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Abstract

Uhr, Z., Dobrikova, A., Borisova, P., Yotsova, E., Dimitrov, E., Chipilsky, R. &. Popova, A. V. (2022). Assessment
of drought tolerance of eight varieties of common winter wheat — a comparative study. Bulg. J. Agric. Sci., 28 (4),
668—676

The ability of eight Bulgarian common winter wheat varieties (Sadovska belya, Lusil, Diamant, Bononia, Tsarevets, Niky,
Guinness and Petya) to tolerate drought stress as well as to recover after re-watering were evaluated by following the alter-
ations in the leave pigment content, generation of hydrogen peroxide, lipid peroxidation, and levels of synthesized protective
substances (anthocyanins). These parameters were used as fast and sensitive stress markers to assess varieties' susceptibility
to drought. Results presented indicated that on the 7" day of dehydration alteration in the photosynthetic pigment content oc-
curred as indicated by the decreased chlorophyll to carotenoid ratio showing that the amount of total chlorophylls was changed
to a higher extent than that of carotenoids. Data demonstrated that the amount of stress-generated hydrogen peroxide (H,0O,)
was highest in Guinness, followed by Petya, Lusil and Tsarevets. The extend of membrane damage evidenced by the degree of
dehydration-induced lipid peroxidation was highest in varieties Sadovska belya, Petya and Tsarevets. Furthermore, all inves-
tigated varieties responded to drought stress by increased synthesis of anthocyanins. Our results also suggested that varieties
Guinness and Diamant were suitable for growing in areas with limited water availability as they have a good drought stress
resistance and recovery capacity.
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Introduction

Drought is one of the most important environmental ex-
tremes that constraints the plant survival and crop produc-
tivity in natural and agricultural habitats (Araus et al., 2002;
Passioura, 2002; Chaves et al., 2003), causing oxidative
stress which negatively affects crop development and yield
(Rampino et al., 2006; Petrov et al., 2019). It is well estab-

lished that drought stress induces significant reductions in
plant growth, relative water content, ion homeostasis, pho-
tosynthetic pigment content, effectiveness of photosynthetic
processes, stomatal conductance, chlorophyll fluorescence,
etc. (Chaves et al., 2009; Dulai et al., 2019). One of the most
dangerous consequence of drought stress is the enhanced
production of reactive oxygen species (ROS) in different
cellular compartments, such as chloroplasts, mitochondria
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and peroxisomes, resulting in extensive cellular damage
and death (Morgan, 1984; Foyer & Noctor, 2003; Cruz de
Carvalho, 2008; Izanloo et al., 2008; Xu et al., 2010). This
enhanced ROS production is, however, kept under control
by accumulation of protective substances, activation of
plant enzyme antioxidant system and different signal path-
ways (Willekens et al., 1997; Izanloo et al., 2008; Xu et al.,
2010; Rangani et al., 2018). ROS may play a dual role, caus-
ing damage but also serving as stress signaling molecules
(Chaves et al., 2009). Furthermore, stress-generated ROS
can serve as an alarm signal that triggers defense responses
by specific signal pathways that involve H,O, as a secondary
messenger (Willekens et al., 1997; Chaves et al., 2003; Foy-
er & Noctor 2003).

In the last years, a preferential crop genotype selection
was applied to combine the advantages of different genes
in respect to changing environmental conditions and to im-
prove breeding efficiency in crop plants (Rampino et al.,
2006; Kumar et al., 2015; Pieczynski et al., 2017). Breeding
of wheat genotypes is a process related to the development of
new varieties with optimal combination of different valuable
biological and economic properties as well as environment
interactions (Chairi et al., 2020). The effects of different gen-
otypes of wheat semi-dwarfing genes (RAt genes) and their
combination in the wheat tolerance to osmotic stress condi-
tions were also extensively studied (Landjeva et al., 2008;
2011; Petrov et al., 2019). Interspecific hybridization of
wheat with wild relatives is an appropriate breeding strategy
to improve the stress tolerance (Dulai et al., 2019). Wheat
breeding in Bulgaria has been also directed to achieving an
increased yield, improved grain quality and increased abiotic
stress tolerance (Kolev et al., 2010). Since 1960, more than
130 modern semi-dwarf (RAt genes) wheat varieties have
been released by the two main breeding centres in Bulgaria
— Agricultural Institute in General Toshevo and Institute of
Plant Genetic Resources in Sadovo.

The aim of the present study was to investigate the re-
sponse of eight Bulgarian winter common wheat varieties
created in the Institute of Plant Genetic Resources in Sadovo,
Bulgaria, to drought stress (Sadovska belya, Lusil, Diamant,
Bononia, Tsarevets, Niky, Guinness and Petya) and for selec-
tion of appropriate genotypes to improve breeding efficiency
and choose varieties suitable for specific environmental con-
ditions, in particular under water deficiency. The presented
common wheat varieties were exposed to drought stress for
3 and 7 days. Special attention was paid to the ability of the
wheat varieties to recover after re-watering of plants. The
changes in the content of photosynthetic pigments as fast
stress markers, as well as of oxidative stress markers (H,O,
and MDA) and synthesis of protective substances (anthocy-

anins) were compared in order to classify these eight wheat
varieties in respect to their drought resistance for recommen-
dation of potentially suitable genotypes for improving the
drought tolerance of common wheat.

