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Abstract: Extended drought affects the production and quality of wheat (Triticum aestivum L.), one
of the world’s most important food crops. Breeding for increased drought resistance is becoming
increasingly important due to the rising demand for food production. Four old traditional Croatian
wheat cultivars were used in the present study to examine the early antioxidant response of flag
leaves to desiccant-stimulated drought stress and to identify drought-tolerant cultivars accordingly.
The results indicate that the enzymatic antioxidant system plays the most significant role in the early
response of adult wheat plants to drought stress and the removal of excessive H,O,, particularly
GPOD and APX. Nada and Dubrava cultivars revealed the strongest activation of the enzymatic
defense mechanism, which prevented H,O, accumulation and lipid peroxidation. Additionally, the
Nada cultivar also showed increased synthesis of proline and specific phenolic compounds, which
both contribute to the increased stress tolerance. Among the cultivars investigated, cultivar Nada has
the broadest genetic base, which may explain why it possesses the ability to activate both enzymatic
and non-enzymatic defense mechanisms in an early response to drought stress. This suggests that old
traditional wheat cultivars with broad genetic bases can be a valuable source of drought tolerance,
which is especially important given the current climate change.

Keywords: drought tolerance; wheat; genetic resources; ROS; antioxidative response; phenolics;
photosynthetic pigments; antioxidative enzymes

1. Introduction

The ongoing climate change is one of the biggest challenges today, threatening global
crop production to a greater extent. It has recently been reported that some form of
stress (i.e., extreme temperatures, inadequate water availability, and the degradation of
chemical, physical, and biological properties of soil) affects a major part of the global
cultivation area [1]. Among others, extended drought periods affect the production and
quality of wheat (Triticum aestivum L.), one of the most important food crops, which
accounts for roughly 20% of the caloric intake of the world’s population [2,3]. Within this
context, the Croatian region is no exception. Significant yield loss has been reported for
Croatian wheat cultivars in recent years due to the more frequent occurrence of prolonged
dry periods [4,5]. Therefore, with the increasing need for food production, breeding
for improved drought tolerance is becoming of the utmost importance. In the light of
global climate changes, cultivars with increased drought tolerance will be of interest as a
foundation for the development of future tolerant varieties. Drought tolerant plant varieties
are usually characterized by higher levels of osmoprotectants and possess the ability for the
prompt and efficient activation of antioxidant machinery [6]. Increased antioxidant activity
helps to avoid or reduce oxidative damage caused by an excessive production of reactive
oxygen species (ROS) following exposure to drought stress. According to some research,
a direct association exists between the plant cultivar’s level of drought tolerance and the
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degree of antioxidant machinery activation [7]. Traditional cultivars and old germplasm
usually harness broader genetic variability and may provide an excellent genetic source
of enhanced drought resistance [8,9]. Hence, it is essential to gain insight into the stress
response mechanism of these cultivars in order to be able to determine those possessing
enhanced antioxidant levels and potentially increased drought tolerance.

Exposure to different biotic and abiotic stress factors such as pathogens, water deficit,
salinity, heavy metals, pesticides, extreme temperatures, etc., often leads to an imbalance
between the production and scavenging of ROS. Although important, due to their role as
signaling molecules in response to various abiotic stresses, the presence of higher concen-
trations of ROS in plant cells may cause structural and functional damage to important
biomolecules, consequently leading to cell and plant death [10]. One of the most harmful
processes initiated by the attack of free radicals is lipid peroxidation. It occurs as a result
of disturbed ROS balance, disrupting normal cellular function while further exacerbating
oxidative stress by generating lipid-derived radicals [11,12]. Lipid peroxidation causes the
degradation of both cellular and organelle membranes, compromising their integrity and
selectivity. Products of lipid peroxidation are used as markers to assess the severity of lipid
peroxidation, among which malondialdehyde (MDA) is the most extensively explored in
plant cells [13]. One of the essential characteristics of drought tolerant wheat cultivars
is the potential to avoid membrane integrity weakening and mitigate lipid peroxidation
following exposure to drought [14], indicated by a lower level of MDA [15]. Exposure to
osmotic stress conditions, such as salinity and drought, can also affect leaf protein con-
centrations [16]. Increased total protein content may indicate a stronger activation of the
enzymatic antioxidant system, accumulation of cell proteins, and/or induced synthesis of
drought-responsive proteins [17].

To cope with an excessive production of ROS and prevent cell damage, plants have de-
veloped defense systems including various enzymatic and non-enzymatic antioxidants [18].
The antioxidant system has a role in quenching excess ROS and providing protection
against oxidative stress. Even though it is not the most reactive, HyO; has one of the
longest half-lives of all ROS [11]. It is widely known that an excess of H,O, in plant cells
promotes oxidative stress due to the generation of highly reactive hydroxyl radicals [19].
In plant cells, H,O; has two contrasting purposes. It is a key signaling molecule involved
in the development of resistance to abiotic stressors, but it can also trigger programmed
cell death when present in higher concentrations [20]. Among the numerous enzymatic
antioxidants, catalase (CAT), ascorbate peroxidase (APX), and guaiacol peroxidase (GPOD)
are the ones involved in the regulation of intracellular levels of HyO,, although using
different mechanisms [11]. CAT has the potential to directly dissociate HyO, into H,O and
O,, while APX and GPOD use low molecular weight antioxidants as electron donors. Par-
ticularly, GPOD can utilize both glutathione (GSH) and thioredoxin as reducing substrates,
while APX utilizes ascorbate (ASH) and has a role in scavenging H,O, in water-water and
ASH-GSH cycles [21-23]. Even though CAT has a higher turnover rate, APX has a greater
affinity for HyO, and seems to be of greater importance in regulating ROS under stress
conditions [11]. The ability of plants to tackle the overproduction of ROS and develop
tolerance to drought stress has been highly associated with the increased activity of CAT,
APX, and GPOD [14,24].

