV1 and other plant viruses on
the responsiveness to environmental stimuli, the mechanism of virus-triggered stress
resilience to combinatorial stresses is interesting to investigate in future studies. In
agricultural settings, crops inoculated with beneficial plant viruses might improve
crop tolerance to abiotic stresses while maintaining growth and yield.

Phytohormones are crucial signaling compounds governing plant growth,
development and physiology (Wani et al., 2016; El Sabagh et al., 2022) and are well-
known for steering plant tolerance to different environmental signals (Zheng et al.,
2023). For example, an ethylene pre-treatment can activate molecular processes that
promote resilience against multiple abiotic stresses, including hypoxia (Hartman et
al., 2019; Liu et al., 2022¢), salinity (Cao et al., 2007; Peng et al., 2014) and drought
(Zhu et al., 2018). Manipulation of phytochromes to enhance plant growth and



metabolism under stress conditions can be accomplished by several strategies,
including exogenous application of bio-active hormones or precursor compounds, or
by genetic manipulation of hormone-target genes (Sawers et al., 2005; Mockler, 2016;
Yuan et al., 2019; Zhang et al., 2021a). We show that ABA signaling is likely involved
in acclimation to both HTD and PSD (Chapter 3 & 4). However, investigation into ABA
downstream targets and their roles in mediating typical phenotypic traits is currently
lacking. y-Aminobutyric acid (GABA), which is another plant metabolite, might be an
emerging candidate for endogenous application to reinforce (combinatorial) stress
resilience. GABA accumulates rapidly in plants upon biotic or abiotic stresses (Roberts,
2007; Shelp et al., 2021). GABA is also proposed as a key player in the acclimation of
Arabidopsis to combined high light and heat stress, potentially through the promotion
of autophagy (Balfagén et al., 2022). Moreover, multiple studies have evidenced that
exogenous application of GABA has beneficial effects on the resistance of abiotic
stresses such as drought (Yong et al.,, 2017) or salt (Mishra et al., 2023). Additional work
is necessary to elucidate the target processes of GABA in the context of combinatorial
stress acclimation, as well as to determine the most optimal dosage for application
in field breeding.

By combining RNA-seq and reverse genetics analysis, we uncovered EARLY
FLOWERING 6 (ELF6) as a negative regulator of the phenotypic acclimation to HTD,
while ARABIDOPSIS TOXICOS EN LEVADURA 80 (ATL80) is a positive regulator for PSD
(Chapter 3 & Chapter 4). Additionally, we identified regulators such as ZINC FINGER
PROTEIN 4 (ZFP4) and GENOMES UNCOUPLED 4 (GUN4), as relevant factors in controlling
plant wilting under HTD or PSD. Interestingly, ZFP4 and GUN4 appear to participate
in governing rosette expansion and/or dry weight accumulation under individually
applied stresses such as D, high temperature (HT) or post-submergence (PS), but
not combinatorial stresses (Chapter 4 Figures 4.2 and 4.6). These genes are putative
bonafide multi-stress tolerance genes and are of much value for further studies into
their molecular functions during (sublethal) isolated or combinatorial stresses. It could
be that orthologs of these candidates in commercial crop species also contribute to
combinatorial stress resilience.

Concluding remarks and future perspectives

Relative to the corresponding isolated stresses, co-occurring abiotic stresses usually
cause distinct effects on plants and elicit unique acclimation responses and underlying
transcriptomic changes. Here we catalogued phenotypic and transcriptomic
characteristics contributing to the acclimation and resilience of Arabidopsis to
either simultaneously or sequentially occurring sublethal combinatorial stresses. We
provided examples of how selected identified molecular components affect plant

growth, development, and physiology upon the sublethal stress treatments. Our study
provides a platform that can be built on further in future investigations on long-term
acclimation to stress combinations at a gradual and sublethal severity, which is highly
relevant in natural or agricultural settings due to unpredictable climate change.

It is important to note that in our work, the terms ‘resilience’ and ‘acclimation’
primarily refer to morphological and physiological changes adopted by plants in
order to counteract (combinatorial) abiotic stresses, rather than to traits that are of
prime commercial significance such as seed yield or food productivity. In the future,
it would be interesting to investigate how the sublethal combinatorial stresses affect
productivity in different plant species including agronomical crops, and whether
the identified multi-stress regulators and traits that we describe in this thesis can
contribute to the actual breeding and/or engineering of climate change-ready field
crops. Identification of orthologues that share functionality and a common ancestor
is often regarded as a first step for the knowledge transfer (Spannagl et al., 2011).
Followed by genome editing techniques (CRISPR/Cas9), it will be hopefully possible
to develop modern agricultural crops that possess enhanced resilience to multiple
combinatorial stresses.
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Layman summary

Climate change is causing more frequent heat waves, droughts, and flooding events.
These weather extremes are considered major threats to global food and feed
production, which is already under pressure to keep up with the demand of the growing
and more affluent human population. Therefore, improving the ability of plants to
withstand these abiotic stresses is essential for ensuring food security.

