
ABSTRACT. Wheat (Triticum aestivum L.) is ranked as the second most cultivated cereal crop worldwide. Drought stress negatively affects wheat
growth and yield, threatening food supply in view of the rising demand for grain in the global market. The combination of specific root and shoot
traits could be a key determinant of enhanced drought stress tolerance. We quantified several root and shoot features in the wheat genotypes
Yantar and Zlatitsa that differ in drought tolerance. Stress treatment was performed by simulated dehydration and recovery in a newly designed
experimental set-up implementing agar-plate and hydroponic systems. Drought stress and recovery levels were evaluated by measurement
of relative water content in leaves. Dehydration tolerance was positively associated with a vigorous root system, an increased root to shoot ratio,
higher trichome density and reduced stomatal frequency. The expression levels of genes involved in root and shoot development, such as
TaCYCD2;1, TaCYCD6;1, TaZFP34, TaRR12 and TaSHY2, also showed organ-specific and cultivar-specific responses. Identification of key traits for
drought tolerance will facilitate the selection of cultivars better adapted to water-limited environments.

Dehydration tolerance of the wheat genotypes with contrasting drought resistance Yantar and Zlatitsa was positively associated with a
more vigorous root system, an increased root to shoot ratio, higher trichome density and reduced stomatal frequency. At the molecular
level, stress tolerance was linked to lower expression of the negative root regulators TaRR12 and TaSHY2, and higher transcript
abundance of the zinc finger protein TaZFP34. The studied morphological and molecular traits could serve as potential targets for future
selection of wheat cultivars better adapted to changing environments.
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Seeds from two Bulgarian winter wheat (Triticum
aestivum) cultivars, Yantar and Zlatitsa, were
sterilized using the protocol by Munkager et al.
(2020), then stratified for 48 h, and germinated
on sterilized wet filter paper. Five-day-old
seedlings were subjected to simulated drought
stress on ½MS medium supplemented with 150
mM sorbitol, and grown either in large square
Nunc® bioassay dishes (245x245x25 mm) or in an
Araponics® hydroponic system (Araponics SA,
Belgium). Plant drought treatment and recovery
were carried out as illustrated below.
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VARIATIONS IN ROOT/SHOOT RATIO after
application of drought stress and
subsequent recovery in the wheat
cultivars Yantar and Zlatitsa

The application of drought stress did not
significantly change root/shoot ratio in both
cultivars. However, after the recovery phase,
Yantar displayed better developed root system
than Zlatitsa, which could provide adaptive
benefits under dehydration.

Extensive knowledge of crop responses to stress and
identification of stress-adaptive traits greatly contribute to
the rapid progress in plant breeding. Finding beneficial crop
characteristics that are linked to plant drought tolerance will
facilitate designing genotypes with improved stress
adaptation. Roots and leaves are functionally
interdependent and maintain a dynamic biomass balance
depending on resource availability including above-ground
resources (light and carbon dioxide) and root-zone resources
(water and nutrients). The root to shoot ratio is one of the
traits associated with the overall plant status, in particular
upon stress exposure. Specific shoot and root traits can
contribute to improved drought adaptation and could be
useful as selection criteria for drought tolerance of different
wheat cultivars. Additionally, at the cellular level, plants
employ mechanisms of drought response that affect core
constituents and functioning of the cell cycle
machinery (Chang et al. 2016). The relation with the reduced
activity of cyclin-dependent kinases has been provided by
studies on wheat leaves, where the reduction in mesophyll
cell division correlates with the inhibition of CDKA1 activity
(Kitsios & Doonan 2011). We investigated whether simulated
mild drought stress applied to wheat seedlings affects some
key morphological parameters, and the expression levels of
important genes involved in root and shoot development,
which could change the cell cycle dynamics. Identification of
essential genes involved in the modulation of drought
response could broaden our knowledge of the molecular
mechanisms underlying genotype-specific phenotypic
plasticity.
Chang et al. 2016. Plant Science 252, 88-102
Kitsios & Doonan. 2011. Plant Signal Behav. 6, 2, 204-209

INTRODUCTION

EXPRESSION LEVELS of key genes involved in root and shoot development
under control conditions (C), drought stress (D) and after recovery (R) in
two wheat genotypes with contrasting drought tolerance