Non-enzymatic antioxidants are compounds that can quickly inactivate free radicals
by interrupting the chain reaction they’re involved in. The plant non-enzymatic antioxidant
system comprises compounds such as ASH, GSH, phenolic compounds, carotenoids (Car),
tocopherols, etc. Phenolic compounds are a highly heterogeneous group of plant secondary
metabolites with a high capacity to capture free radicals due to their specific structure.
Among other functions, they possess the ability to directly trap 'O, and lipid alkoxy
radicals, hence preventing the lipid peroxidation cascade [22]. Because of their multifarious
roles in ROS scavenging, it has been proven that enhanced accumulation of phenolic
compounds under various abiotic and biotic stress conditions significantly contributes
to the antioxidant capacity of plants [16,25]. Wheat cultivars with an elevated phenolic



Plants 2023, 12, 249

3 0f20

content seem to be generally more tolerant to drought conditions [17,26,27]. Polyphenol
oxidase (PPO) is one of the enzymes involved in the metabolism of phenolic compounds
by oxidizing various phenolic compounds to quinones [28]. Although PPO activity is
mostly associated with a plant defense mechanism against biotic stress, several lines of
evidence suggest its role in response to abiotic stress as well. It has been demonstrated that
extreme growth conditions, such as high temperatures or drought, inhibit the oxidation of
phenolic compounds, which leads to an increase in their accumulation while simultaneously
resulting in a decrease in PPO activity [29,30]. The exact role of PPO in response to abiotic
stress is, however, still largely unknown, as some findings suggest that drought stress
causes a significant increase in PPO activity [31].

The mechanism of osmotic adjustment is one of the key physiological mechanisms
that plants have developed to cope with osmotic stress, such as increased salinity and
drought [32]. Under stress conditions, the accumulation of various osmolytes helps to
maintain the cell’s physiological functions. One of the key osmolytes playing a significant
role in the tolerance of plants to drought conditions is proline. Besides its role as an
osmoprotectant, proline has been shown to be involved in lipid peroxidation inhibition,
ROS scavenging, and the prevention of cell death [33,34]. Elevated amounts of proline
in wheat have been associated with enhanced drought tolerance, and it has been proven
that proline concentration can be an efficient tool for selection of drought tolerant wheat
genotypes [35].

The majority of the research examines the tolerance of seedlings to drought stress,
which is less relevant in practical crop breeding. Due to strong recovery mechanisms present
in young plants, genotypes with lower tolerance to abiotic stress estimated under laboratory
or growth chamber conditions at the seedling stage may still exhibit good productivity
in the field and vice versa [36]. For example, a study by Dodig et al. [37] revealed low
correlations between adult traits (e.g., grain yield, hectoliter weight, thousand grain weight)
under pre- and post-anthesis water stress, and seedling traits (e.g., germination percentage
and time, coleoptile, and shoot length) under laboratory water stress conditions. For
the purpose of wheat breeding for improved drought tolerance, determining the level
of tolerance of cultivars in the adult stage, and notably the resistance at critical growth
stages that determine productivity of a cultivar, such as the grain filling stage, is of greater
importance. The aim of the present study was to examine the early antioxidant response of
adult wheat plants (at the level of flag leaf response) to desiccant-stimulated drought stress
and to detect cultivars with greater tolerance to drought accordingly. In this study, four old
Croatian wheat cultivars were used to determine the potential of old traditional cultivars
as a source of enhanced drought tolerance.

2. Results
2.1. Determination of Stress Occurrence and Severity

Reliable indicators of drought stress in plant leaves, namely water content (WC) and
proline accumulation, were evaluated to identify stress occurrence and severity in wheat
flag leaves (Figure 1). WC significantly decreased in leaf tissue of all cultivars collected four
hours after stress imposition (Figure 1a) compared to control ones, the least in cultivar Nada
(2.72%), and the most in cultivar Dubrava (10.03%). Furthermore, flag leaves of control
plants of cultivars Nada and Njivka had the same WC (67.96 and 67.37%, respectively), as
did cultivars Ul and Dubrava (65.66 and 65.46%, respectively).
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Figure 1. Water content (WC) (a) and proline (b) in control and drought stressed flag leaves of wheat
cultivars. Bars represent mean values £ SE. Different letters indicate significant difference among
treatments and cultivars at p < 0.05 according to LSD test.

Proline accumulation (Figure 1b) was significantly enhanced in drought stressed flag
leaves only in cultivar Nada (39.64% compared to control), while in cultivars Dubrava and
Njivka it was significantly lowered (20.62 and 43.67%, respectively) compared to control
flag leaves of the same cultivar. In the flag leaves of cultivar Ul, no significant change
in proline accumulation was found between drought stressed and control ones. Among
investigated cultivars, the accumulation of free proline in control flag leaves was the lowest
in cultivar U1 (0.86 pmol/g FW) and the highest in cultivars Dubrava and Njivka (1.71 and
1.60 umol/g FW, respectively).

2.2. Hydrogen Peroxide, Lipid Peroxidation and Protein Content

Drought stress induced a significant accumulation of H,O; only in the flag leaves of
cultivar U1 (Figure 2a) compared to the control (13.62%). In the drought stressed flag leaves
of other investigated cultivars, no significant change in H,O, content was found compared
to the control. Among investigated cultivars, HO, content in control flag leaves was the
lowest in cultivar Njivka (2.20 pmol/g FW) and the highest in cultivars Ul and Dubrava
(3.54 and 3.57 umol/g FW, respectively).

Lipid peroxidation, measured as MDA content, significantly decreased in drought-
stressed leaves of cultivar Nada (Figure 2b), while in stressed leaves of cultivars Ul and
Njivka, MDA content was significantly increased compared to control and amounted
to 31.21 and 23.54%, respectively. Only in the flag leaves of cultivar Dubrava did the
MDA content remain at the same level despite the drought stress exposure. MDA con-
tent in control flag leaves of cultivars Nada, Ul, and Dubrava was almost equal (25.33,
26.07 and 25.93 nmol/g FW, respectively), while in cultivar Njivka it was significantly
lower (17.57 nmol/g FW).

The concentration of total soluble proteins in flag leaves of wheat cultivars
(Figure 2c) was affected by drought stress only in cultivars Nada and Dubrava, which
responded to stress by enhancing the protein content (9.39 and 61.39%, respectively)
compared to the control. Moreover, the concentration of soluble proteins in control flag
leaves was the lowest in cultivar Dubrava (19.87 mg/g FW) and the highest in cultivar
Njivka (33.29 mg/g FW).
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Figure 2. Hydrogen peroxide (a), malondialdehyde (MDA) (b), and proteins content (c) in control
and drought stressed flag leaves of wheat cultivars. Bars represent mean values =+ SE. Different letters
indicate significant difference among treatments and cultivars at p < 0.05 according to LSD test.

