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Abstract:  The total activity of antioxidant substances, oxidases, and catalases was evaluated in the leaves of three
oak species — pedunculate oak (Quercus robur L.), sessile oak (Q. petraea Liebl.), and downy oak (Q.
pubescens Willd.) from the Republic of Moldova, subjected to thermal shock at 50 °C for durations of 20,
40, and 60 minutes. The study aimed to identify variations as well as common and divergent responses of
these species according to ecological zone, thermal shock duration, and recovery period, in order to assess
their thermotolerance and specific adaptations to environmental conditions. The results showed that during
the recovery period, leaves of pedunculate oak and downy oak from the center and southern regions, as
well as sessile oak from the center region, exhibited high total antioxidant activity. Additionally,
pedunculate oak and sessile oak from the center and southern regions displayed increased oxidase activity,
while sessile oak from the center region demonstrated high catalase activity, indicating the activation of
adaptive processes to thermal shock. Conversely, pedunculate oak and sessile oak from the northern region
exhibited a decrease in total antioxidant and oxidase activity during the recovery period, suggesting an
increase in leaf thermotolerance. Moreover, the downy oak from the northern region demonstrated an
increase in thermotolerance, reflected in the activity of all types of antioxidant substances after extended
recovery periods. The study demonstrated that the investigated oak species enhance their thermotolerance
in the northern region by developing specific adaptive strategies to thermal shock. These oak species adjust
their antioxidant and enzymatic activity in accordance with the specific environmental conditions of the
ecological zone in which they grow.

Keywords: Quercus robur L., Q. petraea Lielb., Q. pubescens Willd., leaves, thermal shock, recovery, adaptation,
thermotolerance.

Introduction

Currently, extreme temperatures during the summer, along with prolonged heat waves,
have expanded their impact to approximately 10% of the Earth's surface, compared to just 1%
recorded in the 1960s [HANSEN & al. 2012]. Estimates suggest an increased probability of
both the frequency and intensity of heat waves rising in the 21 century [YAO & al. 2013],
which has already led to a 0.5 °C increase in the global average temperature [COUMOU &
ROBINSON, 2013; COUMOU & al. 2013]. This trend aligns with forecasts indicating that
global warming will be partially driven by increasingly frequent and intense high-temperature
conditions [COUMOU & ROBINSON, 2013; DULIERE & al. 2013].

Moreover, climatic conditions, particularly temperature and photoperiod, significantly
influence plant species distribution through direct physiological constraints related to growth
and reproduction, as well as indirectly through ecological factors such as competition for
resources. Climate change, including temperature variations over the past century, has resulted
in significant adverse effects on the geographic distribution, abundance, phenology, and
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physiological state of numerous species [CHEN & HILL, 2011]. Simulation models indicate
that climate change can induce extensive modifications in terms of the geographic distribution
and survival of species. This underscores the urgent need for comprehensive strategies to
mitigate climate change effects on both plant species and broader ecosystems.

Species capable of rapid migration and adaptation to higher altitudes gain survival and
competitive advantages, and under specific conditions, they may experience geographic
expansion [THOMAS & al. 2004; MENENDEZ & al. 2006]. However, such shifts in species
distribution can jeopardize their abundance by fragmenting migration corridors and reducing
dispersal distances due to barriers arising from the multifunctional land use. These constraints
ultimately contribute to a decline in population numbers [GASTON, 1994].

High temperatures associated with drought can induce metabolic dysfunctions in
organisms distributed in a particular area, such as most plants, a phenomenon that can affect
multiple physiological processes and trigger stress conditions. This combination of factors can
trigger heat stress in plants, initiating the synthesis of antioxidant enzymes and related metabolic
pathways to reduce the excessive accumulation of unwanted and harmful reactive oxygen
species. Among the most common reactive oxygen species are singlet oxygen (10.), superoxide
radical (O2*"), hydrogen peroxide (H>O;), and hydroxyl radical (OH*), which are responsible
for oxidative stress [ASADA, 2006]. Uncontrolled increase in the concentration of reactive
oxygen species can cause cellular damage to plants, including lipid peroxidation, protein
damage, and disruption of cellular membranes. These processes can lead to physiological
dysfunctions and weaken the viability of plants.