The expression levels of TaZFP34, TaRR12, TaSHY2 and
TaCYCD2;1 showed cultivar-dependent changes under
drought stress and after recovery. Lower transcript
abundance of TaRR12 and TaSHY2 known as negative
regulators of root growth, and higher expression of
TaZFP34 were observed in drought tolerant Yantar as
compared to drought sensitive Zlatitsa. In Yantar, TaRR12
showed an opposite expression tendency with Zlatitsa.
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CHANGES IN MORPHOLOGY AND MICROMORPHOLOGY in two wheat cultivars with 
contrasting drought tolerance under simulated dehydration and recovery 

Under favourable conditions and drought stress
both cultivars showed similar changes in terms of
shoot and root biomass accumulation. During the
recovery phase, however, the drought- tolerant
genotype Yantar exhibited higher biomass
allocation to roots, as compared to drought-
vulnerable cultivar Zlatitsa.

RESULTS

Drought exposure and recovery
resulted in changes mainly in
leaf trichome density but not in
stomatal frequency and guard
cell length. Noted: C, control; D,
drought; CR, control recovery;
R, recovery

RECAPITULATION





ABSTRACT
Various abiotic stresses including drought induce overproduction of reactive oxygen species (ROS), which cause damages to cellular macromolecules.
Plant cells control the levels of ROS by balancing ROS generation and scavenging through non-enzymatic and enzymatic antioxidant components.
Under favourable conditions, ROS are efficiently neutralised, whereas under stress, the production of ROS surpasses the capacity of the defence
systems to remove them, which causes oxidative stress. In our experiments, seedlings of different wheat (Triticum aestivum L.) genotypes were
subjected to drought stress, and antioxidant status was monitored in plant shoots and roots by 2,2′-diphenyl-1-picrylhydrazyl (DPPH) Radical
Scavenging assay, Ferric Reducing Antioxidant Power (FRAP) assay, and detection of total flavonoid content. In addition, the expression of genes
encoding major antioxidant enzymes was analysed. The results displayed that drought stress mobilized different components of antioxidant defence
system in an organ- and genotype-specific manner. Since the level of antioxidants in plant tissues is closely related to stress tolerance, our data
suggest that some of the studied cultivars possess better drought tolerance capacity through optimization of antioxidant defence system.
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Seedlings of two wheat cultivars (Yantar and Zlatitsa) were grown
in an Araponics® hydroponic system (Araponics SA, Belgium)
and subjected to simulated drought stress on the 5th day after
germination on ½MS medium supplemented with 150 mM
sorbitol. Plant antioxidant status was monitored using two
antioxidant assays, DPPH and FRAP, according to Brand-
Williams et al. (1995), and Benzie and Strain (1999),
respectively. Lipid peroxidation was detected by the
thiobarbituric (TBA) method, quantifying the amount of
malondialdehyde (MDA) as the end product of the lipid
peroxidation (Hodges et al. 1999). Intracellular ROS levels were
additionally detected by DCF fluorescence (O’Llenecia et al. 2021).

EXPERIMENTAL SETUPOVERALL GOAL
To compare the responses of antioxidant machinery in
two wheat cultivars with contrasting drought
tolerance after application of mild dehydration
induced by sorbitol treatment.

CONCLUSIONS

 Sorbitol-induced dehydration applied on two wheat
cultivars with contrasting drought tolerance changed
different components of antioxidant defence system in
an organ- and genotype-specific manner.

 The genotype Yantar demonstrated higher tolerance to
water deficit, which could be associated with greater
total antioxidant activity and ROS scavenging potential.
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Drought stress negatively impacted root growth and
abundance in both wheat cultivars as these features were
more severely affected in Zlatitsa.

Relative water content in the 2nd fully 
expanded leaf in wheat cultivars under 

sorbitol-induced drought stress

The applied drought stress induced mild
water deficit in the leaves of both cultivars,
which was more pronounced in Zlatitsa.

RESULTS

Control

DCF staining revealed a higher ROS production
in Zlatitsa and lower levels in Yantar upon
exposure to drought stress.