2.3. Enzymatic Activity

Changes in enzymatic activity caused by the exposure of wheat flag leaves to drought
stress were detected by analyzing the activities of antioxidative enzymes (CAT, APX,
GPOD) and PPO (Figure 3). CAT activity significantly decreased in drought-stressed
leaves of all cultivars (Figure 3a) compared to the control ones, the least in cultivar
Nada (38.87%) and the most in cultivar Dubrava (55.95%). Furthermore, cultivars Nada,
Dubrava, and Njivka had the same level of CAT activity in control leaves (584.82, 602.49,
and 554.52 nkatal/mgproteins, respectively), while cultivar Ul had lower CAT activity
(422.79 nkatal/ mgproteins)-

The antioxidant enzyme APX responded to drought stress only in flag leaves of
cultivars Dubrava and Njivka (Figure 3b), in such a way that APX activity in stressed leaves
of cultivar Dubrava increased (24.51%), while in Njivka it decreased (18.06%) compared to
the control. In addition, cultivars Ul and Dubrava had the same level of APX activity in
control leaves (2.74 and 2.77 nkatal/mgproteins, respectively), but were lower than cultivars
Nada and Njivka (3.73 and 4.18 nkatal/mgproteins, respectively), which were also at the
same significance level.

GPOD activity in flag leaves of wheat cultivars (Figure 3c) was affected by drought
stress only in cultivars Nada and Dubrava, which responded to stress by reinforcing GPOD
activity compared to the control for a significant 75.41 and 141.04%, respectively. Moreover,
GPOD activity in control flag leaves was the lowest in cultivar Dubrava
(30.10 nkatal / mgproteins) and the highest in cultivar Njivka (53.33 nkatal/mgpoteins)- Con-
trol flag leaves of cultivars Nada and U1 had the same significance level of GPOD activity.

PPO, as an enzyme involved in polyphenolic metabolism, reacted to drought stress
conditions in all cultivars except cultivar U1l (Figure 3d). Significant diminution of PPO
activity was most prominent in stressed flag leaves of cultivar Dubrava (48.84%), followed
by Njivka (17.23%) and Nada (16.53%). In the control wheat flag leaves, PPO activity was at
the same significance level in cultivars Nada and Njivka (34.70 and 34.27 nkatal/mgproteins,
respectively), while cultivars Ul and Dubrava had the lowest (28.34 nkatal /mgproteins) and
the highest PPO activity (50.46 nkatal/ mgproteins), respectively.
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Figure 3. Activities of catalase (CAT) (a), ascorbat peroxidase (APX) (b), guaiacol peroxidase (GPOD)
(c), and polyphenol oxidase (PPO) (d) in control and drought-stressed flag leaves of wheat cultivars.
Bars represent mean values =+ SE. Different letters indicate a significant difference among treatments
and cultivars at p < 0.05 according to LSD test.

2.4. Total Phenolics and Phenolic Acids Content

The response of total and individual phenolic acids, namely caffeic, p-coumaric, and
ferulic acids, to drought stress conditions compared to control ones in wheat flag leaves is
shown in Figure 4. In general, control flag leaves of cultivar U1 had the highest content of
total and all individual phenolic acids compared to the flag leaves of other three cultivars.
Although higher in U1, the difference in caffeic acid content between U1 and Njivka flag
leaves was not significant.

All investigated cultivars had different levels of total phenolic content in control flag
leaves, as follows: the lowest was found in control leaves of cultivar Njivka (9.44 mg/g DW),
while the highest was found in flag leaves of cultivar U1 (13.84 mg/g DW). Drought stress
caused a significant decrease in total phenolic content in flag leaves of all four investigated
cultivars (Figure 4d), which ranged between 8.58 and 12.46% in the case of Nada and U1
cultivars, respectively.

The impact of drought stress on individual phenolic compounds was not as consistent
as in the case of total phenolic content. Caffeic acid content responded to drought stress in
flag leaves of all cultivars (Figure 4a), in a way that its content in stressed leaves of cultivar
Nada increased (by 9.96%, yet not significantly) while in the remaining three cultivars it
significantly decreased (10.90-32.0%) compared to the control, being the most severe in
Dubrava cultivar. A similar trend was observed in the case of p-coumaric acid, although
at a lower magnitude (Figure 4b). As a result of drought stress, p-coumaric acid content
in flag leaves increased by only 0.59% in Nada cultivar and decreased by 3.56, 10.43, and
14.01% in Dubrava, Njivka, and U1 cultivars, respectively. Ferulic acid content in stressed
leaves of all cultivars decreased in general compared to the control, even though it was not
significant in the case of Nada and Njivka cultivars (0.07 and 13.77% decrease, respectively).
The most severe, significant decrease of ferulic acid content was in the case of cultivar Ul
(15.97%), followed by cultivar Dubrava (14.04%). Among inspected individual phenolic
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acids, ferulic acid was the most abundant one, contributing to the total phenolic content
in the range between 25.71 and 31.86% in control conditions, and in the range of 27.79 to
30.59% in drought stress conditions.
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Figure 4. Caffeic acid (a), p-coumaric acid (b), ferulic acid (c), and total phenolic content (d) in control
and drought stressed flag leaves of wheat cultivars. Bars represent mean values & SE. Different letters
indicate a significant difference among treatments and cultivars at p < 0.05 according to LSD test.

2.5. Photosynthetic Pigments

The response of photosynthetic pigments to drought stress in wheat flag leaves is shown
in Figure 5. Total chlorophyll content (Chl a+b) significantly increased in the drought-stressed
flag leaves of all cultivars (Figure 5a) compared to control ones, the least in cultivar Nada
(9.28%) and the most in cultivar Njivka (42.89%). Furthermore, cultivars Nada and Dubrava
had the same significance level of Chl a+b in control flag leaves (3.00 and 2.95 mg/g FW,
respectively) as well as cultivars U1l and Njivka (2.29 and 2.25 mg/g FW, respectively).

