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Resumo

Num contexto de alteracbes climaticas, espera-se um aumento, em frequéncia e
intensidade, de episédios de elevadas temperaturas e periodos de escassez de agua
na regido do Mediterrédneo. O territorio portugués tem sido regularmente afetado por
graves perturbacdes climaticas, cada vez mais comuns, que condicionam o crescimento
e desenvolvimento de plantas jovens de castanheiro (Castanea sativa Miller),
especialmente nos meses de verdo. Apesar das respostas de C. sativa a stresses
individuais estarem relativamente bem caracterizadas, o impacto combinado de
diferentes fatores de stresse pode ter consequéncias distintas, pelo que o seu estudo é
fundamental. Para além disso, no sentido de garantir a sustentabilidade e a
competitividade economica da produgdo da castanha em Portugal, € necessario
explorar estratégias sustentaveis, como a micorrizacdo, para garantir a resiliéncia do
castanheiro aos efeitos induzidos pelas altera¢des climaticas. Desta forma, o principal
objetivo deste trabalhou foi perceber se a resposta fisioldgica de C. sativa a combinacéo
de défice hidrico e elevadas temperaturas era diferencialmente modulada pela presenca
de associacdes com fungos micorrizicos. Para tal, plantas jovens de castanheiro (cv.
Marsol) ndo micorrizadas (NMR) e micorrizadas (MR) foram expostas a situagfes
individuais e combinadas de calor (42 °C; 4 h/dia) e secura (paragem da irrigacao até
se atingir uma capacidade de retencdo de 4gua no solo de 25%) durante 21 dias, para
avaliacdo da resposta fisiologica e bioquimica. Os resultados revelaram que o
tratamento por calor, individualmente, ndo afetou negativamente o crescimento,
atividade fotossintética nem induziu stresse oxidativo tanto nas plantas MR como nas
NMR. Por outro lado, a secura, tanto em situagfes de exposicdo singular e co-
exposic¢ao, reduziu de forma acentuada o crescimento das plantas NMR, avaliado
através do conteudo relativo de agua, producdo de novas folhas e area foliar. A
associacdo com ectomicorrizas (ECM) mitigou de forma eficiente parte destes efeitos,
com as plantas MR expostas ao calor e a secura a apresentarem padrbes de
crescimento semelhantes aos das plantas controlo. Além disso, mesmo aquando da
interagdo dos stresses, as plantas MR foram menos suscetiveis do que as NMR, com
menores inibicdes de crescimento. Corroborando as evidéncias macroscopicas, 0
estudo do metabolismo fotossintético revelou que as trocas gasosas das plantas NMR
foram severamente afetadas pela escassez de agua, o que resultou numa reducédo da
assimilacdo do CO,. Contrariamente, a presen¢a das ECM assegurou a manutencao
das trocas gasosas de castanheiros expostos a situacdes de défice de agua, a um nivel
semelhante ao das plantas controlo, e a um aumento da assimilacdo de carbono e uso
eficiente de dgua em situacdes de stresse. Com 0 objetivo de relacionar os efeitos
observados com possiveis danos oxidativos, o0 metabolismo redox foi avaliado nas
raizes e folhas de plantas MR e NMR expostas a ambos os fatores de stresse. De uma
forma geral, comparativamente as raizes, as folhas das plantas NMR e MR foram mais
suscetiveis ao dano oxidativo. A secura, a titulo individual ou em combinagdo com o
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calor, induziu stresse oxidativo nas plantas NMR, onde foi detetado um aumento dos
niveis de peroxidacao lipidica e de perdxido de hidrogénio (H2O2). Por outro lado, as
plantas MR expostas ao stress combinado foram capazes de impedir a ocorréncia de
dano oxidativo, ao ativar mecanismos de defesa, através da estimulacdo de diversos
metabolitos antioxidantes como a prolina, a glutationa e o ascorbato. Em suma, 0s
resultados deste trabalho demonstraram, de forma clara, que a secura é o fator de stress
gue mais compromete o crescimento e o desenvolvimento de plantas jovens de
castanheiro, registando-se uma amplificacéo destes efeitos aquando da co-exposicéo a
elevadas temperaturas. Contudo, a associacdo com ECM permitiu aliviar parte desses
efeitos ao promover o crescimento, relacbes hidricas, atividade fotossintética e ao
estimular diferentes mecanismos internos de defesa. Pela primeira vez, este estudo
caracterizou o impacto combinado do calor e secura em C. sativa, dando também um
passo no estudo do potencial da micorrizagdo como estratégia futura para aumentar a
resiliéncia do castanheiro aos desafios impostos pelas altera¢gdes climaticas.

Palavras-chave:

Aquecimento global, castanheiro, ectomicorrizas, secura, calor, stress combinado,

stress oxidativo, aquecimento global, performance fisiol4gica.
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Abstract

In the context of climate change, episodes of high temperatures and periods of drought
are expected to rise in frequency and intensity in the Mediterranean region. These drastic
climatic shifts, which have been already affecting the Portuguese territory over the past
years, can be major conditioners to the growth and development of chestnut seedlings
(Castanea sativa Miller), especially during summer months. Still, while C. sativa
responses to single stresses are relatively well characterized, the combined impact of
these stressors may yield different outcomes, warranting further research efforts.
Moreover, to ensure the sustainability and profitability of chestnut production in Portugal,
it is essential to explore sustainable strategies, such as mycorrhization, to enhance
young chestnut plants' tolerance to climate change-induced impacts. Therefore, the main
goal of the present work was to understand whether the physiological responses of C.
sativa to the combination of drought and heat was differentially modulated by the
presence of mycorrhizal associations. For this purpose, non-mycorrhizal (NMR) and
mycorrhizal (MR) hybrid chestnut plants (cv. Marsol) were exposed to the single and
combined action of heat (42 °C; 4h/day) and drought (withstand irrigation until reaching
25% of soil’'s water holding capacity) for 21 days for the evaluation of their physiological,
biochemical, and photosynthetic performance. Results revealed that heat stress did not
negatively affect the growth, photosynthetic performance nor induced oxidative stress in
both MR and NMR plants. On the other hand, drought alone or in combination with high
temperatures severely reduced the growth of NMR in terms of relative water content,
production of new leaves and foliar area. The ectomycorrhizal (ECM) association
efficiently mitigated some of these effects, by sustaining the growth of chestnut plants
under heat and drought similar to control conditions. Furthermore, even under the co-
exposure scenario, MR plants were less susceptible than NMR plants, with lower growth
inhibitions. The gas-exchange relations of NMR were also negatively affected by drought
stresses, which translated into a reduced CO; assimilation. In contrast, and supporting
the macroscopic effects, the presence of ECM allowed drought-exposed plants to ensure
gas-exchange relations comparable to non-stressed plants, with a higher carbon
assimilation and water use efficiency under stress conditions. Attempting to link the
observed effects to redox disorders, a thorough assessment of the oxidative metabolism
was performed. Generally, leaves of both NMR and MR plants were much more
susceptible to the imposed stress than roots. Drought alone, or in combination with heat,
induced oxidative stress in NMR plants, where rises of lipid peroxidation and H.O- were
found. Contrariwise, MR plants were able to activate defence mechanisms, with the
accumulation of antioxidant metabolites (proline, glutathione and ascorbate), effectively
preventing oxidative damage, particularly under the co-exposure scenario. Overall,
results from the present work clearly show that drought is the stress that mostly affects
chestnut plants’ growth, with the co-presence of heat further exacerbating some of these
impacts. Still, ECM association was able to alleviate part of such effects by improving
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growth and water relations, photosynthetic performance and activating several internal
defence mechanisms. For the first time, this study unravelled the impact of combined
heat and drought in C. sativa and demonstrated the potential of mycorrhization as a
future strategy to increase chestnut plants' resilience to challenging conditions drove by
climate change.

Keywords

Global warming, chestnut plant, ectomycorrhiza, physiological performance, combined
stress, oxidative stress, heat, drought.
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1 Introduction

1.1 Climate change and the Mediterranean region

Climate change (CC) is defined as the shift in climate patterns, assessed by the average
values of meteorological elements such as precipitation and temperatures (Malhi et al.,
2021). The Earth's climate has continuously evolved over time, but in recent decades,
significant changes have been observed due to enhanced human activities related to
energy production, industrial activity, forestry, and land-use modifications. These
activities have resulted in increased greenhouse gas emissions, which are responsible
for altering the composition of the global atmosphere, and unequivocally causing global
warming (Fawzy et al.,, 2020; Malhi et al., 2021; Yue & Gao, 2018). Global surface
temperature has risen more rapidly since 1970 than during any other 50-year span in the
past 2000 years (IPCC, 2023). In fact, recent projections estimate that global
temperatures may rise by 1.5 °C between 2030 and 2052 (IPCC, 2023). Anthropic-
caused CC strongly impacts weather and climate extremes worldwide, although these
effects can differ in various regions. Notably, in the Mediterranean region, CC is
outpacing global trends for most variables, with annual temperatures being already 1.4
°C higher than those in late-1900s. Forecasts indicate that the region's warming is
expected to surpass global rates by 25%, with summer temperatures anticipated to
increase at a pace 40% higher than the global average (Cramer et al., 2018; Lionello &
Scarascia, 2018). Alongside the rise in heatwaves, the Mediterranean basin (Portugal,
Spain, Greece, Turkey, ltaly) is currently experiencing a significant decrease in annual
rainfall, although paradoxically increases of sudden extreme precipitation events are also
occurring. For instance, during the summer months, there could be reductions in
precipitation of up to 30% (Cramer et al., 2018; Soares et al., 2015; Zittis et al., 2021).
The effects of CC are extensive, and its vast influence on the agricultural sector is now
readily apparent (Arora, 2019). Year-to-year fluctuations in precipitation and
temperature, along with the occurrence of extreme climatic events during crucial
phenological stages, are responsible for unforeseen losses caused by crop diseases,
decreased yields, and heightened yield variability. Consequently, the expected CC in the
Mediterranean basin endangers agricultural production and food security (Aguilera et al.,
2020; Cramer et al., 2018).
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1.2 Chestnut tree — economic importance, growth habits, and

current threats

Chestnut (Castanea sativa Miller) is a highly-valued crop in the Mediterranean region,
serving as an essential resource for its wood and fruit. The chestnut fruit is widely used
in the preparation of various recipes due to its significant nutritional value. In addition to
its direct uses, the cultivation of chestnut stands has given rise to another lucrative
income stream through the collection and commercialization of wild edible mushrooms
(Baptista et al., 2010; Conedera et al., 2021). Beyond its economic value, sweet chestnut
(C. sativa) is a key landscape element, providing important ecosystems services. Forests
and managed coppices of this tree support diverse faunal species, reduce wildfire risks,
enhance water conservation and soil stabilization, and serve as crucial habitats for
pollinators (Clark et al., 2023). On top on that, there is potential in using young chestnut
plantations as mitigators off CC, by capturing and accumulating carbon, which helps

reducing the concentration of greenhouse gases (Menéndez-Miguélez et al., 2023).

Portugal is the fifth major exporter of chestnuts in shell worldwide (FAO, 2021).
In Europe, it ranks as the country with the largest C. sativa production area, summing up
a total of 50,370 ha, which resulted in a production of almost 37,200 tons in 2021 (FAO,
2021). This ancestral species can be found across the entire Portuguese territory where
the production areas are organized into four Protected Denomination of Origin (PDO)
regions. The main producing one, accounting for more than 80% of the total distribution
area, is found in the northeast Portugal, namely in Tras-os-Montes, where chestnut
production is one of the most profitable activities for rural populations (INE 2019; Freitas
et al., 2022).

Described as a mesophilic species, moderate temperatures and humidity from
warm temperate climates are the preferential conditions for chestnut growth (Freitas et
al.,, 2021). C. sativa preferentially develops in areas with annual rainfall ranging from
600-700 mm to 1500-1600 mm, annual mean temperatures between 8 °C and 15 °C and
can be found at elevations up to 1800 m (Freitas et al., 2022). Temperate climate trees,
like chestnuts, usually require cool winters for proper physiological and phenological
development, including budburst, flowering, fruit set, and maturation (Santos et al.,
2017). Accumulated exposure to low temperatures enables plants to properly set
inflorescence production when warmer temperatures arise in spring. Within the face of
the current climate instability, chestnut plants encounter many growth limitations, due to

pest attacks and diseases, but also by drastic abiotic shifts (Gomes-Laranjo et al., 2012).
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CC can have implications for yields and fruit quality, altering the physiological and
reproductive cycle of species, including the anticipation or delay of phenological timing
(Freitas et al., 2021). For instance, warmer temperatures favour a quicker vegetative
activity, which accelerates the progression of phenological stages and increases the
occurrence of diseases and pests (Freitas et al., 2021). Thus, nhowadays, C. sativa must
deal with significant challenges from destructive biotic stresses, specifically ink disease
caused by Phytophthora cinnamomi Rands. This disease is the most widespread and
damaging among the various threats to chestnut trees, and it becomes more severe in
areas impacted with heatwaves, low relative humidity, and dry summers (Dorado et al.,
2023; Fernandes et al., 2022).

Although European chestnut is characterized by a relatively high adaptability to
different abiotic stresses, due to their rich genetic background, this acclimation potential
will not be enough to face new and stronger challenges (Ciordia et al., 2012; Freitas et
al., 2021). Along with the rest of the Mediterranean basin, the Portuguese chestnut
producing regions, mainly the PDO Terra Fria Transmontana, in Tras-os-Montes, located
within the Montesinho Natural Park (MNP), can be significantly impacted by CC.
Therefore, the adaptation of C. sativa to adverse environmental conditions is of utmost
importance for chestnut production (Fernandes et al., 2022; Pérez-Gir6n et al., 2020). In
fact, due to the above-mentioned climacteric projections for the Mediterranean/Iberian
Peninsula, the production and quality of chestnut fruit and timber are at serious risk,
leading to significant losses of goods and ecosystem services (Fernandes et al., 2022;
Pereira et al., 2021). Indeed, current projections indicate that days with maximum
temperatures exceeding 30 °C and 40 °C will become more common (20 to 50 days/year)
in the IP in the coming years (Pereira et al., 2021). These temperatures alone are already
damaging for most crops (Luo, 2011), including chestnut, which tolerates temperatures
of only up to 27-31 °C (Gomes-Laranjo et al., 2008, 2009). Moreover, chestnut plants —
especially in the first years of growth — are particularly sensitive to summer droughts
(Conedera et al., 2021). Additionally, while the physiological adjustments (e.g. mineral
nutrition and photosynthesis) of C. sativa to single stress are relatively well characterized
(Camisén et al., 2020; Carneiro-Carvalho et al., 2021; Gomes-Laranjo et al., 2004,
2006), not much is known regarding its responses to the simultaneous exposure to
drought and heat. This aspect is particularly important since plants respond to multiple

stresses differently from how they react to individual ones (Atkinson & Urwin, 2012).
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1.3 Drought and heat stresses

Water scarcity and heat are two of the major abiotic stresses threatening global crop
productivity and food security, especially considering the present and future worrisome
impacts of global warming and CC (Lamaoui et al., 2018). On top of that, heat waves
and drought are intrinsically linked, as high temperatures exacerbate soil drying, thus

increasing drought severity (Stéfanon et al., 2014; Teskey et al., 2015).