The reaction centers of photosystem I and II in chloroplasts represent primary sources
of reactive oxygen species generation, although these can also be generated in other organelles
such as peroxisomes and mitochondria [SOLIMAN & al. 2011]. Scientific data indicate that
thermal damage to the photosystems under the influence of high temperatures results in reduced
photon absorption [HALLIWELL, 2006]. Under stress conditions, when the photon intensity
absorbed by photosystem I and II is excessive, this surplus energy is considered as an excess of
electrons, thus serving as a source for reactive oxygen species [HALLIWELL, 2006].

Under stress conditions, characterized by high temperatures and drought, plants
activate antioxidant mechanisms to mitigate the harmful effects of thermal stress and maintain
metabolic homeostasis. These defense mechanisms against oxidative stress are achieved
through molecules, including both enzymatic and non-enzymatic components. Key components
of this system include enzymes such as superoxide dismutase, peroxidase, catalase, polyphenol
oxidase, and alternative oxidase essential in metabolic pathways for the elimination of reactive
oxygen species and the control of lipid peroxidation [BOECKX & al. 2015; SAHA & al. 2016].
Increasing the concentration of these enzymes represents an efficient strategy for cell protection
against the harmful effects of oxidative stress, thereby ensuring the prevention of excessive
accumulation of reactive oxygen species.

By predominantly localizing in mitochondria, the function of alternative oxidase is
closely linked to the mitochondrial respiratory chain, playing an essential role in energy
generation within cells and providing an alternative pathway for electron transfer in the
respiratory chain. Thus, alternative oxidase limits the generation of reactive oxygen species,
such as superoxide (O»*") and hydrogen peroxide (H,O). This mechanism contributes to
maintaining a redox balance within the cell and protecting it against potential damage caused
by reactive oxygen species, thereby regulating oxidative stress in cells [SAHA & al. 2016].

In the forests of the Republic of Moldova, indigenous oak species such as Quercus
robur, Q. petraea, and Q. pubescens exhibit sensitivity to stressors generated by high
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temperatures and heat waves. Their vulnerability is largely due to the fact that, over an extended
period, the regeneration of forest stands has been predominantly through shoots, a process that
has led to pronounced negative selection. This selection has involved the elimination of valuable
trees and stands from populations, both in terms of dendrometric and qualitative aspects.
Additionally, these species face excessive habitat fragmentation [CUZA, 2001; DASCALIUC
& al. 2005]. Although oak species fulfill multiple essential ecological functions, significantly
impacting environmental protection, they also hold considerable economic importance. They
provide timber used in furniture production, flooring, wine barrels, and more. However, threats
such as prolonged droughts and increasingly frequent heat waves can lead to succession
phenomena or alterations in the distribution of indigenous oak species.

Given the current context, studies on the thermotolerance of oak species become highly
relevant to anticipate and sustainably manage forests in the future. In this regard, conducting in-
depth research to assess the adaptive capacity of oak species to climate change and to develop
effective strategies for conservation and sustainable forest management is essential.
Additionally, it is important to mention that in the Republic of Moldova, there is an ongoing
campaign to expand the forest area through afforestation. In this context, the proper use of
species, considering the habitat's specificity, is a particular concern within the efforts for the
conservation and sustainable development of forest resources.

Material and methods

Leaf samples for laboratory experiments were collected in July, with fifteen specimens
taken from the lower and southern sections of the tree crowns for each species and provenance.
The selected species included pedunculate oak (Quercus robur), sessile oak (Q. petraea), and
downy oak (Q. pubescens). These trees are located within the Filimon Carcea Forestry District
(northern region), Cociulia Forestry District (southern region), and the “Plaiul Fagului”
Scientific Reserve (central region).

In the laboratory, leaves from each species and location were subjected to heat shock
at 50 °C for intervals of 20, 40, and 60 minutes. Following the heat shock treatment, the leaves
were transferred to desiccators, where they were maintained under controlled conditions: a
temperature of 25 °C, relative humidity of 85%, illumination of 20 lux, and a photoperiod of 16
hours of light and 8 hours of darkness.