Plants growing in the field cannot escape from harsh environmental conditions. To
survive these stresses, plants must induce certain traits that allow better performance
in these circumstances. This process is known as ‘acclimation’. Acclimation responses
are controlled by complex molecular signaling networks (e.g., changes in expression
of many genes). In the past few decades, mechanisms underlying plant acclimation to
diverse abiotic stresses have been extensively studied by researchers. However, abiotic
stresses in nature often occur simultaneously or sequentially, rather than in isolation. For
instance, high temperature often co-occurs with droughts, and droughts are followed
by flooding events. Stress combinations often elicit distinct acclimation responses
compared to those imposed by individual stresses. Our current understanding of how
plants cope with combinatorial abiotic stresses is still scarce.

Abiotic stresses in agricultural settings are usually milder than those used in experimental
laboratory studies. However, even subtle environmental shifts can prompt a multitude
of effects in some sensitive plant species, including Arabidopsis thaliana, the most
commonly used model species in plant research. Taken together, it is crucial to
understand the acclimation strategies to mild combinatorial abiotic stresses.

The goal of this thesis was to uncover how Arabidopsis plants cope with the co-
occurrence of abiotic stresses at a mild severity. My work focused on two stress
combinations; i) simultaneously occurring high ambient temperature and drought and i)
flooding followed by drought. Both are relevant in nature and in an agricultural context
and have already - and will further increase - in their frequency due to climate change.
The knowledge obtained by my work can potentially contribute to the development
of next-generation crops with enhanced resilience to multiple (combinatorial) abiotic
stresses.

Chapter 2 describes Arabidopsis traits that respond to combined and sequential
abiotic stresses. It was observed that stress combinations in general compound their
effects on plant growth, development and physiology, compared to the corresponding
individual stresses. This chapter also presents the experimental setup that is used for

investigating the underlying (molecular) basis of the observed traits in the subsequent
chapters.

In Chapter 3 we measured global changes in gene expression using a transcriptomics
approach, to potentially explain the observed differences between the responses
to combinatorial and the corresponding single stresses. Combined or sequential
stresses resulted in changes in the expression of different genes than observed
under the corresponding individual stresses. These genes are likely responsible for
specific biological processes relevant to combined stress responses, such as the
communication between plastids and nucleus (i.e., retrograde signaling), and abscisic
acid (ABA) signaling.

Of the identified candidate genes, transcription factors (TFs) that increased in their
expression during combinatorial stresses were deemed the most interesting for further
investigation. TFs are master regulators responsible for inducing and repressing
transcription of downstream target genes. In Chapter 4 we analyzed the response of
mutants of a selection of identified candidate TFs, under combined stress conditions.
We uncovered important roles for some of these TFs in controlling typical plant traits
that were relevant to plant growth, development, and survival under combinatorial
stresses. Of all tested TFs, EARLY FLOWERING 6 (ELF6) and ARABIDOPSISDOPSIS
TOXICOS EN LEVADURA 80 (ATL80), together with the plant hormone ABA, are
considered master regulators contributing to the acclimation responses to combined
and/or sequential abiotic stresses.

Because the transcriptomics data pointed to the involvement of chloroplasts in
the response to high temperatures, Chapter 5 zoomed in on the role of GOLDEN2-
LIKE 2 (GLK2), a TF responsible for chloroplast development and the expression of
photosynthesis-related genes encoded in the nucleus, under high-temperature
conditions. Likely, GLK2 participates in negatively controlling Arabidopsis high-
temperature responses, independent of a well-studied retrograde signaling pathway
mediated by GENOMES UNCOUPLED 1 (GUNT1). Yet, it is still ambiguous whether GLK2
regulates high-temperature responses through the manipulation of the phytohormone
auxin, marking a direction for future exploration.

To summarize, the findings presented in this thesis provide novel insights into the
strategies plants adopt to cope with combinatorial abiotic stresses that occur either
simultaneously or sequentially, at a mild severity. My findings can contribute to the
development of crops with enhanced resilience to multiple environmental stressors,
which is increasingly important in the context of climate change.



Samenvatting

Door klimaatverandering komen hittegolven, periodes van droogte en overstromingen
steeds vaker voor. Deze weersextremen vormen een grote bedreiging voor de wereldwijde
voedsel- en voederproductie, die al onder druk staat om aan de vraag van de groeiende en
welvarendere wereldbevolking te voldoen. Daarom is het verbeteren van het vermogen
van planten om abiotische stress te weerstaan essentieel om voedselzekerheid te kunnen
garanderen.

