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Abstract. The mechanism by which nanoparticles are involved in drought tolerance responses in plants is
complex and requires further investigation. Considering the important role of ZnO nanoparticles in plant
defense systems, it is relevant to investigate the effects of these nanoparticles depending on the type of
plants and their developmental stages. The results of our experiments have shown that ZnO nanoparticles
can play a role in the drought resistance of bean plants. It is clear from the results that ZnO nanoparticles,
when applied under normal irrigation conditions, have a positive effect on the height development of
plants, reduce the vegetation period and keep the pigment content stable. The difference in the pigment
content observed in our experiments during the growing season may be related to the formation of bean
leaves in different layers at different times. It is interesting that in the plants subjected to drought stress
(variant 1V) where ZnO nanoparticles were applied, the pigment content remains stable, although the
growth of the plants is not fast. , the growing season is shortened and pod formation occurs more quickly.
In addition, Chl pigment degradation does not occur for a long time, the leaves retain their greenness.
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1. Introduction

More than 40% of the world's population is exposed to drought stress each year
and by 2030, 7,000 million people will have to migrate from drylands. Among the
environmental factors, drought affects the flora the most. Drought stress causes several
physiological and biochemical effects as a factor that seriously affects the development
of chicks. The most common responses of plants to drought stress are
morphophysiological changes aimed at preventing water loss and reducing oxidative
damage (Serraj et al., 2002). With the closing of the stomata in the leaves, the
transpiration process is weakened, the transfer of CO, gas to the Calvin cycle is sharply
reduced and as a result, the formation of biomass is weakened. Studies show that severe
drought reduces the dry weight of roots and shoots, the synthesis of chlorophyll pigment
in leaves and the relative water content of plants (Alaei et al., 2013). Reactive oxygen
species (ROS) increase in cells, resulting in peroxidation of lipids in membranes and
increased leakage of electrolytes. To overcome these damages, the amount of proline
increases for sub-cellular stabilization and osmotic regulation in the cell cytosol (Ashraf
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et al., 2007). The increase in the concentration of essential oils is compensated by the
decrease in biomass and as a result, their amount is the same in drought-exposed and
normally watered plants (Selmar et al., 2013).

Therefore, plants use several different mechanisms to cope with drought,
synthesizing more active forms of oxygen, synthesizing stress hormones such as
ethylene and abscisic acid, changing root and shoot morphology, closing stomata and
reducing chlorophyll synthesis (Etesami et al., 2015; Chiappero et al., 2019; Bhat et al.,
2021). These mechanisms create short-term and long-term reactions in plants. When the
duration of stress is short, the reactions are also short-term. During some short-term
reactions, carbon assimilation is reduced, stomata are closed, osmotic regulation and
growth is weakened, hydraulic changes occur and responses are generated such as the
generation and transmission of signals indicating cell desiccation. These reactions do
not cause serious consequences in plants if normal conditions are quickly restored.
However, during long-term stress, irreversible changes occur in plants and eventually,
they die (Kaur & Asthir, 2017)

Recently, the application of nanotechnology in plant physiology has made it
possible to gain important achievements in agricultural practice. The application of
nanotechnology in the fight against abiotic stresses that cause serious problems in the
productivity of plants, including drought, has led to new approaches. The number of
studies on the fact that nanoparticles from the specific materials of nanotechnology play
an important role in increasing the drought resistance of plants due to their different
physicochemical properties (Saxena et al., 2016) is increasing day by day. The use of
nanoparticles to increase the resistance of plants to drought is a new approach and has
been applied successfully. Silicon, silver, iron, titanium dioxide, copper, manganese,
aluminum, etc. nanoparticles have a positive effect on several important processes in
plants, increase the intensity of photosynthesis, reduce the amount of malondialdehyde,
increase the relative amount of water, improve the root and sprout systems and
accelerate the development of plants (Ashkavand et al., 2018). The mechanism by
which nanoparticles are involved in drought tolerance responses in plants is complex
and requires further investigation. However, several studies have shown that
nanoparticles affect aquaporins, which regulate the water regime in plants and seed
germination. As a result, it increases the water and nutrient demand of seeds during
drought stress (Li et al., 2020). The role of nanoparticles such as TiO;, ZnO, Fe,0s,
Fe304, CuO, MnO in drought resistance has been widely studied. TiO, nanoparticles
increase the rate of photosynthesis due to their characteristic photocatalytic properties.
Ze et al. (2013) showed in their experiments that TiO, nanoparticles increase the ability
of chloroplasts to absorb light, regulate the distribution of light between photosystems |
and 11, accelerate the conversion of light energy into electrical energy and increase the
intensity of photosynthesis by affecting water splitting and oxygen release.