The antioxidant activity in the leaves was assessed using the method described by
DASCALIUC & al. (2018), as detailed below. On days 1, 3, and 5 after the heat shock treatment,
leaf samples were taken from the desiccators for biochemical analysis to determine total oxidase
activity. Leaf samples, weighing 0.1 g each, were cold-macerated, and the resulting material
was extracted for 30 minutes at 25 °C in a 0.2 M Tris buffer solution (pH 7). The extract was
then centrifuged for 15 minutes at 4000 g.

To determine the total capacity for reducing free oxygen, reflecting both the direct
reduction potential of antioxidant substances and enzymatic activity, 40 ul of the supernatant
obtained after centrifugation was added to 1.6 ml of buffer solution to ensure a stable testing
environment. The mixture was then incubated at 25 °C.

In all experiments, the dynamics of oxygen content reduction in the experimental
solutions were measured using a YSI oximeter (USA), with a control solution (containing only
1.6 ml of buffer solution) used for comparison. After 15 minutes of incubation at 25 °C, the
oxygen content in the experimental solution reached a stationary phase, at which point the rate
of oxygen consumption equaled the rate of its diffusion into the solution.
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The difference in oxygen percentage between the control solution (without extract) and
the experimental solution (with extract) was determined based on the capacity of antioxidants
and oxidases to bind oxygen. Consequently, the activity of antioxidants and oxidases led to a
reduction in oxygen content in the solution during the stationary phase, compared to the control
variant.

To determine catalase activity, 40 pl of the solution was added to 1.46 ml of buffer
solution, along with 60 pl of 0.05% H»0,, followed by incubation at 25 °C. The dynamics of
oxygen content change were influenced by the activity of oxygen removal through the
degradation of hydrogen peroxide by catalases, as well as the activity of oxygen binding by
oxidases. The combined outcome of these processes was evaluated based on the oxygen
percentage in the solution at the stationary phase. Thus, using the oximetry method, the activities
of oxidases and catalases were determined separately, along with the combined effect of these
enzymatic activities.

To illustrate the specificity of processes within certain antioxidant components, the
graphs in Figures 1-3 depict the oxygen utilization activity by antioxidants and oxidases as
negative values, while the oxygen removal activity by catalases is represented by positive
values. The studies were conducted in three replicates, with the mean value and standard
deviation of the mean determined [GIURGIU, 1972].

Results

Variability in the activity of antioxidant substances, oxidases, and catalases in the

leaves of oak species

1. Activity of antioxidant substances, oxidases, and catalases in pedunculate oak

(Quercus robur) leaves

The data presented in Figures 1a, 1b, and 1c indicate that, over a 5-day recovery period
following heat shock, the oxygen-binding processes in the extracts from pedunculate oak leaves
exhibited distinct processes. Specifically, the activity of antioxidant substances and oxidases
differed from that of catalases in terms of oxygen removal. These variations highlight the
differential responses of these biochemical components to heat stress.

In the northern region, the overall activity of antioxidant substances and oxidases was
comparable and elevated on the first day following thermal shock, with an increase observed as
the treatment period extended. This activity was significantly higher than that in the control
sample, indicating a strong response of the oak trees to thermal stress. Additionally, catalase
activity in the leaf extracts was high, surpassing that of antioxidant substances and oxidases.
However, despite the duration of thermal shock exposure, catalase activity remained lower than in
the control sample. This suggests that recovery processes are more advanced for catalases, while
antioxidant substances and oxidases continue to exhibit increased activity compared to the control.

After three and five days of thermal shock, a trend towards reduced activity of
antioxidant substances and oxidases was observed, with levels reaching those comparable to the
control sample and lower than on the first day post-shock. In contrast, catalase activity increased
somewhat after 20 and 40 minutes of shock, and after five days, it was similar to that of the
control sample.
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Figure 1. Dynamics of changes in the activity of antioxidant substances (A), oxidases (B), and catalases
(C) in extracts from the leaves of pedunculate oak, exposed to thermal shock at 50 °C for 20, 40, and 60
minutes. 1, 3, 5 — recovery of antioxidant components' activity on the first, third, and fifth day after the
application of thermal shock
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In the center region, the analysis of the overall activity of antioxidant substances,
oxidases, and catalases in leaf extracts of pedunculate oak trees reveals a clear trend of reduction
following the first day of thermal shock. This trend is observed in conjunction with an increase
in the duration of thermal shock exposure, with activity levels becoming lower than those in the
control sample as the thermal shock duration extends. These results indicate that exposure to
thermal shock induces recovery processes among antioxidant substances. On the third and fifth
days post-exposure, there was an increase in the overall activity of antioxidant substances and
oxidases, while the control sample activity was significantly lower. This suggests adaptive
processes in the trees, activating antioxidant defense mechanisms to mitigate the effects of
thermal shock. In contrast, catalase activity showed a different trend, significantly decreasing
throughout the post-shock period with prolonged exposure to thermal shock. These changes
suggest that the enzymatic system of pedunculate oak trees undergoes complex alterations in
response to thermal stress, with catalase activity potentially being affected differently compared
to other antioxidant enzymes.

