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1. Introduction

In Europe, increasing the area of legume crops has been identified as a key measure to
transition towards more sustainable food systems (Schneider and Huyghe, 2015). Legumes
are known to provide numerous agronomic benefits, including increased nitrogen availability
in the soil, benefiting the subsequent crop, improved soil structure, and enhanced soil
microbial activity (Jensen et al., 2010; Kopke and Nemecek, 2010). Legumes grown in crop
rotation can enhance main crop yields, with larger benefits in low-input systems (Zhao et al.,
2022). Protein crop yields in Europe are considered unstable (Pahl et al., 2006). The EU
depends on imported high-protein plant products. The main reason for this is that protein
crops in the EU are not competitive with the crops currently being produced. For example,
soybean production has remarkably grown in the last four decades (Muller et al., 2021),
however, to meet the expanding human population’s need for plant protein, soybean
production will have to increase by 70% over the next few years (Tilman et al., 2011), which
seems unfeasible. European farmers are not motivated to cultivate these species on soils of
good quality in appropriate environments, and that they prefer growing more profitable major
crops in these environments (e.g., wheat, maize, and rapeseed) (Sellami et al., 2019).
However, the competitiveness of crops can be expected to differ between regions within
Europe because local conditions have a high influence on yield levels (Bues et al., 2013).

The rapid growth of the global population, combined with the escalating impacts of climate
change, presents a formidable challenge to modern agriculture. Drought and salinity are
among the most critical factors contributing to the decline in crop productivity and quality
worldwide. According to the Food and Agriculture Organization (FAO), drought alone
accounts for substantial yield losses in staple crops including wheat, maize, and rice,
particularly in regions with high vulnerability to water scarcity (Boliko, 2019). Drought
episodes are anticipated to become even more often and severe in many regions of the world,
putting significant constraints on global agricultural supply (Zia et al. 2021). According to
Wei et al. (2018), soybean yields can drop by more than half under drought conditions,
resulting in significant losses for agricultural producers. At the same time, urbanization and
industrial pressures are reducing the amount of arable land available, intensifying the urgency
of developing drought-resilient agricultural systems while maintaining high nutritional and
economic value. Such development strategies include improved varieties, shifts in
recommended planting dates and rates, novel cropping sequences, and introduction of
alternative or new crops. Sowing date is the most frequently varied option, which will surely
be adjusted to increase temperature (White et al., 2011).

Chickpea is drought-tolerant and consequently may have an increasingly important role to
play as climate change progresses and water becomes more limited in many places. In
addition, it can be stored for a long time without a decline in its nutritional value, making it a
major component in food and nutritional security (Ahmad et al., 2024). Chickpea, being
traditionally sown in spring, can suffer from terminal drought and high temperatures during



reproductive stages, resulting in fewer pods and seeds, and reducing yields (Fang et al., 2010).
Therefore, supplemental irrigation has been shown to significantly increase chickpea seed
yield (Silva et al., 2014). Moreover, it has been observed that the date and density of sowing
directly influence the growth and development, maturity time, and pod and seed production
of chickpea, which affects its yield and quality (Husnain et al., 2015; Ali et al., 2018).

Mature chickpea grains contain 60—65% carbohydrates, 6% fat, and between 20 and 30%
protein. Chickpea is also a good source of vitamins and minerals, including choline, folate,
magnesium, potassium, and iron, and chickpeas are also high in vitamins A, E, and C (Yegrem
et al., 2022).

Over the past two decades, quinoa (Chenopodium quinoa Willd.), a herbaceous pseudo-cereal
plant native to the Andean region, has garnered global attention as a potential food security
crop due to its high nutritional value and remarkable adaptability (Basantes-Morales et al.
2019). Its grains are rich in protein, essential fatty acids, minerals, vitamins, dietary fibers,
and carbohydrates with hypoglycemic benefits while being gluten-free. The protein content
in quinoa is notably higher than in cereals. Furthermore, quinoa demonstrates exceptional
tolerance to cold, salt, and drought stress conditions, making it a resilient crop suitable for
cultivation in diverse and marginal environments (Wali et al. 2022). Its genetic diversity
enables quinoa to thrive across a broad range of environmental conditions, such as soil pH
levels of 4.5 to alkaline, altitudes from sea level to over 4000 meters above sea level,
temperatures ranging from —8 °C to 38 °C, and relative humidity levels of 40% to 100%
(Jacobsen, 2003). Its physiological and biochemical mechanisms—including osmotic
adjustment through proline and glycine betaine accumulation, efficient stomatal regulation,
and robust antioxidant defense systems enable it to thrive under conditions where many
traditional cereals fail (Ruiz-Carrasco et al., 2011). Quinoa has been successfully introduced
and cultivated in several countries outside its center of origin, including Europe, where
research initiatives have been undertaken to explore its adaptability and productivity (Poonia
et al., 2024).

Nitrogen is a critical nutrient for plant growth and development, significantly influencing
vegetative growth, yield, and metabolic processes (Montemurro and Diacono, 2016; Liu et
al., 2022). Improving nitrogen use efficiency is vital to reduce environmental risks while
maintaining agricultural productivity (Montemurro and Diacono, 2016). Nitrogen fertilizer
has been shown to enhance quinoa’s vegetative growth and grain yield. For example,
Kansomjet et al. (2017) reported that nitrogen application rates of 94, 188, and 313 kg N ha™!
significantly increased the leaf area index (LAI), crop growth rate (CGR), and relative growth
rate (RGR). Similarly, nitrogen rates of 80 and 120 kg N ha™' improved quinoa grain yields
to 3.1 and 3.5 kg ha™, respectively (Kaul et al., 2005).

To cope with stress conditions, plants undergo several changes on different levels, including
reduced transpiration rate and stomatal conductance, decreased shoot growth and increased
root growth7-9, elevated osmolyte production (e.g., soluble sugars, proline, etc.) which



maintains cellular capacity of water retention through the osmolytes’ anti-dehydration
characteristic10. Proline can also protect the enzymatic system during drought occasions with
its protective ability for several enzymes, in addition to its role in redox regulation11. In order
for these changes to happen, chemical signals are initiated in the root system, including
elevated abscisic acid levels, leading to reactive oxygen species (ROS) production in higher
levels. Low concentrations of ROS, however, were reported to potentially regulate the gene
expression and the stress-responsive pathways, facilitate certain molecular and physiological
alterations, cause a moderate accumulation of ROS which up-regulates the antioxidant system
and, hence, partially alleviate the negative influence of several abiotic stresses, including
drought16-20. In Addition to hydrogen peroxide (H20:), drought-induced effects were
mitigated by foliar application of acetic acid (AA), as evidenced by improvements in soybean
growth and leaf phenotypes, shoot height, shoot and root DW, total leaf area per trifoliate,
and leaf succulence (Rahman et al. 2021); however, the potential different responses of
soybean genotypes varying in drought tolerance are lacking. Moreover, the fluorescence traits
in response to the sole and the mutual effect of drought and AA application are not fully
studied either.

2. Selection of Topic

Despite their agronomical, environmental, and nutritional benefits, the production area of
grain legumes remains low in Europe. In 2020, they represented less than 4% of European
cropland, in contrast to 14.9% worldwide (FAOSTAT, 2023). Indeed, grain legume yields are
often considered to be more variable than cereal yields, especially as they are frequently sown
in spring, which makes them more exposed to heat stress and water deficit during key stages
of their growing cycle (Falconnier et al., 2020). Drought can strongly affect grain legume
growth, reproduction, and yield (Basal, 2021). Climate change is likely to increase the
occurrence of such stresses, and thus impact grain legume performances (Ahmed et al., 2022).

Chickpea is cultivated on large scale in arid and semiarid environment (Mohammed et al.,
2017). About 90% of the world’s chickpea is grown under rainfed conditions where the crop
grows and matures on a progressively depleting soil moisture profile and experiences terminal
drought, a condition in which grain yield of chickpea is low. Average chickpea yield remains
low in the major chickpea producing countries mainly due to inadequate water supply (Soltani
and Sinclair, 2012). That said, selected alternative sowing dates other than the traditional,
soring dates, in addition to exploring the potentials of supplemental irrigation benefits in
stabilizing chickpea yield and quality are of vital importance, especially in regions where
chickpea is not grown widely.

On the other hand, and despite its potential, quinoa is not yet cultivated in Hungary.
Considering Hungary’s diverse and suitable agroecological conditions, introducing and
cultivating quinoa could play a crucial role in ensuring food and nutritional security.
However, there is a lack of experimental data regarding the effects of nitrogen application
rates on the physiology, growth, yield, and seed quality of quinoa under various soil
conditions in the region.