Planten kunnen niet weglopen van stressvolle situaties. Om te kunnen overleven moeten
planten bepaalde eigenschappen ontwikkelen om zich aan te passen. Dit proces staat
bekend als ‘acclimatisatie’. Acclimatisatieresponsen worden gecontroleerd door complexe
moleculaire signaaltransductienetwerken (bijv. veranderingen in de expressie van vele
genen). In de afgelopen decennia hebben onderzoekers de mechanismen die aan de
basis liggen van acclimatisatie van planten uitgebreid bestudeerd. In de natuur komen
abiotische stressfactoren echter vaak gelijktijdig of opeenvolgend voor, in plaats van
geisoleerd. Hoge temperaturen komen bijvoorbeeld vaak voor in combinatie met
droogte en periodes van droogte worden regelmatig gevolgd door overstromingen.
Een combinatie van stressen leidt vaak tot andere reacties van de plant dan wanneer de
plant slechts één stress tegelijk ervaart. Ons huidige begrip van hoe planten omgaan met
combinaties van abiotische stress is echter nog steeds beperkt.

In de landbouwcontext is de stress die planten ervaren meestal milder dan de stress die
gebruikt wordt in experimentele laboratoriumstudies. Maar zelfs subtiele veranderingen
in de omgeving kunnen een veelheid aan effecten teweegbrengen in sommige gevoelige
plantensoorten, waaronder Arabidopsis thaliana, de meest gebruikte modelsoort in
plantenonderzoek. Kortom, het is cruciaal om strategieén die planten gebruiken om aan
te passen aan combinaties van milde abiotische stress te begrijpen.

Het doel van het onderzoek beschreven in dit proefschrift was om te ontdekken hoe
Arabidopsis planten omgaan met combinaties van milde abiotische stress. Mijn werk richtte
zich op twee stresscombinaties: i) gelijktijdig optredende hoge omgevingstemperatuur en
droogte en ii) overstroming gevolgd door droogte. Beide zijn relevant in de natuur enin
een landbouwcontext en komen vaker voor als gevolg van klimaatverandering. De kennis
die door mijn werk is verkregen kan bijdragen aan de ontwikkeling van gewassen met
een verbeterde weerbaarheid tegen meervoudige (combinatorische) abiotische stress.

Hoofdstuk 2 beschrijft hoe Arabidopsis planten reageren op combinaties van milde
abiotische stress. Er wordt beschreven dat effecten op plantengroei, -ontwikkeling en

-fysiologie worden versterkt wanneer stressen zijn gecombineerd in vergelijking met de
corresponderende individuele stressoren. Dit hoofdstuk presenteert ook de experimentele
opzet die gebruikt is voor het onderzoeken van de onderliggende (moleculaire) basis van
de waargenomen veranderingen in de plant in de volgende hoofdstukken.

In hoofdstuk 3 beschrijven we hoe we grootschalig genexpressie hebben gemeten
met behulp van een transcriptomics-benadering, met als doel om de waargenomen
verschillen in de reactie op gecombineerde en individuele stressoren te verklaren.
Wanneer stressen werden gecombineerd traden er andere veranderingen in de expressie
van genen op dan wanneer stressen individueel werden toegediend. Deze genen zijn
waarschijnlijk verantwoordelijk voor specifieke biologische processen die relevant zijn
voor gecombineerde stressresponsen, zoals de communicatie tussen plastiden en celkern
(d.w.z. retrograde signalering) en de signalering van het plantenhormoon Abscisinezuur
(ABA).

Transcriptiefactoren waarvan de expressie toenam tijdens gecombineerde stress werden
het meest interessant geacht voor verder onderzoek. Transcriptiefactoren reguleren
namelijk het aanzetten en onderdrukken van de expressie van andere genen en spelen dus
een centrale rol in biologische processen. In hoofdstuk 4 analyseren we mutanten van een
selectie van geidentificeerde tanscriptiefactoren onder gecombineerde stresscondities.
We ontdekten dat sommige van deze tanscriptiefactoren een belangrijke rol spelen in
het controleren van groei, ontwikkeling en overleving van planten wanneer deze zijn
blootgesteld aan gecombineerde stress. Van alle geteste transcriptiefactoren worden
EARLY FLOWERING 6 (ELF6) en ARABIDOPSISDOPSIS TOXICOS EN LEVADURA 80 (ATL80),
samen met het plantenhormoon ABA, beschouwd als regulatoren die bijdragen aan de
acclimatisatieresponsen op gecombineerde abiotische stress.

Omdat de transcriptomics gegevens wezen op de betrokkenheid van chloroplasten in
de reactie van planten op hoge temperaturen, wordt in hoofdstuk 5 ingezoomd op de
rol van de GOLDEN2-LIKE 2 (GLK2), een transcriptiefactor die verantwoordelijk is voor de
ontwikkeling van chloroplasten en de expressie van fotosynthese-gerelateerde genen
die gecodeerd zijn in de celkern wanneer de plant hoge temperatuur ervaart. Het is
aannemelijk dat GLK2 responsen van Arabidopsis op hoge temperaturen onderdrukt,
onafhankelijk van een goed bestudeerde retrograde signaaltransductieroute die onder
invloed staat van GENOMES UNCOUPLED 1 (GUN1). Het is nog onduidelijk of GLK2 de
reactie op hoge temperatuur stuurt via het fytohormoon auxine. Dit zal toekomstig
onderzoek moeten uitwijzen.
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