Drought is caused by scarcity or absence of water and occurs when the plant’s
water requirement cannot be fully satisfied (Zargar et al., 2017). Generally, drought takes
place when soil and atmospheric humidity are low and ambient temperature is high,
causing a continuous loss of water by transpiration and evaporation (Jaleel et al., 2009).
High evaporative demand, lack of precipitation or irrigation, failing groundwater levels
and water retention by soil particles are some variables that can result in plant water
deficit (dos Santos et al., 2022). The imbalance between water absorption and water
losses can interfere with several crucial process, including nutrient metabolism, ion
transport, solute translocation, several metabolic reactions (photosynthesis, respiration,
protein synthesis) and cellular development (Zargar et al., 2017). The response of plants
to drought varies among species, development stage, and age and depends on the

duration and severity of water scarcity (dos Santos et al., 2022).

On its turn, heat stress is defined as the rise in temperature beyond a threshold
level for a minimum amount of time, enough to induce harmful effects on plant growth
and development (Wabhid et al., 2007). Plants are susceptible to heat stress when: i) the
air temperature is high and plants receive energy through sensible energy transfer, and
i) solar radiation incident on the soil raises its temperature (dos Santos et al., 2022). An
increase in temperature, usually up to 15 °C above ambient temperature, is considered
a heat shock or stress. However, it is a complex function of temperature (in degrees)
duration, and the rate of increase (Wahid et al., 2007) that primary determines plant
response to heat. Similarly to drought, high temperature stress can affect plants
throughout all of their developmental stages, although some phenological periods are
more sensitive than others. Furthermore, there are tremendous variation in what
concerns heat tolerance both between and within species (Jagadish et al., 2021; Wahid
et al., 2007), suggesting that plant responses to high temperatures is a very complex

phenomenon.

Interlinked and interdependent, dehydration is a typical side consequence of both

drought and heat stress. These stresses can differentially affect plant homeostasis,
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inducing both general and specific stress responses in plant metabolism. While drought
mainly interferes with nutrient uptake, water relations, and assimilate portioning, high
temperatures can cause severe damage to proteins, disturb their synthesis, inactive
major enzymes, and damage membranes (Fahad et al., 2017). Additionally, the
combined exposure to these stressors can portray distinct impacts on plant cellular

processes compared to the effects of any stressor applied alone (Priya et al., 2019).

Plants handle abiotic stresses at the morphological, biochemical, and molecular
levels (Huber & Bauerle, 2016). For instance, tolerant plants to heat and/or drought
usually exhibit avoidance mechanisms, which comprise a set of morphological and
physiological adjustments (dos Santos et al., 2022). These adjustments may include an
enlarged root system, decreased stomatal conductance and stomatal density, decreased
leaf area, increased leaf thickness, and leaf folding or rolling to minimize
evapotranspiration (Goufo et al., 2017). Moreover, to maintain a state of optimal
hydration, even in conditions of water deprivation, plants have also developed
sophisticated biochemical and molecular responses. One of these key mechanisms is
the accumulation of compatible solutes, commonly known as osmolytes (Ashraf &
Foolad, 2007). These compounds are highly soluble organic metabolites of low
molecular mass, that are usually nontoxic at high cellular concentrations and include
soluble carbohydrates (e.g. glucose and fructose), amino acids (e.g. proline), quaternary
ammonium compounds (e.g. glycine betaine), and specialized metabolites (e.g. lignin
and flavonoids) (Wahid et al., 2007). Their accumulation ensures the maintenance of cell
turgor, stabilization of cellular membrane as cells dehydrate, and protection of protein
structure (Lamaoui et al., 2018). In parallel, phytohormones are also of high importance
to drought, especially abscisic acid (ABA), which can be highlighted as a key regulator
of plant stress responses, with heat and drought stresses usually triggering an increase
in its levels (Lamaoui et al., 2018; Verma et al., 2016; Wahid et al., 2007). Under osmotic
stress, ABA is known for inducing the restraint of leaf growth and short-term responses
like stomatal closure, in order to maintain water balance. As a longer-term response,
ABA regulates the expression of many stress-response genes including those related to

osmoprotectants synthesis (Sah et al., 2016; Verma et al., 2016).

In addition, the expression of heat shock proteins (HSP) is a well-known response
to cell water deficit and is an effective adaptive strategy under conditions of high
temperature exposure. Through the regulation of heat transcript factors and HSP, ABA

may confer thermotolerance (Li et al., 2021). The protective role of HSP is correlated

5



FCUP
Climate change-induced effects on Castanea sativa Miller — can mycorrhization be an effective
strategy?

with stress tolerance, photosynthesis and water use efficiency, membrane stability, and

maintenance of cellular hydration (Lamaoui et al., 2018).

Although heat and drought stresses have varying impacts on plant growth and
physiology, they both disrupt photosynthesis and can induce, as a secondary effect,
oxidative damage, which can compromise cell viability and, ultimately, induce cell and
organ death. In the following sections, the effects of both heat and drought on the
photosynthetic apparatus and oxidative stress, considering their varying degrees of

impact, will be explored.

1.4 Photosynthesis

Photosynthesis is one of the essential biological processes that plays a crucial role in
sustaining life on Earth. It converts light energy into chemical energy, fuelling various
metabolic chains (Ashraf & Harris, 2013). Photoautotrophic organisms, such as higher
plants, use solar energy to oxidize water, releasing oxygen (O2), and to reduce COo,
producing organic molecules [e.g. glucose (CsH1206), sugars, starch]. This process takes
places within the chloroplasts where two key sequential and interdependent phases
occur — the photochemical reactions and the Calvin-Benson cycle (or chemical
reactions). The thylakoid membrane system hosts the photochemical reactions, leading
to the production of nicotinamide adenine dinucleotide phosphate (NADPH) and
adenosine triphosphate (ATP). These energy-rich compounds are then utilized in the
carbon reactions, also known as the Calvin-Benson cycle, which takes place in the
stroma, to fix atmospheric CO- into carbohydrates (Stirbet et al., 2020; Taiz et al., 2015).
The photosynthetic process begins with the absorption of the energy from incoming
photons and consequent excitation of photosynthetic pigments, chlorophyll (Chl) and
carotenoids, associated with the two photosystems (PSI and PSII). The excitation energy
of the photoreceptors can be transferred to other photoreceptors to drive photosynthetic
reactions, while a small part is dissipated as heat or re-emitted as fluorescence (Nath et
al., 2017; Stirbet et al., 2020; Taiz et al., 2015). The pigment-protein antenna complexes
funnel the energy to the reaction centres (P680 in PSI and P700 in PSII), where it is
converted into redox chemical energy very efficiently. Despite the physical and chemical
distinctions between PSI and PSII, each one having its own antenna pigments and
photochemical reaction centre, they are linked by an electron transporter chain (ETC).
The light-dependent electron transfer reaction begins with the oxidation of water by PSII.
The electrons follow a linear pathway from water to NADP™* to form NADPH in the PSI.
Simultaneously, a proton gradient across the thylakoid membrane is created, required to
allow ATP synthase to produce ATP. Both NADPH and ATP are fundamental for CO»

6



FCUP
Climate change-induced effects on Castanea sativa Miller — can mycorrhization be an effective
strategy?

assimilation in the stroma, where they play a role in a series of reductions and
phosphorylation of intermediate compounds within the Calvin-Benson cycle (Johnson,
2016; Taiz et al., 2015). The Calvin-Benson cycle comprises several enzymes, and the
biochemical processes have been categorized into main three phases. The first is
carboxylation, carried out by ribulose-1,5-bisphosphate carboxylase-oxygenase
(RuBIisCO; EC 4.1.1.39). At this stage, the CO; that diffuses from the atmosphere into
the leaves through stomata is combined with ribulose-1,5-bisphosphate (RuBP)
producing 3-phosphoglycerate (3PGA). In the second phase, the ATP and NADPH
molecules, originated from the light-dependent reactions, are used to reduce 3PGA to
glyceraldehyde 3-phosphate (GAP). The final step is the regeneration of RuBP, with the
exportation of the cycle products to several biosynthetic pathways (isoprenoid, starch,
sucrose, shikimate, thiamine, and nucleotide) (Clapero et al., 2023; Gurrieri et al., 2023;
Raines, 2022).

Such as in any other metabolic event, unfavourable environmental conditions,
such as drought and/or high temperatures, can limit plants photosynthetic efficiency in
different phases and affect several of its components (Ashraf & Harris, 2013; Singh &
Thakur, 2018).

Regarding photosynthetic pigments, plants exposed to drought exhibit a lower
Chl content, and the exposure to high temperatures results in a reduction in the
accumulation of Chl due to decreased biosynthesis and/or increased degradation (Fahad
et al., 2017; Zahra et al., 2023; Zargar et al., 2017). Elevated temperatures lead to
impaired Chl biosynthesis due to the abundance of heat-sensitive enzymes within the
Chl biosynthesis pathway (Dutta et al., 2009; Fahad et al., 2017). The activity of
chlorophyllase and Chl-degrading enzymes is also enhanced under heat stress
conditions, resulting in a serious reduction in Chl levels (Wang 2018; Hu et al 2020).
Additionally, heat and drought induce ultrastructural deformations in chloroplasts,
including damage to thylakoids membranes (Razi et al., 2021; Zargar et al., 2017). As
reviewed by Zahra and colleagues (2023) heat stress leads to a reduction in starch
content, elevated plastoglobuli production, disrupted thylakoid stacking, distorted
intergranular lamellar and stroma systems, and excessive swelling of outer chloroplast
membranes. These alterations end up in several chloroplast malfunctions, though the

subcellular responses to heat are species-specific (Zahra et al., 2023).

Besides affecting photosynthetic pigments, high temperatures and drought
stresses are also known to induce damage to the PSI and PSII, and to diminish the

electron transport rate. As a result, the production of ATP and NADPH is reduced,
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consequently limiting the CO; reduction process (Sharma et al., 2019; Singh & Thakur,
2018). Notably, PSII is particularly vulnerable to high temperatures due to increased
fluidity in thylakoid membranes and its reliance on intact electron transport. In fact, heat
exposure may disrupt the water-oxidizing complex and compromise the structural and
functional stability of both PSII reaction centre and light-harvesting complex (Hu et al.,
2020; Muhammad et al., 2021). Additionally, heat stress induces an over-reduction of
the ETC and triggers excessive reactive oxygen species (ROS) generation, leading to
photoinhibition. These ROS can hinder the synthesis of the D1 protein, a crucial
component of the PSII complex (Yamori, 2016; Zahra et al., 2023). The impact of this
stress also extends to the cyclic electron flow around PSI, altering its activity and the
thylakoid proton conductance (Sharma et al., 2019). On the other hand, drought stress
negatively affects the quantum yield of PSIl by influencing chlorophyll fluorescence
kinetics and, thereby, the PSII reaction centre (Sharma et al., 2019). Like heat stress,
water scarcity also induces an excessive reduction in the ETC and subsequent ROS
overproduction, disrupting the photosynthetic machinery, including the D1 and D2
proteins of PSII and thylakoid membranes (Kaur & Asthir, 2017; Singh & Thakur, 2018).
Broadly, both heat and water scarcity can reduce the maximum quantum efficiency and
guantum yield of PSII, while simultaneously increasing non-photochemical quenching to
dissipate excessive energy (Ashraf & Harris, 2013; Yamori, 2016; Zahra et al., 2023;
Zlatev & Lidon, 2012).

Alongside, the activity of key photosynthetic enzymes and protein structure, as
well as CO; assimilation rates, can also be greatly hampered by both water deficit and
heat. Drought restricts gas-exchange by reducing stomatal conductance. While this
promptly prevents transpiration and reduces water loss, this action hinders the intake of
COg, consequently affecting photosynthesis and leading to oxidative damage. Under
prolonged water scarcity, the decreased CO, concentration in the chloroplasts reduces
RuDP regeneration capacity and deactivates RuBisCO (Muhammad et al., 2021; Singh
& Thakur, 2018). Moreover, this photosynthetic enzyme, as well as others involved in
the carbon reactions, are particularly sensitive to high temperatures. It is also known that
thermal stress inactivates RuBisCO activase, an enzyme that regulates the activation
state of RuBisCO (Yamori, 2016).

It is important to recognize that, while stress-induced stomatal limitations play a
role in photosynthesis under water-limited conditions, they are not the sole limiting factor
(Ashraf & Harris, 2013; Zlatev & Lidon, 2012). As stomatal conductance and transpiration

rate are closely related to leaf temperature, plants’ ability to maintain CO, assimilation
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rate can serve as an indicator of its tolerance to heat stress. In this context, temperatures
above optimal values can impact stomatal conductance, intracellular CO; concentration
and leaf water status (Hassan et al., 2020; Sharma et al., 2019). As stated by Urban et
al. (2017), a wide range of stomata behaviour in response to increased temperatures
have been reported including: stomatal opening, closure and no significant changes

among.

1.5 Oxidative stress and plant antioxidant (AOX) system

Aerobic cell metabolism continuously generates ROS, which are partially reduced or
activated forms of O,. The different ROS include molecules — hydrogen peroxide (H20>)
and singlet oxygen (*O) — and free radicals, such as the hydroxyl radical (OH-) and the
superoxide anion (O2") (Mittler, 2017). Although firstly described only as highly harmful
compounds, it is now widely accepted that ROS play a dual role in plant cells depending
on their concentration. According to Foyer et al. (2017), at low levels, they serve as
essential signalling agents and, at higher concentrations, they become toxic and can
interact with a wide range of organic compounds, thus disturbing the redox homeostasis
and imposing severe oxidative damage (Figure 1). Under adverse environmental
conditions, plants often experience oxidative stress resulting from an unbalance between
ROS production and elimination (Halliwell, 2006; Soares et al., 2019a). Once the cellular
threshold is surpassed, ROS can induce lipid and protein peroxidation, membrane
breakdown, enzyme inhibition, damage to nucleic acids, activation of programmed cell

death (PCD) pathway, and, eventually, cell death (Farooq et al., 2019).

1.5.1 Unravelling main ROS in plants: characteristics, production sites and

cellular effects

In plant cells, ROS are ubiquitously produced as by-products of several metabolic
processes in multiple cell compartments and locations such as: chloroplast,
mitochondria, peroxisomes, plasma membrane, cell wall and apoplast (Hasanuzzaman
et al.,, 2021; Sharma et al., 2012). From a general perspective, given the higher
availability of O, chloroplasts and peroxisomes are the primary sources of ROS in the
presence of light, whereas mitochondria are the main source in the absence of light (Das
& Roychoudhury, 2014).

The primary cell-generated ROS, as a result from the monovalent reduction of
O3, is the superoxide anion (O2"). Its generation is mainly associated with the ETC, being
the chloroplast PSI and Il and the mitochondria complex | and Il its major intracellular

sources (Hasanuzzaman et al., 2021; Soares et al., 2019a). O, production can also take
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place at glyoxysomes, peroxisomes and even cell wall by the action of NADPH oxidases
(EC 1.6.3.1) (Tripathy & Oelmidiller, 2012). When compared to other ROS, O is
moderately reactive and has low mobility, given its very short half-life (1-4 ps) and
negative charge, reasons why it is unable to cross biological membranes (Demidchik,
2015; Mittler, 2017). Nevertheless, it is also generally accepted that O>~ does not directly
interact with organic macromolecules, hence being less toxic than other ROS. Still, O2~
can trigger a cascade of reactions including the formation of secondary ROS, either
directly or via enzymatic and metal-catalysed processes, depending on the cell type or
cellular compartment (Dumanovic¢ et al., 2021; Sharma et al., 2012). In fact, due to its
potent reducing ability, O, can change the redox state of transient metals, such as Fe®*
to Fe?*, arising the production of more toxic and reactive ROS, such as the hydroxyl
radical (OH-) through a reaction globally known as Heiber-Weiss (Das & Roychoudhury,
2014; Dumanovic et al., 2021; Sharma et al., 2012; Soares et al., 2019a).