The concentration of Car did not respond to drought stress in the flag leaves of cultivar
Nada compared to the control, while the other three investigated cultivars in the flag leaves
of stressed plants had increased Car content compared to control ones (Figure 5b). The
smallest increment in Car content was found in drought-stressed flag leaves of cultivar U1
(10.77%), while the largest one was found in flag leaves of cultivar Njivka (33.93%). In the
control flag leaves of cultivar Njivka, the concentration of Car was the lowest (0.52 mg/g
FW), while in the control leaves of cultivars Nada and Dubrava were the highest (0.67 and
0.66 mg/g FW, respectively).

Significant differences in Chl a/b in stressed flag leaves compared to control leaves
were found in cultivars U1, Dubrava, and Njivka (Figure 5c). Under drought stress condi-
tions, Chl a/b in the flag leaves of cultivars Ul and Dubrava increased by 3.41 and 4.08%,
respectively, while in cultivar Njivka it decreased by 2.84% compared to control. Moreover,
the smallest Chl a/b in control flag leaves was determined in the case of cultivars Nada and
Dubrava (3.15 and 3.20, respectively), while the greatest Chl a/b was found in flag leaves
of cultivars U1 and Njivka (3.30 and 3.32, respectively).
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The Chl a+b/Car ratio in control flag leaves of all four cultivars was almost equal
and ranged between 4.11, in the case of U1 cultivar, and 4.48 in the case of Nada cultivar.
Although significant for all cultivars except Dubrava, the increase in the Chl a+b/Car ratio
under drought stress conditions was not severe, and it amounted to a maximum of 6.74%
in the case of the cultivar Njivka.
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Figure 5. Total chlorophylls (Chl a+b) (a), carotenoids (Car) (b), chlorophyll a/b ratio (Chla/b) (c),
and total chlorophylls/carotenoids (d) in control and drought stressed flag leaves of wheat cultivars.
Bars represent mean values + SE. Different letters indicate a significant difference among treatments
and cultivars at p < 0.05 according to LSD test.

3. Discussion

In most regions of the world, extensive droughts triggered by climate change are
predicted to intensify within the next few decades [9]. An increase in length of duration of
dry periods in Eastern Europe and indications for prolonged dry periods in continental
Croatia were reported recently by Breinl et al. [38]. Therefore, improvement in drought
tolerance in wheat will be of great importance in the following years. Once identified,
drought-tolerant traditional wheat cultivars may serve as a valuable genetic resource to
be utilized in breeding programs. Here, we examined the antioxidative response of four
traditional winter wheat cultivars by exposing them to desiccant to artificially provoke
drought stress conditions in flag leaves and identify those with potentially higher tolerance.
We were particularly interested in the response of wheat flag leaf to drought since it has a
crucial role in providing the assimilates for grain filling and determining grain yield [39].
The cultivars selected for this study were used in the commercial wheat production in
Croatia in the period from 1936 to the end of 1990s, and they differ in respect of genetic
background (Figures S1-54 in the Supplementary Material). The experiment was conducted
at the grain filling stage since it is widely known that wheat is particularly sensitive to
drought during anthesis and grain filling stages [40,41].

The leaf WC is one of the first signs of water availability and stress occurrence in
plants [42,43]. According to some previous studies on wheat, it can be successfully used as
a tool for screening and the selection of drought-tolerant cultivars [44,45]. In the present
study, flag leaves of all four cultivars responded to simulated drought conditions in a
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significant decrease of WC compared to the control. A decrease in WC, i.e., an increase
of dry matter content, indicates the activation of stress defense mechanisms. Since all
cultivars responded in a similar way, the WC content itself could not be used to fully
distinguish potentially tolerant from susceptible cultivars in this case. The most severe
response was in the case of cultivar Dubrava, while cultivar Nada showed only a slight
decrease in WC under stress conditions. As reported by Larbi and Mekliche [46], wheat
varieties tolerant to water deficit during the grain filling period exhibit a less extreme water
loss, in other word, have higher WC compared to susceptible varieties. This may be due
to the higher accumulation of osmoprotectants and osmotic adjustment. Accumulation of
an osmoprotectant proline in wheat contributes to an increased osmotic stress tolerance
and, hence, helps to screen for drought-tolerant wheat genotypes [47]. According to the
results of Bowne et al. [48], proline concentrations varied substantially in flag leaves among
different wheat cultivars, but a significant increase compared to the control occurred in all
drought-tolerant cultivars. In the present study, only flag leaves of cultivar Nada showed
a significant increase in proline concentration under stress conditions, while in cultivar
U1 no significant change was observed. This is in accordance with a lower decrease of
WC observed in cultivar Nada. Therefore, a significant accumulation of proline in Nada
cultivar shortly after the stress occurred may be the first sign of exhibiting a good drought
tolerance [49,50]. On the other hand, cultivar Dubrava, and especially cultivar Njivka, did
not activate the defense mechanism that includes proline biosynthesis in such short period
which consequently resulted in a significant decrease in its concentration. Such a response
suggests that these two cultivars do not respond adequately to osmotic stress, hence they
may possess a higher susceptibility to drought stress.