Materials and Methods

Plant material

In this study were included 8 varieties of Bulgarian win-
ter common wheat from the Breeding program of the Insti-
tute of Plant Genetic Resources, Sadovo, Bulgaria: Sadovska
belya, Lusil, Diamant, Bononia, Tsarevets, Niky, Guinness
and Petya (Table 1), obtained by hybridization with the ex-
ception of variety Guinness (Ivanov et al., 2018).

Plant growth conditions

Seeds of eight common winter wheat varieties were sown
in pots filled with soil, taken from the region of Sadovo, Bul-
garia, and grown in a climate chamber under controlled con-
ditions: illumination of 250 umol photons m? s, 16/8 h day/
night photoperiod, 20/18°C day/night temperature and rela-
tive humidity 60% for about 21 days. In every pot (d=15.5
cm, hight=14.5 cm) were sown 20 seeds. At the stage of third
developed leaf pots were divided into 2 groups — control (10
pots) and subjected to drought stress (10 pots). Watering of
the second group of plants was stopped for 7 days followed
by a re-watering period of 3 days to evaluate the ability of
plants to recover after dehydration stress. Watering of con-
trol plants continued during the whole experimental cycle.
Leave material (pieces of the second developed leaf from
different plants) were collected at the beginning of photope-
riod from control (watered) plants and of dehydrated plants
at the 3" and 7™ days of dehydration and after 3 days recov-
ery period, immediately frozen in liquid nitrogen and stored
at —80°C till processing. Experiments were performed in the
period April-July 2019.

Pigment analysis

Photosynthetic pigments were extracted from leave mate-
rial with ice-cold 80 % acetone (v/v) in dim light as described
in Gerganova et al. (2016). Leave material (40 mg) was grind-
ed by a mortar and pestle at 4°C in dim light and the extracts
were centrifuged in sealed tubes at 4500 g for 15 min. The
clear supernatant was used to spectrophotometrically (UV-
VIS Specord 210 Plus, Analytic Jena, Jena, Germany) deter-
mine the pigment content of chlorophyll a (Chl a), chlorophyll
b (Chl b) and carotenoids (Car) as described in Lichtenthaler
(1987). At every time point four parallel samples were col-
lected from plants after 3 and 7 day of dehydration and after 3
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Table 1 Characteristics of 8 Bulgarian common wheat varieties used in the study

Variety Hydbridization Properties of varieties established by field tests

Sadovska belya QLada X J'Sadovo Medium drought and excellent cold resistance. High
productive potential with a stable yield. Highly plastic
and adaptive.

Lusil QYantar X dMedven Good drought and cold resistance. Excellent adaptabili-
ty and suitable for growing throughout the country,
including more intensive technology

Diamant Q Jubiley X &'Sadovo Very good drought and excellent cold resistance. High-
ly adaptable with excellent productivity and grain qual-
ity, suitable for growing in areas with colder climates.

Bononia QKrasnodarsky karlik X dLudogorka Excellent winter hardiness and medium to low drought
resistance. High productivity with very good balance
between yield and quality of grain.

Tsarevets QZebrets X dKatya Tolerant to winter hardiness and drought resistance.
Highly productive and has very large spikes, with high
number of spikelets and grains.

Niky QSadovo X JPobeda, followed by treatment of F1 | Good cold and a medium drought resistance.

seed generation with 1mM NaN,

Petya QThessee X & Carmen Good drought and cold resistance. It has a complex re-
sistance to diseases and provides high and stable yield.

Guinness Induced mutagenesis of variety Katya with gamma | Excellent drought and a good cold resistance. Very

rays 50 Gy. high yield potential based on high and balanced
productive tillering. Extremely high drought resistance
and adaptability.

days re-watering (recovered) plants. At every time point paral-
lel samples were taken from control, normally watered plants.
Mean values (+SE; n = 4) were calculated and expressed on a
dry weight basis (mg pigment g' DW).

Determination of lipid peroxidation and H,0, content

The extent of lipid peroxidation in the 8 investigated
wheat varieties was determined by the malondialdehyde
(MDA) content following the thiobarbituric acid method
(TBA) (Esterbauer & Cheeseman, 1990). Leave material
(100 mg) was homogenized in 3 ml 0.1% (w/v) trichloroace-
tic acid (TCA) at 4°C. After centrifugation at 4500 g for 15
min at 4°C 1 ml of the clear extract was mixed with 1 ml of
20% TCA containing 0.5% thiobarbituric acid (TBA). The
mixture was boiled in a water bath for 25 min. After cool-
ing the absorbance was recorded at 532 and 600 nm (UV-
VIS Specord 210 Plus). The absorbance at 600 nm was read
to correct for unspecific turbidity. The amount of formed
2-thiobarbituric acid-reactive metabolites (aldehydes, main-
ly MDA and endoperoxides) was calculated using the ex-
tinction coefficient of 155 000 M cm™! and expressed on a
dry weight basis (umol MDA g' DW). Mean values (+SE,

n = 4) were calculated from four parallel samples for each
time point of every experiment.