Some experiments have shown that nanoparticles increase the concentration of
ROS, resulting in cytotoxic effects during abiotic stresses in plants (Khan et al., 2017).
However, in low doses, nanoparticles play an important role in the fight against drought
stress and other abiotic stresses in plants. Nanoparticles strengthen antioxidant systems,
cause the formation of enzymatic and non-enzymatic antioxidants and in some cases,
they even act as ROS scavengers (Ashkavand et al., 2018; Sun et al., 2021). Zaimenko
et al. (2014) showed in their experiments that drought resistance of wheat and corn
plants increases by applying analcite nanoparticles. Sun et al. (2021) observed increased
photosynthesis, stomatal closure, increased relative amount of water and chlorophyll
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pigment in leaves, increased starch and sugar biosynthesis and increased glucose
metabolism when ZnO nanoparticles were applied to drought-affected corn plants.
When TiO, nanoparticles are applied to wheat plants grown in drought conditions, the
intensity of photosynthesis, the percentage of germination, the formation of chlorophyll,
the regulation of enzyme activity, the nitrogen metabolism and as a result, the growth of
plants and the increase in productivity, Jaberzadeh et al. (2013) observed in their
experiments.

It was determined that zero-valent iron nanoparticles maintain normal sensitivity
to drought in Arabidopsis thaliana plants exposed to water stress, activate H-ATPase in
the plasma membrane, cause stomata to open, increase chlorophyll content and biomass
(Kim et al., 2015). It is known that plants are more sensitive to drought in the initial
stage of development. Therefore, the application of nanoparticles at this stage allows us
to see more clearly the effects of drought resistance in plants. When applying Fe, Cu,
Co and ZnO nanopatrticles in the initial vegetation period of soybean plant development,
they found that the plants are easily adapted to drought. At this time, the morphology of
sprouts and roots improves. These metal-based nanoparticles induce the expression of
drought genes, resulting in increased plant resistance (Linh et al., 2020). In general,
drought stress weakens the growth of plants and creates a physiological imbalance.
However, experiments show that when Ag nanoparticles are applied, the morphological
changes caused by drought stress improve in common beans even at cold temperatures.
Photosynthetic pigments — Chl a, Chl b and carotenoids are very low in eggplant plants
subjected to drought stress. However, when Ag nanoparticles are applied, the amount of
these pigments increases (Alabdallah et al., 2021).

Thus, considering the role of nanotechnology in the problem of drought, the
identification of nanoparticles that can improve the tolerance of plants to this important
stress factor will lead to new approaches in agricultural practice. Research shows that
some nanoparticles improve the drought resistance of plants, although the mechanism of
action is not completely clear. One of these nanoparticles is zinc nanoparticles (ZnO)
and interest in these nanoparticles has increased significantly in recent times. According
to the results of experiments conducted in this field, ZnO nanoparticles have a positive
effect on several biochemical and physiological processes in most plants grown in
drought conditions. In addition, ZnO nanoparticles significantly increase the activity of
antioxidant enzymes (SOD, GPO and to some extent PPO) in drought-stressed plants,
increase the content of chlorophyll and protein, as well as POP activity. On the other
hand, certain changes in the balance of P, Cu, Fe and Zn elements were observed in
plants treated with ZnO nanoparticles. Considering the important role of ZnO
nanoparticles in plant defense systems, it is relevant to investigate the effects of these
nanoparticles depending on the type of plants and their developmental stages. These
studies are of special interest from both theoretical and practical points of view.