In the southern region, a high and relatively constant activity of antioxidant substances
and oxidases was observed, indicating that the antioxidant mechanisms of oak trees in this area
are active and effective in managing thermal stress. Additionally, the analysis of overall
antioxidant activity and oxidase levels during the recovery period, specifically after three and
five days, revealed an increase compared to the control leaf extracts. This suggests that exposure
to thermal shock stimulates the activity of these antioxidant substances in response to the stress,
demonstrating the trees' ability to mobilize their defense mechanisms to mitigate the negative
effects of thermal stress. In contrast, catalase activity decreased with the extension of the
recovery period following exposure to thermal shock, indicating a specific regulation of these
enzymes in the trees' response to thermal stress in the southern region. Pedunculate oak trees in
this area appear to be well-adapted to thermal stress, possessing efficient antioxidant
mechanisms to cope with it, along with a specific regulation of catalase activity during the
recovery period.

2. The activity of antioxidant substances, oxidases and catalases in the leaves of

the sessile oak (Quercus petraea)

Figures 2a, 2b, and 2c provide a detailed illustration of changes in the activity of
antioxidant substances, oxidases, and catalases in the leaves of sessile oak trees under thermal
shock in three distinct regions: north, center, and south.

In the northern region, the overall activity of antioxidant substances and oxidases
extracted from leaves one day after thermal shock is moderate. However, a significant increase
is observed with extended thermal exposure. This increase clearly surpasses the corresponding
activity levels in the control leaf extracts (Figures 2a and 2b). These processes suggest that the
response of sessile oak leaves to thermal shock initiates the trees' protective mechanisms to
alleviate the generated oxidative stress. After three and five days of recovery post-thermal
shock, the overall activity of antioxidant substances and oxidases decreased significantly
compared to the first day post-shock. Simultaneously, their activity remained at levels
comparable to those of the control samples. These observations indicate that the antioxidant
system of the trees may experience a significant reduction in efficiency as the recovery time
progresses. Nevertheless, the maintenance of activity at the level of the control samples could
also suggest the plants' capacity to activate compensatory mechanisms to mitigate the negative
effects of thermal stress and maintain internal homeostasis.
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Figure 2. Dynamics of changes in the activity of antioxidant substances (A), oxidases (B), and catalases
(C) in extracts from the leaves of sessile oak, exposed to thermal shock at 50 °C for 20, 40, and 60 minutes.
1, 3, 5 — recovery of antioxidant components' activity on the first, third, and fifth day following thermal
shock application
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In contrast, catalase activity exhibits an opposing trend over the five-day recovery
period, showing a progressive decrease as the duration of thermal shock exposure increases,
remaining significantly lower than in the control sample. This suggests that catalase activity
may have adverse consequences as the post-shock recovery time advances.

In the center region, antioxidant substances and oxidases show moderate activity on
the first day after thermal shock exposure, with antioxidant substances exhibiting a slightly
higher level. Figures 2a and 2b clearly illustrate that, in both cases, the activity of these
antioxidant components exceeds the levels observed in the control leaf extracts, indicating that
their activity is directed towards strengthening protective mechanisms and controlling reactive
oxygen species.

However, the overall activity of antioxidant substances and oxidases notably increases
after three and five days of thermal shock exposure, significantly surpassing the control sample.
The same trend is evident for catalase activity. The observed phenomenon demonstrates that,
during an extended recovery period, sessile oak trees exhibit an adaptive response, highlighting
protective mechanisms that include metabolic and enzymatic processes of antioxidation and
detoxification, which intervene to mitigate the negative effects of thermal stress.