In addition, although the positive effects of exogenous application of ROS (e.g., H2O> and
AA) at different concentrations on several plant species are well documented, most of these



studies focused on the seedlings of these species (e.g. 1.5 mM H2O> on cucumber seedlings
(Sunetal., 2016), 0.5 mM H>O: on tomato plants (Khan et al., 2018), 1 MM H>O> on soybean
(Ishibashi et al., 2011), 10 mM H>O:> on maize seedlings (Terzi et al., 2014) or on the pre-
treatment with H,O; (e.g. Liu et al. (2010) on cucumber) rather than later developmental
stages. Moreover, whether exogenous H20: spray can help the recovering plants after drought
is finished and/or plants that are suffering from continuous drought is not well documented.
It would therefore be of vital importance to address these questions properly. This research
directly addresses the urgent need for crops that can maintain productivity under abiotic stress
conditions while contributing to long-term soil health. By elucidating the physiological and
biochemical mechanisms through which PGRs enhance crop’s resilience, and by evaluating
its agronomic value in crop rotation systems, this research seeks to generate knowledge that
is highly relevant for both plant science and agricultural practice. The expected outcomes
have the potential to enhance crop breeding strategies, sustainable soil management practices,
and policy frameworks aimed at achieving climate-resilient agriculture.

That said, the aims of this research are to:

1) evaluate the morpho-physiology, yield components, and seed quality of different chickpea
varieties in response to late sowing date, and the possibility of engaging chickpea in a cereal-
legume crop rotation through a sustainable, all-year-long crop rotation.

2) Understand whether supplemental irrigation will be necessary to guarantee profitable
chickpea yield and its possible effects on the seed quality.

3) evaluate the physiological, growth, yield, and seed quality responses of different quinoa
cultivars to nitrogen fertilization in Debrecen, Hungary.

4) evaluate the response of soybean to temporal and continuous drought stress

5) test the hypothesis that low concentrations of PGRs will have positive influence on the
morpho-physiology and the biochemistry of soybean plants that suffer from drought stress
during different growth stages.

3. Materials and Methods
3.1. Field Experiments

Two field experiments were conducted at the experimental garden of the Faculty of
Agricultural and Food Sciences and Environmental Management of the University of
Debrecen in 2024 and 2025. The soil type is chernozem soil. Data of daily precipitation, high
and low temperatures, and relative humidity were collected from the meteorological station
on the experimental site (Precision Crop Research and Development Service Center).

3.1.1. The Effects of Sowing Date on The Morpho-physiology, Yield
Components, and Seed Quality of Chickpea under Supplemental
Irrigation Conditions

Three chickpea varieties (Amorgos, EImo, and Orion) were sown at three different sowing
dates: the first sowing date (SD1) was on 2 May in 2024 and on 1 May in 2025, the second
sowing date (SD2) was on 3 June in 2024 and on 1 June in 2025, and the third sowing date
(SD3) was on 1 July in both 2024 and 2025. Half of the plots of each sowing date were
supplementally irrigated when needed to keep the field capacity (FC%) at 65-70% FC using
the method described by Gebeyhu et al. (2024), whereas the other half was left under rainfed
conditions. The experiment was laid out in a randomized complete block design (RCBD) with



4 replicates. The dimensions of each plot were 3 * 2 m. Distance among rows within each
plot was 15 cm. The plant density was 49 plants/m?.

3.1.2. The Effects of Nitrogen Application and Rates on The Physiology and
Yield of Quinoa under Supplemental Irrigation Conditions

Two quinoa varieties (Titicaca and Vikinga) were sown on 2 May in 2024 and on 1 May in
2025. Three nitrogen fertilization rates; 0 kg N/ha (N1), 75 kg N/ha (N2), and 150 kg N/ha
(N3) were applied one week after sowing. Half of the plots of each fertilization rate were
supplementally irrigated when needed to keep the field capacity (FC%) at 65-70% FC using
the method described by Gebeyhu et al. (2024), whereas the other half was left under rainfed
conditions. The experiment was laid out in a randomized complete block design (RCBD) with
4 replicates. The dimensions of each plot were 3 * 2 m. Distance among rows within each
plot was 10 cm. The plant density was 330 plants/m?.

3.1.3. Statistical Analyses

GenStat 20" edition (VSN International Ltd, UK) software was used to run analysis of
variance (3-way ANOVA) test to indicate statistical significance at 5% level (p < 0.05),
followed by Duncan’s multiple range test (DMRT) to indicate the statistically significant
treatments. All data provided are the means of 8 biological replicates + standard error (SE).

3.2. Controlled Environment Experiments

Two experiments were conducted in a hydroponic system at the controlled-climate chamber
of the Institute of Applied Plant Biology of the University of Debrecen in 2022.

3.2.1. The Effects of Exogenous Application of Hydrogen Peroxide on The
Morpho-physiology and Biochemistry of Soybean under Severe Drought
Stress Conditions

Two soybean varieties; Coraline (drought-susceptible) and Speeda (drought-tolerant) were
chosen for this study. Severe drought stress was applied using polyethylene glycol (PEG
6000) (VWR International bvba Geldenaaksebaan, Leuven, Belgium) at a concentration of
10% (w/v) dissolved properly and completely in the nutrient solution of each pot (except
control treatment). Drought stress was applied starting from R1 stage, and then either lifted
at the end of R2 stage or kept in place afterwards. Three hydrogen peroxide (H20:)
concentrations; 1, 5 and 10 mM were exogenously sprayed every other day throughout the
flowering stage, and a control treatment was alternatively sprayed with distilled water (DW).
At the end of the flowering stage, the pots of each variety were further divided into two
groups; the first group was allowed to recover from drought stress by terminating PEG
application, whereas the second group was kept under continuous drought stress conditions.
Thus, there was 9 treatments for each variety; 4 treatments sprayed with either 0, 1, 5 or 10
mM H>O; (D, D1, D5 and D10, respectively) under drought stress imposed between R1 and
R2 stages, 4 treatments sprayed with either 0, 1, 5 or 10 mM H>O» (CD, CD1, CD5 and CD10,
respectively) under continuous drought stress imposed from R1 stage onwards, in addition to
a control treatment, where the plants were kept under optimum conditions and were sprayed
with DW whenever the other treatments were sprayed with any concentration of H>O».



To monitor the response of the different treatments, sampling for the different traits was made
at 3 different occasions; 3 days after drought stress application (3 days after the beginning of
R1 stage, equivalent to 51 and 59 days after sowing (DAS) in Coraline and Speeda,
respectively), 3 days after terminating the drought stress as mentioned earlier (3 days after the
ending of R2 stage and the beginning of R3 stage, equivalent to 64 and 73 DAS in Coraline
and Speeda, respectively) and at the end of the experiment (at the end of R4 stage, equivalent
to 89 and 101 DAS in Coraline and Speeda, respectively). At each sampling occasion, the
second-most developed leaf was selected. The experiment was laid out in a randomized
complete block design with 3 replicates, so the final pot number was 54 (2 varieties * 9
treatments * 3 replicates).

Seeds of both varieties were surface sterilized using 6 % (v/v) H2O for 20 min, rinsed
extensively with deionized water and germinated geotropically between moisten filter papers
at 22 °C. After germination, 10 homogenous seedlings with good vigor were transferred into
3-liter pots, and the number of seedlings was reduced later to 7 homogenous seedlings per
pot. Each pot received 300 ml of Hoagland solution, in addition to corresponding PEG
solution. The nutrient solution was renewed every 3 days.

During the whole experimental period, the day/night temperature was kept at 26/19 °C with
65% relative humidity and light intensity of 300 pmol m 2 s™! during the light period.

3.2.2. The Effects of Exogenous Application of Acetic Acid on The Morpho-
physiology of Soybean under Severe Drought Stress Applied at Early
Stages

The seeds of two soybean varieties, 'Speeda' and 'Coraline', were surface sterilized, rinsed
well with deionized water, and geotropically germinated within moist filter sheets similar to
the experimental procedure explained in 3.2.1 section. Seedlings with good vigor were potted
in 1.7 L pots after germination. Three seedlings were placed in each pot. Each pot received
170 ml of Hoagland solution. Every three days, the nutrient solution in each pot was replaced
with a fresh one. Drought was induced using PEG 6000 (VWR International bvba
Geldenaaksebaan, Leuven, Belgium) when the plants reached the V3 stage (BBCH 103) and
kept for 8 days. The PEG concentrations were 0% (DO=control) and 10% (D1=drought-stress
treatment). Along with 10% PEG treatment, 2 ml of 20 mM Acetic Acid (AA) was sprayed
on drought-stressed plants each time the nutrient solution was changed, starting from the day
PEG was applied until the end of the experiment (8 days after drought stress application) (i.e.,
at days 1,4 and 7 of PEG imposition). The experiment was laid out in a randomized complete
plot design with 3 replicates. Thus, there were 3 treatments: control treatment (DO0), growing
in ideal conditions with no drought stress; drought-stressed treatment (D1) and drought-
stressed treatment with acetic acid spray applied (D2). The total number of pots was 18 (2
varieties * 3 treatments * 3 replications).