2. Materials and Methods

The bean plant (Phaseolus vulgaris) Yal¢in variety was used as an object in the
experiments. Bean seeds were taken from the seed fund of the Institute of Genetic
Resources of the Ministry of Science and Education of the Republic of Azerbaijan. The
Yalcin variety was chosen because it is a drought-sensitive variety. The vegetation
period is short and as it is well cultivated in laboratory conditions, it is useful as a model
object in experiments. Bean seeds were selected, disinfected in H,O, solution, dried and
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coated with ZnO nanoparticle powder. After 24 hours, seeds coated with ZnO
nanoparticles were planted in vegetation pots and cultivated in Plant Growth Camber.
In the normal version, the plants were watered with 100 ml of tap water every day at
9:00 a.m. local time. The drought stress variants were watered with 100 ml of water
every 3 days. The composition of pigments was initially determined in samples taken
from the leaves of 10-day-old plants. The measurement of the composition of pigments
was continued until the bean formation period (40days).

L Bean plants
& ' 10th day

Figure 1. Yalchin bean variety: 10-day-old plant (A), pods (B) and seeds (C)

Nanoparticles.The nanoparticles ZnO (10-30 nm, purity 99,3%) and) in powder
form were purchased from Sky Spring Nanomaterials, Inc (USA). The characteristics
of the particles were as follows. Average particle size: 18 nm, purity: 99.9% and
surface area > 80 (m?/g) as reported by the commercial agent.

Methods for measuring pigments. The amount of chlorophylls and carotenoids
was determined by a standard spectrometric method. For this, the fully expanded leaves
were taken after 10 days of the seed sowing and the contents of chlorophyll a, b and
carotenoids from the different trifoliate leaves. The samples were determined by
extracting the leaves (0,1 g) in acetone (95%) in dark at 4°C and then the extract was
centrifuged at 6000 cycles for 5 minutes, the amount of pigments was measured at
wavelengths of 440, 645 and 663 nm using SPECORD 250 plus spectrophotometer.
UV-vis spectroscopy is used to obtain absorption spectra of solids as well as substances
in complex solutions. The electromagnetic spectrum of energy in UV-vis is 1.5-6.2 eV,
which corresponds to wavelength values of 200-800 nm.

The amount of pigments was determined according to the following formulas:

Chl a (mg/g-fresh weight) = 9,784xA¢s3 — 0,990XAg45
Chlb (mg/g) = 21,426XAgs5 — 4,650XA663
Chla+Chlb (mg/g) =5,134xAgs3 + 20,436XA645
Carotenoids (mg/g) = 4,695 Ass0 — 0,288-(a + b)

A - absorbency at corresponding wave length, values 9.784, 0.990, 21.426, 4.650
and 0.288 is the molar absorptivity coefficient according to Holm (1954) and Wetsttein
(1957) for acetone (absorption of 1 cm). After calculating the concentrations, the
amounts of pigment per g of fresh matter were calculated applying the formula:
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C - content of pigment (mg/g) of fresh matter; c1- the concentration of pigment
calculated by the previous formula (mg/l); V- the starting volume of extract (ml); r -
dilution; m- the weighed fresh plant (g).

To determine the kinetics of changes in chlorophyll pigments using fluorescence
spectra, bean leaves were used. At the 3rd trifoliate leaves of bean development, leaf
samples 3 mm wide and 1 cm long were taken and after holding them for 1 hour in the
dark, fluorescence spectra were recorded. Fluorescence spectra were recorded in a
spectrophotometer (Cary Eclipse, Varian and Austrian). The Cary Eclipse is an optical
instrument for measuring kinetic processes and allowing operation in fluorescence,
phosphorescence, chemo- and bioluminescence modes. The device uses a xenon lamp
as a source of illumination. The fluorometer can record the light rays emitted by the
samples in 4 modes. The device's high scanning speed (24,000 mm/inch) allows you to
acquire a full spectrum in 3 minutes. Excitation and emission spectra are in the range of
200-900 nm for leaves.