One of the most widely studied ROS, given its particular features, is hydrogen
peroxide (H202). Similar to O, this moderately reactive ROS is generally produced as
a consequence of the ETCs in mitochondria, chloroplast, endoplasmic reticulum, and
plasma membrane. In addition to these sources, the (-oxidation of fatty acids and
photorespiration (Das & Roychoudhury, 2014), processes typically occurring in
peroxisomes, are also major sources of H20: in plant cells. Furthermore, H202 can be
generated through the action of superoxide dismutase (SOD; EC 1.15.1.1), as well as
different reactions involving photo-oxidation by NADPH oxidases and via O, through a
two-electron reduction of O; facilitated by various oxidases, such as glycolate oxidase
located within peroxisomes (Noctor et al., 2018). Regarded as a primary ROS, H,0,
plays a dual role, by participating in signal transduction at low concentrations while also
having harmful effects on cells at high doses (Dumanovi¢ et al., 2021). Since H.O does
not contain unpaired electrons, it presents a higher chemical stability, being able to
induce a more severe oxidative damage than O, (Soares et al., 2019a). In fact,
compared with other ROS, H>O; has a significantly longer half-life (1 ms or more) and is
able to cross biological membranes trough aquaporins and diffuse across long distances.
Consequently, H>O, can evoke its functions far from its site of production either causing
extensive oxidative damage or activating different cell signalling cascades
(Bhattacharjee, 2019; Farooq et al., 2019). As signhal molecule H»O,, can induce
tolerance responses against several environmental stresses and regulates essential
physiological processes such as senescence, photosynthesis, photorespiration,

stomatal movement, cell cycle and growth, and development (Gill & Tuteja, 2010).
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Among the ROS family, the most reactive and toxic form is the hydroxyl radical
(OH-). This ROS is produced from the interaction between H,O, and O»" in the presence
of iron (Fe) or copper (Cu) ions (Dumanovic et al., 2021). Due to its short half-life (1 ns)
(Mittler, 2017), strong redox potential and high affinity for biomolecules, OH- can cause
damage in different cellular organelles by inducing LP, protein damage and genetic
instability by injuring both pyrimidine and purine bases (Bhattacharjee, 2019; Roldan-
Arjona & Ariza, 2009). Owning to the non-existence of an enzymatic system responsible
for its scavenging, situations favouring OH- accumulation can ultimately end up in cell
death (Bhattacharjee, 2019).

Lastly, the most peculiar ROS is probably O, an excited state of Oz with two
unpaired electrons, since it is generated under very specific conditions, namely when the
chlorophyll (Chl) triplet state in the antenna system reacts with O, reducing it, rather
than channelling the electrons to the ETC (Das & Roychoudhury, 2014). It can also be
produced under low CO; availability conditions and/or strong light intensity, threatening
the entire photosynthetic machinery and causing severe damage to both PSI and PSII
(Gill & Tuteja, 2010; Sharma et al., 2012; Soares et al., 2019a). Interestingly, stomatal
closure, induced by environmental stresses like salinity, drought, and heavy metals, can
indirectly favour the formation of this ROS, by lowering the levels of CO; in the leaf
mesophyll (Das & Roychoudhury, 2014). Despite having a short half-life (1-4 ps), a
portion of 10, is able to diffuse considerable distances (100 nm) in cellular systems (Das
& Roychoudhury, 2014; Gill & Tuteja, 2010). As a ROS,'O; can transfer its excitation
energy to other biological molecules and/or cause lipid peroxidation (LP) (Bhattacharjee,
2019).

1.5.2 Impact of ROS on cellular oxidative balance

Despite being continuously produced as by-products of the normal cell metabolism, the
generation of ROS can be greatly boosted under unfavourable environmental conditions
such as extreme temperatures and drought (Choudhury et al., 2017). In such conditions,
the balance between the accumulation and elimination of ROS can be jeopardized,
giving rise to oxidative stress (Figure 1). This complex phenomenon refers to ROS-
induced damage on lipids, proteins, carbohydrates, DNA and RNA (Gill & Tuteja, 2010;
Hasanuzzaman et al., 2021; Mittler, 2017).

The LP results from a series of biochemical processes, in which the unsaturated
fatty acids of cellular and organelle membranes are oxidized by ROS and/or ROS-
induced signals. As one of the earliest and most detrimental process, LP impairs cell

membrane integrity, fluidity, causes electron leakage and deactivation of enzymes and
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receptors, while also giving rise to various lipid radicals that can intensify oxidative harm
by interacting and injuring proteins and DNA (Alché, 2019; Ayala et al., 2014). The
degree of LP can be experimentally estimated by the quantification of its sub-products,
namely malondialdehyde (MDA), responsible for cellular damage (Sharma et al., 2012;
Soares et al., 2019a).

Besides lipids, excessive ROS levels can also cause diverse alterations in
proteins through direct and indirect mechanisms. These modifications can be reversible
or irreversible, impacting protein structure and function (Jacques et al., 2013; Sharma et
al., 2012). Protein function can be directly altered by ROS through nitrosylation,
carbonylation, disulphide bond formation, and glutathionylation, while proteins can also
be structurally modified through conjugation with metabolites generated from fatty acid
peroxidation (Sharma et al., 2012). These modifications primarily affect specific amino
acid residues, namely cysteines, increasing protein vulnerability to proteolytic
degradation. In fact, the vulnerability of amino acid residues to oxidative modification
varies considerably, being cysteine, histidine, methionine, tyrosine and tryptophan the

most susceptible ones (Farooq et al., 2019).

Besides affecting protein and lipids, the accumulation of excessive ROS can also
cause oxidative damage to nuclear, mitochondrial, and chloroplastic DNA. While nuclear
DNA is somewhat protected by the presence of histones and other proteins, the absence
of this protection, coupled with the proximity to ROS production sites, places
mitochondrial and chloroplastic DNA at a higher risk of ROS-induced damage (Das &
Roychoudhury, 2014; Sharma et al., 2012). ROS-mediated DNA damage encompasses
modifications of nucleotide bases, oxidation of deoxyribose sugar residues, nucleotide
exclusions, DNA strand breaks, and cross-linking of DNA with associated proteins
(Roldan-Arjona & Ariza, 2009; Tripathi et al., 2023). All of this results in cell membrane
damage and impacts vital cellular processes such as replication and protein synthesis
(Gill & Tuteja, 2010; Sharma et al., 2012). Despite plants having proper DNA damage
sensing and repair mechanism, failure in this pathway and the accumulation of DNA
lesions may lead to plant cell death affecting the whole organism development (Das &
Roychoudhury, 2014; Szurman-Zubrzycka et al., 2023).
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Figure 1: Roles of ROS in plant cell signalling and oxidative stress. Adapted from Sharma et al. (2017).

1.5.3 The antioxidant (AOX) orchestra: enzymatic and non-enzymatic
components of the plant’s defence network
In order to counteract ROS overaccumulation and prevent oxidative damage, plants have
evolved an AOX system comprising both enzymatic and non-enzymatic
mechanisms, that are involved in the detection, detoxification, elimination, and/or
neutralization of ROS (Soares et al., 2019a). The non-enzymatic components of the AOX
system include diverse low-mass metabolites, such as glutathione (GSH), ascorbic acid
(AsA), phenolic compounds, carotenoids, and proline (Pro). These intracellular agents
support plants' redox cellular equilibrium under stress by neutralising, removing, and/or
transforming ROS, enabling the management and monitoring of ROS homeostasis
(Soares et al., 2019a). Working alongside, AOX enzymes synergistically function to
balance intracellular generation of ROS up to an optimal threshold, promoting plant
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growth and development, facilitating cellular processes such as the cell cycle and
hormone signaling, and fortifying defense against abiotic/biotic environmental stressors
(Gupta et al.,, 2018). The effectiveness and response of the non-enzymatic AOX
machinery to stress are influenced by distinct factors, including the type of stress, time-
length of exposure and its intensity, plant species and their genotypes, the organ or

tissue involved, among other variables (Soares et al., 2019a).

Glutathione (GSH) is the major non-protein thiol in plants undertaking several
crucial roles in different aspects of plant physiology. Given its importance, it can be found
in all cell compartments like cytosol, endoplasmatic reticulum, vacuole, mitochondria,
chloroplast, peroxisomes and the apoplast. It acts as radical scavenger by chemically
reacting with O,°, OH- and H,O; (Soares et al., 2019a). Additionally, it serves as a
transporter and storage molecule of sulphur (S), participates in the conjugation of several
metabolites, namely xenaobiotics through the activity of glutathione S-transferase (GST;
EC 2.5.1.18), and it is the precursor of several chelating agents, such as phytochelatins
and metallothioneins. Thus, GSH also protects protein thiol groups and aids in the
detoxification of metals and xenobiotics, such as herbicides (Gong et al., 2018).
Moreover, it regulates the redox status of cells, facilitates the progression of the cell
cycle, influences processes such as cell death and senescence, while also modulating

gene expression patterns (Noctor et al., 2012; Orabi et al., 2018) .

Ascorbic acid (AsA), frequently referred to as vitamin C or ascorbate, holds a
significant position as the most abundant water-soluble AOX in plant cells (Ishikawa et
al., 2018). Besides its ability to act as an AOX metabolite, AsA plays other crucial roles
in plants. The AsA-hormone crosstalk actively participates in the regulation of key
biochemical and physiological processes like mitosis, cellular elongation, seed
germination, determination of flowering timing, fruit expansion, senescence, and cell
death (Akram et al., 2017; Ishikawa et al., 2018). Additionally, AsA serves as an essential
cofactor necessary for the biosynthesis of gibberellins, ethylene, and ABA, suggesting a
strict link of this AOX with phytohormones directly involved in plant development and
growth (Fabregas & Fernie, 2021). Specifically recalling its AOX potential, AsA is known
to be a potent neutralizer of ROS, such as OH-, O, and 'O, while also serving as one
the substrates of ascorbate peroxidase (APX; EC 1.11.1.11), one of the HyO-
neutralizing enzymes (Pandey et al., 2017). As an AOX molecule, AsA is one of the main
agents involved in the AsA-GSH cycle (further described), which is an effective metabolic

pathway for excessive energy and H>O dissipation. The levels of this metabolite vary
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depending on the tissue type, with photosynthetic tissues generally exhibiting higher

concentrations of AsA compared to roots and other tissues (Gill & Tuteja, 2010).

Proline (Pro) stands out among the proteinogenic amino acids due to its cycle
structure and a distinct secondary amino group (the a-amino group), making it an
effective osmoprotectant (Hosseinifard et al., 2022). Besides its essential role in primary
metabolism, Pro has been identified to play specific roles in plants cells, particularly
during abiotic stresses (Spormann et al., 2023). Accumulation of Pro has been strongly
linked with improved stress tolerance in plants (Hosseinifard et al., 2022). Pro is
recognized as a powerful osmolyte, accumulating in the cytosol without causing harm to
cellular structures. Its homeostatic levels are contingent on the equilibrium between its
production and utilization for protein synthesis, along with its translocation to the
mitochondria (Forlani et al., 2019). Furthermore, Pro acts as a metal chelator, an inhibitor
of PCD, and improves the integrity of proteins and membranes by binding to hydrogen
bounds (Hosseinifard et al., 2022). In what concerns its AOX potential, Pro acts as a
redox buffer, serves as an electron sink since Pro synthesis requires NADPH, and
prevents the occurrence of LP (Forlani et al., 2019). On top of that, Pro is a 'O, quencher
and directly scavenges the most toxic ROS, OH- (Rejeb et al., 2014). Apart from the
mentioned functions, Pro has been shown to serve as a signalling agent for the activation
of specific gene functions, crucial for stress recovery (Raza et al., 2023; Spormann et
al., 2023).

Carotenoids, such as zeaxanthin, tocopherol, and B-carotene, are lipophilic AOXs
vital to different plant processes. They function as light receptors and protect the
photosystems by extinguishing and scavenging the triple state chlorophyll and O,
dissipating excess of light energy as heat during stress conditions and stabilizing

membranes, thereby preventing LP (Uarrota et al., 2018).

Acting simultaneously and synergistically with the non-enzymatic AOX players,
the enzymatic component of plants' AOX system also offers an efficient defensive
mechanism to ensure ROS homeostasis. This AOX component is composed of a set of
enzymes including superoxide dismutase (SOD; EC 1.15.1.1), the only enzymatic
mechanism to eliminate O;~, together with a set of H,O,-degrading enzymes, such as
catalase (CAT; EC 1.11.1.6), guaiacol peroxidase (GPOX; EC 1.11.1.7), and APX. Other
enzymes, as those involved in the AsA-GSH cycle, such as glutathione reductase (GR,
EC: EC: 1.6.4.2), dehydroascorbate reductase (DHAR; EC 1.5.8.1) and
monodehydroascorbate reductase (MDHAR; EC 1.6.5.4), are also worth mentioning,

mostly due to their role in regenerating important AOX players. Nonetheless, the
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effectiveness of the AOX machinery depends on a variety of variables, including the type
of stress, the duration, and intensity of exposure, the plant species, and their genotypes,

or even the organ or tissue (Soares et al., 2019a).

The first line of defence against oxidative stress is SOD. This family of
metalloenzymes catalyses the dismutation or disproportionation of Oz~ into molecular
oxygen and H.0,. By regulating O, levels, SOD efficiently prevents the subsequent
generation of OH-, facilitated by the Haber-Weiss reaction (Gill & Tuteja, 2010). In plants,
depending on the prosthetic metals in their active sites, there are three groups of SODs,
differing by their metal co-factors, that can be found in distinct subcellular compartments:
manganese (Mn-SOD), usually found in mitochondria; copper and zinc (Cu,Zn-SOD),
mostly accumulated in cytosol, chloroplast and peroxisomes; and iron (Fe-SOD),

exclusively from chloroplasts (Rio et al., 2018).

Upon H»O, production through the activity of SOD or by any other metabolic
process, CAT is responsible for the neutralization of H,O; into H,O and O, and plays a
relevant role not only in plant defence and metabolism, but also in signal perception
(Anjum et al., 2016). Despite the reports of its occurrence in different subcellular
compartments, CAT is mainly localized in peroxisomes, where many plant oxidases in
the matrix and membrane generate H.O- (Leung, 2018; Soares et al., 2019a). Although
plants present different types of H,O,-degrading enzymes, CATs are unique as they do
not require any reducing power (Sharma et al., 2012). Moreover, CAT stands out with
one of the most remarkable turn-over rates among AOX enzymes, capable of reducing
6 million H>O2 molecules per min (Sharma & Ahmad, 2014). Nonetheless, due to its high
specificity for H.O,, CAT is only able to sense H»O; at high concentrations, unlike other
enzymes, such as APX (Mittler, 2002; Soares et al., 2019a).

Belonging to the family of heme-containing peroxidases, APX is a key AOX
enzyme that catalyses the reduction of H,O; into H-O, using AsA as an electron donor,
with the production of monodehydroascorbate (MDHA) (Pandey et al., 2017). In plants,
different APX isoforms, that have distinct structural and kinetic properties, have been
classified based on their subcellular localization (Pandey et al., 2017). For further
reading, consult Maruta & Ishikawa (2018) and Anjum et al. (2016). Given its broad
locations inside the plant cell, H.O, produced in different organelles is efficiently
scavenged by APX. The higher affinity of APX to H.O, enables it to effectively perform
its functions even when H,O: levels are low. For this reason, APX is primarily responsible
for the fine-tuning detoxification of H,O- which is crucial for its signalling function. In

contrast, CAT's main role is to protect the cell from H,Oz-induced cellular damage by
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efficiently removing its higher levels during stressful conditions (Mittler, 2002). APX
requires AsA as a substrate, making the regeneration of this metabolite crucial to ensure
APX performance (Pandey et al., 2017). This role is mostly ensured by the AsA-GSH
cycle. In general terms, to maintain a proper AsA availability, MDHA regenerates back
to AsA through MDHAR activity. Alternatively, MDHA can be spontaneously converted
into dehydroascorbate (DHA), which is later reduced back to AsA by DHAR using GSH
as a substrate, leading to the oxidation of GSH to GSSG. To restore the GSH levels, GR
utilizes NADPH as an electron donor to regenerate GSH from GSSG (Hasanuzzaman et
al., 2019). This AsA-GSH cycle, also known as Foyer-Halliwell-Asada cycle, operates in
various cellular compartments including the cytosol, mitochondria, chloroplast, and
peroxisomes and is one of the most important metabolic cycles playing a vital role in
ROS detoxification and protecting plants from various abiotic stress-induced damage
(Dumanovic et al., 2021; Pandey et al., 2017).