3.2.3. Statistical Analyses

GenStat 20" edition (VSN International Ltd, UK) software was used to run analysis of
variance (3-way ANOVA) test to indicate statistical significance at 5% level (p < 0.05),
followed by Duncan’s multiple range test (DMRT) to indicate the statistically significant
treatments. All data provided are the means of 3 biological replicates + standard error (SE).



4, Results and Discussion
4.1.

4.1.1. The Effects of Sowing Date on The Morpho-physiology, Yield Components, and
Seed Quality of Chickpea under Supplemental Irrigation Conditions

Field Experiments

Leaf Area Index (LAI)

Regardless of irrigation scheme, the leaf area index (LAI) was significantly lower in all
varieties sown at late sowing date (SD3) as compared to spring sowing date (SD1). Irrigation
enhanced LAI of all varieties, with more pronounced increments in Amorgos and Elmo
varieties at SD1 and SD2. Under both irrigation regimes, Elmo plants had significantly higher
LAI at all sowing dates, whereas Amorgos had the lowest LAI (Figure 1).
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Figure 1. Leaf Area Index (LAI) of three chickpea varieties (Amorgos, Elmo, and Orion) sown
at three different sowing dates (SD1, SD2, and SD3) under supplemental irrigation (irrigated)
and rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate significant
differences (p < 0.05) among sowing dates within each irrigation scheme. Different capital
letters indicate significant differences (p < 0.05) between the irrigated schemes within each
sowing date.

Normalized Difference Vegetation Index (NDVI)

Under both irrigation regimes, the NDVI decreased significantly at the late sowing date (SD3)
of Amorgos variety, whereas no significant differences were observed in the other two
varieties. The irrigation effect was valid in all varieties sown in spring (SD1), where the
irrigated plants had significantly higher NDVI values. However, that effect was not present
at SD2 and SD3. Regardless of irrigation scheme, Elmo had the highest NDVI, with more
pronounced differences in spring (SD1) and late (SD3) sowing dates (Figure 2).
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Figure 2. Normalized Difference Vegetation Index (NDVI) of three chickpea varieties
(Amorgos, Elmo, and Orion) sown at three different sowing dates (SD1, SD2, and SD3) under
supplemental irrigation (irrigated) and rainfed (non-irrigated) conditions. n = 8, £SD. Different
small letters indicate significant differences (p < 0.05) among sowing dates within each
irrigation scheme. Different capital letters indicate significant differences (p < 0.05) between
the irrigated schemes within each sowing date.
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Figure 3. Plant height (cm) of three chickpea varieties (Amorgos, Elmo, and Orion) sown at
three different sowing dates (SD1, SD2, and SD3) under supplemental irrigation (irrigated) and
rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate significant
differences (p < 0.05) among sowing dates within each irrigation scheme. Different capital
letters indicate significant differences (p < 0.05) between the irrigated schemes within each
sowing date.

Under irrigated conditions, the plant height was significantly higher in all varieties for plants
sown in spring (SD1) as compared to those sown late (SD3). When irrigation was not applied,
however, the difference was observed only in Amorgos. Irrigation had a major effect on this
trait, as the irrigated plants of all varieties were significantly taller than their non-irrigated
counterparts at all sowing dates, except for EImo plants at late (SD3) sowing date, where the
difference was not significant. El-Waraky and Koliey (2000) found that irrigation at
branching, flowering and pod development stages resulted in elevated plant height. Elmo
plants were significantly taller than Orion plants under both irrigation regimes at all sowing



dates. Moreover, Elmo plants were significantly taller than those of Amorgos at both SD2 and
SD3, but not at SD1 (Figure 3).

Total Carotenoid Content

No significant differences were observed in the total carotenoid content of either of the
varieties among sowing dates. Under the non-irrigated scheme, however, the varieties showed
different responses, where the total carotenoid content increased significantly in Elmo, but
decreased significantly in Orion at the late (SD3) sowing date. The total carotenoid content
of all varieties was higher under non-irrigated, compared to irrigated scheme, but the
differences were significant only in EImo at SD3 and in Orion at SD1 and SD2. Amorgos, on
the other hand, did not show any measurable differences in this trait. No measurable
differences in this trait were observed among the three varieties at any sowing date under
irrigated scheme. However, Orion had significantly higher total carotenoid content than Elmo
at spring (SD1), but not at late (SD3) sowing date (Figure 4).
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Figure 4. Total carotenoid content (mg g™') of three chickpea varieties (Amorgos, Elmo, and
Orion) sown at three different sowing dates (SD1, SD2, and SD3) under supplemental irrigation
(irrigated) and rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate
significant differences (p < 0.05) among sowing dates within each irrigation scheme. Different
capital letters indicate significant differences (p < 0.05) between the irrigated schemes within
each sowing date.

Total Chlorophyll Content

There were no significant differences among the sowing dates in the total chlorophyll content
of the plants of the studied varieties under both irrigation schemes, with one exception in
Elmo variety under the non-irrigated scheme. Moreover, Irrigation did not have any
measurable effect on any variety at all sowing dates. Elmo plants had significantly higher
total chlorophyll content than the other two varieties under both irrigation schemes at all
sowing dates, with one exception, where all three varieties had similar values of this trait at
the late (SD3) sowing date under non-irrigated scheme (Figure 5).
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Figure 5. Total chlorophyll content (mg g') of three chickpea varieties (Amorgos, Elmo, and
Orion) sown at three different sowing dates (SD1, SD2, and SD3) under supplemental irrigation
(irrigated) and rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate
significant differences (p < 0.05) among sowing dates within each irrigation scheme. Different
capital letters indicate significant differences (p < 0.05) between the irrigated schemes within
each sowing date.

Days to Flowering

Under both irrigation schemes, the number of days to flowering decreased significantly in all
three varieties sown late (SD3) compared to their counterparts sown in spring (SD1).
Irrigation also had a major effect on this trait, since the days to flowering of the non-irrigated
plants of all varieties at all sowing dates (except for Amorgos at SD3 and Orion at SD1) were
significantly less compared to their irrigated counterparts. It was previously reported that the
decrease in days to flowering and maturity can be measurably attributed to the increase in
temperature since high temperature can shorten crop life cycle by speeding up the crop growth
and development stages (Mohammed et al., 2017). Earlier, Anwar et al. (2003) concluded that
temperature was the dominant factor that affected Kabuli chickpea phenology sown at
different sowing dates and under different irrigation schemes. The authors reported that the
late-sown chickpea encounters higher temperatures that enhanced phenological development,
shortening the period from sowing to flowering and the start of pod filling. They also reported
that comparisons between the rainfed and irrigated treatments indicated that drought stress
could induce substantial reductions in the duration to flowering and crop maturity in Kabuli
chickpea (Anwar et al., 2003). The number of days to flowering of Orion plants was
significantly higher than those of the other varieties under both irrigation schemes at all
sowing dates, except for the irrigated varieties at the spring (SD1) sowing dates, where the
differences of this trait among the three varieties were very small (Figure 6).
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Figure 6. Days to flowering of three chickpea varieties (Amorgos, ElImo, and Orion) sown at
three different sowing dates (SD1, SD2, and SD3) under supplemental irrigation (irrigated) and
rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate significant
differences (p < 0.05) among sowing dates within each irrigation scheme. Different capital
letters indicate significant differences (p < 0.05) between the irrigated schemes within each
sowing date.

Flower Number per Plant

48 4 aA un bA
L 42 *} ba 2 ‘}aB ‘}ﬁB
=)
2 6] |7 ‘I‘ cA bA B ahA A bA
2 30 ‘I‘ —I_ ‘I‘ T
5 bA A
£ 24
=
Z 18
o
2 12
=
6 4
0
SD1 SD2 SD3 SD1 SD2 SD3 SD1 SD2 SD3
Olrrigated MNon-irrigated Olrrigated MNon-irrigated Olrrigated M Non-irrigated
Amorgos Elmo Orion

Figure 7. Flower number per plant of three chickpea varieties (Amorgos, Elmo, and Orion)
sown at three different sowing dates (SD1, SD2, and SD3) under supplemental irrigation
(irrigated) and rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate
significant differences (p < 0.05) among sowing dates within each irrigation scheme. Different
capital letters indicate significant differences (p < 0.05) between the irrigated schemes within
each sowing date.

The flower number per plant of all studied varieties was significantly lower at the late (SD3)
sowing date than that of spring (SD1) sowing date under both irrigation schemes (except for
the case of Amorgos under non-irrigated scheme, where the difference was insignificant).
According to Jumrani and Bhatia (2014), high temperatures during flowering often decrease
flower number of chickpeas. The studied varieties responded differently to irrigation; Elmo
had relatively similar number of flowers per plant under both irrigation regimes at all sowing
dates. Amorgos plants had significantly higher number of flowers per plant under irrigated
scheme at SD1 only, whereas Orion plants had so at SD1 and SD2, but not at SD3. At all



sowing dates, Orion had significantly higher number of flowers per plant than Elmo,
regardless of irrigation scheme, in addition to having significantly higher values of this trait
than Amorgos at all sowing dates under irrigated scheme and at SD1 under non-irrigated
scheme (Figure 7).