For determination of H,0, content 0.5 ml of the superna-
tant after centrifugation of homogenized leave material with
0.1% TCA was mixed with 0.5 ml K phosphate buffer (pH
7.0) and 1 ml 1 M KI. After 2 hours in the dark and several
times vortex-mixing the absorbance at 390 nm was spectro-
photometrically determined by UV-VIS Specord 210 Plus
spectrophotometer. The amount of H,O, was determined us-
ing a standard curve (Velikova et al., 2000) and expressed on
a dry weight basis as (umol H,O, g DW). The mean values
(+SE, n=4) were calculated from four parallel samples for
each time point of every experiment.

Determination of anthocyanins content

Leave material (50 mg) was collected at every time point
from control (normally watered), treated and recovered plants
of eight wheat varieties for evaluation of anthocyanins con-
tent. Samples were homogenized in 6 ml solution containing
methanol/HCI/H,O (79/1/20, v/v/v) and centrifuged at 10 000
g for 15 min at 4°C. The absorbance at 535 and 653 nm was
recorded spectrophotometrically by UV-VIS Specord 210
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Fig. 1. Pigment content (Chl (a+b) and Car (total
carotenoid content)) of control plants of eight common
wheat varieties, arranged in respect to decline of pig-
ment content. Means (=SE, n=4) were calculated from
4 parallel samples. Same letters indicate non-significant
differences, while significant differences were indicated
with different letters according to LSD test.

Plus spectrophotometer in the clear supernatant. The absolute
values of anthocyanins were determined using the equation:
A= (A, — 0.24xA ) (Murray and Hackett, 1991) and the
extinction coefficient of 33 000 M cm™! (Hodges & Nozzolil-
lo, 1996) and expressed on a dry weight basis (nmol g! DW).
Mean values (+SE, n=4) were calculated from four parallel

samples for each time point of every experiment.

Statistics

Data were presented as mean values + SE. Mean val-
ues were calculated from 4 parallel samples for each time
point. Comparison of means was performed by the Fisher
least significant difference (LSD) test at P < 0.05 following
ANOVA. A statistical software package (StatGraphics Plus,
version 5.1 for Windows, USA) was used. Same letters indi-
cate non-significant differences, while significant differences
were indicated with different letters according to LSD test.

Results and Discussion

Alterations in the photosynthetic pigment content
In Figure 1 are arranged the values of total chlorophyll
(Chl a+b) and total carotenoid (Car) content of the control
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Fig. 2. Drought-induced alterations in the Chl/Car ratio
of eight Bulgarian common winter wheat varieties after 3
and 7 days of dehydration followed by a recovery period
of 3 days (R). The values of the total chlorophyll (Chl
a+b) to carotenoids (Car) ratio were calculated as (mg
pigment g-1 DW) and results were presented as percent
from the respective control. Mean values (+SE, n=4) were
calculated from 4 parallel samples for every time point
of each experiment. Same letters indicate non-significant
differences, while significant differences were indicated
with different letters according to LSD test.

plants of investigated eight wheat varieties. The highest con-
tent was observed in Sadovska belya. Pigment content of
Lusil, Diamant, Bononia and Tsarevets gradually decreased.
Pigment content in the control plants of Niky, Guinness and
Petya was the lowest and very similar. Therefore, it can be
assumed that the effectiveness of photosynthetic processes
was at the highest level in Sadovska belya, decreasing gradu-
ally in Lusil, Diamant, Bononia and Tsarevets, while in Niky,
Guinness and Petya these processes were performed in low
and comparable rate (Khanal et al., 2017).

In Figure 2 are included the results of dehydration-in-
duced alterations in the pigment content of the eight wheat
varieties, represented as the ratio of total chlorophyll content
to total carotenoid content (Chl/Car), calculated as percent
from the respective watered control on the 3 and 7" day
of water deprivation and after 3 days re-watering. Pigment
analysis of leaves from plants subjected to dehydration as
a fast stress indicator revealed that during the first 3 days
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of water deficit, a slight decrease in the ratio Chl/Car was
observed only for two wheat varieties: Sadovska belya and
Lusil (Figure 2). After 7 days of drought stress the ratio Chl/
Car decreased to a different extent for all varieties, except
for Giunness. However, the most prominent decline was ob-
served for Sadovska belya, Lusil and Bononia, with around
15%. On re-set of watering, the ratio Chl/Car was restored,
except for Lusil, Bononia and Petya. The observed reduction
of Chl/Car ratio was due to a more significant decrease in the
amount of total chlorophyll (Chl a+b) than that of the total
carotenoid content. The decrease in photosynthetic pigment
content indicated that either the synthesis of pigments was
retarded by lack of water, or the process of their degradation
was accelerated.