1.6 Thriving under pressure: investigating single vs combined

stresses in plants

On a global scale, the environmental change is a multifactorial phenomenon. The CC-
driven fluctuating and extreme weather events (e.g. heat waves and/or drought
episodes), combined with poor soil conditions (saline, basic and/or acidic), low water
quality, environmental contamination (metals, microplastics, pesticides) and limited
nutrient availability, give rise a to widespread uncertainty in prediction effects and pose
a unigue challenge to plants (Rillig et al., 2019; Zandalinas et al., 2021). Across the past
decades, plant research has heavily focused on studying the effects of single abiotic
stresses on different aspects of plant physiology. These studies provided valuable
knowledge at the physiological and molecular level of plant responses to several
environmental cues such as drought, heat, salt, and cold (Sewelam et al., 2020).
However, as sessile organisms, plants are frequently and simultaneously exposed to
different stress factors under field conditions. The physiological, metabolic, and
molecular response of plants to a particular combination of stresses can be different than
that of single stresses and not always is merely the sum of the effects recorded under
single exposure (Mittler, 2006; Sanchez-Bermudez et al., 2022). The adaptation of plants
to stress combinations comprises both “unique” and “shared” responses that need to be
unravelled. In this way, different stress combinations will require the activation of unique
metabolic and signalling cascades, differentially modulating essential processes, such
as photosynthesis, redox mechanism and osmolyte synthesis (Zandalinas et al., 2018).

Indeed, plants interpret and combine signals from multiple stresses in distinct ways
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based on the specific nature of the combination, causing interference or even generating
opposing responses when compared to how the plant reacts to individual stresses.
Moreover, certain stress combinations can trigger diverse signalling pathways and the
interaction between them can either be neutral, additive, synergetic or may lead to novel
unpredictable adjustments (Atkinson & Urwin, 2012; Pandey et al., 2015; Zandalinas et
al., 2020; Zhang & Sonnewald, 2017). Recently, several reports and reviews have
summarized the physiological and molecular effects of different crop models grown
under heat and drought combination. Generally, co-exposure to these stresses results
in a much more detrimental effect in comparison with the single factors (Cohen et al.,
2021; Zandalinas et al., 2018). Typically, the response of different plant species to water
scarcity and high temperatures includes the induction of ROS detoxification enzymes,
upregulation of various antioxidants and inhibition of photosynthesis (Pandey et al.,
2015; Priya et al., 2019; Zandalinas et al., 2018). For instance, Raja et al. (2020), when
studying the effects of isolated and simultaneous heat (45 °C for 7 days) and drought (no
irrigation for 10 days) exposure, found out that tomato plants (Solanum lycopersicum L.)
were affected in a larger way when both treatments were combined, especially in what
concerns the photosynthetic activity (evaluated in terms of PSII efficiency and quantum
yield). An equivalent output was also observed in four wheat (Triticum aestivum L.)
genotypes (Urban et al., 2018), lentil (Lens culinaris Medikus) varieties (Sehgal et al.,
2017) and in Brassica napus L (Elferjani & Soolanayakanahally, 2018). Nevertheless,
factors such as stress severity, age of plant, the genotype, its susceptibility or tolerance
to any of the individual stress, among other factors, takes a huge role in the combined
stresses interactions (Ma et al., 2020; Tommasino et al., 2018). Overall, it is important to
focus current and future research understanding plant responses to stress combinations
in both laboratory and field conditions. Only by digging into the intricate mechanisms
governing these responses, we may pave the way for the development of climate-

resilient agricultural crops (Rivero et al., 2022).

1.7 Mycorrhization as a tool to boost chestnut tolerance to CC

Most plants live in close collaboration with a diversity of soil organisms. Mycorrhizae form
symbiotic associations with plant roots, aiding in their development and safeguarding
them from numerous environmental challenges (Figure 2) (Siddiqui et al., 2008). Four
primary mycorrhizal types, namely arbuscular mycorrhiza (AM), ectomycorrhiza (ECM),
orchid mycorrhiza and ericoid mycorrhiza, have been classified according to their
structural, functional, anatomical, and evolutionary characteristics, showcasing unique

differences in their associations (Tedersoo & Bahram, 2019). From this diversity, AM and
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ECM fungi are the most widespread and abundant groups of mycorrhizae (Siddiqui et
al., 2008). In fact, AM fungi, belonging to the Glomeromycota phylum, are recognized for
creating intracellular structures known as "arbuscules", and are able to establish
mutualistic relationships with 80% of terrestrial plants species (Lenoir et al., 2016; Smith
& Read, 2008). Similarly, ECM from Basidiomycota and Ascomycota phylla can form
symbiotic relationships with around 6,000 tree species of different taxonomic families,
including economically relevant species such as pines, oaks and eucalyptus that are
spread across extensive regions of boreal and temperate forests in both globe
hemispheres (Futai et al., 2008; Martin et al., 2016). Despite the phenotypic diversity of
ECM fungi, the vast majority establish associations by forming a “sheathing mantle”. This
structure engulfs fine root tips with hyphae that further develop inwards between
epidermal cells and cortical tissue making the Hartig net. Additionally, extrametrical
hyphae from the “sheathing mantle” explore the rhizosphere and nearby soil niches,
increasing the surface area to absorb nutrients and water (Genre et al., 2020; Martin et
al., 2016). The uptake of physiologically important nutrients by plants, such as nitrogen
(N) and phosphorus (P), can be considerably improved by the interaction with ECM fungi,
through a favourable exchange of photosynthetic assimilates (Liu et al., 2020). Besides
increasing the uptake of macro and micronutrients, the mycelium network of ECM fungi
can increase the water supply, by extending the volume of land accessible to plants, as
the hyphae are able to penetrate to narrower soil pores (Dominguez-Nufiez et al., 2019;
Guerrero-Galan et al., 2019). Additionally, ECM can significantly improve seedlings
establishment while also providing tolerance to numerous abiotic stresses, such as metal
toxicity and salinity, as well as improving plant resistance to biotic challenges, including
pests, pathogens, and diseases (Becquer et al., 2019; Chot & Reddy, 2022; Gonthier et
al., 2019; Guerrero-Galan et al., 2019; Laliberté et al., 2015; Vishwanathan et al., 2020).
Despite all these beneficial effects, it should be stressed out that the observed outcomes
are often variable and dependent on the fungi and plant species, as well as the

environmental context (van der Heijden et al., 2015).

ECM have also been reported to increase host plant tolerance to drought (Kebert
et al., 2023a; Y. Li et al., 2021; Sebastiana et al., 2018; J. Wang et al., 2021; Yin et al.,
2018). As highlighted by Sebastiana et al. (2019), the mechanisms behind ECM-
mediated alleviation of drought stress in plants encompasses various aspects. These
include the increase in water uptake via fungal hyphae, leading to enhanced root
conductance and subsequent stomatal opening, which in turn promotes carbon

assimilation. Moreover, the adequate mineral nutrition acquisition can improve the
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photosynthetic machinery efficiency. Another mechanism is the activation of plant AOX
system, allowing a better management of ROS overproduced under water-deficit
conditions. However, the mechanisms involved are far from being completely understood
with some reports showing no effect of ECM or even negative impacts on plants’ water
relations in comparison with non-mycorrhizal plants (Kilpelainen et al., 2020; Lehto &
Zwiazek, 2011).

While there is an abundance of reports of mycorrhizal plants under drought
stress, the number of studies exploring the potential of mycorrhizae to improve plant
stress tolerance to heat remains limited (Duc et al., 2018), probably because heat stress
is often associated with damage to the aerial parts of the plant, rather than roots. Yet,
Maya & Matsubara (2013) reported an increased biomass and heat damage alleviation
in mycorrhizal plants. Similarly, Jumrani et al. (2022) showed that AM-infected soybean
plants presented better growth characteristics (leaf area, dry weights, and length of
shoots and roots) than those non-inoculated under high-temperature exposure. More
recently, Kebert and colleagues (2022) showed that the presence of ECM (Scleroderma
citrinum) was capable of modulating heat stress responses in pedunculate oaks
(Quercus robur L.). Despite being widely accepted that mycorrhization can alleviate
various stresses, including individual exposure to drought and high temperatures
(Begum et al., 2019), there is a lack of studies on mycorrhizal plants grown under
combined drought and heat. As a matter of fact, the studies available on this topic (Duc
et al., 2018; Haddidi et al., 2020) only focus on tomato plants. In tree species, to the best
of our knowledge, there is not a single report exploring the potential of mycorrhiza to
enhance plant tolerance to combined stress conditions. Regarding this issue, it is known
that C. sativa is able to establish associations with several ECM fungi, in order to boost
mineral nutrients availability, growth, productivity, and protection against root pathogens
(Baptista et al., 2010). The use of beneficial mycorrhiza has also been shown to increase
the survival and growth of micropropagated chestnut plants, facilitating acclimation to ex
vitro conditions (Martins, 2008). Moreover, Aryal et al. (2021) recently observed that
ECM colonization can help chestnut trees in their early growth and stress tolerance,
since inoculated seedlings showed a faster recovery from water scarcity stress.
Considering the well-known benefits of mycorrhization in enhancing plant growth and
performance under abiotic stress situations (Begum et al., 2019), knowledge around the
potential of this strategy to increase the resilience of forest tree species to CC is a matter

of special interest that needs to be addressed.
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Figure 2: Mycorrhizal fungi alleviate climate change-linked abiotic stress by affecting tree growth in temperate and boreal
forests. (A) Trees are affected by increasing abiotic stress linked to climate change such as high temperatures, drought,
salt stress, and flooding. (B) However, tree-associated mycorrhizal (ECM, ectomycorrhizal and AM, arbuscular
mycorrhizal) fungi improve plant water and mineral nutrition (among them potassium K+) and help to adapt to stressful
environmental conditions (among them elevated sodium Na+ in saline conditions). Adapted from Usman et al. (2021).

1.8 Aims

Over the recent years, the production of chestnut in Portugal has been suffering a
significant decline, either due to the appearance of emerging diseases (e.g. ink disease)
or to CC-related effects, namely the increasing frequency and intensity of extreme
weather conditions, such as heat waves and longer periods of drought (Freitas et al.,
2021). Given the importance of chestnut production in Portugal, it is necessary to ensure
the adaptability of C. sativa to an ever-changing environment. These challenges are
particularly relevant for Marsol, a common C. sativa variety used in Portugal, both as a
rootstock and direct producer. This is hybrid chestnut clone resulting from the cross
between Castanea crenata and Castanea sativa was developed to be resistant to ink
disease. Aligned with the overall goal of the recent project CC&NUTS
(MTS/SAS/0103/2020), funded by a cooperation between BPI & Fundagéo La Caixa and
Fundacdo para a Ciéncia e Tecnologia (FCT), this work addresses the potential of
beneficial mycorrhiza associations to boost C. sativa tolerance to the single and

combined action of high temperatures and drought stresses.
To achieve that, the following set of objectives were pursued:

o Evaluate the morphophysiological responses of mycorrhizal (MR) and non-
mycorrhizal (NMR) chestnut plants to the single and combined action of heat and
drought;

e Assess the photosynthetic performance of MR and NMR Marsol hybrid plants
upon exposure to single and combined stresses;

¢ Unravel the modulation of the plants’ redox status, by focusing on the evaluation

of oxidative stress markers and AOX mechanisms in response to both stresses;

As studies exploring the interaction between mycorrhization and combined
stresses are scarce, the results collected will be pioneer in unravelling the role of
mycorrhization in counteracting the joint effects of two of the most damaging conditions
towards crop growth (high temperatures and water scarcity), with the ultimate goal of

obtaining chestnut plants more resilient to CC.
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2 Material & Methods

2.1 Plant material and experimental setup

Three months-old micro-propagated plantlets (= 15 cm height) of non-mycorrhizal (NMR)
and mycorrhizal (MR) Marsol hybrid chestnut plants, potted in a commercial substrate
(undisclosed due to Deifil Biotechnology Lda® policy) and previously grown at Deifil
Biotechnology Lda® (P6voa de Lanhoso, Braga, Portugal), were transported to the
Department of Biology of the Faculty of Sciences of University of Porto (FCUP). Upon
arrival, plants were placed in a growth chamber under controlled conditions similar to
those available at the company [temperature — 25 °C, photoperiod — 16 h light/8 h dark,
and photosynthetic photon flux density (PPFD) — 120 ymol m2 s1]. Then, the number of
leaves of each plant was recorded. After one week of acclimatization, both plant sets
(MR and NMR) were randomly divided into different experimental groups to unravel the
single and combined effects of heat and drought. In accordance with the current
projections for the Mediterranean region (Pereira et al., 2021), the heat stress was
induced by a 4 h-daily exposure at 42 °C between 12 h and 16 h. On its turn, drought
was simulated by suspending the watering of plants, as previously tested by (Alcaide et
al. (2019) and Camison et al. (2020), until reaching a field capacity of 25%.

At the beginning of the acclimatization week, and after assessing the substrate
maximum water hold capacity (WHCnax; 1SO, 2023), substrate samples from each potted
plant were taken and dried at 106 °C for 24 h to determine the exact amount of tap water
needed to adjust the WHC of each pot to 70%. Throughout the assay (7 d acclimatization
+ 21 d of stress conditions), for both plant sets (MR and NMR), the WHC of pots from
control and heat-treated groups was maintained at 70%, whereas for drought-exposed
plants, no irrigation was performed until the WHC reached 25%. Every alternate day,
each pot was weighted on a digital electronic balance and the proper WHC was re-
established by slowly adding the required amount of water to the surface of the substrate,
ensuring that there was no water leakage. The following experimental groups were

considered:

e Control (CTL): MR or NMR plants grown at 25 °C and irrigated with tap water;

e Drought: MR or NMR plants grown at 25 °C without irrigation, until a 25% WHC
was reached, for 21 d;

e Heat: MR or NMR plants grown at 25 °C, but daily exposed to 42 °C for 4 h, in a

twin growth chamber, and irrigated with tap water;
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e Combined: MR or NMR plants, grown at 25 °C, but daily exposed to 42 °C for 4
h, in a twin growth chamber, without irrigation, until a 25% WHC was reached,
for 21 d.

For each experimental group (CTL, Drought, Heat, and Combined) of each set of
plants (NMR and MR), at least 8 biological replicates (each one consisting of a potted
plant) were considered. Four independent assays were carried out to obtain enough

biomass to perform all the biochemical parameters and to validate the results.

After the stress exposure (21 d), gas-exchange measurements and chlorophyll
fluorescence analyses were carried out in vivo in fully expanded leaves (2" and 3™ from
the apex) in, at least, four MR and NMR plants from all treatments. Moreover, the number
of leaves of each plant was also counted. Afterwards, plant material from every replicate
was collected and separated into roots and leaves. Part of the plant material from each
replicate of all experimental groups was immediately used for the estimation of the
relative water content (RWC) and O levels, while the remainder was frozen in liquid

nitrogen (N2) and stored at -80 °C to be used in further biochemical techniques.