3. Results

The role of pigments, especially chlorophyll and carotenoids, is very important in
green plants. Chlorophyll, as the main pigment of the photosynthesis process, is an
irreplaceable biological molecule in the conversion of light energy into chemical energy
and constituents. Other pigments involved in the photosynthesis process, carotenoids
(red, orange or yellow pigments) also play an important role in the functional activity of
the chlorophyll pigment. More than 600 carotenoids belonging to the class of
phytonutrients are known in plant cells, bacteria and algae (Meléndez-Martinez et al.,
2014). Carotenoids absorb light from violet into the greenish-blue range. The set of
wavelengths of light that pigments can absorb and activate is called their absorption
spectrum. By determining the absorption spectra, it is possible to determine the
structural and functional changes of pigments and their quantity. The three pigments
that play an important role in absorbing sunlight in plants, chlorophyll a, chlorophyll b
and beta-carotene, are very important in generating their responses to environmental
factors. These pigments undergo serious changes in stressful conditions and as a result,
they cause a decrease in the activity of the photosynthesis process, which is responsible
for the productivity of plants. Therefore, by adjusting the functional and structural
changes of these pigments under stressful conditions, it is possible to detect the
adaptation and tolerance of plants to stress. In addition to detection, by influencing the
synthesis and stability of these pigments with different classes of substances, it is
possible to increase the resistance of plants to stresses. Nanomaterials also belong to
this class of substances.

Bean seeds were planted in growth containers with normal soil and stable
humidity and then placed in a Plant Growth Chamber (fitotron). Ten-day-old seedlings
were fed regularly (once a week) with NPK fertilizer. Beans planted in 4 options (I
normally irrigated, 11 droughts, 111 ZnO + normal irrigated, IV ZnO + drought) planted
in Fitotron were grown for two weeks under optimal conditions and leaf samples were
taken and the amount of pigments was determined as indicated in the methodology. In
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leaf samples, pigments (Chl a, Chl b, Chl (a+b) and carotenoids) were determined
approximately every three days for 40 days. The leaf samples were selected according
to the layers.

Figure 2. The general appearance of a 3-week-old bean plant grown in a Plant Growth Chamber:
| —normally irrigated; Il — drought; Il — ZnO + normal irrigation; IV — ZnO + drought variant

Figures 2 and 3 show the general state of bean plant development during the 3-
week and 7-week vegetation period, respectively. As can be seen from Figure 2, the rate
of development is different in different variants in 3-week-old plants. A positive effect
of ZnO nanoparticles on plant growth under normal irrigation conditions is felt. While
in the other variants, there were 2™ layer leaves in the plants, in the 3" variant ZnO
nanoparticles accelerated the development of the plants and already the 3" layer leaves
were formed and creeping stems were formed in the plants. Development appears to be
poor in drought-exposed plants. This is felt both in the Il variant without nanoparticle
application and in the IV variant with nanoparticle application. This tendency remains at
each stage of plant development in all variants. As can be seen from Figure 3, the
application of ZnO nanoparticles under normal irrigation conditions in 7-week-old
plants (stage of bean formation) led to an increase in plant height and faster bean
formation. It is interesting that in the drought variant, although ZnO nanoparticles did
not change the height of the plants, they had a positive effect on the formation of beans.

The main goal of the experiments was to clarify the effect of drought stress on the
synthesis of the main pigments (Chl a, Chl b and Carotenoids) during the 7-week
vegetation period of the bean plant and the role of ZnO nanoparticles in combating this
stress. The kinetics of the amount of pigments per unit wet weight in the leaf samples,
which acts as an indicator of synthesis, was determined by the spectral method.
Measurements were made 12 times during the 7-week vegetation period. Figure 4
shows the kinetics of changes in the amount of Chl a, Chl b and carotenoids in plants
grown under normal irrigation conditions and subjected to drought stress. The amount
of pigments was measured in different trifoliate leaf samples of the plants. Bean plants
have trifoliate compound leaves. Each of the three leaflets is oval-shaped.
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Figure 3. The general appearance of a 7-week-old bean plant grown in a Plant Growth Chamber:
| —normally irrigated; Il — drought; Il — ZnO + normal irrigation; IV — ZnO + drought variant

Measurement of pigments started from the first trifoliate leaves and continued
until the 5th trifoliate leaves. It was clear that drought stress reduces the amount of Chl
a pigment in the first, 3 and 4™ trifoliate leaves. But in other leaves, on the contrary,
the amount of Chl a pigment increases due to drought. The amount of Chb pigment was
higher in all the leaves taken for measurements under the effect of drought than in the
irrigated plants. But only the 4™ trifoliate was reduced in the leaf taken. From the
kinetics of carotenoid changes, it was clear that drought stress does not seriously affect
the synthesis of carotenoids, only a decrease is observed in the 3" and 5 trifoliate
leaves.