In the southern region, on the first day post-shock, the activity of antioxidant
substances, oxidases, and catalases remains at a moderate level. However, the overall activity
of antioxidant substances and catalases generally shows levels similar to those in the control
sample, while the activity of oxidases in the thermal shock-exposed leaf extracts is noticeably
higher compared to the control. As the recovery period and thermal dose increase, all antioxidant
compounds show a trend towards decreased activity, with levels being lower five days after the
shock compared to the control sample. This suggests either a “fatigue” of the antioxidant system
or a reduction in the processes generating reactive oxygen species, indicating an improvement
in the physiological state of the sessile oak trees.

The results indicate significant variations in the enzymatic and non-enzymatic
responses of sessile oak leaves to thermal shock, suggesting that the impact of this thermal
perturbation depends on geographic location.

3. The activity of antioxidant substances, oxidases and catalases in the leaves of

downy oak (Quercus pubescens)

The data presented in Figures 3a, 3b, and 3c reflect the dynamics of changes in the
overall activity of antioxidant substances, oxidases, and catalases in the leaves of downy oak
across the three ecological regions, five days after exposure to thermal shock.

In the northern region, there is a significant increase in the overall activity of
antioxidant substances and oxidases on the first day following thermal shock exposure
compared to the control sample. As the duration of thermal shock exposure increases, the
activity of these antioxidant substances appears to be positively influenced, continuing to rise
with extended exposure of the leaves. This reaction indicates a strong response of downy oak
trees to thermal shock.

In contrast, catalases activity decreases as the duration of thermal shock extends,
reaching minimal levels after five days of recovery, particularly following exposure periods of
40 and 60 minutes. This phenomenon suggests a specific adaptation of downy oak trees to
thermal stress, where the sensitivity of catalases plays a significant role.

The analysis of histograms presented in Figures 3a and 3b demonstrates that the overall
activity of antioxidant substances and oxidases during a recovery period of three and five days
shows a significant decrease compared to the first day post-thermal shock. These changes are
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influenced by both the duration of thermal shock and the recovery period of the plants, reflecting
their regulatory capacity in response to thermal stress. This phenomenon highlights the ability
of downy oak, classified as a heliophyte and thermophile species, to adjust the activity levels of
antioxidant substances and oxidases during the post-stress recovery process in accordance with
the ecological requirements of the trees.

In the center region, the overall activity of antioxidant substances and oxidases
remained consistently high on the first and third days post-thermal shock, including in the
control sample. A noticeable decrease began after five days of exposure to extended doses,
particularly between 40 and 60 minutes. The specific activity of these antioxidant substances,
maintained at high and relatively stable levels in the initial days post-stress, indicates their
adjustment through protective mechanisms to control reactive oxygen species. Furthermore, the
reduction in antioxidant activity after five days of recovery from prolonged thermal doses
suggests a metabolic and biochemical stabilization of downy oak trees, indicating their
adaptation to thermal shock conditions.

In contrast, catalase activity exhibited a significant reduction on the first, third, and
fifth days of recovery, showing a decreasing trend from short thermal doses (20 minutes) to
extended thermal doses (60 minutes). Throughout the recovery period, catalase activity
remained at lower levels compared to the control sample (Figure 3b).

The significant decrease in catalase activity during the recovery period, especially after
exposure to prolonged thermal doses, suggests a specific adaptation of the plants to thermal
stress. This adaptation may involve the regulation of gene expression and metabolism to
mitigate the negative effects of thermal shock on cellular function and to maintain homeostasis
under post-shock conditions.

In the southern region, the overall activity of antioxidant substances remained high
during the first three days of recovery post-shock, with values exceeding those of the control
sample. This indicates a strong response of these components in the leaf extracts to thermal
shock. On the fifth day, a decline in the overall activity of antioxidant substances was observed,
with this decrease becoming more pronounced with the extension of the shock duration.
Regarding oxidase activity, it was elevated on the first day but somewhat diminished by the
third day of recovery. However, on the fifth day post-shock, a marked decrease in activity was
noted, comparable to the control sample (Figure 3c).