The decline in availability of photosynthetic pigments
could have a negative impact on performing the effective
photosynthetic process and also on crop yields (Rivas et al.,
2017). Longer period of dehydration (7 days) affected all in-
vestigated varieties except Giunness. The ability of the eight
investigated varieties to recover after the 7 days of dehydra-
tion was demonstrated by restoration of Chl/Car ratio to con-
trol values. Only for varieties Lusil, Bononia and Petya the
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Fig. 3. Time-dependent generation of H,0, in leaves of
eight Bulgarian varieties of common winter wheat, in-
duced by dehydration. Results were calculated as (umol
H,O, g' DW) and presented as percent from respective
control. Means (+SE, n = 4) were calculated from 4
parallel samples at each time point of every experiment.
Same letters indicate non-significant differences, while
significant differences were indicated with different
letters according to LSD test.

ratio did not recover completely. In respect to the drought-in-
duced alterations in the pigment content, the most sensitive
varieties were Bononia and Lusil that sense the water defi-
ciency in the early stage of dehydration and did not restore to
their control values after 3 days re-watering. Results showed
that the varieties Guinness followed by Diamant were the
most resistant in terms of photosynthetic pigment content.
Chlorophyll degradation is a common response in plants
under drought stress (Guerfel et al., 2009; Liu et al., 2011).
Previous study of the drought-resistant plant C. procera (Ri-
vas et al., 2017) has shown that only Car content increased
during drought stress, while the Chl a content decreased in
comparison to the control. Furthermore, after the recovery
period, Chl a, Chl b and Car increased in re-watered plants
compared to the control suggesting fast recovery and ability
to tolerate drought stress. Moreover, Yang et al. (2019) re-
ported that chlorophyll content was greatly increased in the
leaves of blackberry resistant cultivar as the content of Chl &
gradually increased during the drought stress period.
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Fig. 4. Level of lipid peroxidation in leaves of eight va-
rieties of Bulgarian common winter wheat, exposed for
3 and 7 days to dehydration and after 3 days of re-wa-
tering. At every time point four parallel samples were
processed from control and treated plants. Means (+SE,
n = 4) were calculated from 4 parallel samples at every
time point. Results were calculated as (umol MDA g!
DW) and expressed as percent from respective normally
watered control. Same letters indicate non-significant
differences, while significant differences were indicated
with different letters according to LSD test.
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Fig. 5. Drought-induced accumulation of anthocyanins
in leaves of eight varieties of common winter wheat,
exposed for 3 and 7 days to dehydration followed by 3
days re-watering (R). Results were calculated as (nmol
anthocyanins g-1 DW) and expressed as percent from
respective control. Means (+SE, n = 4) were calculated
from 4 parallel samples for each independent experi-
ment at every time point. Same letters indicate non-sig-
nificant differences, while significant differences were
indicated with different letters according to LSD test.

Changes in the oxidative stress markers under drought
and recovery

It is well documented that drought stress causes a
marked increase in oxidative damage of plants (Yue et al.,
2012; Pyngrope et al., 2013). As a result of different abiotic
stress factors generation of ROS occurs leading to oxida-
tive stress including oxidation of biological molecules as
lipids, proteins, pigments and DNA (Asada, 2006). One of
the most damaging effects of different types of ROS is the
peroxidation of membrane lipids, especially of thylakoid
membranes, that are characterized by a high level of poly-
unsaturated fatty acid chains (Pospis$il & Yamamoto, 2017)
triggering chain reactions that seriously disturb the struc-
tural and functional organization of membranes, leading
to increased permeability, intensive leakage and finally to
cell death (Imlay, 2008; Smirnoff & Arnaud, 2018). ROS
production including H,O, may cause membrane damage
but can also perform a role of a stress signalling molecule
(Chaves et al., 2009). Under drought stress, it has been
shown that the content of H O, lipid peroxidation (MDA

272

content), and protective substances as soluble sugars in the
leaves increased in a linear fashion with the progression of
stress (Yang et al., 2019).

In order to evaluate the degree of suffered injury in the
course of dehydration the content of H,O, and the degree of
lipid peroxidation were followed as typical stress indicators.
The dehydration-induced generation of H,O, was best ex-
pressed on the 7" day of drought stress. The highest value of
accumulated H,O, was observed for Guinness, followed by
Petya, Lusil and Tsarevets. After re-watering of plants for 3
days the amount of generated H,O, was reduced, indicating
significant ability for recovery after dehydration with excep-
tion for Sadovska belya and Bononia.