Pod Number per Plant

Under both irrigation schemes, there were no significant differences in the number of pods
per plant among the sowing dates in all three varieties. Similar conclusion was reported earlier
by Munirathnam and Sangita (2009), who concluded that the dates of sowing did not influence
number of pods per plant or seed yield. Moreover, the number of Amorgos did not record any
measurable differences in response to irrigation at any sowing date, whereas Orion and Elmo
plants had significantly higher number of pods per plant under irrigated scheme at all sowing
dates. Bakhsh et al. (2007) reported that 48% increase in number of pods per plant on average
basis was recorded due to irrigation. Nawab et al. (2013) reported that increased water
availability resulted in increased pod number per plant, in addition to the biomass and the
seed yield, justifying that conclusion by the available water being enough during the
reproductive stages at the experimental site. At all sowing dates, Orion plants had
significantly higher number of pods per plant as compared to the other varieties under
irrigated scheme, whereas it was higher than that of ElImo under non-irrigated scheme (Figure
8).
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Figure 8. Pod number per plant of three chickpea varieties (Amorgos, Elmo, and Orion) sown
at three different sowing dates (SD1, SD2, and SD3) under supplemental irrigation (irrigated)
and rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate significant
differences (p < 0.05) among sowing dates within each irrigation scheme. Different capital
letters indicate significant differences (p < 0.05) between the irrigated schemes within each
sowing date.

Seed Number per Plant

Under irrigated scheme, Orion had significantly lower seed numbers per plant than Amorgos
at all sowing dates, whereas there were no measurable differences in this trait among the
studied varieties under non-irrigated scheme, regardless of sowing date. Irrigation had
differential effects on the studied varieties; it did not have any significant effect on Amorgos
plants, regardless of sowing date, whereas it significantly increased this trait in Elmo plants



at SD1 and in Orion plants at both SD1 and SD2, but not at SD3. At all sowing dates and
under both irrigation schemes, the number of seeds of Orion was significantly higher than
that of the other varieties, whereas Elmo had the lowest number of seeds per plant (Figure 9).
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Figure 9. Seed number per plant of three chickpea varieties (Amorgos, Elmo, and Orion) sown
at three different sowing dates (SD1, SD2, and SD3) under supplemental irrigation (irrigated)
and rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate significant
differences (p < 0.05) among sowing dates within each irrigation scheme. Different capital
letters indicate significant differences (p < 0.05) between the irrigated schemes within each
sowing date.
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Figure 10. 100-seed weight (g) of three chickpea varieties (Amorgos, ElImo, and Orion) sown at
three different sowing dates (SD1, SD2, and SD3) under supplemental irrigation (irrigated) and
rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate significant
differences (p < 0.05) among sowing dates within each irrigation scheme. Different capital
letters indicate significant differences (p < 0.05) between the irrigated schemes within each
sowing date.

Under irrigated scheme, the sowing date had no influence on the 100-seed weight of any
variety. Under non-irrigated scheme, however, the 100-seed weight of Orion plants sown late
(SD3) was significantly higher than that of the plants sown earlier (SD1 and SD2), whereas
the sowing date of both Amorgos and Elmo did not affect this trait measurably. Moreover,
the 100-seed weight of both Amorgos and Elmo varieties was not affected by irrigation,



whereas it was significantly higher for Orion plants at SD1 and SD2 under irrigated scheme,
but not at SD3. The 100-seed weight of Orion was significantly higher than that of Elmo at
all sowing dates and under both irrigation schemes. Moreover, Orion had significantly higher
100-seed weight than Amorgos did at all sowing dates under irrigated scheme and at SD3
under non-irrigated scheme (Figure 10).

Seed Yield

The seed yield of Elmo was significantly lower at the late (SD3) sowing date than that at the
other (SD1 and SD2) sowing dates, regardless of irrigation scheme. In Amorgos, this trait did
not show any significant effect among the sowing dates under both irrigation schemes. In
Orion, the sowing date did not have an effect under irrigated scheme, but did under non-
irrigated scheme, where the late (SD3) sowing date decreased the seed yield significantly.
The irrigated plants of all studied varieties resulted in significantly higher seed yield at all
sowing dates compared to their non-irrigated counterparts. It was previously reported that
supplemental irrigation at flowering and podding stages increased the seed yield of chickpea
sown late in the season (Amiri et al., 2016). In addition, the results of a study by Mohammed
et al. (2017) also showed that better responses from supplemental irrigation could be obtained
when irrigation water was applied at the critical time of the crop growth stages (flowering,
grain and pod setting).

At all sowing dates and under both irrigation schemes, Orion resulted in the highest seed
yield, followed by Amorgos, whereas Elmo’s seed yield was the lowest. In a study that
evaluated 24 chickpea varieties (including Orion) at 4 locations in North America, the authors
indicated the presence of significant variability among chickpea varieties (Ahmad et al.,
2024), which agreed with earlier findings by Zhang et al. (2021) and Yegrem et al. (2022),
who evaluated different chickpea varieties and genotypes at different locations and found
significant differences in the yield among the genotypes and the locations. The authors
justified their findings by genetic variability in the varieties/genotypes and the climatic
condition (Figure 11).
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Figure 11. Seed yield (g plant) of three chickpea varieties (Amorgos, Elmo, and Orion) sown
at three different sowing dates (SD1, SD2, and SD3) under supplemental irrigation (irrigated)
and rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate significant
differences (p < 0.05) among sowing dates within each irrigation scheme. Different capital
letters indicate significant differences (p < 0.05) between the irrigated schemes within each
sowing date.



Biomass

The biomass of both Amorgos and Elmo plants was not affected by the sowing date under
irrigated scheme, whereas this trait decreased in these varieties significantly when they were
sown late (SD3) under non-irrigated scheme. On the other hand, the biomass of Orion was
not affected by either the sowing date or the irrigated scheme. The irrigation had significant
effect on the biomass of both Elmo and Orion, regardless of sowing date, whereas this effect
was significant for Amorgos at the late (SD3) sowing date only. Similarly, Singh et al. (2004)
reported that irrigation applied at pre-flowering and pod development stages significantly
increased the plant height, pod number per plant, biomass, and seed yield of chickpea. The
authors justified these increases by irrigation being applied at these critical stages of crop
development. Both Orion and Elmo plants had significantly higher biomass than Amorgos
plants, regardless of sowing date and irrigation scheme (except for Elmo and Amorgos at
SD2) (Figure 12).
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Figure 12. Biomass (g plant™) of three chickpea varieties (Amorgos, Elmo, and Orion) sown at
three different sowing dates (SD1, SD2, and SD3) under supplemental irrigation (irrigated) and
rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate significant
differences (p < 0.05) among sowing dates within each irrigation scheme. Different capital
letters indicate significant differences (p < 0.05) between the irrigated schemes within each
sowing date.

Protein Concentration

The effect of sowing date on the protein concentration in the seeds differed among varieties.
The late (SD3) sowing date resulted in significant increase in the protein concentration in the
seeds of Elmo under both irrigation schemes and in Amorgos seeds under irrigated scheme.
Orion seeds, on the other hand, did not show any measurable differences in this trait among
sowing dates or between irrigation schemes. Irrigation increased this trait significantly at SD2
and SD3 in Amorgos and Orion, and at all sowing dates in Elmo. Apart from Amorgos seeds
sown early (SD1), there weren’t any significant differences in this trait among the studies
varieties, regardless of sowing date and irrigation scheme (Figure 13).
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Figure 13. Seed protein concentration (%) of three chickpea varieties (Amorgos, Elmo, and
Orion) sown at three different sowing dates (SD1, SD2, and SD3) under supplemental irrigation
(irrigated) and rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate
significant differences (p < 0.05) among sowing dates within each irrigation scheme. Different

capital letters indicate significant differences (p < 0.05) between the irrigated schemes within
each sowing date.

Fat Concentration
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Figure 14. Seed fat concentration (%) of three chickpea varieties (Amorgos, Elmo, and
Orion) sown at three different sowing dates (SD1, SD2, and SD3) under supplemental
irrigation (irrigated) and rainfed (non-irrigated) conditions. n = 8, £SD. Different small
letters indicate significant differences (p < 0.05) among sowing dates within each
irrigation scheme. Different capital letters indicate significant differences (p < 0.05)
between the irrigated schemes within each sowing date.