Regarding catalases, activity demonstrated significant increases after the first day of
shock with extended exposure durations, reaching high levels. However, by the third and fifth
days of recovery, there was a notable decrease in catalase activity, particularly after prolonged
thermal doses.
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Figure 3. Dynamics of changes in the activity of antioxidant substances (A), oxidases (B), and catalases
(C) in extracts from the leaves of downy oak, exposed to thermal shock at 50 °C for durations of 20, 40,
and 60 minutes. Days 1, 3, and 5 — recovery of antioxidant components' activity on the first, third, and fifth
day after thermal shock application
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Discussions

In recent decades, the health and survival of oak species have been alarmingly threatened,
with oak dieback observed in forests worldwide [ALLEN & al. 2010; GENTILESCA & al. 2017].
Researchers believe that the decline and dieback of oak forests are caused by a range of factors, with
climate change, prolonged droughts, and defoliating insects significantly contributing to this
phenomenon [ROMAGNOLI & al. 2018]. Some studies suggest that tree species, including oaks,
growing in regions with high precipitation are less resilient to high temperatures compared to those
in arid regions characterized by prolonged droughts [HODGSON & al. 2015].

In our study, we compared three indigenous oak species growing in different ecological
zones of Moldova, each characterized by distinct temperature and precipitation regimes. Oak leaves
were subjected to thermal shock for varying durations at a constant temperature to elucidate their
physiological responses, based on the overall activity of antioxidant substances, oxidases, and
catalases. Measurements were conducted on leaf extracts at different recovery time points. We
hypothesized that populations of these species develop optimal adaptations in specific habitats, where
changing environmental factors positively influence their genotypes.

Our results highlight a robust response of pedunculate oak trees from the northern region
to thermal shock, as evidenced by a significant increase in the overall activity of antioxidants and
oxidases in leaf extracts on the first day post-shock. Interestingly, elevated levels of these substances
are also observed in the leaves of oak trees from the center and southern regions, indicating a similar
adaptation to thermal stress. These findings align with previous research demonstrating that plants
can respond to prolonged thermal stress by increasing antioxidant activity [PINTO-MARITUAN &
al. 2013; ONO & al. 2021; NETSHIMBUPFE & al. 2023].

Additionally, we observed enhanced catalase activity on the first day after thermal shock in
the leaf extracts of pedunculate oaks. However, following prolonged exposure to thermal shock, there
is a significant decrease in catalase activity in oaks from the center and southern ecological zones of
the republic. This observation suggests either a direct inhibition of catalase activity by high
temperatures over an extended period or a reallocation of cellular resources toward alternative
hydrogen peroxide detoxification pathways that may be more effective under prolonged thermal
stress.

In a broader context, research on the plant Arabidopsis thaliana has revealed that prolonged
thermal stress can lead to a significant accumulation of hydrogen peroxide in the plant leaves, with
catalase activity being induced as a response to this stress. However, this adaptation does not appear
to be sufficient to significantly enhance plant heat tolerance under the specific conditions of the study
[ONO & al. 2021].

It is evident that the overall activity of oxidases in pedunculate oak leaf extracts, following
thermal shock, is higher under conditions of effective recovery. This observation is supported by
previous studies indicating that oxidase activity provides essential energy sources for cellular
functions and helps to regulate reactive oxygen species within the mitochondrial electron transport
chain during stress [FINNEGAN & al. 2004]. Thus, our study's results suggest a relationship between
enzymatic activity and the efficiency of cellular recovery processes, providing a coherent explanation
for the observed phenomena.

Analysis of the response of sessile oak to thermal stress reveals significant variations in the
overall activity of antioxidant substances and oxidases in leaf extracts, influenced by specific
ecological zones. In the center and southern regions, the activity of oxidases in sessile oak leaf
extracts was elevated, surpassing the levels observed in control samples, and showed similar trends
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to those observed in pedunculate oak. This may reflect common adaptive responses of these oak
species to increased oxidative stress levels.

In the southern region, a trend towards decreased overall activity of antioxidant substances
and oxidases was observed in sessile oak leaf extracts, particularly after five days of recovery
following extended thermal shock exposure. Catalase activity demonstrated a clear decline in the
northern and southern regions following prolonged thermal exposure, whereas in the control
samples, activity remained high, highlighting the recovery processes. The enhancement of these
recovery processes in catalase activity appears to contribute to increased thermotolerance of leaves
over time in these regions.