2.2 Relative water content (RWC)
The RWC was determined following the protocol described by Sade et al. (2015). At

harvesting, root segments (= 3 cm) and leaf disks (= 1.5 cm diameter) from fully opened
leaves were taken from at least 6 plants of every experimental group from NMR and MR
plant sets. Then, after recording the leaf area and fresh mass (FM) of each sample, these
were immersed in distilled water overnight and re-weighted to measure the turgid mass
(TM). Subsequently, the samples were placed at 60 °C for two weeks to record the dry

mass (DM). The relative water content was expressed according to the formula:
RWC (%) = (FM-DM/TM-DM) * 100%

2.3 Chlorophyll fluorescence analysis

Chlorophyll fluorescence analysis was performed on the 2" and 3™ young fully expanded
leaves of chestnut plants (MR and NMR) growing in different experimental conditions,
by a Pulse Amplitude Modulation Fluorometer (mini-PAM, Photosynthesis Yield
Analyzer; Walz, Effeltrich, Germany), using two scripts, as described in Bernardo et al.
(2022). Briefly, in the first script, measurements were done on light-exposed leaves. This
involved a 35 s exposure to actinic light (1,450 pmol m= s™) to determine the light-
adapted steady-state fluorescence yield (Fs). Subsequently, a saturating pulse light

(6,000 ymol m=2 s™) for 0.6 s was provided to establish F'n. A 5-s shading period with
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far-red light source was then employed to determine F'o. Based on these measurements,
several fluorescence attributes were calculated (Bilger & Schreiber, 1986; Genty et al.,
1989): non-photochemical quenching [NPQ = (Fm - F'm)/Fn'] and efficiency of electron
transport, as a measure of the effective quantum efficiency of PSIl [®ps) =
AF/F'n = (F'm - Fs)/[F'm]. The photosynthetic electron transport rate (ETR) was estimated
as PAR x ®PSII x 0.5 x 0.84, in which the factor 0.5 assumes equal excitations of the
two photosystems (Rascher et al., 2000); the ETR correction factor of 0.84 considers
that only a fraction of incident light is absorbed by photosystems, being this the mean
value of absorbance for green leaves (Rascher et al., 2000). In the second script, the
same leaf portion used in the first script was immediately dark acclimated for 30-45 min
utilizing the dark leaf clip (DLC-8). Afterwards, the maximum photochemical efficiency of
PSIlI was calculated by F/Fm = (Fm - Fo)/Fm, where Fo corresponds to the minimum
fluorescence level excited by the very low intensity of measuring light to keep PSII
reaction centres open, F, represents the variable fluorescence level and Fr, corresponds
to the maximum fluorescence level elicited by a pulse of saturating light (6,000 umol m-

2 s71) that closes all PSII reaction centres (Bilger & Schreiber, 1986).

2.4 Leaf gas-exchange measurements

Like chlorophyll fluorescence measurements, gas-exchange determinations were
performed in vivo on the 2" and 3™ young fully expanded leaves of chestnut plants (MR
and NMR), with an infrared portable gas exchange analyser (IRGA; LC pro-T, ADC,
Hoddersdon, UK) coupled with a broad light source. The measurements occurred under
simulated greenhouse conditions (atmospheric CO; concentration, PPFD of 174 pmol
m2 stand the temperature was 25 °C). Furthermore, all measurements were carried out
in four replicates for each experimental situation. Net CO; assimilation rate (A; pmol mol
1), transpiration rate (E; mmol m2 s) and stomatal conductance (gs mmol m? s?) were
estimated according to the equations developed by von Caemmerer & Farquhar, (1981).

Additionally, the intrinsic water use efficiency (WUE; = A/gs) was determined.

2.5 Biochemical parameters

2.5.1 Extraction and quantification of photosynthetic pigments

The evaluation of photosynthetic pigments was performed based on the method
described by Lichtenthaler (1987). For each situation, frozen aliquots of leaves (ca. 200
mg) were homogenized in 80% (v/v) acetone and centrifuged for 10 min at 3,500 g. Until
complete decolorization of the sediment, centrifugations were repeated upon the addition

of 80% (v/v) acetone and vigorously mixing. Afterwards, the supernatant (SN) was
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collected and the absorbance (Abs) at 470, 647 and 663 nm was recorded, using 80%
(v/v) acetone as blank. The concentration of chlorophyll a (Chl a), chlorophyll b (Chl b)
and carotenoids (Car) was calculated according to the following equations (Lichtenhaler
1987):

e Chla(mgL?) =(12.25 x AbSgsznm) - (2.79 X AbSs47 nm)
e Chlb (mgL%) =(21.50 x AbSg47 nm) - (5.10 X AbSe63 nm)
e Car (mg L™) = [(1000 X AbSa70nm) - (1.82 x Chl a) - (85.02 x Chl b)] / 198

The results were expressed in mg g* dry mass (d.m.).

2.5.2 Determination of ROS

2.5.2.1 Oz content

The production of O, was estimated by monitoring the nitrite formation from
hydroxylamine in the presence of O, as described by Sharma et al. (2017). Freshly cut
root and leaf tissues (ca. 200 mg) were homogenized, on ice, with potassium phosphate
(PK) buffer (65 mM, pH 7.8) containing 1% (m/v) polyvinylpolypyrrolidone (PVPP) (1.5
mL for shoots and 1.2 mL for roots). The homogenates were then centrifuged for 20 min
(5,000 g; 4 °C). Upon being collected, 45 pL of the SN were mixed with 45 uL PK buffer
(65 mM, pH 7.8) and with 10 pL of 10 mM hydroxylamine hydrochloride in a 96-well
microplate. Following an incubation at 25 °C for 20 min, 100 pyL of 58 mM 3-
aminobenzenesulphonic acid and 100 pyL of 7 mM 1-naphtylamine were added to the
mixture and further kept at 25 °C for 30 min. Finally, the Abs at 530 nm was recorded
using the microplate reader Multiskan GO (Thermo Fisher Scientific). In order to
calculate the O> levels, a standard curve of sodium nitrite was prepared. Results were

expressed in pmol g* d.m.

2.5.2.2 H20; content

The quantification of H,O, was spectrophotometrically performed according to Alexieva
et al. (2001). Frozen aliquots (ca. 200 mg) of leaves and roots were homogenized,
respectively, in 1.5 mL and 1.2 mL of 0.1 % (m/v) trichloroacetic acid (TCA) under cold
conditions using a bead miller (Bead Ruptor 12 Homogenizer, Omni International Inc.).
Three sequential cycles of 15 s at 5 m s were performed, with an incubation on ice for
1 min between them. Following a 15 min centrifugation (4 °C; 16,000 g), 50 pL of SN
were added to 50 pL of PK buffer (100 mM, pH 7) and 250 pL of 1 M potassium iodide
(K1), in a 96-well UV microplate. After a brief shake, the microplate was left in dark

conditions for 1 h and, at the end, the Abs was measured at 390 nm. The amount of H-O»
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was calculated using a standard curve prepared with known concentrations of H.O» and

results were expressed in umol H202 gt d.m.

2.5.3 Determination of lipid peroxidation (LP)

The membrane damage was evaluated in terms of LP, based on the determination of
malondialdehyde (MDA) content in accordance with Heath & Packer (1968). Here, the
same extraction procedure described for the quantification of H,O, was followed. After
the centrifugation (15 min; 4°C; 16,000 g), 1 mL of 0.5% (m/v) thiobarbituric acid (TBA)
in 20% (m/v) TCA was added to 250 uL of SN. The reaction mixtures were heated for 30
min at 95 °C and subsequently cooled in ice before a final centrifugation (10,000 g; 7
min). Afterwards, the Abs of each sample was recorded at 532 and 600 nm, with the last
being subtracted to the former to minimize unspecific turbidity effects. MDA levels,
expressed as MDA g™t d.m., were determined using the extinction molar coefficient (&)
of 155 mM* cm™.

2.5.4 Extraction and quantification of AOX metabolites

2.5.4.1 Proline (Pro)

As described by Bates et al. (1973), the colorimetric detection of Pro-ninhydring complex
was used to determine Pro levels. Accordingly, frozen aliquots from leaves and roots
(ca. 200 mg) were homogenized with a series of homogenization cycles (5 m s?; 15 s)
in the bead miller (Bead Ruptor 12 Homogenizer, Omni International Inc.), with 1 mL of
3% (m/v) sulfosalicylic acid and centrifuged for 20 min at 16,000 g. Following this step,
200 pL of each sample SN was combined with 200 pL of glacial acetic acid and 200 pL
of acid ninhydrin. All the reaction mixtures were incubated for 1 h at 96 °C, followed by a
brief cooling period in ice. Then, 1 mL of toluene was added to each tube, accompanied
by vigorous mixing in the vortex for 15 s, in order to extract the ninhydrin-Pro complex.
Upon the complete separation of the aqueous (pinkish; top) and organic phases
(whiteish; bottom), the upper one was collected, and its Abs read at 520 nm, using
toluene as blank. Pro content was estimated through a calibration curve, prepared with

different solutions of increasing Pro concentrations. Results expressed in pug g* d.m.

2.5.4.2 Glutathione (GSH)

The levels of GSH were quantified by following the protocol optimized by Soares et al.
(2019b), using the same SN as for the Pro assay. Briefly, upon centrifugation, 50 pL of
SN were added to 200 pL of H2O and 750 pL of a reaction mixture containing 100 mM
PK buffer (pH 7.0), 1 mM ethylenediaminetetraacetic acid (EDTA) and 0.043 mg mL™*
5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB; Ellman’s Reagent). After an incubation period
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of 10 min, to allow the reaction between GSH and DTNB, GSH levels were measured
spectrophotometrically at 412 nm. The concentrations of this metabolite were calculated
based on a standard curve prepared with solutions of known GSH concentrations. The

results were expressed in nmol GSH g* d.m.

2.5.4.3 Ascorbate-reduced form (AsA)

The quantification of reduced ascorbate was conducted based on the methodology
outlined in Gillespie & Ainsworth (2007). This method relies on the AsA-mediated
conversion of ferric ion (Fe®*) to ferreous ion (Fe?*), subsequently producing a by-product
with 2-2’-bipyridyl, detectable at 525 nm. Briefly, frozen aliquots of leaf tissue and roots
(ca. 200 mg) were, respectively, homogenised under cold condition in 1.5 and 1.2 mL of
6% (m/v) TCA, in the bead miller (Bead Ruptor 12 Homogenizer, Omni International Inc.)
with a series of homogenization cycles (5 m s?; 15 s). The homogenates were then
centrifuged for 10 min (15,000 g at 4 °C) and the SN was collected. Following this, 25 pL
of SN were mixed with 12.5 pL of 75 mM PK buffer (pH 7.0), 25 uL off ddH,O and 187.5
pL of a reaction mixture containing 10% (m/v) of TCA, 200 pL of 43 % (v/v) phosphoric
acid (HsPO.), 200 uL of 4 % (m/v) 4,4’-bipyridyl (BIP) and 100 pL of 3 % (m/v) iron (lII)
chloride (FeCls) in a 96 well- UV microplate. Finally, after 1 h incubation at 37 °C the Abs
was read at 525 nm. Results were calculated and expressed as pumol AsA g* d.m, after

preparing a calibration curve with known AsA concentration.

2.6 Statistical analysis

All biometric and biochemical parameters for both MR and NMR plants were assessed
in at least three biological replicates, with three technical replicates per assay. The
results were expressed as mean * standard error of the mean (SEM). Following the
verification of the homogeneity and normality assumption, a two-way ANOVA was
performed in order to check significant differences between the fixed factors “stress type”
(three levels — drought, heat and combination) and “mycorrhization” (two levels — MR
and NMR). To identify differences between MR and NMR plants, means were compared
by Sidak post-hoc test assuming a significance level (a) of 0.05, while Tukey’s test was
used to discriminate differences for the stress factor. In cases where a significant
interaction was found, a correction for simple main effects was carried out. In parallel, a
principal component analysis (PCA) was carried out to evaluate the resemblances
among conditions and identify the primary relationships between variables contributing
to the observed differences. To achieve this, the mean values for each assessed
parameter and the first two components were used to make biplots. All statistical data

was generated by GraphPad® Prism 9 (GraphPad Software Inc., USA). Additionally, a
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clustered heatmap was produced through the web-based heatmap2 tool (Galaxy Version
3.0.1).

3 Results

3.1 Biometric parameters —foliar area, production of new leaves

and relative water content (RWC)

After 21 d of stress exposure, plant growth, evaluated in terms of foliar area, percentage
of new leaves produced and RWC, was significantly modulated by both factors —
MYCORRHIZATION (MYCO) and STRESS (Drought, Heat or Combined) — and their
interaction, as can be seen in Tables S1 and S2 and illustrated in Figure 3. Under control
conditions, leaves from NMR plants exhibited a higher area than those of MR ones.
However, the foliar area of both NMR and MR plants was significantly reduced in
response to all stresses, when compared with the respective CTL. In particular, heat and
drought, resulted in a significant reduction of 51% and 39% in NMR and 22% and 35%
in MR, respectively, (Figure 3a). The combination of both stressors imposed a more
severe decrease, though the inhibition degree was higher in NMR (about 84%) than in
MR plants (54%), whose foliar area was significantly higher than that of NMR ones under

such treatment (Figure 3a).

In what regards the production of new leaves, expressed on a percentage basis
in relation to the control groups, only NMR plants co-exposed to heat and drought
underwent a reduction of this parameter, with inhibition values around 70% in relation to
the CTL (Figure 3b). In spite of that, MR and NMR did not present any differences
between each other under any stress conditions, though a tendency for MR to show and

increased production rate of leaves can be noticed (Figure 3b).

Following a similar pattern, in comparison with the CTL, the RWC of NMR plants
significantly decreased around 21% and 28% under drought and combined stresses,
respectively (Figure 3c); in the MR plants, only drought induced a significant decrease
of this parameter (19%), in comparison with non-stressed MR plants. Once again,
mycorrhization led to an augmented RWC, specially under the heat treatments (single
and combined), with MR presenting up to a 1.5-fold increase when compared with NMR

plants (Figure 3c).
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Figure 3 Foliar area (a), percentage of new leaves (b) and relative water content (RWC) (c) of NMR and MR chestnut
plants after 21 days of stress exposure. CTL — control plants; HEAT — heat-exposed plants (42 °C; 4 h d'); DROUGHT —
drought-exposed plants (no irrigation until a 25% WHC was reached, for 21 d); COMBINED — heat and drought co-
exposed plants. Results are expressed as mean + SD (n = 3). Different letters above bars demonstrate differences
between treatments for each plant set (lowercase letters — NMR plants; uppercase letters — MR plants), based on Tukey’s
post-hoc test at p < 0.05). * Above bars indicate differences between MR and NMR plants for each treatment (Sidak: p <
0.05).

3.2 Carbon assimilation efficiency — gas-exchange parameters

Regarding gas-exchange measurements, all parameters (transpiration rate, stomatal
conductance, CO; assimilation rate and intrinsic water use efficiency) were significantly
changed in response to both MYCO and STRESS factors, and their interaction (Table
S1).

From what can be observed in Figure 4 (a,b), NMR plants generally presented a
higher transpiration rate (E) and stomatal conductance (gs) than MR ones. Still, both set
of plants responded similarly to the different stress treatments (Figure 4a,b). In fact, the
transpiration rate of both NMR and MR only significantly decreased under single

exposure to water scarcity (36% for NMR and 26% for MR) in comparison with their
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respective CTLs (Figure 4a). Regarding gs, in NMR plants, it was significantly decreased
under drought (44%) and combined (22%) stresses, while no differences were recorded

among treatments for MR plants (Figure 4b).