Taking into consideration HyO,, MDA, and protein concentrations, the investigated
cultivars can be classified into two groups regarding the similarity in response of flag leaves
to drought stress. Namely, cultivars Nada and Dubrava exhibited a significant decrease or
no change in MDA concentrations, respectively, concomitant with a significant increase in
protein concentration (Figure 2b,c). On the contrary, drought stress caused a significant
increase in MDA concentrations in the flag leaves of cultivars Ul and Njivka accompanied
with no change in protein concentration. The highest increase in MDA concentration was
recorded for cultivar U1, which may be a consequence of the significant increase in H,O,
concentration due to stress conditions that were observed only in the case of Ul. Since
they are considered one of the first targets of ROS, a reduction in protein content often
occurs as a result of exposure to osmotic stress [16]. Three of the four cultivars used in
this research showed negligible changes in protein concentration in response to stress
conditions. On the contrary, drought treatment led to a significant increase (1.64 fold) in
the protein content of the cultivar Dubrava. The same genotype also exhibited the greatest
decrease (1.12 fold) in flag leaf water content, i.e., an increase in dry matter, after treatment
as compared to the control. A significant increment in dry matter together with elevated
total protein content implies the possibility of enhanced protein synthesis, although an
increase in protein content after drought exposure is not a common response. Additionally,
an increase in protein concentration may be a sign of stronger activation of an enzymatic
defense mechanism against ROS [17]. However, additional research, including proteomic
analysis, is required to determine in greater detail, the sources of increased protein content
of the Dubrava cultivar following drought exposure and to obtain more conclusive results.
Increased MDA content is one of the main signs of an ongoing lipid peroxidation, which
leads to the loss of cell membrane integrity due to compositional changes of proteins and
lipids [11]. The occurrence of lipid peroxidation is considered an important indicator
of oxidative stress in plants that may serve as a biomarker of susceptibility to various
stress conditions [51]. According to some previous studies, susceptible wheat varieties
exhibited higher levels of peroxidation compared to tolerant ones when exposed to drought
stress [15,26,52,53]. Therefore, cultivars Nada and Dubrava may be classified as drought-
tolerant to some extent, while cultivars Ul and Njivka tend to be susceptible to drought.
These assumptions are in accordance with the recent findings of Persi¢ et al. [54] who
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investigated Croatian wheat genotypes and found that MDA level indicated drought
tolerance, or precisely, the ability of genotypes to acclimate and overcome the negative
impact of drought.

The antioxidant machinery of plants involves numerous enzymatic and non-enzymatic
components that reduce potential harmful effects of ROS overproduction under stress con-
ditions in plant cells [16,55,56]. In the present study involvement of CAT, APX, GPOD,
and PPO were investigated in an early response of wheat flag leaves to induced drought
stress. Although being important in reducing H,O, levels under various stress conditions
in plants, including wheat [14], the activity of CAT was suppressed under drought stress
conditions compared to the control in all cultivars investigated within this study. Similar
results were obtained by Naderi et. al. [17] in the case of the exposure of wheat cultivars to
severe drought stress. Decreased CAT activity in some Croatian wheat cultivars subjected
to drought stress was also observed recently by Vukovi¢ et al. [57]. Although the afore-
mentioned studies demonstrated a similar response of CAT activity in wheat subjected
to drought stress as the present investigation, there are a few important methodological
distinctions to keep in mind. Namely, the studies cited earlier were conducted under
growth chamber conditions while this study presents the results obtained under field
growing conditions. Furthermore, the study by Vukovi¢ et al. [57] examined the response
of wheat seedlings to drought stress, while the main focus of the present study was set
to the response of flag leaf as one of the main photosynthesis sites in wheat determining
the grain filling rate and yield [39]. On the contrary to CAT, APX and especially GPOD
showed a higher sensitivity to drought stress, which is not surprising taking into account
the higher affinity of APX for H,O, compared to CAT [11]. A stronger response of GPOD
to drought stress compared to APX in wheat was also reported by Pour-Benab et al. [58]
at the seedling growth stage. The activities of APX and GPOD were significantly higher
in cultivars Nada and Dubrava in stress conditions compared to control ones, indicating
that these two enzymes played a significant role in maintaining the H,O, level stable and
prevention of lipid peroxidation, and thus improved drought tolerance. Additionally, no
response or decrease of APX and GPOD activity under drought stress observed in cultivars
Ul and Njivka resulted in an increase in H,O, concentration and thus in the MDA level,
i.e., the occurrence of lipid peroxidation. These findings suggest that GPOD, together with
APX, has a key function during the initial response of wheat flag leaves to drought stress.

Although the exact physiological function of PPO in normal plant development is
still mostly unknown, it is believed to be involved in the biosynthesis of pigments [59,60].
Some evidence exists to support the involvement of PPO in the formation of dark melanin
pigment [28]. On the other hand, it is well known that PPO catalyzes the oxidation of
phenolic compounds into quinones, which are responsible for physiological browning in
plants [61]. Among four cultivars investigated within this study, a significantly elevated
level of PPO activity in flag leaves of control plants was observed in the case of the
Dubrava cultivar, which exhibited 1.45- to 1.78-times higher PPO activity compared to
other cultivars. One of the possible explanations is the slight brown-red pigmentation of
the stem and flag leaf tips that was observed to naturally occur in the Dubrava cultivar
during development, which was not the case in the other three cultivars. However, this
phenomenon requires further investigation to gain a clearer insight into the potential causes
of such pigmentation in the Dubrava cultivar in order to be able to make more certain
conclusions about the potential role of PPO in it. Regarding the influence of changing
PPO activity on tolerance to various abiotic stressors, published research findings are still
mainly in dispute. Some evidence points to a possible role for PPO in the protection of the
photosynthetic apparatus in plants subjected to abiotic stressors, but the exact mechanism
has not yet been clarified [62]. Results presented within this study showed that desiccant-
stimulated drought conditions decreased PPO activity in flag leaves of each of the four
cultivars investigated.
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Since PPO is involved in the oxidation of phenolics, assumptions have been made that
a substantial decrease in its activity would prevent the oxidation of phenolic compounds
and increase their content in plant cells [30]. However, in the case of the cultivars examined
in the present study, a significant reduction in the amount of total phenolics was observed,
albeit on a minor scale. The capacity of wheat to increase total phenolic accumulation has
been directly linked to increased tolerance to numerous stressors, including drought [16,17].
On the contrary, a reduction in total phenol concentration was reported in some previous
research of the tolerance of wheat and maize cultivars to osmotic stress [63,64]. Such
divergent findings from research investigating the accumulation of phenolics in stressful
conditions may be related to the fact that their accumulation is dependent on the plant
growth stage [65]. The findings of this study indicate that the initial response of wheat
shortly after the occurrence of stress conditions is a reduction of the total phenolic content
in flag leaves. The response of individual phenolic acids to drought stress followed a similar
trend. Significant decreases in p-coumaric, ferulic, and caffeic acid concentrations were
observed in all cases, with the exception of cultivar Nada, which was able to maintain the
concentrations of p-coumaric and ferulic acids consistent while increasing the concentration
of caffeic acid. According to Prado et al. [66] caffeic acid showed increased synthesis under
heavy metal stress in basil while the total phenolic content was least affected. When
applied externally, caffeic acid helps to overcome an impact of osmotic stress in a large
number of plant species, including wheat [67,68]. Additionally, Kiani et al. [16] reported
a significant increase in caffeic acid content under salt stress. According to research by
Guo et al. [69], caffeic acid has a significant impact on the capability of wheat seedlings to
tolerate drought stress.