It is well documented that drought stress causes a
marked increase in oxidative damage to plants (Yue et al.,
2012; Pyngrope et al., 2013). Under conditions of abiotic
stress, the generated ROS can lead to peroxidation of mem-
brane lipids that perturb membrane structure and functions.
MDA is the decomposed product of polyunsaturated fatty
acids in bio-membranes and usually used as the criterion
for stress-induced oxidative damage of membranes (Yue et
al., 2012).

Under control conditions the values of registered MDA
in investigated wheat varieties were ranging between
5.82+0.56 pmol MDA ¢! DW in Guinness and 10.47+1.12
pmol MDA g! DW in Sadovska belya. In Figure 4 are pre-
sented the results of stress-induced lipid peroxidation, de-
termined by the MDA method. For every wheat variety the
values were presented as percent from the respective control
(plants that were the same age and watered regularly) — after
3 and 7 days of deprivation of water supply and after 3 days
re-watering. The extent of lipid peroxidation was significant-
ly increased on 7" day of dehydration in majority of wheat
varieties, with exception of Diamant and Guinness. Signif-
icant degree of recovery after re-start of watering was ob-
served only in Bononia, Niky and Guinness (Figure 4). For
all other varieties the degree of lipid peroxidation was either
comparable with 7% day of dehydration (Sadovska belya and
Lusil), or even higher (Diamant, Tsarevets, Petya), indicat-
ing that some stress-related processes were still functioning
after re-set of watering of plants.

Although the highest values of H O, were registered in
Guinness (Figure 3), the amount of MDA (Figure 4) was at
the lowest level in this variety after 7 days of water depri-
vation. For Diamant we also observed high content of H,O,
and low level of lipid peroxidation (Figures 3 and 4). This is
an indication of inclusion of various protective mechanisms
against drought stress. Further research with these two vari-
eties will give a detailed description of the underlaying de-
fense mechanisms.



674

Zlatina Uhr et al.

Previously it has been shown that in re-watered plants,
after 3 days recovery period the content of MDA and H,O,
decreased compared to the controls, indicating drought tol-
erance which was accompanied with increased SOD and
APX activity (Rivas et al., 2017). Fast recovery indicates
that plants might have evolved complex mechanisms to
sense water availability and re-program their metabolism
and that the applied dehydration stress was not severe and
was completely reversible on water availability.

Content of protective substances (anthocyanins)

As a response to unfavorable environmental conditions,
especially to high light illumination, plants increase synthe-
sis of protective substances including anthocyanins. These
substances belong to a vast and diverse flavonoid group that
are located in plant vacuole and realize a protective effect
mainly by screening excessive light and/or acting as effec-
tive antioxidants (Gould et al., 2002; Hernandez et al., 2009;
Landi et al., 2015). It had been shown that in vitro antho-
cyanins demonstrate antioxidant activities, higher than of
well-recognized antioxidants ascorbic acid and vitamin E
(Gould et al., 2002; Hernandez et al., 2009).

Under control conditions the eight investigated wheat
varieties form two groups in respect to anthocyanins content
— Niky, Tsarevets, Lusil and Bononia contain twice higher
amounts of anthocyanins (in the range between 1.2 and 1.5
pmol g' DW) than Petya, Guinness, Sadovska belya and
Diamant (at around 0.5 pmol g' DW). Wheat varieties, sub-
jected to dehydration for 7 days showed increased synthesis
of anthocyanins, which was best expressed in Sadovska be-
lya and Lusil followed by Guinness and Bononia, Niky and
Tsarevets. Only Diamant did not show increase in synthesis
of anthocyanins (Figure 5). After the recovery period of 3
days (re-watering), the level of anthocyanins in majority of
wheat varieties showed a tendency of decrease in compari-
son to 7 days stress with exception for Diamant.

Although the drought-induced content of anthocyanins in
Sadovska belya was at the highest level and in Diamond at
the lowest level, both varieties showed a high resistance to
drought stress as indicated by their low level of lipid perox-
idation (Figure 4). This probably indicates that in these two
varieties were included different defense mechanisms which
could be the subject of a future research.

Conclusion

Data presented indicated that the most pronounced dehy-
dration-induced alterations in eight Bulgarian common win-
ter wheat varieties in respect to pigment content, generation

of H,0,, lipid peroxidation and accumulation of protective
substances (anthocyanins) were observed after 7 days of
water deprivation. On the 7" day of dehydration alterations
in photosynthetic pigment content occurred, except for vari-
ety Guinness, as indicated by the decrease of ratio Chl/Car
pointing out that the amount of total chlorophyll decreased to
a higher extent than that of carotenoids. In addition, drought
stress induced pronounced oxidative damage in the leaves of
all eight common winter wheat varieties.