The fat concentration in the seeds of all studied varieties sown late (SD3) was significantly
higher than their counterparts sown early (SD1), regardless of irrigation scheme. In addition,
SD3 resulted in higher fat concentration in the seeds of all varieties as compared to SD2 under
irrigated scheme and in Orion seeds under non-irrigated scheme. Irrigation increased this trait
at SD1 in Elmo, at SD2 in Orion, and at SD3 in all varieties. The fat concentration in the seeds
of Orion was significantly higher than that of Elmo at all sowing dates and under both
irrigation schemes. In addition, Amorgos seeds had significantly higher fat concentration than



Elmo seeds at all sowing dates under non-irrigated scheme and at SD3 under irrigated scheme
(Figure 14).

Dietary Fiber Concentration
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Figure 15. Seed dietary fiber concentration (%) of three chickpea varieties (Amorgos, Elmo,
and Orion) sown at three different sowing dates (SD1, SD2, and SD3) under supplemental
irrigation (irrigated) and rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters
indicate significant differences (p < 0.05) among sowing dates within each irrigation scheme.
Different capital letters indicate significant differences (p < 0.05) between the irrigated schemes
within each sowing date.

The concentration of dietary fibers in the seeds of the studied varieties showed different
responses to the sowing date and to the irrigation scheme. Under both irrigation schemes, the
late (SD3) sowing date resulted in the highest concentration of dietary fibers in the seeds of
both Amorgos and Elmo. In Orion seeds, SD3 had values of this trait that were statistically
similar to the highest values recorded (at SD1 under irrigated scheme, and SD2 under non-
irrigated scheme). The irrigation effect was not significant in Amorgos at any sowing date,
whereas it increased this trait significantly at SD1 and SD2 in Elmo, and at SD1 and SD3 in
Orion. The concentration of dietary fibers in the seeds of Elmo was significantly higher than
that of the other varieties, regardless of sowing date and irrigation scheme. Compared to
Amorgos, Orion had significantly higher dietary fiber concentration in its seeds at SD1 under

irrigated scheme but was significantly lower at all sowing dates under non-irrigated scheme
(Figure 15).

4.1.2. The Effects of Nitrogen Application and Rates on The Physiology and Yield of
Quinoa under Supplemental Irrigation Conditions

Leaf Area Index

The LAI of Titicaca plants increased significantly under N2 fertilization scheme when
irrigation was applied, whereas fertilization with any N dose significantly reduced the LAI
under drought stress conditions. In Vikinga, however, and regardless of irrigation scheme, the
application of N at any dose did not enhance this trait; it even decreased the LAI under N2
fertilization scheme. Previous research concluded that N application increased the LAI of



quinoa plants that were not subjected to drought stress conditions (Deng, et al., 2024b), which
may be primarily due to the role of nitrogen supplementation in enhancing the vegetative
growth and the metabolism processes in the plant (Basra et al., 2014). The effect of irrigation
was also different between the two varieties. Irrigation significantly increased the LAI of
Titicaca plants under N2 fertilization scheme only, whereas irrigated Vikinga plants had
significantly higher LAI, regardless of N fertilization scheme (Figure 16). Previously, Bois et
al. (2006) reported that the LAI of quinoa plants that were subjected to drought stress
decreased by 18%.
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Figure 16. Leaf area index (LAI) of two quinoa varieties (Titicaca and Vikinga) supplied with
three different nitrogen fertilization rates (N1, N2, and N3) under supplemental irrigation
(irrigated) and rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate
significant differences (p < 0.05) among fertilization rates within each irrigation scheme.
Different capital letters indicate significant differences (p < 0.05) between the irrigated schemes
within each fertilization rate.
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Figure 17. Normalized difference vegetation index (NDVI) of two quinoa varieties (Titicaca and
Vikinga) supplied with three different nitrogen fertilization rates (N1, N2, and N3) under
supplemental irrigation (irrigated) and rainfed (non-irrigated) conditions. n = 8, £SD. Different
small letters indicate significant differences (p < 0.05) among fertilization rates within each
irrigation scheme. Different capital letters indicate significant differences (p < 0.05) between
the irrigated schemes within each fertilization rate.



Under irrigated scheme, N2 fertilization scheme significantly increased the normalized
difference vegetation index (NDVI) of Titicaca plants, whereas this trait did not respond to
any N dose under drought stress conditions. Furthermore, Vikinga plants did not show any
enhancements in this trait by the application of N, regardless of irrigation scheme. Irrigation
significantly increased the NDVI of Titicaca plants under N2 fertilization scheme only,
whereas it did so under both N1 and N2 schemes for Vikinga plants (Figure 17).

Total Chlorophyll Content

The total chlorophyll content in irrigated Titicaca plants increased significantly when N
fertilizer was applied (N2 and N3 schemes) as compared to the control treatment, whereas
this trait did not respond to N fertilization under drought stress conditions. In Vikinga, the
application of N fertilizer at any dose did not result in any enhancements in the total
chlorophyll content, regardless of irrigation scheme. Irrigation significantly increased the
total chlorophyll content in Titicaca under both N2 and N3 fertilization schemes, whereas
only under N3 fertilization scheme in Vikinga (Figure 18). Forouzandeh et al. (2024) also
reported a significant reduction in the total chlorophyll content of quinoa plants under drought
stress conditions.
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Figure 18. Total chlorophyll content (mg/g) of two quinoa varieties (Titicaca and Vikinga)
supplied with three different nitrogen fertilization rates (N1, N2, and N3) under supplemental
irrigation (irrigated) and rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters
indicate significant differences (p < 0.05) among fertilization rates within each irrigation
scheme. Different capital letters indicate significant differences (p < 0.05) between the irrigated
schemes within each fertilization rate.

Total Carotenoid Content (mg/g)

Under irrigated scheme, the application of 75 kg N/ha (N2) significantly increased the total
carotenoid content in both varieties as compared to the control (N1) treatment, whereas the
application of 150 kg N/ha (N3) increased this trait in Titicaca only. Under drought stress
conditions, the application of either dose of N did not enhance the total carotenoid content in
any of the two varieties. The total carotenoid content was significantly higher in drought-
stressed plants of both varieties under N1 fertilization scheme; however, the difference was
insignificant under N2 fertilization scheme (Figure 19).
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Figure 19. Total carotenoid content (mg/g) of two quinoa varieties (Titicaca and Vikinga)
supplied with three different nitrogen fertilization rates (N1, N2, and N3) under supplemental
irrigation (irrigated) and rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters
indicate significant differences (p < 0.05) among fertilization rates within each irrigation
scheme. Different capital letters indicate significant differences (p < 0.05) between the irrigated
schemes within each fertilization rate.
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Figure 20. Plant height (cm) of two quinoa varieties (Titicaca and Vikinga) supplied with three
different nitrogen fertilization rates (N1, N2, and N3) under supplemental irrigation (irrigated)
and rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate significant
differences (p < 0.05) among fertilization rates within each irrigation scheme. Different capital
letters indicate significant differences (p < 0.05) between the irrigated schemes within each
fertilization rate.

The two varieties responded differently to N application when irrigation was provided. In
Titicaca, N2 resulted in significant increase in the plant height, whereas N3 caused significant
reduction in this trait. In Vikinga, the application of N at any rate did not affect the plant
height. Under drought conditions, this trait was not enhanced by any dose of N. Sun et al.,
(2025) also revealed that nitrogen level has a significant influence on the plant height of
quinoa plants. The effect of irrigation was also different between the two varieties. Irrigation
significantly increased the plant height of Vikinga plants, regardless of N application, whereas
it did so in Titicaca under N2 fertilization scheme only (Figure 20). Similarly, Pathan et al.



(2023) reported that different quinoa varieties responded differently to irrigation in terms of
plant height, where some varieties had increased, while others had decreased plant height
under drought stress conditions.

Biomass kg/ha

Under irrigated scheme, the application of 75 kg N/ha (N2) increased the biomass of both
varieties significantly. Furthermore, the application of 150 kg N/ha (N3) increased this trait
significantly in Vikinga, but not in Titicaca. Under drought stress conditions, on the other
hand, the application of N did not increase the biomass of either variety. Other reports
concluded that some quinoa varieties had elevated biomass under higher N rate application
(e.g., Jerez et al., 2023), while others responded negatively (Hassan et al., 2022). Irrigation
increased the biomass of Vikinga significantly, regardless of N treatment, whereas it did so
only for N2 treatment in Titicaca, indicating that the biomass of the two varieties responded
differently to the interaction of irrigation and N fertilization schemes (Figure 21).
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Figure 21. Biomass (kg ha!) of two quinoa varieties (Titicaca and Vikinga) supplied with three
different nitrogen fertilization rates (N1, N2, and N3) under supplemental irrigation (irrigated)
and rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate significant
differences (p < 0.05) among fertilization rates within each irrigation scheme. Different capital
letters indicate significant differences (p < 0.05) between the irrigated schemes within each
fertilization rate.