Figure 5 shows the kinetics of changes in pigment content in bean plants grown
under normal irrigation conditions and treated with ZnO nanoparticles. Measurements
were made on different leaves of bean plants for 7 weeks. The first measurement was
taken from the 2" trifoliate leaves. As can be seen from the Figure 5, the amount of Chl
a was greater than the amount of Chl b and this trend was observed throughout the
growing season. The diversity in the amount of Chl a was greater than that of the Chl b
pigment. The amount of Chla was most observed in the 3" trifoliate leaves. The amount
of Chl b was also high in the 3" trifoliate leaves. Increases and decreases in the amount
of carotenoids were not observed. The amount of carotenoids remained almost the same
in all leaves. Only in 5th trifoliate leaves, ZnO nanoparticles stimulated the synthesis of
carotenoids.

Figure 6 shows the results of the effect of ZnO nanoparticles on the pigment
content of the leaves of bean plants cultivated under normal conditions for 7 weeks. It
was clear from the results of this experiment that the amount of Chla pigment varies
depending on the condition of the leaves. It is maximum in the 3rd trifoliate leaves and
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then decreases slightly. Chl b pigment content is maximum in both 3rd trifoliate and 5th
trifoliate leaves.
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Figure 4. Kinetics of changes in the amount of Chl a, Chl b and Carotenoides during the 7-week
vegetation period of bean plants cultivated under normal irrigation conditions
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Figure 5. Kinetics of changes in Chl a, Chl b and Carotenoids during the 7-week vegetation period of
bean plants treated with ZnO nanoparticles under normal irrigation conditions

The amount of carotenoids remains almost unchanged. Figure 7 shows the
kinetics of pigment content changes in bean plants subjected to drought stress and
treated with ZnO nanoparticles. From the results of these measurements, it was clear
that the amount of Chl a in the 2" trifoliate leaves of the plants grown under normal
irrigation conditions and ZnO nanoparticles applied (1.5 mg/g FW) did not differ from
the drought variant. However, the amount of Chl a in the 3rd trifoliate leaves was 3.4
mg/g FW in the irrigation variant, 2.95 mg/g FW in the drought variant and 2.35 mg/g
FW in the drought variant where ZnO nanoparticles were not applied. ZnO
nanoparticles also increased the amount of Chl b in drought conditions. ZnO
nanoparticles had a positive effect on the amount of Chl b in other leaves in the drought
variant. Thus, it can be said that ZnO nanoparticles have a positive effect on the
pigment content of bean plants grown under drought conditions, depending on the
condition of the leaves.

The kinetics of the change in the amount of Chl pigment under different
cultivation conditions and with the application of ZnO nanoparticles was also studied by
recording fluorescence spectra. For this, samples were taken from 3" trifoliate leaves in
all variants. Fluorescence spectra were recorded both in native leaves and in acetone
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extracts obtained from those leaves. As shown in the methodology, 3 mm wide and 1
cm long pieces were cut from the leaves and after keeping them in the dark for 1 hour,
their spectra were recorded. An extract was prepared from the rest of the leaves in
acetone and the fluorescence spectra of Chl were recorded. The results of these

measurements are given in Figure 8.
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Figure 6. Kinetics of changes in pigments during the 7-week vegetation period of bean plants treated
with ZnO nanoparticles under normal irrigation conditions
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In these spectra, the fluorescence emission of Chl pigment was recorded in
samples obtained from all variants. First, it should be noted that the fluorescence spectra
recorded both in the leaves and in the extract are of the same nature. In both cases, the
maxima of the fluorescence emission spectra of Chl coincide. In samples taken from
different variants, the maximum of these spectra differs according to the intensity
amplitude. It is clear from the spectra that the intensity of the fluorescence spectrum
(spectrum 2) in plants grown under drought conditions is higher than in other variants.
The maximum intensity in the fluorescence spectrum was further increased when ZnO
nanoparticles were applied under drought conditions. Through these spectra, it is
possible to determine the amount of Chl. To calculate this, it is necessary to take the
ratio of the value of the spectrum intensity at the wavelength of 650.00 to the value at
the wavelength of 709.01 (F650/709). In plants cultivated under normal irrigation
conditions, this value will be F650/709 = 65.5/34.8 = 1.9 mg/g.
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Figure 8. Fluorescence spectra of Chl pigment of 3rd trifoliate leaves of bean plant in acetone extract of
(left) and native leaves (right): 1 — normally irrigated; 2 — drought condition;
3 —2Zn0O + normal irrigation; 4 — ZnO + drought variant