Dehydration accelerated the generation of ROS (H,0,),
provoked membrane lipid peroxidation (MDA), and dis-
rupted the balance of chlorophyll metabolism. Based on the
comparative analysis of 8 varieties of common winter wheat,
it can be concluded that the degree of dehydration-induced
lipid peroxidation is high for almost all varieties: Lusil, Sa-
dovska belya, Bononia, Niky, Tsarevets and Petya with ex-
ception for Guinness and Diamant. After the recovery period
only Bononia, Niky and Guinness showed a recovery on re-
set of watering.

Furthermore, all investigated varieties responded to de-
hydration stress by increased synthesis of anthocyanins, best
expressed in Sadovska belya followed by Lusil and Guin-
ness. In addition, drought stress induced pronounced oxida-
tive damage in the leaves of all wheat varieties. It is sug-
gested that drought stress tolerance of wheat varieties was
associated with their ability to maintain higher chlorophyll
content and lower MDA levels as well as to increase syn-
thesis of protective substances like carotenoids and antho-
cyanins.

All these suggested that the most stable varieties in re-
spect to dehydration were Guinness followed by Diamant
that showed a good drought stress resistance and recovery
capacity after re-watering as evidenced by no change in Chl/
Car ratio in the course of dehydration, low level of lipid per-
oxidation and high amounts of anthocyanins. The fact that
the dehydration-induced H,O, was high could indicate that
other mechanisms are involved in maintaining low level of
membrane damage. Our results support the idea that these
two varieties are suitable for growing in areas with limited
water availability. Further investigation of the involved de-
fense mechanisms on functional and metabolic level of these
two varieties (Guinness and Diamant) are needed for better
understanding the nature of their resistance towards dehy-
dration.

Acknowledgements

This work was supported by the Bulgarian Ministry of
Education and Science under the National Research Pro-
gramme “Healthy Foods for a Strong Bio-Economy and
Quality of Life” approved by DCM # 577 / 17.08.2018”



Assessment of drought tolerance of eight varieties of common winter wheat — a comparative study 675

References

Araus, J. L., Slafer, G. A., Reynolds, M. P. & Royo, C. (2002).
Plant breeding and water relations in C3 cereals: what should
we breed for? Anmnals Bot, 89(7), 925-940. https://doi.
org/10.1093/aob/mct049

Asada, K. (2006) Production and scavenging of reactive oxygen
species in chloroplasts and their function. Plant Physiol., 141,
391-396. https://doi.org/10.1104/pp.106.082040.

Chairi, F., Aparicio, N., Serret, M. D. & Araus, J. L. (2020).
Breeding effects on the genotype x environment interaction
for yield of durum wheat grown after the Green Revolution:
The case of Spain. Crop Journal, 8(4), 623—634. https://doi.
org/10.1016/1.¢j.2020.01.005.

Chaves, M. M., Flexas, J. & Pinheiro, C. (2009). Photosynthe-
sis under drought and salt stress: regulation mechanisms from
whole plant to cell. Annals Bot., 103, 551-560. http://dx.doi.
org/10.1093/aob/men125.

Chaves, M. M., Maroco, J. P. & Pereira, J. S. (2003). Understand-
ing plant response to drought-from genes to the whole plant.
Funct. Plant Biol., 30(3), 239-264. https://doi.org/10.1071/
FP02076.

Cruz de Carvalho, M. H. (2008) Drought stress and reactive ox-
ygen species. Plant Signal Behav., 3(3), 156—165. https://doi.
org/10.4161/psb.3.3.5536.

Dulai, S., Tarnai, R., Salamon, D., Molnar, 1., Vojtké, A., Ta-
borskd, J., Ammar, A., Molnar-Lang, M. & Szopko, D.
(2019). Effects of water deficit and salt stress on some pho-
tosynthesis parameters in wheat and aegilops comosa lines.
Acta Biologica Plantarum Agriensis, 7(1), 55-67. https://doi.
org/10.21406/abpa.2019.7.55.

Esterbauer, H. & Cheeseman, K. H. (1990). Determination of al-
dehydic lipid peroxidation products: Malonaldehyde and 4-hy-
droxynonenal. Methods Enzymol., 186, 407-431. https://doi.
0rg/10.1016/0076-6879(90)86134-H.

Foyer, C. H. & Noctor, G. (2003). Redox sensing and signalling
associated with reactive oxygen in chloroplasts, peroxisomes
and mitochondria. Physiol. Plant., 119(3), 355-364. https://doi.
org/10.1034/j.1399-3054.2003.00223 x.

Gerganova, M., Popova, A. V., Stanoeva, D. & Velitchkova,
M. (2016) Tomato plants acclimate better to elevated tem-
perature and high light than to treatment with each factor sep-
arately. Plant Physiol. Biochem., 104, 234-241. https://doi.
org/10.1016/j.plaphy.2016.03.030.