Chlorophyll is fundamental pigment molecule in photosynthesis playing a key role in
normal growth and the development of plants. An excessive amount of ROS that appears as
a result of exposure to various abiotic stressors, including drought, can affect the biosynthe-
sis of Chl, cause degradation of thylakoid membranes, and thus, the loss of Chl content [70].
However, much research has demonstrated that an increase in Chl concentration in re-
sponse to a low dose of abiotic and biotic stress enables adaptive conditioning of plants [71].
In each of the four cultivars examined in this study, the total Chl concentration increased
under stress conditions. This may imply that the initial response of adult wheat to drought
is an increase in Chl concentration in flag leaves in order to maintain photosynthetic activity
and reduce the detrimental effects of drought stress on productivity. This was confirmed
to be an early response of some other C3 plant species to heat stress [72,73]. Although the
concentration of total Chl in flag leaves significantly increased, the ratio of Chl a to Chl
b showed different patterns of variation. Despite the fact that the total Chl appears to be
unchanged, the existence of variations in the Chl a/b ratio may indicate the degradation
of Chl as a result of the exposure to different abiotic stressors [74]. In general, a higher
Chl a/b ratio indicates either an increase in Chl a synthesis or a heightened rate of Chl b
degradation. It has been reported that, among others, exposure to drought stress results in
a greater reduction in Chl b concentration [75,76]. Additionally, the conversion of Chl b to
Chl a occurs as part of the Chl degradation process [77]. According to Ashraf et al. [78] a
greater increase in the Chl a/b ratio was observed in drought-susceptible wheat varieties
compared to tolerant ones. Only cultivar Nada in the current study was able to maintain
the Chl a/b ratio during drought stress, while the other three cultivars exhibited significant
changes in the ratio suggesting the higher susceptibility of their photosynthetic appara-
tus under drought stress. Carotenoid pigments have been demonstrated as crucial ROS
scavengers [11]. They are of particular importance in scavenging singlet oxygen molecules
(10,), which are produced in larger amounts as a result of stomatal closure during osmotic
stress, i.e., drought and salt stress [79]. In the present study, a significant elevation in Car
concentration was detected during drought stress, with the exception of the Nada cultivar,
the Car concentration of which remained unaffected by drought stress.
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Overall, the results obtained within this study indicate that the enzymatic antioxidant
system plays the most significant role in the early response of wheat flag leaves to drought
stress. Among the enzymatic antioxidant components evaluated in this study, GPOD
and APX appear to play the most significant role in the early response of wheat flag
leaves to drought stress and removal of an excessive HyO,. On the contrary, CAT activity
seems to be less important in the early response to drought stress. However, there are
some limitations in this study that should be addressed in future research. Firstly, the
wheat antioxidant response to drought was estimated under artificially induced drought
conditions (desiccant treatment) at the single time point after the treatment. Although being
effective in gaining an understanding of the early response of field-grown wheat plants
to drought, an evaluation over a longer time-period following treatment could provide
a more precise assessment of the antioxidant response. Secondly, here we examined the
response to drought stress of the flag leaf only due to its important role in determining the
grain yield. However, the conclusions drawn from the results of flag leaf response may not
necessarily reflect the response of other plant organs or provide insight into how the plant
as a whole responds to drought stress.

Among the cultivars examined in this study, Nada and Dubrava revealed the strongest
responses in terms of activation of the enzymatic component of the defense mechanism.
Stronger activation of antioxidant enzymes, particularly GPOD and APX, in these two
cultivars prevented H,O, accumulation and, as a result, membrane damage due to lipid per-
oxidation. Therefore, these two cultivars can be categorized as cultivars with high drought
tolerance. The remaining two cultivars (U1 and Njivka) were shown to be highly suscepti-
ble to drought stress, particularly in terms of lipid peroxidation and membrane damage.
In addition to activating the enzymatic defense system, the Nada cultivar also showed an
increased synthesis of the osmoprotectant proline and specific phenolic compounds such
as caffeic acid, which both contribute to the increased stress tolerance. Compared to the
remaining three cultivars, cultivar Nada has the broadest genetic base (Figures S1-54 in
the Supplementary Material). As shown in the Figure S1 in the Supplementary Material,
various lines and cultivars originating from breeding programs of different countries were
used in the development of cultivar Nada. A broader genetic base may be the reason
why cultivar Nada possesses the ability to activate both enzymatic and non-enzymatic
defense mechanism in an early response to drought stress. In general, the results show
that biochemical and physiological responses to drought stress are genotype-dependent
and are determined by the genetic base of each cultivar. Old traditional wheat cultivars
with a broad genetic base can be a valuable source of drought tolerance, which is especially
important given the current climate change. However, here we examined the response
of a smaller number of traditional cultivars to desiccant-stimulated drought stress and a
further investigation, including a higher number of traditional cultivars, is needed to make
more powerful conclusions and get a better insight into the usefulness of traditional wheat
cultivars in breeding for improved drought tolerance.

4. Materials and Methods
4.1. Plant Material and Experimental Conditions

Four old traditional Croatian winter wheat cultivars from the Agricultural Institute Os-
ijek (Nada, U1, Dubrava, and Njivka) grown under field conditions were used in the present
study. The selected cultivars are characterized as bread cultivars of Triticum aestivum L.
ssp. vulgare. Pedigree data and the year of release of the genotypes studied are listed in
Table 1, while the pedigree tree of each cultivar separately is shown in Figures S1-54 in the
Supplementary Material.
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Table 1. Name, pedigree data, and year of release of genotypes used in the present study.