On its turn, stress-induced effects on carbon assimilation (A) varied between
NMR and MR plants (Figure 4c). In general, MR plants under stress conditions presented
enhanced assimilation rates than NMR (Figure 4c). Moreover, while in NMR a significant
decrease was registered in response to drought, either single (33%) or combined (43%),
MR plants did not present any significant inhibition and even enhanced their carbon
assimilation under HEAT, with almost a 2-fold increase, in comparison with the
respective CTL (Figure 4c). Lastly, the evaluation of the water use efficiency (WUE))
revealed that MR plants presented increased values than their NMR counterparts in all
experimental groups. Additionally, as can be seen in Figure 4d, in NMR plants, WUE; did
not change across the different stresses in relation to the CTL (Figure 4d); in the MR
plants, this parameter significantly increased under individual stresses (1.64- and 1.16-
fold in response to heat and drought, in relation to the CTL) (Figure 4d).
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Figure 4 Transpiration rate (E) (a), stomatal conductance (gs) (b), carbon assimilation (A) (c) and intrinsic water use
efficiency (WUE; = A/gs) (d) of NMR and MR chestnut plants after 21 days of stress exposure. CTL — control plants; HEAT
— heat-exposed plants (42 °C; 4h d*); DROUGHT - drought-exposed plants (no irrigation, until a 25% WHC was reached,
for 21 d); COMBINED — heat and drought co-exposed plants. Results are expressed as mean + SD (n = 3). Different
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letters above bars demonstrate differences between treatments for each plant set (lowercase letters — NMR plants;
uppercase letters — MR plants), based on Tukey’s post-hoc test at p < 0.05). * Above bars indicate differences between
MR and NMR plants for each treatment (Sidak: p < 0.05).

3.3 Photochemical reactions - chlorophyll fluorescence

analysis
According to the ANOVA results, only the interaction of both factors induced a significant
effect on the maximum photochemical efficiency of PSII (F./Fn) and non-photochemical
guenching (NPQ) (Table S1). In contrast, both electron transport rate (ETR) and effective
yield of photosystem Il (PPSII) were significantly changed in response to MYCO and the

interaction of both factors (Table S1).

In general, under control conditions, NMR and MR plants showed identical values
for all evaluated parameters (Figure 5); on the contrary, the presence of mycorrhization
modulated stress responses differently, with a high variability found. For instance, while
ETR and ®PSII were higher in heat-exposed NMR plants, NPQ and F./Fn, did not change
between mycorrhizal and non-mycorrhizal plant sets under high temperature exposure
(Figure 5). Regarding the response of each plant set, MR plants did not show any
changes any of the studied indicators among stress groups (Figure 5a,b,c,d). Regarding
NMR plants, when compared with their respective CTL, increases in F./Fm (1.15-fold),
ETR (1.8-fold) and ®PSII (1.6-fold) were found under single heat (Figure 5a,c,d);
additionally, NMR plants exposed to single stresses did not increase the energy
dissipation from non-photochemical mechanisms, however a significant rise of NPQ (1.4-

fold) was recorded under the stress combination (Figure 5b).
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Figure 5 Maximum photochemical efficiency of PSIl (Fv/Fm) (a), non-photochemical quenching (NPQ) (b), electron
transporter rate (ETR) (c) and effective quantum efficiency of PSII (®PSII) (d) of NMR and MR chestnut plants after 21
days of stress exposure. CTL —control plants; HEAT — heat-exposed plants (42 °C; 4h d*); DROUGHT - drought-exposed
plants (no irrigation, until a 25% WHC was reached, for 21 d); COMBINED — heat and drought co-exposed plants. Results
are expressed as mean = SD (n = 3). Different letters above bars demonstrate differences between treatments for each
plant set (lowercase letters — NMR plants; uppercase letters — MR plants), based on Tukey’s post-hoc test at p < 0.05). *
Above bars indicate differences between MR and NMR plants for each treatment (Sidak: p < 0.05).

3.4 Photosynthetic pigments

Data revealed that the levels of total chlorophylls (Chl a + b) and carotenoids were only
significantly changed by the MYCO factor (Figure 6a,b). As can be seen, under control
and heat single stress, the levels of photosynthetic pigments were higher in MR plants
than NMR ones (control — car: > 1.5-fold; heat — chl: >1.7-fold; car: > 1.5-fold) (Figure 6).
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Figure 6 Total chlorophylls (Chl a + b) (a) and carotenoids (b) of NMR and MR chestnut plants after 21 days of stress
exposure. CTL — control plants; HEAT — heat-exposed plants (42 °C; 4h d*); DROUGHT - drought-exposed plants (no
irrigation, until a 25% WHC was reached, for 21 d); COMBINED — heat and drought co-exposed plants. Results are
expressed as mean = SD (n = 3). Different letters above bars demonstrate differences between treatments for each plant
set (lowercase letters — NMR plants; uppercase letters — MR plants), based on Tukey’s post-hoc test at p < 0.05). * Above
bars indicate differences between MR and NMR plants for each treatment (Sidak: p < 0.05).

3.5 Redox status — H202, O2” and LP

The levels of H,O; are represented in Figure 7 (a,b). According to the ANOVA results,
both factors (MYCO and STRESS) and their interaction had a significant effect in H,O»
accumulation in leaves of chestnut plants (Table S1); at the root level, differences were
found for the STRESS factor and its interaction with MYCO (Table S2). As shown in
Figure 7a, under control conditions, NMR showed increased and decreased values of
this ROS in leaves and roots, respectively, when compared to the MR set. Moreover, the
exposure of NMR pants to the individual stresses induced a significant increase of H202
in leaves (1.5-fold in heat and 1.3-fold in drought), over the CTL. In contrast, H.O- levels
in roots significantly decreased with all stress treatments (78% in heat, 61% in drought
and 81% in combined) (Figure 7b). Regarding MR plants, for both leaves and roots, only
the combined treatment induced a significant reduction in this ROS, decreasing by 25%
in leaves (Figure 7a) and by 73% in roots (Figure 7b), in comparison with the respective
CTL.

When it comes to O, levels (Figure 7c,d), data indicated that the STRESS and
its interaction with MYCO influenced this ROS levels in leaves, while in roots, differences
for both factors and their interaction were found (Tables S1 and S2). Generally, NMR
and MR plants accumulated O~ at the same extent, exhibiting nearly identical values in
almost experimental groups in both organs, except for HEAT stress in leaves and
DROUGHT stress in roots. NMR plants exposed to the stress treatments presented a
tendency to decrease the accumulation of this ROS in leaves, reaching statistical

significance upon the co-exposure to both factors, where a 32% reduction was registered
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(Figure 7c). Following the same pattern, in roots of NMR plants, the levels of this ROS
significantly decreased in all stress treatments, over the CTL (34% in heat, 31% in
drought and 48% in combined) (Figure 7d). In parallel, leaves (Figure 7c) and roots
(Figure 7d) of MR plants exposed to the individual or combined stresses exhibited lower

O2" levels (up to 54 and 64%, respectively), when compared to the respective CTL.

Concerning the LP degree, the two-way ANOVA indicated significant differences
for both factors and their interaction in both leaves and roots (Tables S1 and S2). Under
control conditions, the MDA content was identical between MR and NMR plants (Figure
7e,f). In what regards the response of NMR and MR plants to stresses, it was possible
to observe that the levels of LP of NMR plants were differently affected depending on
the organ (Figure 7e,f). In leaves, drought, either alone (1.6-fold) or combined (1.4- fold),
induced a significantly higher LP degree, in comparison with the CTL (Figure 7e).
Contrarily, concerning the MR set, LP did not significantly change among groups in
leaves. In roots, compared to the CTL, the MDA content diminished up to 50% under all
stress condition in NMR plants, while, in MR ones, it was markedly lower (52%) under

the combined treatment (Figure 7f).
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Figure 7 Levels of oxidative stress markers: H,O; (a,b), O, (c,d) and lipid peroxidation (LP) (e,f) in leaves (green bars)
and roots (brown bars) of NMR and MR chestnut plants after 21 days of stress exposure. CTL — control plants; HEAT —
heat-exposed plants (42 °C; 4h d*); DROUGHT - drought-exposed plants (no irrigation, until a 25% WHC was reached,
for 21 d); COMBINED — heat and drought co-exposed plants. Results are expressed as mean + SD (n = 3). Different
letters above bars demonstrate differences between treatments for each plant set (lowercase letters — NMR plants;
uppercase letters — MR plants), based on Tukey’s post-hoc test at p < 0.05). * Above bars indicate differences between

MR and NMR plants for each treatment (Sidak: p < 0.05).
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3.6 Non-enzymatic AOX system- proline, GSH and reduced AsA

Starting with Pro levels, ANOVA results indicated that both factors and their interaction
significantly affected this biomarker in leaves and roots of chestnut plants (Tables S1
and S2). It is noticeable that ECM association had a positive effect on Pro accumulation
across all experimental groups in both plant organs, but especially in leaves, where Pro
levels were always higher than in NMR plants (Figure 8a,b). Additionally, leaves and
roots of NMR plants exhibited similar Pro levels independently of the applied treatment,
as no significant changes between groups were detected (Figure 8a,b). Concerning the
MR plants, when compared to their respective CTL, those exposed to single stresses
exhibited lower Pro accumulation in leaves (30% and 20% in heat and drought,
respectively) (Figure 8a), while no significant differences were recorded in roots (Figure
8b). In contrast, MR plants subjected to the combined treatment accumulated Pro to a
much higher extent, with the levels of this AOX metabolite increasing by 1.8-fold in leaves
(Figure 8a) and 3.6-fold in roots (Figure 8b).

Regarding GSH content in leaves, and following a significant effect for the
STRESS factor and its interaction with MYCO (Table S1), it can be observed that only
MR plants under the combined treatment stimulated the accumulation of this AOX,
compared to the respective CTL (Figure 8c). On the other hand, GSH content of roots
was significantly modulated in response to both factors and their interaction (Table S2).
While in NMR plants the GSH content was similar across the different groups, in MR
plants the individual and combined stresses induced a significant reduction of this AOX
metabolite. More precisely, in comparison with the CTL, heat and drought alone inhibited
GSH levels by 43% and 33%, respectively, with their combination further aggravating
this response (73%) (Figure 8d). Lastly, it is evident that ECM association enhanced
GSH content across all treatments in roots, while in leaves no changes were found
(Figure 8c,d).

With respect to AsA, the ANOVA analysis revealed significant changes in
response to MYCO in leaves, and in response to STRESS in roots, with the interaction
of both factors influencing AsA levels in both organs (Tables S1 and S2). First, it can be
observed that, under CTL conditions, AsA levels were similar between the two sets of
plants (Figure 8 e,f). As Figure 8e suggests, AsA levels in leaves of NMR plants did not
change significantly, although there was a tendency for decreased values in the
combined treatment. In the roots, NMR plants exhibited reduced AsA levels with
decreases of 60% and 44% in drought alone or combined with heat, respectively and in

relation to the respective CTL (Figure 8f). In MR plants, no changes were found for the
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single stresses in both organs; however, the combined treatment induced contrasting

responses between organs in this group of plants: while in leaves (Figure 8e), the AsA
content increased by 1.4-fold, in roots (Figure 8f) a 76% decrease was recorded, over

the respective CTL.
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Figure 8 Content of proline (a,b), GSH (c,d) and AsA (e,f) in leaves (green bars) and roots (brown bars) of NMR and MR
chestnut plants after 21 days of stress exposure. CTL — control plants; HEAT — heat-exposed plants (42 °C; 4h d?);
DROUGHT - drought-exposed plants (no irrigation, until a 25% WHC was reached, for 21 d); COMBINED - heat and
drought co-exposed plants. Results are expressed as mean + SD (n
differences between treatments for each plant set (lowercase letters — NMR plants; uppercase letters — MR plants), based
on Tukey'’s post-hoc test at p < 0.05). * Above bars indicate differences between MR and NMR plants for each treatment

(Sidak: p < 0.05).
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3.7 Principal Component Analysis (PCA) and heatmap

To gain a comprehensive understanding of treatment effects and the relationships
between the studied variables, as well as to infer correlations among all tested
parameters, a PCA was conducted. On top of that, an heatmap analysis was also carried
out for a broad insight on the overall response of both NMR and MR plants under the
imposed stress conditions. The results obtained showed that the first component (PC1)
explained 27.13% of total variance while the second (PC2) explained 22.73%. Overall,
Figure 9 shows that chestnut plants were differently affected by the stress type and the
presence of beneficial mycorrhiza. Indeed, four clear cluster are noticeable. All NMR
plants are located in the first and fourth quadrants: in the first quadrant, there is a cluster
of NMR CTL/HEAT, while in the fourth quadrant, there is a close association of NMR
DROUGHT/COMBINED plants. In the second quadrant, control and MR plants exposed
to single stresses form a clear cluster, while MR COMBINED plants stand out in the third
guadrant as a distinct group. The same identified clusters are also evident in the heatmap
(Figure 10). Altogether, this indicates a very pronounced effect of mycorrhization in
modulating the plants’ physiological status in both control and stressful conditions.
Moreover, the higher similarity between the individual stresses and the control in the MR
plants, compared to NMR plants, highlights the important role of this association in
ameliorating the plants’ response to stress. Indeed, by analysing Figure 10, it is
recognizable that generally, the response of MR plants exposed to singles stresses (MR
HEAT-DROUGHT) was similar to the ones of control conditions (MR CTL) across all
evaluated parameters in terms of photosynthesis, ROS levels and AOX metabolites.
Moreover, despite being clustered apart, MR COMBINED plants presented a close-to-
control performance regarding growth and photosynthetic capacity, with the main
differences being lower ROS and AOX accumulation, as well as increased osmolyte

production, also indicating a beneficial plant response.
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Figure 10 Clustered heatmap, elucidating the differential response of NMR and MR chestnut after 21 days of stress
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4 Discussion

High temperatures and prolonged periods of drought represent major environmental
threats for chestnut tree productivity and yield (Fernandes et al., 2022). Yet, little
attention has been given to the understanding of their combined impacts on chestnut
physiological performance. Actually, to the best of our knowledge, this is the first
assessment of heat and drought effects on the physiology and photosynthesis of
chestnut seedlings (Castanea sativa cv. Marsol). Aside from that, a step forward on the
obtention of climate-resilient chestnut plants was also foreseen in this work, given the

current need to find sustainable strategies, such as mycorrhizal association, against
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drastic climatic challenges. Therefore, in the present study, the beneficial role of a
symbiotic association with Paxillus involutus in alleviating heat and drought co-exposure

in the growth and physiological performance of C. sativa was also evaluated.