Seed Yield

The application of 75 kg N/ha (N2) increased the seed yield of both varieties significantly
under irrigated scheme, compared to the control (N1) counterpart. The application of higher
(N3) dose of N did not increase the yield of either variety compared to N2 treatment. Under
drought stress scheme, N2 resulted in higher seed yield in Titicaca only. N3 caused a
significant reduction of the seed yield of both varieties compared to the control (N1)
treatment. Optimizing nitrogen level for better growth, physiology and yield of quinoa while
maintaining environmental safety is critical for sustainable production. Several studies
suggest that nitrogen applications rates of 120 to 160 kg ha! can be an optimum level for
obtaining maximum growth, yield and improved nitrogen uptake and use efficiency (Deng et
al.,2024b; Lietal., 2025; Sun et al., 2025) though optimization strategies are location-specific
and can be tailored according to particular agroecological situations (Pradhan et al., 2025).



Excessive nitrogen fertilizer applications have limited effects on enhancing quinoa yield
and/or even detrimental effects (Wang et al., 2022).

Irrigation increased the seed yield of both varieties under N2 fertilization scheme, but only of
Vikinga under N3 fertilization scheme, whereas the seed yield of both varieties was
significantly lower under irrigated scheme when no N fertilizer (N1) was applied (Figure 22).
Response to drought stress is genotype-dependent; some genotypes did not show measurable
yield losses under drought stress conditions, while others di (Maestro-Gaitan et al., 2022).
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Figure 22. Seed yield (kg ha™!) of two quinoa varieties (Titicaca and Vikinga) supplied with three
different nitrogen fertilization rates (N1, N2, and N3) under supplemental irrigation (irrigated)
and rainfed (non-irrigated) conditions. n = 8, £SD. Different small letters indicate significant
differences (p < 0.05) among fertilization rates within each irrigation scheme. Different capital
letters indicate significant differences (p < 0.05) between the irrigated schemes within each
fertilization rate.

4.2. Controlled Environment Experiments

4.2.1. The Effects of Exogenous Application of Hydrogen Peroxide on The Morpho-
physiology and Biochemistry of Soybean under Severe Drought Stress Conditions

Root Length

After 3 days of drought stress application, the root length of both genotypes was significantly
higher in all drought-stressed treatments than that of control treatment. In Coraline, the
treatment which was sprayed with 10 mM H>O, had significantly shorter roots (by 3.5%)
compared to the treatment that was not sprayed. On the other hand, Speeda plants that
received 1 mM H>O; foliar spray had significantly longer roots (by 3.6%) compared to the
non-sprayed counterpart. Increased root length under drought stress conditions can help the
plants acquire more water and nutrients from deeper soil levels (Zegada-Lizarazu and Monti,
2019). Li et al. (2018) concluded that H>O2 enhances root growth by increasing ABA levels.
It was previously reported that the roots and seedlings of sweet potato responded positively
to the application of H2O: at levels between 0.5 and 2.5 mM, but negatively at levels of 5 mM
or more (Deng et al., 2012). Within the group of treatments that was allowed to recover from
drought, Coraline plants that were sprayed with either I mM or 5 mM H>0O; and Speeda plants



that were sprayed with 1 mM H>O: had significantly higher root lengths compared to their
counterpart treatments that did not receive foliar spray. Within the group of treatments that
were continuously under drought stress conditions, the root length of Coraline plants that were
sprayed with either 1 mM or 5 mM H>O: was significantly higher than the non-sprayed
counterpart, whereas the foliar spray did not enhance this trait for Speeda plants at this point.
At the end of the podding stage, the root length of all the treatments that received any
concentration of H2O; foliar spray was higher than the control treatments of both genotypes
(Figure 23).

After 3 days of drought stress application, the root length was not measurably different
between the studied genotypes, regardless of H>O» treatment and concentration. Later
however, Coraline had longer roots in most treatments, especially within the group of
treatments that were allowed to recover from drought. This last observation was more obvious
at the end of the podding stage, where the root length of all treatments of Coraline was
significantly higher than the counterpart treatments of Speeda (Figure 23).
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Figure 23. Root length (cm) of two soybean genotypes (Coraline and Speeda) at 3 different
sampling dates (A: 3 days after drought stress application at R1 stage, B: 3 days after R3 stage
started, C: at the end of R4 stage) as affected by hydrogen peroxide foliar spray application
under drought stress conditions (D: drought from R1 till R2 stage, D1: drought from R1 till R2
stage + ImM hydrogen peroxide, DS: drought from R1 till R2 stage + SmM hydrogen peroxide,
D10: drought from R1 till R2 stage + 10mM hydrogen peroxide, CD: continuous drought
starting from R1 stage, CD1: continuous drought starting from R1 stage + 1mM hydrogen
peroxide, CDS: continuous drought starting from R1 stage + SmM hydrogen peroxide, CD10:
continuous drought starting from R1 stage + 10mM hydrogen peroxide). All values are the
means of 3 replicates (columns) + standard errors (vertical whiskers). In each genotype,
different letters indicate significant differences at .05 level as indicated by Duncan’s multiple
range test.

Shoot Length

The soot length of both genotypes significantly decreased as a result of drought stress
application. However, the H>O; foliar spray application, of any concentration in Coraline and
of 1 mM in Speeda, could significantly enhance this trait. Similar conclusion was also
reported by Bashir et al. (2019). When plants of both genotypes were relieved from drought



and allowed to recover, the groups of treatments that received any concentration of H20»
foliar spray showed significantly higher shoot length compared to the non-sprayed
counterparts. Under continuous drought conditions, only the concentrations of 5 mM and 1
mM H;0; foliar spray could result in better shoot lengths in Coraline and Speeda,
respectively. At the end of podding stage, all Coraline plants that received H>O- foliar spray
showed significantly better shoot length (better even than the control), whereas that positive
effect was noticed only on the treatment of Speeda that received 1 mM H>O, foliar spray,
where the shoot length was 9.1% higher than that of the treatment that was not sprayed (D)
and 4.8% higher than that of the control treatment (Figure 24).

Regardless of drought and H>O; application, the shoot length of Speeda was significantly
higher than that of Coraline throughout the whole experimental period.
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Figure 24. Shoot length (cm) of two soybean genotypes (Coraline and Speeda) at 3 different
sampling dates (A: 3 days after drought stress application at R1 stage, B: 3 days after R3 stage
started, C: at the end of R4 stage) as affected by hydrogen peroxide foliar spray application
under drought stress conditions (D: drought from R1 till R2 stage, D1: drought from R1 till R2
stage + ImM hydrogen peroxide, DS: drought from R1 till R2 stage + SmM hydrogen peroxide,
D10: drought from R1 till R2 stage + 10mM hydrogen peroxide, CD: continuous drought
starting from R1 stage, CD1: continuous drought starting from R1 stage + 1mM hydrogen
peroxide, CDS: continuous drought starting from R1 stage + SmM hydrogen peroxide, CD10:
continuous drought starting from R1 stage + 10mM hydrogen peroxide). All values are the
means of 3 replicates (columns) + standard errors (vertical whiskers). In each genotype,
different letters indicate significant differences at .05 level as indicated by Duncan’s multiple
range test.

Specific leaf area

Drought stress application resulted in significant reductions in the specific leaf area (SLA) of
both genotypes as compared to control counterparts. However, the application of H,O» foliar
spray significantly increased SLA, regardless of its concentration. Compared to control
plants, the application of 5 mM and 10 mM H>O» foliar spray on Coraline resulted in
significantly higher SLA (by 26.7% and 12.3%, respectively) after 3 days of drought
application, whereas only the 1 mM H>O> concentration could enhance this trait in Speeda.
Under continuous drought stress conditions, the application of H»O; foliar spray could



significantly increase SLA in both genotypes as compared to the non-sprayed counterparts.
Recovering Coraline plants sprayed with either 5 mM or 10 mM H>O> could maintain higher
SLA values as compared to control plants, whereas Speeda plants could not. Similar findings
were observed at the end of the podding stage (Figure 25). The capacity of light intercepted
by plants, and thus of photosynthetic rate is measurably affected by the plant’s leaf area
(Verma et al., 2020). It is well documented that drought stress results in reduced leaf area
(e.g., Gavili et al. (2019). Exogenous spray of H202 could enhance the leaf area of soybean
plants (Basal and Szabo, 2020).