Since the effect of nanoparticles on the degradation of chlorophyll and pigments is
also interesting, the effect of ZnO nanoparticles on the degradation of pigments was
investigated in our experiments with beans. Chlorophyll degradation is a natural
process, but as long as its balance is maintained, it can be altered by several
environmental factors. It is known that green leaves turn yellow both naturally and
under the influence of certain factors. This process occurs as a result of the degradation
of chlorophyll pigment. The decomposition of chlorophyll is strongly dependent on the
light factor. Long-term Experiments have shown that when leaves are kept in complete
darkness at normal temperature (30°C) for a long time, chlorophyll degradation occurs
quickly, within 3 days. Very little white light with a photon intensity of 0.5 pmol m-2.s-
1 significantly slows the breakdown of chlorophyll. Red or far-red light has little effect
on chlorophyll degradation in the dark. It has been studied that the breakdown of
chlorophyll is regulated by phytochrome. It has also become clear that the breakdown of
chlorophyll is related to the degradation of the membrane proteins that transport it
(Katsuhiko et al., 1992). The effect of nanoparticles on the photosynthesis process, as
well as on the pigment composition, has been studied in detail. However, there are very
few experimental facts about the effect of nanoparticles on the degradation of
chlorophyll (Ahmadov & Hasanova, 2023). It is important to study this issue from a
practical point of view. Regulation of chlorophyll degradation is an important issue in
agricultural practice. Therefore, in our experiments, we examined the effect of ZnO
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oxide nanoparticles on chlorophyll degradation in bean leaves grown under normal
irrigation conditions and subjected to drought stress.

For this, we took 3" trifoliate leaf samples from all variants of beans that we used
in our experiments and kept them in complete darkness for 10 days. An illustration of
the leaves stored in the dark is given in Figure 9. It was found that leaves taken from all
variants turned yellow, that is, chlorophyll degradation occurred, but ZnO nanoparticles
were applied and chlorophyll degradation did not occur in the leaves of bean plants
subjected to drought stress. Within 10 days, the leaf remained completely green.

v

Figure 9. Chl pigment degradation of 3rd trifoliate leaves of bean plant: | — normally irrigated;
Il — drought condition; 11l — ZnO + normal irrigation;
IV — ZnO + drought variant.

4. Discussion

Zinc is a useful element in the growth and development of plants. Zinc maintains
cell turgor, regulates cell homeostasis and improves cell structure and anatomical
features in stressed plants (Rizwan et al., 2019a). Taking these into account, in the
research presented, using the nanoparticle form of zinc, that is, ZnO nanoparticles, an
attempt was made to obtain results that would contribute to the improvement of drought
resistance in bean plants. Zinc plays an important role in plants, especially in cereals
such as wheat and its high accumulation is very important in reducing abiotic and biotic
stresses. Experiments have shown that the amount of zinc element in plants can be
increased by applying ZnO nanoparticles (Dimkpa et al., 2017b; Taran et al., 2017; Ali
et al., 2019). Zinc accumulation leads to the minimization of ROS in leaves. As we
mentioned above, the mechanism by which nanoparticles are involved in drought
tolerance responses in plants is complex. However, there are many different
nanoparticles that can improve the drought tolerance of plants by altering their
morphophysiological, biochemical and even gene expression.

The results of our experiments have shown that ZnO nanoparticles can play a role
in the drought resistance of bean plants. It is clear from the results that ZnO
nanoparticles, when applied under normal irrigation conditions, have a positive effect
on the height development of plants, reduce the vegetation period and keep the pigment
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content stable. The difference in the pigment content observed in our experiments
during the growing season may be related to the formation of bean leaves in different
layers at different times. It is interesting that in the plants subjected to drought stress
(variant 1VV) where ZnO nanoparticles were applied, the pigment content remains stable,
although the growth of the plants is not fast., the growing season is shortened and pod
formation occurs more quickly. In addition, Chl pigment degradation does not occur for
a long time, the leaves retain their greenness.