DCF fluorescence in the roots of two wheat
genotypes with localization of ROS in the
developing root branches.
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INTRODUCTION

A common plant response to internal and external stimuli is the
generation of ROS that can potentially lead to oxidative injury of cell
components. Plant cells control the levels of ROS by balancing ROS
generation and scavenging through antioxidant enzymes and
molecules, such as superoxide dismutase, catalase, peroxidase and
other antioxidants that protect cells from oxidative damage (Mittler
2017, Trends Plant Sci. 22, 11–19). Under benign conditions, ROS are
efficiently reduced by non-enzymatic and enzymatic antioxidant
components, whereas under stress the production of ROS surpasses
the capacity of the antioxidant defense systems to remove them,
which causes oxidative stress (Vanderauwera et al. 2005, Proc. Natl. Acad.
Sci. U.S.A. 109, 20113–20118). The degree of plant drought tolerance
differs among various crop species but also among different cultivars
of the same species (Vassileva et al. 2012, J. Agron. Crop Sci. 198, 104-117).
Understanding the mechanisms associated with genetic variation of
plant stress tolerance is crucial for the development and introduction
of more drought-tolerant crop genotypes.

Antioxidant parameters in the leaves and roots of the wheat
cultivars Yantar and Zlatitsa after exposure to simulated
drought stress. Free radical scavenging activity (Ferric Reducing
Antioxidant Power, FRAP) illustrating ROS scavenging potential, 2,2′-
diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging assay detecting
antioxidant capacity, total flavonoid content and malondialdehyde
(MDA) levels were evaluated.

 All antioxidant parameters showed organ-specific variations in both
genotypes under drought and control conditions.

 ROS scavenging potential, antioxidant capacity and total flavonoid
content were significantly lower in the roots compared to the leaves.

 The applied dehydration induced greater accumulation of MDA in the
roots of Zlatitsa, as compared to that in Yantar.

Dehydration led to higher accumulation of TaCAT1 and
TaGPX transcripts in drought-tolerant Yantar compared
to susceptible Zlatitsa, whereas TaAPX showed slightly
lower expression levels in both genotypes.
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Relative expression of genes from ROS-protection
pathway in two wheat genotypes exposed to
drought stress. Noted: C, control; D, drought

Root morphology of the wheat cultivars Yantar
and Zlatitsa under control conditions and after
sorbitol-induced drought stress
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Metabolite profiling reveals differential drought-induced changes in wheat 
cultivars with contrasting abiotic stress tolerance
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Drought stress is one of the most destructive environmental factors that lowers agricultural pro-
duction worldwide. To counteract drought effects, crop plants use different strategies that could 
be genotype-specific. We performed metabolite profiling of methanolic extracts from four wheat 
cultivars (Zlatitsa, Sadovo-1, KM135 and Yantar) differing in drought sensitivity after their exposure 
to severe dehydration. The level of drought stress was monitored by measuring the relative water 
content in plant leaves. The cultures behaving as drought susceptible, such as Zlatitsa, had a greater 
reduction in the relative water content in the leaves. Using gas chromatography-mass spectrometry 
(GC-MS), we identified and quantified primary metabolites belonging to sugars, amino, fatty and 
organic acids, and secondary metabolites, such as phenolic compounds, sterols, and polyols. In all 
wheat cultivars studied, the total amounts of the identified amino acids including prolinе, as well as 
these of fructose isomers, glucose and octanoic acid significantly increased, whereas the content of 
quinic acid and hexadecanoic acid decreased. The accumulation of organic acids (malic and succin-
ic), phenolic acids (vanilic, 4(p)-hydroxybenzoic and ferulic), myo-inositol, and sterols showed vari-
able trends of change depending on the genotype. Therefore, our results imply for the existence of 
differential cultivar-specific adaptation strategies to drought stress manifested by specific alterations 
in the primary and secondary metabolites upon exposure to drought stress.
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Fig. 1. Design of drought stress 
experiments with different wheat cultivars 

Fig. 2. Relative water deficit in the 2nd

fully expanded leaf in wheat cultivars
under drought stress and subsequent
recovery. Abbreviations: CD, control
drought; D, drought; CR, control
recovery; R, recovery