At all sampling dates, SLA of Speeda was higher in control and drought-stressed treatments
that did not receive any foliar spray; however, Coraline plants that were sprayed with either
5 mM or 10 mM H>O> had higher SLA.
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Figure 25. Specific leaf area (mm? mg™) of two soybean genotypes (Coraline and Speeda) at 3
different sampling dates (A: 3 days after drought stress application at R1 stage, B: 3 days after
R3 stage started, C: at the end of R4 stage) as affected by hydrogen peroxide foliar spray
application under drought stress conditions (D: drought from R1 till R2 stage, D1: drought
from R1 till R2 stage + ImM hydrogen peroxide, DS: drought from R1 till R2 stage + SmM
hydrogen peroxide, D10: drought from R1 till R2 stage + 10mM hydrogen peroxide, CD:
continuous drought starting from R1 stage, CD1: continuous drought starting from R1 stage +
1mM hydrogen peroxide, CDS: continuous drought starting from R1 stage + SmM hydrogen
peroxide, CD10: continuous drought starting from R1 stage + 10mM hydrogen peroxide). All
values are the means of 3 replicates (columns) + standard errors (vertical whiskers). In each
genotype, different letters indicate significant differences at .05 level as indicated by Duncan’s
multiple range test.

Optimal photochemical efficiency of PSII

Drought stress caused a significant reduction in this trait after 3 days of application on both
genotypes (by 26% and 21.1% in Coraline and Speeda, respectively). However, applying the
foliar spray of all concentrations on Coraline and of ImM and 5 mM on Speeda led to
significant enhancement in Fv/Fm. Compared to the treatments that were subjected to
continuous drought, the group of treatments where the drought was relieved was able to
maintain higher Fv/Fm values, with and without the application of H>O» foliar spray and
regardless of its concentration. Fv/Fm was significantly higher (by 8.8%) when 5mM H>0»



foliar spray was applied to the recovering Coraline plants after 3 days of recovery compared
to the non-sprayed recovering plants, whereas the foliar spray had no significant enhancement
in Speeda recovering plants. Similar results were recorded at the end of the podding stage,
where Fv/Fm values were not affected by the foliar spray on Speeda plants but were
significantly better when 1mM or SmM H>O> was applied on Coraline plants (Figure 26). It
was previously reported that a key factor of plant’s response to variations in the surrounding
environment is the chlorophyll fluorescence (Dai et al., 2009). Under drought stress
conditions, leaves absorb and translocate less energy to PSII, leading to inhibited plant
development (Rahbarian et al., 2011). Muhammad et al. (2021) reported that Fv/Fm
significantly decreased under PEG-induced drought stress.

After drought application, Speeda plants had significantly higher Fv/Fm values in all
treatments, except for the treatments where 10 mM H»O; was applied (where the Fv/Fm
values of Speeda was still higher, yet not significantly). However, there were no measurable
differences between the two genotypes after the recovery process, i.e. Coraline plants were
able to retain comparable Fv/Fm values when the plants had the chance to recover with and
without foliar spray application (Figure 26).
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Figure 26. Optimal photochemical efficiency of PSII of two soybean genotypes (Coraline and
Speeda) at 3 different sampling dates (A: 3 days after drought stress application at R1 stage, B:
3 days after R3 stage started, C: at the end of R4 stage) as affected by hydrogen peroxide foliar
spray application under drought stress conditions (D: drought from R1 till R2 stage, D1:
drought from R1 till R2 stage + 1mM hydrogen peroxide, DS: drought from R1 till R2 stage +
SmM hydrogen peroxide, D10: drought from R1 till R2 stage + 10mM hydrogen peroxide, CD:
continuous drought starting from R1 stage, CD1: continuous drought starting from R1 stage +
1mM hydrogen peroxide, CDS: continuous drought starting from R1 stage + SmM hydrogen
peroxide, CD10: continuous drought starting from R1 stage + 10mM hydrogen peroxide). All
values are the means of 3 replicates (columns) + standard errors (vertical whiskers). In each
genotype, different letters indicate significant differences at .05 level as indicated by Duncan’s
multiple range test.



Actual photochemical efficiency of PSII

The application of drought stress significantly reduced the actual photochemical efficiency of
PSII of both genotypes 3 days after its application, regardless of H>O» application and
concentration. However, the exogenous application of H2O> at any concentration significantly
enhanced this trait in both genotypes as compared to the non-sprayed, drought-stressed
treatment. After terminating the drought, the treatments that were sprayed with any
concentration of H2O2 were still significantly higher in terms of yield as compared to the non-
sprayed treatment. The group of treatments that were kept under drought stress conditions had
significantly lower values of this trait. Within this group, the plants that received either 1 or
5, but not 10 mM H>O», had significantly higher values than the treatment that did not receive
any foliar H>O». At the end of the podding stage, the actual photochemical efficiency of PSII
of the treatments that received any concentration of H2O2 was still significantly higher than
that of the treatment that did not receive H.O» spray (Figure 27).
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Figure 27. Actual photochemical efficiency of PSII of two soybean genotypes (Coraline and
Speeda) at 3 different sampling dates (A: 3 days after drought stress application at R1 stage, B:
3 days after R3 stage started, C: at the end of R4 stage) as affected by hydrogen peroxide foliar
spray application under drought stress conditions (D: drought from R1 till R2 stage, D1:
drought from R1 till R2 stage + 1mM hydrogen peroxide, DS: drought from R1 till R2 stage +
SmM hydrogen peroxide, D10: drought from R1 till R2 stage + 10mM hydrogen peroxide, CD:
continuous drought starting from R1 stage, CD1: continuous drought starting from R1 stage +
1mM hydrogen peroxide, CDS: continuous drought starting from R1 stage + SmM hydrogen
peroxide, CD10: continuous drought starting from R1 stage + 10mM hydrogen peroxide). All
values are the means of 3 replicates (columns) + standard errors (vertical whiskers). In each
genotype, different letters indicate significant differences at .05 level as indicated by Duncan’s
multiple range test.

Chlorophyll-a

After 3 days of drought stress application, the chlorophyll-a content significantly decreased
in both genotypes, regardless of H>O» application and concentration. In the drought-
susceptible genotype Coraline, the treatments which were allowed to recover from drought
stress had significantly higher chla content compared to the treatments which suffered from
continuous drought stress. Among these treatments, the foliar application of H,O», regardless



of its concentration, led to significantly higher chla compared to the treatment where the
plants were allowed to recover without H>O> foliar spray. The foliar spray, however, did not
have measurable effects on the chla content of the treatments which suffered from continuous
drought. The foliar spray had no significant effect on the chla content in the drought-tolerant
genotype Speeda; however, the group of treatments which was allowed to recover from
drought stress had significantly higher chla content compared to the group which suffered
from continuous drought. At the end of the podding stage, the control treatment had
significantly higher chla content than the drought-stressed treatments (by 54% and 36% in
Coraline and Speeda, respectively), and the foliar spray had no measurable effect (Figure 28).
H>O:; foliar spray can protect the chloroplast under drought stress conditions, resulting in
enhanced chlorophyll content (Abbas and Mohamed, 2011; Liu et al., 2010b).

Under drought stress conditions, the chla content in Speeda was significantly higher than in
Coraline at all 3 sampling dates, regardless of H>O; application and concentration.
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Figure 28. Chlorophyll-a content (ug g) of two soybean genotypes (Coraline and Speeda) at 3
different sampling dates (A: 3 days after drought stress application at R1 stage, B: 3 days after
R3 stage started, C: at the end of R4 stage) as affected by hydrogen peroxide foliar spray
application under drought stress conditions (D: drought from R1 till R2 stage, D1: drought
from R1 till R2 stage + ImM hydrogen peroxide, D5: drought from R1 till R2 stage + SmM
hydrogen peroxide, D10: drought from R1 till R2 stage + 10mM hydrogen peroxide, CD:
continuous drought starting from R1 stage, CD1: continuous drought starting from R1 stage +
1mM hydrogen peroxide, CDS5: continuous drought starting from R1 stage + SmM hydrogen
peroxide, CD10: continuous drought starting from R1 stage + 10mM hydrogen peroxide). All
values are the means of 3 replicates (columns) + standard errors (vertical whiskers). In each
genotype, different letters indicate significant differences at .05 level as indicated by Duncan’s
multiple range test.



Chlorophyll-b

The application of drought stress resulted in significant reduction in the chlb content in both
genotypes. The foliar H>O» spray could not alleviate that effect. However, the recovered
plants of both genotypes had significantly higher content of chlb as compared to the plants
where drought was continuous. Moreover, the application of H>O» spray on the recovering
plants of both genotypes increased the chlb content; that increase was significant when 1mM
or SmM of H»O; foliar spray was applied. The foliar spray, on the other hand, did not result
in significant enhancements in this trait under continuous drought stress conditions. At the
end of the podding stage, the chlb content was significantly higher in Coraline (by 14.7%)
and Speeda plants (by 7.9%) which were sprayed with SmM and 1mM of H>O», respectively
compared to the non-sprayed counterparts (Figure 29).