References

Ahluwalia, O., Singh, P.C. & Bhatia, R. (2021). A review on drought stress in plants:
Implications, mitigation and the role of plant growth promoting rhizobacteria. Resources,
Environment and Sustainability, 5, 100032. https://doi.org/10.1016/j.resenv.2021.100032

Ahmadov, ., Hasanova, F. (2023). Chlorophylldegradation in leaves of nanoparticles exposed
cotton seedlunder dark condition. Acta Botanics Caucasica, 2(1), 50-58.

Alabdallah N.M., Hasan M.M., Salih A.M., Roushdy S.S., Al-Shammari A.A., Alsanie S.I. &
El-Zaidy M. (2021): Silver nanoparticles improve growth and protect against oxidative
damage in eggplant seedlings under drought stress. Plant Soil Environ., 67, 617-624.

Alaei, S., Melikyan, A., Kobraee, S. & Mahna, N. (2013). Effect of different soil moisture
levels on morphological and physiological characteristics of Dracocephalum moldavica.
Agricultural Communications, 1(1), 23-26.

Ali, S., Rizwan, M., Noureen, S., Anwar, S., Ali, B., Naveed, M. & Ahmad, P. (2019).
Combined use of biochar and zinc oxide nanoparticle foliar spray improved the plant
growth and decreased the cadmium accumulation in rice (Oryza sativa L.)
plant. Environmental Science and Pollution Research, 26, 11288-11299.

Ashkavand, P., Tabari, M., Zarafshar, M., Tomaskov4, |. & Struve, D. (2015). Effect of SiO,
nanoparticles on drought resistance in hawthorn seedlings. Lesne Prace Badawcze, 76(4),
350-359.

Ashraf, M., Foolad, M.R. (2007). Roles of glycine betaine and proline in improving plant
abiotic stress resistance. Environmental and Experimental Botany, 59(2), 206-216.
https://doi.org/10.1016/j.envexpbot.2005.12.006

Bhat, M.A., Mir, R.A., Kumar, V., Shah, A.A., Zargar, S.M., Rahman, S. & Jan, A.T. (2021).
Mechanistic insights of CRISPR/Cas-mediated genome editing towards enhancing abiotic
stress tolerance in plants. Physiologia Plantarum, 172(2), 1255-1268.

Chiappero, J., del Rosario Cappellari, L., Alderete, L.G.S., Palermo, T.B. & Banchio, E. (2019).
Plant growth promoting rhizobacteria improve the antioxidant status in Mentha piperita
grown under drought stress leading to an enhancement of plant growth and total phenolic
content. Industrial Crops and Products, 139, 111553.

Dimkpa, C.O., White, J.C., ElImer, W.H. & Gardea-Torresdey, J. (2017). Nanoparticle and ionic
Zn promote nutrient loading of sorghum grain under low NPK fertilization. Journal of
Agricultural and Food Chemistry, 65(39), 8552-85509.

Etesami, H., Alikhani, H.A. & Mirseyed Hosseini, H. (2015). Indole-3-acetic acid and 1-
aminocyclopropane-1-carboxylate deaminase: Bacterial traits required in rhizosphere,
rhizoplane and/or endophytic competence by beneficial bacteria. Bacterial Metabolites in
Sustainable Agroecosystem, 183-258.

Jaberzadeh, A., Moaveni, P., Moghadam, H.R.T. & Zahedi, H. (2013). Influence of bulk and
nanoparticles titanium foliar application on some agronomic traits, seed gluten and starch
contents of wheat subjected to water deficit stress. Notulae Botanicae Horti Agrobotanici
Cluj-Napoca, 41(1), 201-207.

Kaur, G., Asthir, B. (2017). Molecular responses to drought stress in plants. Biologia
Plantarum, 61, 201-2009.