Fig. 3. Representative images of the wheat
cultivars Zlatitsa and Yantar exposed to
drought stress and subsequent recovery
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Drought stress is one of the most destructive environmental factors
that lowers agricultural production worldwide. To counteract
drought effects, crop plants use different strategies that could be
genotype-specific. In general, metabolite changes, such as proline,
malic acids, fructose accummulation, contribute to drought stress
tolerance. Four Bulgarian winter wheat (Triticum aestivum L.)
cultivars, Zlatitsa, Sadovo-1, KM135 and Yantar, with different levels
of drought tolerance were analysed for metabolite responses to
dehydration. Drought stress was imposed on 10-day-old plants with
a fully developed 2nd leaf and expanding 3rd leaf by withholding
irrigation for a period of 7 days, followed by 4 days of recovery. (Fig.
1). All analyses were performed with the samples from the 2nd fully
expanded leaf. The level of drought stress was monitored by
measuring the relative water content in plant leaves (Fig. 2).

Comparative analysis of the metabolite profiles by GC/MS of 
four wheat cultivars before and after exposure to dehydration 

is the aim of the present study

Fig. 5. Accumulation of fructose and glucose under drought 
stress

Fig.6. Accumulation of malic, vanilic and quinic acids, myo-
inositol under drought stress

Fig. 4 Accumulation of some amino acids  under drought stress

Phenolic and organic acids (Vanilic, Protocatechuic, Hydroxycinnamic, Ferulic,
Quinic, Malic, Glyceric and Succinic), amino acids and derivatives (Proline,
Serine , Threonine, Tyrosine , Aspartic acid, Glutamic acid, Phenylalanine and
Pyroglutamic acid), fatty acids (Octanoic and Hexadecanoic), fatty alcohols
(Dodecanol and Hexadecanol), sterols (Campesterol and ß-Sitosterol) were
identified in the methanolic extracts of the studied leaf samples from four wheat
cultivars. The content of some amino acids increased in all genotypes exposed to
drought stress (Fig. 4). The same trend of changes in the levels of malic acid,
fructose and glycose was noted (Fig. 5, 6). The amount of phenolic acids (vanilic,
4(p)-hydroxybenzoic and ferulic), myo-inositol and sterols showed variable
alterations depending on the genotype. Decreased levels in the content of
hexadecenoic and quinic acids and sterols was found.

SUMMARY: All four cultivars responded to drought treatment by
accumulation of amino acids, malic acid, monosaccharides. Accumulation of
osmolytes is a well-documented reaction of plants to drought stress.
Differential abundance of these compounds in individual cultivars could be
considered as an indicator of their drought vulnerability.
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Drought stress is one of the most destructive abiotic stress factors that affects plant growth and 
development, and lowers world wheat production by up to 50%. Wheat plants have adopted 
different strategies to counteract drought stress, which are often genotype-specific. One of these 
strategies could comprise dynamic changes in DNA methylation that effectively modulate gene 
expression under drought exposure. Initially, we have developed simple and versatile laboratory 
protocols for cultivation and drought treatment of wheat plants on agar plates and in hydroponic 
systems, which allowed non-destructive root sampling and detailed studies of root morphology 
and growth dynamics. The effects of dehydration on root epigenetic machinery is less studied 
due to limited methodologies and protocols for phenotyping and analysis of wheat root system. 
We compared the expression level of genes encoding several maintenance DNA 
methyltransferases (TaMET1, TaMET2a, TaMET2b and TaMET3) and the chromatin remodeler 
DECREASE IN DNA METHYLATION 1 (TaDDM1) in the roots and leaves of Bulgarian 
winter wheat cultivars with contrasting drought tolerance. Our results display cultivar-specific 
and organ-specific drought responses of these epigenetic regulators, which could be tested as 
potential selectable traits for plant drought tolerance. In addition, we employed the DNA 
methylation dependent endonuclease McrBC to analyse genes involved in abiotic stress 
response, and identified organ-specific differences in the expression levels of two heat 
shock proteins (TaHSP70 and TaHSP90.2-B1) and the CBL-interacting protein kinase 5 
(CIPK5), which could be considered as promising candidates for further study and potential 
implementation in the selection of wheat genotypes with higher drought tolerance. 
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