Name Pedigree Year of Release
Nada OSJECKA-20/0SK-4.216-2-76 1984
Ul CARLOTTA STRAMPELLI/MARQUIS 1936
Dubrava U1/PILOT/ /LIBERO 1968
Njivka SLAVONKA /OSK-5-132-2-74 1987

Experimental data were obtained from the field experiment conducted in the 2020,/2021
growing season, at Osijek location (45°32/11.66” N, 18°44/26.84” E; 95 m a.s.l.). At the ex-
perimental site, the climate is predominantly continental with hot summers and cold/cool
winters. The multiannual precipitation and temperature average is 674 mm and 11.2 °C,
respectively, while the lowest average temperature was recorded in January (3.24 °C). The
maximum average temperature of 28.1 °C occurred in July. More detailed information
about meteorological data prior and during the experiment are included in Figures S5 and
56 and Table S1 in the Supplementary Material. Soil at the experimental site is character-
ized as eutric cambisol and detailed information on chemical properties of it is listed in
Table S2 in the Supplementary Material. Sowing was performed on October 17th, 2020,
with a sowing rate of 550 seeds per square meter in eight rows (between rows distance was
13.5 cm). Experimental plots were 7 m length and 1.08 m of total width, split in half on
two plots of 3.78 m? (treatment and control). Applied fertilizers during soil preparation
(ploughing and harrowing) were 400 kg ha~! of NPK 7-20-30 and 100 kg ha~! of UREA 46%
N. During vegetation, 120 kg ha~! of KAN 27% N was applied two times, at the tillering
and stem elongation growth stage. The third fertilization was applied at the beginning
of heading time with 50 kg ha~! of KAN 27% N, which makes a total of 153,75 kg of
pure nitrogen per hectare. The suppression of diseases, weeds, and pests was carried out
following the typical practice for commercial wheat production in Croatia.

The experiment was conducted at the grain filling stage (20 days after anthesis) in
such a way that the flag leaves of 30 plants were randomly collected from one half of the
experimental plot as control samples. All remaining plants of the other half of the plot were
treated with 2% (w/v) NaClOj in a water solution (pH 7.0) so that all green parts were
sprayed using a 10-L hand-held pressure pump at around 500 mL per plot. The treatment
was applied on the same day when control plants were collected. Desiccant-treated flag
leaves from 30 plants per cultivar were collected 4 h after the treatment. Fresh leaf material
(control and treated) to be used for laboratory analyses was flash-frozen in liquid nitrogen
and stored at —75 °C. A fraction of that sample was freeze-dried and milled on Retsch
Centrifugal Mill ZM1 (Haan, Germany) for phenolic acid analysis, and the rest of the
sample was powdered in liquid nitrogen using Mill A11 (IKA, Konigswinter, Germany)
and used in all other biochemical analyses.

4.2. Water Content

A portion of the homogenized sample was weighted to obtain the fresh weight (FW)
and thereafter was dried in the oven at 75 °C for 72 h to determine the dry weight (DW) [25].
The WC in the leaves was calculated according to the equation:

.. FW—DW
WC (%) =Fx 100 @

4.3. Proline Content

The free proline in wheat flag leaves was extracted by ultrasound-assisted solid-liquid
extraction for 60 min at 25 °C in a thermostat-controlled ultrasound bath (Sonorex RK
510H, Bandelin Electronic, Berlin, Germany). More precisely, 0.1 g of fresh powdered tissue
was homogenized in 1 mL of aqueous ethanol (80% v/v) and sonicated. Supernatant was
collected after centrifugation at 14,000x g at 4 °C for 10 min and used for the determination
of free proline content [80]. Duplicate extract aliquots of 50 pL, as well as proline standards
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(ranged from 0.2 to 1 mM) in 80% ethanol (v/v), were mixed with 100 uL of a reaction
mixture (prepared with 1% ninhydrin (w/v), 60% acetic acid (v/v), and 20% ethanol (v/v))
and kept at 95 °C for 20 min in a heating block. After cooling to the room temperature,
they were spun down quickly (1 min, 500 g). An amount of 100 uL of the supernatant was
transferred to a polypropylene microplate and an Epoch microplate spectrophotometer
(Bio-Tek, Bad Friedrichshall, Germany) was used to read the absorbance at 520 nm. Proline
content was calculated from the standard curve and expressed as pmol per g FW.

4.4. Lipid Peroxidation and Hydrogen Peroxide

Hydrogen peroxide content and lipid peroxidation were determined in extracts pre-
pared from fresh powdered flag leaf tissue with 1 mL of 0.1% (w/v) trichloroacetic acid
(TCA) per 0.10 g of tissue powder. Homogenates were kept in an ice bath for 15 min,
and consequently centrifuged for 15 min at 14,000 x g at 4 °C to obtain supernatants for
hydrogen peroxide and lipid peroxidation assays.

4.4.1. Lipid Peroxidation

Lipid peroxidation was estimated by the thiobarbituric acid (TBA) method based on
production of the MDA [81]. Briefly, 0.5 mL of supernatant and 1 mL of 0.5% TBA in 20%
TCA were mixed and incubated at 95 °C. After 30 min of incubation, samples were cooled
in an ice bath and centrifuged at 14,000 x g for 15 min at 4 °C. Collected supernatants were
used to measure the absorbance at 532 and 600 nm in a Specord 200 spectrophotometer
(Analytic Jena, Jena, Germany) against the blank (0.5% TBA in 20% TCA). The accumulated
MDA was calculated using an extinction coefficient of 155 mM~! cm~! and expressed as
nmols per gram of FW.

4.4.2. Hydrogen Peroxide

The hydrogen peroxide (H,O;) concentration in extracts was quantified according to
Velikova et al. [82]. The reaction started by adding 0.5 mL of 10 mM potassium phosphate
buffer (pH 7.0) and 0.25 mL of 1 M potassium iodide to the 0.25 mL of sample extracts.
After 20 min of dark incubation, the absorbance of the reaction mixture was read at 390 nm
in an Epoch microplate spectrophotometer. H,O, content was expressed as pmol of H,O,
per g FW based on the HyO; calibration curve (ranged from 0.02-1 mM).

4.5. Antioxidative Enzymes and Polyphenol Oxidase Activity

Crude proteins were extracted from fresh powdered wheat flag leaves. Briefly, about
0.2 g of powdered leaf tissue was homogenized with 1 mL of 100 mM potassium phos-
phate buffer (pH 7.0) with 5 mM ascorbic acid, 0.1 mM ethylenediaminetetraacetic acid
(EDTA), and 2% (w/v) polyvinylpyrrolidone (PVP). After 15 min of ice bath extraction and
centrifugation for 15 min (14,000 x g, 4 °C), re-extraction with 1 mL of the same buffer was
carried out. The pooled supernatants were used for enzyme and soluble protein assays.
For all enzyme assays, five extractions per sample were done, and all enzyme activities
were measured in duplicate at least. The enzyme activities were expressed as nkatal per
mg proteins (nkatal/mgpoteins), Which presents the catalytic transformation of 1 mol of
substrates per 1s.