51


https://doi.org/10.1016/j.resenv.2021.100032
https://doi.org/10.1016/j.envexpbot.2005.12.006

ADVANCES IN BIOLOGY & EARTH SCIENCES, V.9, Special Issue, 2024

Khan, M.N., Mobin, M., Abbas, Z.K., AlMutairi, K.A. & Siddiqui, Z.H. (2017). Role of
nanomaterials in plants under challenging environments. Plant Physiology and
Biochemistry, 110, 194-2009.

Kim, J.H., Oh, Y., Yoon, H., Hwang, I. & Chang, Y.S. (2015). Iron nanoparticle-induced
activation of plasma membrane H+-ATPase promotes stomatal opening in Arabidopsis
thaliana. Environmental Science & Technology, 49(2), 1113-1119.

Li, H., Guo, Q., Jing, Y., Liu, Z., Zheng, Z., Sun, Y. & Lai, H. (2020). Application of
Streptomyces pactum Actl2 enhances drought resistance in wheat. Journal of Plant
Growth Regulation, 39, 122-132.

Linh, T. M., Mai, N.C., Hoe, P.T., Lien, L.Q., Ban, N.K., Hien, L.T.T. & Van, N.T. (2020).
Metal-based nanoparticles enhance drought tolerance in soybean. Journal of
Nanomaterials, 2020, 1-13. https://doi.org/10.1155/2020/4056563

Meléndez-Martinez, A.J., Stinco, C.M., Brahm, P.M. & Vicario, .M. (2014). Analysis of
carotenoids and tocopherols in plant matrices and assessment of their in vitro antioxidant
capacity. Plant Isoprenoids: Methods and Protocols, 77-97. https://doi.org/10.1007/978-
1-4939-0606-2_6

Okada, K., Inoue, Y., Satoh, K. & Katoh, S. (1992). Effects of light on degradation of
chlorophyll and proteins during senescence of detached rice leaves. Plant and Cell
Physiology, 33(8), 1183-1191.

Rizwan, M., Ali, S., Rehman, M.Z.U. & Magbool, A. (2019). A critical review on the effects of
zinc at toxic levels of cadmium in plants. Environmental Science and Pollution
Research, 26, 6279-6289.

Saxena, R., Tomar, R.S. & Kumar, M. (2016). Exploring nanobiotechnology to mitigate abiotic
stress in crop plants. Journal of Pharmaceutical Sciences and Research, 8(9), 974.

Selmar, D., Kleinwéchter, M. (2013). Stress enhances the synthesis of secondary plant products:
the impact of stress-related over-reduction on the accumulation of natural products. Plant
and Cell Physiology, 54(6), 817-826. https://doi.org/10.1093/pcp/pct054

Serraj, R., Sinclair, T.R. (2002). Osmolyte accumulation: can it really help increase crop yield
under drought conditions?. Plant, Cell &  Environment, 25(2), 333-341.
https://doi.org/10.1046/j.1365 3040.2002.00754.x

Sun, L., Song, F., Zhu, X., Liu, S., Liu, F., Wang, Y. & Li, X. (2021). Nano-ZnO alleviates
drought stress via modulating the plant water use and carbohydrate metabolism in
maize. Archives of Agronomy and Soil Science, 67(2), 245-259.

Taran, N., Storozhenko, V., Svietlova, N., Batsmanova, L., Shvartau, V. & Kovalenko, M.
(2017). Effect of zinc and copper nanoparticles on drought resistance of wheat
seedlings. Nanoscale Research Letters, 12, 1-6.

Zaimenko, N.V., Didyk, N.P., Dzyuba, O.l., Zakrasov, O.V., Rositska, N.V. & Viter, A.V.
(2014). Enhancement of drought resistance in wheat and corn by nanoparticles of natural
mineral analcite. Ecologia Balkanica, 6(1), 1-10.

Ze, Y., Zheng, L., Zhao, X., Gui, S., Sang, X., Su, J. & Hong, F. (2013). Molecular mechanism
of titanium dioxide nanoparticles-induced oxidative injury in the brain of
mice. Chemosphere, 92(9), 1183-11809.

52


https://doi.org/10.1155/2020/4056563
https://doi.org/10.1007/978-1-4939-0606-2_6
https://doi.org/10.1007/978-1-4939-0606-2_6
https://doi.org/10.1093/pcp/pct054
https://doi.org/10.1046/j.1365%203040.2002.00754.x