It is well-established that a plant's resistance to a stress factor depends on its ability to
activate tolerance mechanisms and the presence of adaptive traits for avoidance, which are directly
related to its habitat [LARCHER, 2004]. Specialized studies indicate that high temperatures can
induce harmful effects on plants, including cellular membrane damage, protein inactivation,
excessive production of reactive oxygen species, and disruption of key metabolic functions
[RUELLAND & ZACHOWSKI, 2010]. Despite these investigations, recent research, such as that
by ONO & al. (2021), has emphasized the importance of studying the specific plant responses to
various thermal stress conditions, including the impact of thermal shock duration, whether short or
prolonged.

In our studies on sessile oak, a species of both ecological and economic interest, we
observed that prolonged exposure to thermal shock leads to a decrease in the activity of antioxidant
substances and catalases. This variation in the metabolic and enzymatic response of sessile oak under
different environmental conditions suggests the presence of complex and adaptive stress protection
systems that are differentially activated depending on the duration of thermal shock and the recovery
period.

In this context, the research conducted by WANG & al. (2023) on Brassica campestris is
particularly relevant. Their study demonstrated that after exposure to thermal stress, there is a
transiently induced expression of the BcWRKY22 gene, leading to the activation and significant
increase in catalase activity. Concurrently, under thermal stress conditions, the expression of this
gene showed the capability to reduce hydrogen peroxide accumulation. These findings highlight the
crucial role of BcCWRKY?22 in modulating the response to thermal stress, positively impacting
catalase activity and mitigating H>O, accumulation through gene regulation. These results support
our observations and suggest that the antioxidant protection mechanisms in sessile oak may be
similar to those in other species, such as Brassica campestris, indicating a common adaptive strategy
to thermal stress.

Another study conducted by SAHA & al. (2016) demonstrated that stress tolerance, through
the attenuation and neutralization of reactive oxygen species, is mediated by the activity of the
antioxidant enzyme alternative oxidase. This enzyme plays a crucial role in protecting leaves from
oxidative damage through specific metabolic pathways, thereby contributing to the adaptation and
survival of plants under abiotic stress conditions.

Our results highlight significant variability in the total activity of antioxidant substances,
oxidases, and catalases, influenced by the trees' location, the duration of leaf exposure to thermal
shock, and the recovery period. These findings underscore the complexity of protective mechanisms
against thermal stress in sessile oak. Our observations are supported by similar studies conducted on
other species [ONO & al. 2021; WANG & al. 2023], suggesting the existence of common adaptive
processes in plant responses to thermal stress.

The dynamic analysis of the total activity of antioxidant substances and oxidases in the
leaves of downy oak reveals significant aspects related to thermal stress adaptation across different
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ecological zones. In the northern zone, there is a notable increase in enzymatic activity on the first
day of recovery, correlated with the intensity of the thermal shock. However, after three and five days
of recovery, the activity of antioxidant substances progressively decreased. Conversely, in the center
zone, there was an initially high activity of antioxidant substances and oxidases, but catalase activity
diminished with prolonged exposure to thermal shock. In the southern zone, the activity of
antioxidant substances, oxidases, and catalases declined after five days of recovery. These variations
in enzymatic activity suggest that adaptive processes to thermal stress differ depending on the
ecological zone and the duration of the recovery period.

The study conducted by DINAKAR & al. (2016) on Pisum sativum highlighted the
importance of the alternative oxidase pathway in optimizing the photosynthetic process under
thermal stress conditions in the mesophyll protoplasts of leaves. The capacity of the alternative
oxidase pathway significantly increased with elevated intracellular levels of reactive oxygen species
under suboptimal temperature and saturating light conditions. The authors demonstrated the crucial
role of the alternative oxidase pathway in regulating reactive oxygen species and the antioxidant
system's response to thermal stress.