4.5.1. Soluble Protein Concentration

Soluble protein content was determined according to the Bradford method [83]. The
reaction mixture contained 5 pL of crude protein extract, 45 puL of dHO, and 1 mL of
Coomassie Brilliant Blue reagent. After homogenization, reaction mixture was kept at
room temperature, and after 7 min an absorbance reading at 595 nm was taken in an Epoch
microplate spectrophotometer. The soluble protein content was expressed as mg per g FW
based on the BSA calibration curve (ranged from 0.01-0.4 mg/mL) and used to calculate
and express enzyme activities in the same crude extract.
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4.5.2. Catalase Activity

CAT activity was examined by measuring the initial rate of H,O, degradation [84].
An enzymatic reaction was initialized by mixing of 10 uL of crude protein extract and
990 uL of reaction mixture (50 mM potassium phosphate buffer (pH 7.0) and 5 mM HyO»).
The course of the reaction was followed by an absorbance change at 240 nm over one min.

4.5.3. Ascorbate Peroxidase Activity

APX activity was traced by Nakano and Asada method [85] which records the decrease
in optical density due to ASH oxidation at 290 nm over one min. The enzymatic reaction
was initiated by adding 10 pL of 12 mM H,O; in 990 uL of the reaction mixture. The
reaction mixture contained 960 puL 50 mM potassium phosphate buffer (pH 7.0) with
0.1 mM EDTA, 10 uL 25 mM ascorbic acid, and 20 uL of crude protein extract.

4.5.4. Guaiacol Peroxidase Activity

GPOD activity was measured by using guaiacol as a hydrogen donor according to
Siegel and Galston [86]. The enzymatic reaction started by adding 5 pL of crude protein
extract into 995 pL of reaction mixture (5 mM guaiacol and 2.5 mM H,O, in 0.2 M phosphate
buffer, pH 5.8). The increase in the absorbance of tetra-guaiacol at 470 nm over 1 min was
used to measure GPOD activity.

4.5.5. Polyphenol Oxidase Activity

PPO activity was determined as a rate of oxidation of pyrogallol to o—quinones at
40 °C [87] measured as an increase in absorbance at 430 nm over two minutes. The initiation
of enzymatic reaction was started by the addition of 5 uL of crude protein extract to the
reaction mixture (895 uL of 100 mM potassium phosphate buffer (pH 7.0) and 0.1 mL of
0.1 M pyrogallol).

4.6. Phenolic Acids Content
4.6.1. Extraction of Phenolic Acids for HPLC Analysis

The extraction of phenolic acids was performed by mixing 0.1 g of lyophilized flag leaf
tissue with 4 mL of acidified methanol (80% v/v; 0.1% HCl v/v). After 2 min of vortexing,
the test tube with the mixture was placed in the ultrasonic bath (Sonorex RK 510H, Bandelin
Electronic, Berlin, Germany) and sonicated for 10 min, following agitation in a tube rotator
for 1 h at room temperature (KS 260 basic, IKA, Staufen, Germany). The mixture was then
centrifuged (Universal 320R, Hettich, Tuttlingen, Germany) at 5000 rpm for 10 min. The
supernatant was filtered with a nylon filter with a 0.2 um pore size. The extract was stored
at —20 °C until analysis. All extraction procedures were done in duplicate.

4.6.2. HPLC Analysis of Phenolic Acids

In our study, ten phenolic acids, from which six belong to hidroxybenzoic (syringic,
gallic, chlorogenic, vanillic, protocatechuic, p-hydroxybenzoic) and four to hydroxycin-
namic classes (caffeic, p-coumaric, sinapic, ferulic) purchased from Sigma-Aldrich (Saint
Louis, MO, USA) were analysed. Peaks were identified by comparing their relative re-
tention times and diode array absorption spectra at 275 nm with those of the standards
previously mentioned. The high-performance liquid chromatography with diode-array de-
tection (HPLC-DAD) of our samples revealed the presence of only three hydroxycinnamic
acids (caffeic, p-coumaric and ferulic) which were further quantified using a five-point
external calibration curve (R? > 0.999). The total phenolic content represented a “sum of
phenolics” and was expressed as ferulic acid equivalents from the total area of all peaks
under chromatogram, including the unidentified ones. The phenolics composition analysis
of each extract was carried out in duplicate.
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4.7. Photosynthetic Pigments

Photosynthetic pigments were extracted from fresh powdered flag leaf tissue with
absolute acetone. Concentrations of total Chl (Chl a+b), carotenoids (Car), Chl a/b ratio,
and Chl a+b/Car ratio were calculated from absorbance readings at 470 nm, 647 nm, and
663 nm [88] by a Specord 200 spectrophotometer (Analytik, Jena, Germany). Photosynthetic
pigment concentrations were expressed as mg per g FW.

4.8. Data Analysis

The analysis of variance was carried out to determine differences among the treat-
ments and varieties. Mean comparisons were done using the least significant difference
(LSD) test at the 0.05 level of probability. Statistical analysis was performed within the
R environment [89]. Results in all figures are presented as means + standard error of
five replicates.
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/ /www.mdpi.com/article/10.3390/plants12020249/s1, Figure S1: Pedigree tree of cultivar
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Figure S4: Pedigree tree of cultivar Njivka; Figure S5: Average air temperatures (°C), leaf temperatures
(°C), and soil temperatures at 5 cm soil depth (°C) in the period before and after the experiment was
conducted. Vertical red line indicates the exact date and conditions present at the time of the experiment;
Figure S6: Average rainfall (mm), air moisture (%), and soil moisture (cbar) in the period before and after
the experiment was conducted. Vertical red line indicates the exact date and conditions present at the
time of the experiment; Table S1: The weather and soil condition data at the beginning of the experiment
collected from the field meteorological observatory located at the experimental site (Agricultural Institute
Osijek); Table S2: The chemical properties of soil at the experimental site (Agricultural Institute Osijek).
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