Gould, K. S., McKelvie, J. & Markham, K. R. (2002). Do an-
thocyanins function as antioxidants in leaves? Imaging of
H,O, in red and green leaves after mechanical injury. Plant
Cell Environ., 25, 1261-1269. https://doi.org/10.1046/j.1365-
3040.2002.00905.x

Guerfel, M., Baccouri, O., Boujnah, D., Chaibi, W. & Zarrouk,
M. (2009). Impacts of water stress on gas exchange, water re-
lations, chlorophyll content and leaf structure in the two main
Tunisian olive (Olea europaea L.) cultivars. Sci. Hortic., 119,
257-263. https://doi.org/10.1016/j.scienta.2008.08.006

Hernandez, 1., Alegre, L., van Breusegem, F. & Munne-Bosch,
S. (2009). How relevant are flavonoids as antioxidants in

plant? Trends Plant Sci., 14, 125-132. https://doi.org/10.1016/j.
tplants.2008.12.003

Hodges, D. M. & Nozzolillo, C. (1995). Anthocyanin and antho-
cyanoplast content of cruciferous seedlings subjected to min-
eral nutrient deficiencies. J. Plant Physiol., 147(6), 749-754.
https://doi.org/10.1016/S0176-1617(11)81488-4.

Imlay, J. A. (2008). Cellular defenses against superoxide and hy-
drogen peroxide. Ann. Review Biochem., 77, 755-776. https://
doi.org/10.1146/annurev.biochem.77.061606.161055

Ivanov, G., Uhr, Z. & Delchev, G. (2018). Estimation of yield
and stability of varieties of common winter wheat grown under
organic and conventional agriculture. New Knowledge J. Sci.,
7(2), 266-272. ISSN 2367-4598 (Online)

Izanloo, A., Condon, A. G., Langridge, P., Tester, M. & Schn-
urbusch, T. (2008). Different mechanisms of adaptation to cy-
clic water stress in two South Australian bread wheat cultivars.
J. Exp. Bot., 59(12), 3327-3346. https://doi.org/10.1093/jxb/
ern199.

Khanal, S., Fulton, J. & Shearer, S. (2017). An overview of cur-
rent and potential applications of thermal remote sensing in
precision agriculture. Comput. Electron. Agricul., 139, 22-32.
https://doi.org/10.1016/j.compag.2017.05.001

Kolev, S., Ganeva, G., Christov, N., Belchev, 1., Kostov, K.,
Tsenov, N., Rachovska, G., Landgeva, S., Ivanov, M., Abu-
Mhadi, N. & Todorovska, E. (2010). Allele variation in loci
for adaptive response and plant height and its effect on grain
yield in wheat. Biotechnol. Biotechnol. Equip., 24(2), 1807—
1813. https://doi.org/10.2478/V10133-010-0042-2.

Kumar, R., Kaul, J., Dubey, R. B., Singode, A., Chikkappa, G.
K., Manivannan, A. & Debnath, M. K. (2015). Assessment
of drought tolerance in maize (Zea mays L.) based on differ-
ent indices. SABRAO J. Breed. Genet., 47(3), 291-298. ISSN:
2239-5938.

Landi, M., Tattini, M. & Gould, K. S. (2015). Multiple func-
tional roles of anthocyanins in plant-environment interactions.
Environ. Exp. Bot., 119, 4-17. https://doi.org/10.1016/j.envex-
pbot.2015.05.012

Landjeva, S., Karceva, T., Korzun, V. & Ganeva, G. (2011).
Seedling growth under osmotic stress and agronomic
traits in Bulgarian semi-dwarf wheat: comparison of geno-
types with RAt8 and/or Rht-B1 genes. Crop Pasture Sci., 62,
1017-1025. https://doi.org/10.1071/CP11257.

Landjeva, S., Korzun, V., Stoimenova, E., Truberg, B., Ga-
neva, G. & Borner, A. (2008). The contribution of the gib-
berellin-insensitive semi-dwarfing (Rhf) genes to genetic
variation in wheat seedling growth in response to osmotic
stress. J. Agric. Sci., 146, 275-286. https://doi.org/10.1017/
S0021859607007575.

Lichtenthaler, H. K. (1987). Chlorophylls and carotenoids—pig-
ments of photosyn-thetic biomembranes, Method Enzymol.,
148, 350-382. https://doi.org/10.1016/0076-6879(87)48036-1.

Liu, C., Liu, Y., Guo, K., Fan, D., Li, G., Zheng, Y., Yu, L. &
Yang, R. (2011). Effect of drought on pigments, osmotic ad-
justment and antioxidant enzymes in six woody plant species
in karst habitats of southwestern China. Environ. Exp. Bot., 71,
174-183. http://dx.doi.org/10.1016/j.envexpbot.2010.11.012.

Morgan, J. M. (1984). Osmoregulation and water stress in higher



676

Zlatina Uhr et al.

plants. Ann Review Plant Physiol. Plant. Mol. Biol., 35, 299—
319. https://doi.org/10.1146/annurev.pp.35.060184.001503.
Murray, J. R. & Hackett, W. P. (1991). Dihydroflavonol reductase
activity in relation to differential anthocyanin accumulation in
juvenile and mature phase Hedera helix L. Plant Physiol., 97,

343-351. https://doi.org/10.1104/pp.97.1.343.