4.1 The combination of heat and drought majorly hampered

plant growth, but mycorrhization came for the rescue

Plants can exhibit distinct responses when subjected to a combination of stresses in
comparison to their individual counterparts (Zandalinas & Mittler, 2022). Here, to unravel
how C. sativa could be affected by the simultaneous exposure to heat and water scarcity,
plants were either single or co-exposed to both stress factors. Single treatment with heat,
besides reducing the foliar area, barely affected the growth of NMR and MR plants,
suggesting that they were able to deal with this stress, at least macroscopically. Heat
stress is a multifaceted result of factors such as intensity (temperature degrees) and
exposure duration (Wahid et al., 2007). In most cases, tree species can handle elevated
ambient temperatures (> 40 °C) for brief periods, provided they have a sufficient water
supply (Teskey et al., 2015). In this way, although the heat treatment was applied daily,
the 4 h time-period may not have been enough to completely impair chestnut plants
growth, as they were able to recover. In fact, the reduction of the foliar area under high
temperatures is an avoidance mechanism to help plants maintain a higher water status,
and it is often linked to heat tolerance traits (Khan et al., 2019). As a matter of fact, the
relative water content (RWC) of both NMR and MR plants exposed to heat alone was
similar to CTL plants, possibly due to the reduction of the foliar area. On the other hand,
drought, either individually or combined, severely impaired the growth of chestnut plants,
especially those non-mycorrhizal, by decreasing the foliar area and reducing plants’
RWC. The growth inhibition was even more obvious under the co-exposure scenario,
with a marked reduction of the production of new leaves in NMR plants. These results
are aligned with the ones obtained for many plant species, where the combination of
heat and drought appears to be more detrimental for plant growth than the individual
ones (Xu et al., 2023; Zandalinas et al., 2018). Furthermore, Zhou et al. (2017) concluded
that, when in combination, drought had a dominant effect over heat stress in three tomato
(Solanum lycopersicum L.) cultivars. According to their data, leaf area and RWC of plants
under combined stresses were similar to those exposed solely to drought. Aligned with
that, in the present work, drought also had a predominant effect in relation to heat,
regarding the growth of NMR chestnut plants. Still, in this case, the presence of heat
further aggravated these consequences, hampering plant growth by inhibiting the

production of new leaves. Thus, it seems that drought, by reducing roots’ water
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availability, somehow impaired the ability of plants to recover from the high temperature
stress. This resulted in a further reduction of the foliar area and impaired the production

of new leaves.

Under non-stress conditions, mycorrhization did not contribute to a higher growth
performance of chestnut plants, thus, the variations in stress tolerance are not
exclusively link to a positive effect on growth by the symbiotic association. Mycorrhizal
association has been shown to improve several plant species growth under drought
(Kebert et al., 2023; Meddich et al., 2015; Wang et al., 2021). Yet, for example,
Sebastiana et al. (2018) observed that inoculation of Quercus suber L. with the ECM
(Pisolithus tinctorius) did not result in a higher shoot growth (shoot heigh, diameter and
weight, leaf area and number of leaves) under water stress. Comparable to that, in this
study, leaf area was lower under water scarcity in MR plants. Still, they were able to
sustain a production of new leaves similarly to non-stressed plants and in a higher
number than NMR ones. Under drought alone, the ECM association did not result in a
significantly higher RWC in relation to NMR plants and was lower than the respective
CTL. Although surprising, this could be firstly interpreted as the ECM association not
being significantly beneficial for chestnut plants to cope with individual water stress. In
fact, while ECM fungi can influence root water transport of host plants, as stated by
Kilpelainen et al. (2020) negative or no effects of ECM in host water relations have also
been reported. However, the inhibition degree found in MR was less evident than that
for non-mycorrhizal plants. Moreover, the monitorization of the WHC of both NMR and
MR potted plants, throughout 21 days of stress exposure (Figure S1) suggests that ECM
association allowed chestnut plants to lose water at a lower rate than NMR ones during
the stress period. Thus, the presence of beneficial microorganisms’ associations can be

an effective strategy to prevent greater water losses.

Interestingly, the presence of the beneficial mycorrhiza significantly boosted
chestnut plants tolerance to the stress combination. This is evident, for instance, by the
significant increase in foliar area in relation to NMR plants exposed to the same
conditions. Furthermore, contrary to drought single exposure, MR plants were able to
sustain a higher water balance in leaves in a similar level to non-stressed plants. The
positive effect of the ECM in alleviating the severe combined stress effects on chestnut
plants growth is also highlighted by the fact that, contrary to NMR plants, MR ones were
able to produce leaves at levels comparable to non-stressed plants. Most likely, in clear

opposition to NMR plants, the presence of beneficial mycorrhiza, by allowing chestnut
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plants to absorb water more efficiently, allowed them to recover from the heat treatment,

even when it was combined with drought.

4.2 Mycorrhization sustained CO: assimilation and improved

water use efficiency under single and combined stress

Essential physiological processes in plants are mirrored in the interactions involving
carbon metabolism and water relations, which are sensitive to elevated temperatures
and drought (Ruehr et al., 2019). The interplay of carbon and water at the leaf level is
closely connected through stomata, which are carefully controlled to uphold hydraulic
stability while enhancing carbon uptake (Ruehr et al., 2019). Stomata regulate rates of
CO; assimilation and water loss, optimizing photosynthesis and water use efficiency
(WUE) (WEei et al., 2018). Usually, at high temperatures, stomata remain open to allow
the evaporative cooling to prevent thermal damage (Urban et al., 2017). Nevertheless,
closure and lack of significant response of the stomatal conductance (gs) under high
temperatures have also been reported (Marchin et al., 2022 and references within). In
this study, gas-exchange of NMR chestnut plants was not particularly sensitive to high
temperatures, as stomatal conductance (gs) transpiration (E), CO; assimilation (A) and
water use efficiency (A/gs) was comparable to non-stressed plants. These results are
partially supported by the data of Dorado et al. (2023). The authors evaluated the effects
of heat stress (42.5 °C for 6 h for 7 days) on 6 months-old chestnut seedlings, with origin
from three wild populations in Spain, being one of them Puebla de Sanabria located in
northern Spain, close to the Tras-os-Montes region of Portugal. In their study, the authors
reported that, after the 7-d period, heat stress did not affect plant photosynthetic rate, E
and gs, but induced a significant decrease in WUE;. Contrarily, on day one of high
temperatures, photosynthetic rate and gs decreased exponentially, while E values
increased. Moreover, they also observed that only 10% of the chestnut plants exposed
to heat presented leaf damage (brown margins, yellowing and browning of inner areas,
and scorching), but all seedlings exhibited lower leaf, root and total biomass compared
to control plants, which corroborates the outcomes of the present work. Dorado et al.
(2023) discussed that the differences in gas-exchange parameters, at the first and
seventh day of heat stress, suggests that the CO, assimilation is more sensitive to daily
temperatures than to prolonged heat exposure, possibly indicating plant adaptations to
elevated temperatures. In fact, as reviewed by Ruehr et al. (2019), hydraulic
conductance of woody plant species might not be significantly impacted in response to
high temperatures in circumstances of adequate water availability. In this sense, the gas-

exchange parameters align with the hypothesis that chestnut plants were able to recover
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from the heat treatment, since the growth-related parameters of NMR plants also mostly
remained unaffected. Generally, stomatal closure to prevent water loss from
transpiration is one of the first responses of plants to drought. As a consequence, gas-
exchange ability becomes limited and CO, supply is reduced, ultimately affecting the
overall photosynthetic performance (Pirasteh-Anosheh et al., 2016). Consistent with
this, when exposed to drought alone, NMR chestnut plants possibly reduced gs as a
mechanism to prevent water loss, subsequently leading to a reduction in E and a
decrease in A. In accordance to this, Camisén et al. (2020), when evaluating the effect
of drought (5% of soil volumetric water content) on two year-old C.sativa seedlings for
60 d, reported that, 20-d after the stress application, gs and A were similar and close to
zero, and the RWC had also significantly decreased. In fact, the authors suggested that
the decrease in gs due to drought was strongly associated with the decline in RWC and
that the stress-induced stomatal closure contributed for a reduction in A. They also
suggest that the reduction in A could have been a consequence of Chl degradation and
soluble sugar accumulation in leaves. Curiously, when heat and drought were imposed
together, NMR plants showed a diminished stomatal conductance, though the
transpiration rate remained relatively equal to the control plants. Still, carbon assimilation
was greatly hampered, indicating a disruption in the chemical reactions of
photosynthesis. These findings suggest that, in terms of gs and E, neither stress factor
prevailed over the other. However, in terms of carbon assimilation, the negative effects
of drought prevailed. This aligns with the results of the growth-related parameters,
suggesting that drought hindered the ability of NMR chestnut plants to recover from the
heat treatment. Likewise, Birami et al. (2018) observed that Pinus halepensis seedlings
during heat periods exhibited a delay on gas-exchange recovery under water-limiting

conditions.

Mycorrhization can significantly influence stomatal conductance, with MR plants
frequently displaying higher gs in relation to NMR ones (Augé et al., 2015). In contrast,
in the present study, apart from the individual drought stress, MR plants exhibited lower
gs and E values in relation to NMR plants. Yet, it should be emphasized that stomatal
response to P. involutus colonization exhibits variability, depending on the host species
(Danielsen & Polle, 2014). Despite of that, results also revealed that, under both
individual and combined stresses, the ECM association helped to mitigate the impact of
drought in gas-exchange parameters. Actually, stomatal conductance and transpiration
rates did not vary between control plants and those co-exposed to both stress factors.

Moreover, it is also worth noting that carbon assimilation was even boosted under single
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exposure to high temperatures, along with an increase in water use efficiency, which was
always higher than in NMR plants under stress conditions. Some studies suggest that
MR plants exhibit higher rates of net photosynthesis likely due to a strong mycorrhizal
demand for carbohydrates, which influences stomatal opening (Heinonsalo et al., 2015).
This did not happen in this present study, as MR plants, particularly under heat and
combined stresses, exhibited a significantly lower gs coupled with a marked increase of
A in relation to NMR ones. Thus, as hypothesized by Heinonsalo et al. (2015), under
individual and combined stresses, MR chestnut plants may have used plant-assimilated
carbon more efficiently while NMR plants lose carbon in the form of exudates. This is
supported by the significantly lower A of NMR in relation to MR plants under the different
stresses. Moreover, ECM can indirectly improve water relations through a more efficient
nutrient uptake. Indeed, adequate nitrogen nutrition, by increasing the photosynthetic
machinery efficiency, can increase WUE if transpiration remains at the same rate (Lehto
& Zwiazek, 2011). An improved phosphorus nutrition can also result in increased WUE
(Kulmann et al.,, 2023). Thus, altogether, WUE may have increased in MR plants
indirectly by a better nutrient absorption and by enhancing A without changes in gs and
E. To confirm this hypothesis, the mineral status of the chestnut plants should be

analysed in future studies.

A well-know effect of the ECM association is the improved and more efficient water
absorption by the plant host roots, even under stress conditions (Smith & Read, 2008).
In this sense, in contrast to the NMR set, MR plants were able to maintain a leaf water
status comparable to that of non-stressed plants, when exposed to both heat and water
scarcity. This ability to maintain a similar leaf water status enabled MR plants to preserve
their gas-exchange capacity, particularly stomatal conductance, which is strongly
influenced by leaf RWC (Buckley, 2019).

4.3 Photochemical reactions were not affected by stresses nor

mycorrhization

Chlorophyl fluorescence measurements are a powerful technique, widely used to detect
stress effects in the operation of the photosynthetic system (Guidi et al., 2019). Changes
in maximum photochemical efficiency of PSIl (F./Fn), under abiotic stress, reflect
damage to PSII (Baker, 2008). In this study, exposure to heat and drought did not result
in photoinhibition of both NMR and MR, as F./F and ®PSII did not decrease in response
to any of the stresses, even in combination. These results are distinct from the ones
obtained by Duc et al. (2018), where the F./Fn of MR and NMR tomato plants (Solanum
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lycopersicum var. MoneyMaker) decreased in response to heat, drought, and their
combination. However, in their study, the heat treatment consisted in a 6 h treatment at
42 °C prior to plant harvesting, a much more acute exposure than the one implemented
in the present work. On the other hand, for example, the NPQ, F./Fn and ETR of Populus
simonii growing under a greenhouse context, exposed for 3 and 6 h to high temperatures
(42 °C), was similar to CTL plants (Song et al., 2014). In this work, heat alone stimulated
the photochemical reactions of NMR plants. This is evident by the fact these plants
exhibited a higher F./Fn, and an increased ETR through the PSII that translated into a
higher ®PSII. Abiotic stress, such as excessive-light, drought, and heat can result in
excessive reduction of the ETC. To overcome this, plants have several mechanisms
such as NPQ (Gururani et al., 2015). This is a photoprotection mechanism related to the
dissipation of excessive energy as heat and, when increased, can reflect a decrease in
photosynthetic efficiency (Pshybytko, 2023; Ruban, 2016). In this case, although NMR
plants exposed to the combination of heat and drought exhibited a higher NPQ, the
photosynthetic efficiency was similar to non-stressed plants. Furthermore, the
guantification of photosynthetic pigment levels was consistent with the chlorophyll
fluorescence measurements. In fact, total Chl levels and carotenoids did not change in
response to heat and drought. Additionally, despite not statistically significant,
carotenoids levels seemly increased in NMR plants exposed to the combined stress,
behaviour that is consistent with the higher NPQ registered in these plants. In fact, NPQ
is a complex mechanism comprised by several components: the energy-dependent (QE),
zeaxanthin-dependent (qZ) and photoinhibitory quenching (ql) (Derks et al., 2015).
Acidification of the thylakoid lumen arise by the electron transport, induced the
protonation of PsbS protein (PSIl subunit S) which then activates the xanthophyll cycle,
where vioxanthin is converted to zeaxanthin (Zhao et al., 2017). Considering that
xanthophylls belong to a group of carotenoids (Cazzonelli, 2011), they might have been

responsible for the heat dissipation as NPQ of NMR plants.

The results also revealed that ECM association did not significantly affect the
photochemical efficiency of chestnut plants. A similar result was obtained by Aryal et al.
(2021), addressing the drought tolerance of chestnut seedlings colonized by ECM. In
their study, the F./Fn of chestnut seedlings exposed to drought was identical among
inoculated and non-inoculated plants. Furthermore, although MR plants exposed to heat
alone exhibited higher levels of photosynthetic pigments than NMR ones, this did not
result in higher F./Fn, ®PSIl or ETR.
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Overall, the results reveal that drought, alone or combined, did not inhibit the
photochemical reactions. Thus, the lower carbon assimilation may possibly be related to
stomatal limitations, rather than damage to the photosystem apparatus. Moreover, the
chlorophyll fluorescent measurements and the levels of photosynthetic pigments support
the hypothesis that, under drought conditions, either alone or in combination, ECM
association with chestnut plants allowed them to sustain photosynthetic performance
similar to non-stressed plants by maintaining gas-exchange capacity rather than by
directly influencing the photochemical reactions.

4.4 The redox status of chestnut plants varied according to the

stress treatment and the presence of mycorrhizae

A typical consequence of heat and drought stresses is the excessive production of ROS,
such as H>0> and O2", which can further translate into severe redox disorders with
impacts on growth and development (Hasanuzzaman et al., 2021). Seeking to evaluate
the impact of both stresses, individually or in combination, on the redox metabolism, the
accumulation of H>O, and O>" was evaluated in roots and leaves of NMR and MR
chestnut plants. This assessment was also complemented with the evaluation of LP,
indicative of membrane damage (measured by the MDA content). Overall, neither water
deficit nor high temperatures led to an evident situation of oxidative stress in roots of
both sets of plants. This suggests that chestnut plants were able to employ defence
mechanisms and/or that leaves were the most sensitive organ to the action of both
stressors. Curiously, when considering ROS monitoring and LP degree, it was found that
leaves of both NMR and MR plants were much more susceptible to the imposed stresses

than roots.