When comparing our results with those from the Pisum sativum study, we observe that both
emphasize the significance of oxidase activity, including the alternative oxidase pathway, in
responding to thermal stress. While our study focused on how thermotolerance in downy oak leaves
varies depending on the recovery period following exposure to thermal stress, the research on pea
plants evaluated the role of the alternative oxidase pathway in optimizing photosynthetic activity.
This difference in approach underscores the distinct responses of the two species to thermal stress,
highlighting the enhancement of thermotolerance in downy oak and the optimization of
photosynthetic activity in pea plants.

The findings presented here illustrate that the overall activity of antioxidant substances,
oxidases, and catalases varies specifically depending on the oak species studied, taking into account
the origin of the trees, the intensity of thermal shock, and the recovery period. The specific variation
in the activity of oxidases and catalases in these oak species can be used as an indicator of recovery
processes, reflecting the metabolic transformations involving these enzymes. An increase in the
activity of these enzymes in the cells of the oak species studied suggests an efficient adaptive
response to thermal stress and the species' ability to detoxify reactive oxygen species. Conversely, a
decrease in activity might indicate either a reduction in thermal stress or a diminished need for an
antioxidant response, or a deficiency in the antioxidant capacity, signaling potential oxidative
damage at the cellular level. Thus, our study contributes to the understanding of adaptive mechanisms
to thermal stress under various ecological conditions, highlighting the role of both antioxidant
substances and oxidases and catalases in these adaptive processes.

When evaluating plant resistance, studies have reported that the activity of antioxidant
enzymes increases under thermal stress to neutralize the reactive oxygen species generated (DAS &
al. 2014; SEWELAM & al. 2016). These findings suggest that adaptation to thermal stress involves
finely tuned regulation of both enzymatic and non-enzymatic activities to mitigate the negative
effects of reactive oxygen species and maintain cellular homeostasis. Additionally, it has been
observed that low activity of these enzymes may indicate two distinct scenarios:

1. Low Stress levels: If the thermal stress is reduced or the plant has effectively adapted and
stabilized the reactive oxygen species, the antioxidant enzymatic activity decreases as the
demand for neutralization diminishes.

2. Inability to respond: When enzymatic activity remains low despite the presence of thermal
stress, it could indicate an insufficiency or “fatigue” in the plant's antioxidant response.
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Building on previous discussions, it has been observed that pedunculate oak trees from
center and southern regions exhibit an enhanced adaptive response to thermal stress, mirroring the
reactions noted in sessile oak trees from the same areas. The comprehensive assessment of all
antioxidant substances in downy oak revealed a decline in their activity in the leaves of trees from
northern regions following a prolonged recovery period, particularly after five days. A similar trend
was noted for catalase activity in trees from the central region. These findings suggest that cellular
homeostasis in downy oak is reestablished after extended recovery periods following thermal stress.
Therefore, both enzymatic and non-enzymatic adaptations allow oak species to maintain a balance
between the production of reactive oxygen species and their detoxification capacity, thereby
optimizing their function and survival under stress conditions.

Conclusions

This study assessed the total activity of antioxidant substances, oxidases, and catalases in
the leaves of three oak species (Quercus robur, Q. petraea, and Q. pubescens) subjected to thermal
shock, followed by a five-day recovery period. The findings revealed distinct variations as well as
common responses in antioxidant activity, influenced by the ecological origin of the oak stands in
the Republic of Moldova.

Leaves of pedunculate oak and downy oak from center and southern regions, as well as
sessile oak from the center region, exhibited consistently high total antioxidant activity throughout
the recovery period. Additionally, increased oxidase activity was observed in pedunculate oak and
sessile oak from the center and southern regions, and in downy oak from the center region. Moreover,
high catalase activity was evident in the leaves of sessile oak from the central region. These specific
antioxidant responses in particular ecological zones suggest an enhanced adaptive capacity of these
trees to thermal shock.

Conversely, pedunculate oak and sessile oak trees from the northern region showed a
decrease in total antioxidant and oxidase activity during the recovery period, indicating an increase
in leaf thermotolerance. Similar responses were observed across all types of antioxidant substances
in pubescent oak from the northern region, indicating an enhancement of leaf thermotolerance after
extended recovery periods.

Overall, the results indicate that leaf thermotolerance in the investigated oak species varies
and exhibits specific changes depending on environmental conditions. These adaptations reflect
distinct responses of oak stands to thermal stress, highlighting regional variations in the physiological
responses of oak species.
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