Passioura, J. B. (2002). Environmental plant biology and crop
improvement. Funct. Plant. Biol., 29, 537-546. https://doi.
org/10.1016/j.pbi.2019.11.004.

Petrov, P., Kartseva, T., Milanov, H., Tashev, T. & Misheva, S.
(2019). Why do wheat seedlings respond differently to drought
simulated by polyethylene glycol 6000 osmotic stress or soil
drying. Genet. Plant Physiol., 9(1-2), 11-21. http://www.
bio21.bas.bg/ippg/bg/wp-content/uploads/2019/11/GPP_9 1-
2 2019 11-21.pdf.

Pieczynski, M., Wyrzykowska, A., Milanowska, K., Boguszews-
ka-Mankowska, D., Zagdanska, B., Karlowski, W. & Szwey-
kowska-Kulinska, Z. (2017). Genome-wide identification
of genes involved in the potato response to drought indicates
functional evolutionary conservation with Arabidopsis plants.
Plant Biotechnol. J., 16(2), 603-614. https://doi.org/10.1111/
pbi.12800.

Pospisil, P. & Yamamoto, Y. (2017). Damage to photosystem II by
lipid peroxidation products. Biochim. Biophys Acta, 1861, 457-
466. https://doi.org/10.1016/j.bbagen.2016.10.005

Pyngrope, S., Bhoomika, K. & Dubey, R. S. (2013). Reactive ox-
ygen species, ascorbate—glutathione pool, and enzymes of their
metabolism in drought-sensitive and tolerant indica rice (Ory-
za sativa L.) seedlings subjected to progressing levels of water
deficit. Protoplasma, 250, 585-600. https://doi.org/10.1007/
s00709-012-0444-0.

Rampino, P., Pataleo, S., Gerardi, C., Mita, G. & Perrotta, C.
(2006). Drought stress response in wheat: Physiological and
molecular analysis of resistant and sensitive genotypes. Plant
Cell Environ., 29(12), 2143-2152. https://doi.org/10.1111/
j-1365-3040.2006.01588.x.

Rangani, J., Panda, A., Patel, M. & Parida, A. K. (2018). Regu-

lation of ROS through proficient modulations of antioxidative
defense system maintains the structural and functional integrity
of photosynthetic apparatus and confers drought tolerance in
the facultative halophyte Salvadora persica L. J. Photochem.
Photobiol. B., 189, 214-233. https://doi.org/10.1016/j.jphoto-
bi0l.2018.10.021.

Rivas, R., Frosi, G., Ramos, D.G., Pereira, S., Benko-Iseppon,
A. M. & Santos, M. G. (2017). Photosynthetic limitation and
mechanisms of photoprotection under drought and recovery of
Calotropis procera, an evergreen C3 from arid regions, Plant
Physiol. Biochem., 118, 589-599 https://doi.org/10.1016/j.pla-
phy.2017.07.026.

Smirnoff, N. & Arnaud, D. (2019). Hydrogen peroxide metabo-
lism and functions in plants. New Phytol., 221(3), 1197-1214.
https://doi.org/10.1111/nph.15488

Velikova, V., Yordanov, 1. & Edreva, A. (2000). Oxidative stress
and some antioxidant systems in acid rain-treated bean plants
protective role of exogenous polyamines. Plant Science, 151(1),
59-66. https://doi.org/10.1016/S0168-9452(99)00197-1.

Willekens, H., Chamnongpol, S., Davey, M., Schraudner, M.,
Langebartels, C., Van Montagu, M., Inzé, D. & Van Camp,
W. (1997). Catalase is a sink for H,O, and is indispensable
for stress defense in C3 plants. EMBO J.,, 16(16), 4806—
4816. https://doi.org/10.1093/emboj/16.16.4806.

Xu, Z., Zhou, G. & Shimizu, H. (2010). Plant responses to drought
and rewatering. Plant Signal Behav., 5(6), 649—654. https://doi.
org/10.4161/psb.5.6.11398.

Yang, H., Liu, H., Wu, W,, Li, W. & Lyu, L. (2019).
Drought-induced oxidative damage and antioxidant respons-
es in blackberry cultivar ‘Hull Thornless’. Pakistan J. Agri.
Res., 33(3), 643-651. http://dx.doi.org/10.17582/journal.
pjar/2020/33.3.643.651.

Yue, L. J,, Li, S. X,, Ma, Q., Zhou, X. R., Wu, G. Q., Bao, A.
K., Zhang, J. L. & Wang, S. M. (2012). NaCl stimulates
growth and alleviates water stress in the xerophyte Zygophy!-
lum xanthoxylum. J. Arid. Environ., 87, 153—-160. https://doi.
org/10.1016/j.jaridenv.2012.06.002

Received: April, 1,2021; Accepted: September, 27, 2021; Published: August, 2022