Still, the response observed varied according to the plant set (NMR and MR) and
the treatment, as discussed further. Interestingly, it would be expected that heat-treated
NMR plants would present a higher production of O,", given the recorded enhanced ETR
rate. Indeed, in the chloroplasts, during electron transport, the reduction of O, produces
02" (Khorobrykh et al., 2020). Yet, NMR plants under heat stress (which also exhibited
a higher ®PSII) did not have their O, levels increased, when compared to non-stressed
plants. Still, H>O; levels rose, suggesting that the possible generation of O~ is being
quickly managed by AOX defences, such as SOD, arising the production of H>O», a much
more stable ROS with signalling functions (Smirnoff & Arnaud, 2019), that can be
inducing downstream physiological adjustments. Actually, despite this rise in H202, no

evident signs of oxidative damage, in terms of LP, were recorded in NMR plants single
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exposed to heat. Similarly, heat did not lead to ROS overproduction or membrane
damage in the leaves of MR plants. Additionally, under high temperatures, the levels of
the main non-enzymatic AOX metabolites (Pro, AsA and GSH) were not changed in both
MR and NMR plant sets. Thus, overall, one can suggest that, under heat single
exposure, leaves of chestnut plants did not experience severe oxidative damage,
supporting the hypothesis that they were able to tolerate the high temperatures
treatment. To the best of our knowledge, studies evaluating the redox status and
antioxidant system of MR chestnut plants do not exist. Nevertheless, contrary to our
study, Dorado et al. (2023) observed that C.sativa seedlings exposed to heat significantly
accumulated Pro in leaves. Similarly, exposure of NMR and MR Quercus robur L. to heat
stress (40 °C/30 °C day/night temperature) for 72 h, resulted in enhanced osmolytes

levels, namely Pro, paired with an upsurge of LP (Kebert et al., 2022).

In contrast to heat, drought stress, single or combined with heat, induced a
meaningful impact on NMR and MR plants redox status. Drought alone stimulated H20>
production in NMR and, although O, levels did not increase, this resulted in substantial
damage to the cellular membranes. In accordance, an upsurge in LP is one of the most
common responses of plants facing water deprivation. In fact, under such conditions, as
stomata close to prevent water loss, CO; assimilation decrease (Zargar et al., 2017).
This creates an imbalance in utilization and consumption of absorbed light. Despite the
excessive energy can be dissipated through NPQ, photorespiration and Mehler reaction,
this can result in excessive ROS production and oxidative damage (Ma et al., 2015).
Indeed, higher H;O. levels under drought may be explained by the leakage of
photosynthetic electrons to O, (Mehler reaction) (De Carvalho, 2008; Ma et al., 2015).
Equivalent results were also found by Wang et al. (2018) and Ben Abdallah et al. (2018),
working with apple-trees (Malus domestica) and olive (Olea europaea L.) grown under
water deprivation conditions, respectively. Interestingly, the AOX metabolite levels
remained unchanged, revealing that the AOX system failed to prevent the
overaccumulation of ROS. This result, especially the absence of changes in Pro, is quite
surprising since the production of compatible solutes is often considered a signature
response of plants to drought (Ashraf & Foolad, 2007). Indeed, it is suggested that during
abiotic stress Pro confers a degree of osmoprotection via stabilization of subcellular
structures while also quenching O, and directly scavenging OH-, hence protecting DNA,
proteins, and membranes (Filippou et al., 2011). In contrast to NMR plants, leaves of MR
plants individually exposed to drought did not experience an enhanced ROS

accumulation and no upsurges in LP were observed. Thus, the ECM association clearly
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contributed for a better tolerance of chestnut plants to drought, as also reported by Aryal
et al. (2021). These results are in accordance with several former works, suggesting that
ECM association can improve the tolerance of several tree species such as Nothofagus
dombeyi (Alvarez et al., 2009), Pinus tabulaeformis (Wang et al., 2021), Quercus robur
L. (Kebert et al., 2023) to drought. Yet, the AOX metabolite levels of MR plants exposed
to drought was not significantly distinct from MR non-stressed plants, revealing that the
stimulation of the non-enzymatic defences in response to drought does not seem to be
a mechanism of chestnut plants to endure water stress. In this way, the lack of oxidative
damage and the maintenance of ROS homeostasis under drought stress is most
certainly related to other mechanisms, possibly the activation of enzymatic defences. In
the future, it would be interesting to understand how the enzymatic component of the
AOX system is behaving in such conditions. Furthermore, as reviewed by Bueno et al.
(2022), while arbuscular mycorrhizal fungi (AM) primary rely on strengthening
physiological and biochemical plant strategies such as osmotic regulation and AOX
enzyme activity to enhance tolerance to drought, ECM fungi usually boost plant tolerance
by assisting with water use efficiency, an hypothesis previously raised in the present
study. This is achieved through the development of a larger extraradical-mycelium,
allowing the host plant to acquire water from greater distances compared to AM. Indeed,
as concluded by Lehto and Zwiazek, (2011), ECM fungi have a higher potential to assist
in host-plant-water relations, such as increased gas-exchange, altered hydraulic
conductance of mycorrhizal roots and osmotic adjustments. The results seem to be
aligned with those assumptions, since MR plants had gas-exchange relations

comparable to non-stressed plants.

Besides differentially affecting the redox responses of MR and NMR plants,
drought- and heat-combined effects were substantially different from those coming from
their individual counterparts. Starting with the NMR plants, the co-exposure to heat and
drought did not result in an enhanced ROS production, in relation to the individual
stresses. Actually, while H.O, remained unaltered, the O, levels were even lower under
the stress combination. Still, LP degree remained higher than the CTL. This suggests
that drought-mediated effects somehow prevailed under the combined treatment, and
that other ROS, rather than Oz-and H20:, are behind the upsurge in LP. Indeed, it is
known that during the Haber-Weiss process, O, can donate an electron to Fe3* yielding
Fe?" which then can be oxidized by H,O, rapidly generating OH- (Fenton reaction) (Gill
& Tuteja, 2010). Thus, the increased LP degree may have arisen from that mechanism,

as OH- is a highly reactive ROS that can injure cellular membranes (Bhattacharjee,

50
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2019). Once again, plants not inoculated with the ECM did not change the levels of their
AOX metabolites under the combined treatment, sustaining the previously raised
hypothesis. Conversely to that, ROS accumulation in leaves of MR plants co-exposed to
heat and drought were lower in relation to non-stressed plants. Furthermore Pro, GSH
and AsA were all significantly increased in MR plants leaves in response to the combined
stress, suggesting the stimulation of the non-enzymatic component of the AOX defence
system. Indeed, the AOX metabolites were effective in scavenging and neutralizing ROS,
preventing oxidative damage, as no signs of membrane damage under the stress
combination were detected. On top of that, despite the resources investment by MR in
the activation of the non-enzymatic components of the AOX system, their growth and

development was not compromised under the combination of heat and drought.

Altogether, as evidenced in the PCA and the heatmap analysis, there is a clear
separation between MR and NMR plant sets, revealing that the presence of
ectomycorrhiza significantly modulated plant responses under both control and stress
conditions. Furthermore, these multivariate analyses also highlighted the beneficial role
of the associated ECM in ameliorating chestnut plants' responses to stress, since single
drought and heat grouped together with control plants. Actually, though at a first glance,
the segregation of MR plants exposed to combined stresses might seem a negative
outcome, this separation mostly results from the activation of the non-enzymatic AOX,

namely proline.

5 Main conclusions and future prospects

e Growth performance
o NMR and MR were able to recover from the high temperature treatment,
and growth was not compromised under individual heat stress;
o Drought alone impaired the growth of NMR plants, and the combination
with heat induced a more severe effect;
o ECM association contributed for mitigating the negative effects of
drought, alone or combined, in chestnut plants growth.
e Photosynthetic metabolism
o The gas-exchange parameters of NMR plants remained unaffected by
heat alone, but under drought, both individual and combined with heat,
negative effects on carbon metabolism were observed,;
o MR plants were able to sustain higher gas-exchange parameters, under

drought and combined stresses, similar to non-stressed plants;
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o ECM association boosted C. sativa CO, assimilation and water-use
efficiency under all stressful conditions;

o The ameliorative action of ECM association on photosynthesis was most
likely related to an improvement in carbon reactions, rather than
photochemical efficiency.

e Redox status and non-enzymatic AOX defences

o No ROS overaccumulation or membrane damage was perceived in roots
of NMR and MR chestnut among stress treatments;

o Leaves of both NMR and MR plants exhibited variation in ROS levels
(H202 and Oy") in response to the individual and combined stresses;

o Heat alone, in general, did not induce oxidative damage nor activate the
non-enzymatic AOX system in both NMR or MR plants;

o Drought, alone or combined with heat, triggered oxidative stress in NMR
plants;

o The combination of heat and drought stresses stimulated the production
of AOX metabolites (Pro, GSH and AsA) in MR plants, effectively

scavenging ROS and preventing oxidative damage.

In summary, single and co-exposure to heat and drought differently affected chestnut
plants, with mycorrhization playing a clear role in modulating these responses. In this
study, both NMR and MR chestnut plants were able to recover from the imposed heat
treatment, with the ECM presence further easing that process. Conversely, drought,
whether individually or in combination, significantly impacted the physiological
performance, in terms of growth and photosynthesis (gas-exchange), and disrupted the
redox status of chestnut plants, hampering their recovery from heat treatment, especially
in non-mycorrhizal plants. Indeed, the ECM association mitigated to some extent those
effects, mainly by sustaining chestnut plants growth, water status, promoting gas-
exchange features and the production of AOX metabolites. Overall, this work, besides
providing a characterization of the impacts of heat and drought combined stresses in C.
sativa, also demonstrated that mycorrhization can be a practical and cost-effect tool to

boost chestnut tree tolerance to climate change.

Nevertheless, on a short term, it would be interesting to explore the following ideas:
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e Asses the mineral status of NMR and MR chestnut plants in response to heat
and drought to unravel the role of ECM association in modulating plant’s mineral
nutrition under different stresses;

e Evaluate the response of the enzymatic components of the AOX system of NMR
and MR chestnut plants in response to heat and drought;

e Understand how ECM associations modulate the levels of different
phytohormones under stress conditions, nhamely ABA and strigolactones, key
plant growth regulators involved in water stress response and mychorrizal

associations, respectively.

Furthermore, aligned with the main goals of the CC&NUTS project, to the following

steps would most certainly focus on:

o Extending this knowledge to other important chestnut varieties in Portugal,
such as Judia, Ca-90, Belle Epine among others, in order to select potentially
tolerant genotypes;

o Evaluate the efficiency of stress priming, by activating plant memory, to
develop chestnut plant varieties more tolerance to heat and drought stresses;

e Validating the combination of both strategies (stress priming and

mychorrization) under field conditions.
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Supplementary Material

Table S1. Results of the two-way ANOVA for all evaluated parameters in leaves of NMR and MR chestnut plants after 21
days of stress exposure. CTL — control plants; HEAT — heat-exposed plants (42 °C; 4h d-1); DROUGHT - drought-
exposed plants (no irrigation, until a 25% WHC was reached, for 21 d); COMBINED — heat and drought co-exposed plants.

strategy?

Parameters where significant differences (p < 0.05) were recorded are highlighted at bold.

Parameter

Factors

STRESS

MYCO

Interaction

RWC

Foliar area
New leaves
E

gs

A

Algs

Fu/Fm

NPQ

ETR

PPSII

Total Chl
Carotenoids
LP

H202

Oz-

Pro

GSH

AsA

F (3, 32) = 14,02; p < 0.05
F (3,29) = 96,31; p < 0.05
F (3, 52) = 6,832; p < 0.05
F (3, 48) = 19,67; p < 0.05
F (3, 45) = 37,01; p < 0.05
F (3, 38) = 63,82; p < 0.05
F (3, 35) = 21,34; p < 0.05
F (3, 84) = 2,186; p > 0.05
F (3, 74)=2,716; p > 0.05
F (3, 75) = 2,076; p > 0.05
F (3, 79) = 2,120; p > 0.05
F (3, 18) = 2,153; p > 0.05
F (3,17)=2,387; p >0.05
F (3, 33) = 6,444; p £ 0.05
F (3, 16) = 7,462; p < 0.05
F (3, 30) = 16,39; p £ 0.05
F (1, 17) = 557,8; p < 0.05
F (3, 17) = 3,500; p < 0.05
F (3, 16) = 0,9102; p > 0.05

F (1,32)=37,81; p $0.05
F (1, 29) = 15,28; p £ 0.05
F (1,52)=37,91; p $0.05
F (1, 48) = 44,83; p £ 0.05
F (1, 45) = 107,4; p S 0.05
F (1, 38) = 100,6; p < 0.05
F (1, 35) = 418,2; p $0.05
F (1,84)=1,432; p>0.05
F (1, 74) = 3,808; p > 0.05
F (1, 75)=19,71; p $0.05
F (1,79)=17,56; p 0.05
F (1,18)=13,78; p $0.05
F(1,17)=23,31; p $0.05
F (1, 33) =5,084; p £ 0.05
F (1, 16) = 55,41; p $ 0.05
F (1, 30) = 1,749; p > 0.05
F(3,17)=77,31; p $0.05
F(1,17)=3,332; p>0.05
F (1, 16) = 23,72; p S 0.05

F (3, 32) = 3,801; p £0.05
F (3, 29) = 18,92; p £0.05
F (3, 52) = 4,355; p £0.05
F (3, 48) = 5,459; p £ 0.05
F (3, 45) = 13,00; p $ 0.05
F (3, 38) = 10,03; p £0.05
F (3, 35) = 15,32; p £0.05
F (3,84)=2721; p £0.05
F (3, 74) = 7,880; p £ 0.05
F (3, 75) = 4,089; p £ 0.05
F (3, 79) = 2,962; p £0.05
F (3, 18) = 1,907; p > 0.05
F(3,17)=1,662; p > 0.05
F (3, 33) =5,216; p £0.05
F (3, 16) = 7,372; p £0.05
F (3, 30) = 6,033; p £0.05
F (3, 17) = 65,93; p £0.05
F (3, 17) = 3,510; p £0.05
F (3, 16) = 14,31; p £0.05

Table S2. Results of the two-way ANOVA for all evaluated parameters in roots of NMR and MR chestnut plants after 21
days of stress exposure. CTL — control plants; HEAT — heat-exposed plants (42 °C; 4h d-1); DROUGHT - drought-
exposed plants (no irrigation, until a 25% WHC was reached, for 21 d); COMBINED — heat and drought co-exposed plants.

Parameters where significant differences (p < 0.05) were recorded are highlighted at bold.

Parameter

Factors

STRESS

MYCO

Interaction

LP
H202
O2-
Pro
GSH
AsA

F (3, 18) = 15,04; p 0.05
F (3, 18) = 28,98; p £ 0.05
F (3, 27) = 42,04; p $0.05
F (3, 18) = 15,04; p $0.05
F (3, 18) = 14,61; p $0.05
F (3, 19) = 21,83; p £0.05

F (1, 18) = 7,438; p £ 0.05
F (1, 18) = 0,5418; p > 0.05
F (1, 27) = 19,61; p £ 0.05
F (1, 18) = 7,438; p £ 0.05
F (1, 18) = 122,6; p £ 0.05
F (1, 19) = 3,233; p > 0.05

F (3, 18) = 8,495; p £0.05
F (3, 18) = 6,244; p £0.05
F (3, 27) = 10,56; p £ 0.05
F (3, 18) = 8,495; p £0.05
F (3, 18) = 9,774; p £0.05
F (3, 19) = 10,66; p £ 0.05
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Figure 11 Evolution of the WHC of NMR a) and MR b) chestnut plants throughout 21 days of stress exposure. CTL —
control plants; HEAT — heat-exposed plants (42 °C; 4h d-1); DROUGHT - drought-exposed plants (no irrigation, until a

25% WHC was reached, for 21 d); COMBINED - heat and drought co-exposed plants.

strategy?

— Control

—— Heat
Drought

-+ Combined

— Control

—— Heat
Drought

-¥- Combined

74