Speeda plants had significantly higher chlb content under drought stress conditions at all
sampling dates.
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Figure 29. Chlorophyll-b content (ug g') of two soybean genotypes (Coraline and Speeda) at 3
different sampling dates (A: 3 days after drought stress application at R1 stage, B: 3 days after
R3 stage started, C: at the end of R4 stage) as affected by hydrogen peroxide foliar spray
application under drought stress conditions (D: drought from R1 till R2 stage, D1: drought
from R1 till R2 stage + ImM hydrogen peroxide, D5: drought from R1 till R2 stage + SmM
hydrogen peroxide, D10: drought from R1 till R2 stage + 10mM hydrogen peroxide, CD:
continuous drought starting from R1 stage, CD1: continuous drought starting from R1 stage +
1mM hydrogen peroxide, CDS: continuous drought starting from R1 stage + SmM hydrogen
peroxide, CD10: continuous drought starting from R1 stage + 10mM hydrogen peroxide). All
values are the means of 3 replicates (columns) + standard errors (vertical whiskers). In each
genotype, different letters indicate significant differences at .05 level as indicated by Duncan’s
multiple range test.



Total carotenoids

Significant decrease in the total carotenoid (chlxc) content was recorded in both genotypes
(by 28% and 35.5% in Coraline and Speeda, respectively) as a consequence of drought stress
application. Except for the application of 10 mM H20O: on Coraline plants, the chlxc content
was significantly increased by the H>O; foliar spray on both genotypes. The recovered plants
of both genotypes had significantly higher chixc content compared to the continuously
drought-stressed counterparts. In Coraline plants, ImM H>O: foliar spray on the recovering
plants of Coraline significantly increased chlxc compared to the non-sprayed recovering
plants, whereas the chlxc of recovering Speeda plants was significantly increased by the
application of any concentration of H>O,. On the other hand, the foliar spray had no
measurable effects on the chlxc of the plants that were not allowed to recover from both
genotypes. Interestingly, the chlxc at the end of the podding stage was significantly higher in
Speeda plants that were sprayed with 1mM H>0O, as compared to the recovering plants that
were not sprayed, whereas this trait did not have measurable differences in Coraline at the
same period (Figure 30).

Regardless of the drought application and the H>O> application and concentration, the chlxc
content was significantly higher in Speeda than in Coraline plants at all sampling dates.
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Figure 30. Total carotenoid content (ug g') of two soybean genotypes (Coraline and Speeda) at
3 different sampling dates (A: 3 days after drought stress application at R1 stage, B: 3 days
after R3 stage started, C: at the end of R4 stage) as affected by hydrogen peroxide foliar spray
application under drought stress conditions (D: drought from R1 till R2 stage, D1: drought
from R1 till R2 stage + ImM hydrogen peroxide, D5: drought from R1 till R2 stage + SmM
hydrogen peroxide, D10: drought from R1 till R2 stage + 10mM hydrogen peroxide, CD:
continuous drought starting from R1 stage, CD1: continuous drought starting from R1 stage +
1mM hydrogen peroxide, CDS5: continuous drought starting from R1 stage + SmM hydrogen
peroxide, CD10: continuous drought starting from R1 stage + 10mM hydrogen peroxide). All
values are the means of 3 replicates (columns) + standard errors (vertical whiskers). In each
genotype, different letters indicate significant differences at .05 level as indicated by Duncan’s
multiple range test.



Stomatal Conductance
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Figure 31. Stomatal conductance (mmol m? s') of two soybean genotypes (Coraline and
Speeda) at 3 different sampling dates (A: 3 days after drought stress application at R1 stage, B:
3 days after R3 stage started, C: at the end of R4 stage) as affected by hydrogen peroxide foliar
spray application under drought stress conditions (D: drought from R1 till R2 stage, D1:
drought from R1 till R2 stage + 1mM hydrogen peroxide, DS: drought from R1 till R2 stage +
SmM hydrogen peroxide, D10: drought from R1 till R2 stage + 10mM hydrogen peroxide, CD:
continuous drought starting from R1 stage, CD1: continuous drought starting from R1 stage +
1mM hydrogen peroxide, CDS: continuous drought starting from R1 stage + SmM hydrogen
peroxide, CD10: continuous drought starting from R1 stage + 10mM hydrogen peroxide). All
values are the means of 3 replicates (columns) + standard errors (vertical whiskers). In each
genotype, different letters indicate significant differences at .05 level as indicated by Duncan’s
multiple range test.

The stomatal conductance significantly decreased in both genotypes when subjected to
drought stress. Similarly, Muhammad et al. (2021) and Rahman et al. (2022) reported that gs
significantly decreased in drought-stressed soybean plants. The foliar application of H2O; at
any concentration could significantly elevate the stomatal conductance of both Coraline and
Speeda plants. The stomatal conductance of both genotypes dramatically degraded when
drought stress was kept; however, the foliar spray with H,O, at all concentrations could
significantly increase the stomatal conductance of Coraline (by an average 22%), but not that
of Speeda plants. On the other hand, the recovered plants of both genotypes had significantly
higher stomatal conductance when foliar spray was applied at any concentration as compared
to the recovering plants that were not sprayed. Interestingly, Coraline and Speeda plants that
were sprayed with 5 mM and 1 mM H:0., respectively had significantly higher stomatal
conductance values (by 5.3% and 3.7%) compared to the control counterparts that were kept
under optimum conditions throughout the whole experimental period (Figure 31).

Speeda plants could maintain higher stomatal throughout the experimental period as
compared to Coraline plants.



Relative water content

Sag: tléng Stiecsis };;Sgszt?égua%hﬁl 3 days after R3 stage started|at the end of R4 stage

Treatment Coraline Speeda Coraline Speeda Coraline| Speeda
Control 70.5% 72.0* 68.9% 71.0% 66.6% 67.4%
D 52.44 59.1¢ 58.4° 64.9" 57.6° 62.1°

DI 59.4¢ 65.6° 64.2% 70.1° 62.2° 68.7%
D5 64.8° 63.7% 65.0* 65.2° 63.5° 64.0°
D10 54.14 62.9%° 62.3° 65° 60.0°¢ 62.9°
CD 524 59.2¢ 40.2¢ 49.3¢ NA NA
CD1 59.5¢ 65.3° 47.6° 57.7° NA NA
CD5 65.0° 63.6% 49.1°¢ 54.8° NA NA
CD10 54.24 63.0% 47.5¢ 53.9<d NA NA

Table 1. Relative water content (%) of two soybean genotypes (Coraline and Speeda) at 3
different sampling dates as affected by hydrogen peroxide foliar spray application under
drought stress conditions (D: drought from R1 till R2 stage, D1: drought from R1 till R2 stage
+ 1mM hydrogen peroxide, D5: drought from R1 till R2 stage + SmM hydrogen peroxide, D10:
drought from RI1 till R2 stage + 10mM hydrogen peroxide, CD: continuous drought starting
from R1 stage, CD1: continuous drought starting from R1 stage + 1mM hydrogen peroxide,
CDS: continuous drought starting from R1 stage + SmM hydrogen peroxide, CD10: continuous
drought starting from R1 stage + 10mM hydrogen peroxide). All values are the means of 3
replicates. In each genotype, different letters indicate significant differences at .05 level as
indicated by Duncan’s multiple range test. NA: Not Applicable.

The relative water content of all drought-stressed treatments of both genotypes significantly
decreased as compared to control treatment, regardless of H,O application and concentration.
Drought stress results in reduced stomatal conductance by increasing stomatal closure ratio
(Zhang et al., 2016) in order to maintain the water content of the drought-stressed plants. In
their experiment, Guler and Pehlivan (2016) concluded that RWC of both experimented
soybean genotypes decreased under drought stress conditions. On the other hand, the
exogenous application of either 1 or 5 mM H>0O: on Coraline, and 1 mM H>O» on Speeda
significantly enhanced the RWC. After terminating drought, a very similar result was
obtained, where these concentrations helped in elevating the RWC of both genotypes to reach
nearly similar values to those of control plants. On the other hand, all the treatments where
the plants of both genotypes were kept under drought stress conditions had significantly lower
RWC, yet all treatments that received any concentration of H2O2 (except for 10 mM on
Speeda) were able to keep significantly better RWC as compared to the non-sprayed
counterpart. At the end of the podding stage, the RWC of (D1) and (D5) treatments in
Coraline, and of (D1) treatment in Speeda was significantly higher than that of (D) treatment
(Table 1). Previously, Ishibashi et al. (2011) and Terzi et al. (2014) reported significant
enhancement in both RWC and gs in drought-stressed soybean as a consequence of H>O»
foliar application. At all sampling dates, the RWC of Speeda was significantly higher than
that of Coraline in all drought treatments except for the D5 treatment.



Flower Number per Plant

At the end of the flowering stage, the treatments of both genotypes that were subjected to
drought stress without any foliar spray produced significantly lower number of flowers (by
19.7% and 26.9% in Coraline and Speeda, respectively) as compared to control counterparts.
The foliar spray enhanced this trait in Coraline, where both 1 mM and 5 mM HxO»
concentrations resulted in significantly higher flower number as compared to the non-sprayed
treatments. However, the foliar spray did not enhance this trait in Speeda; it even decreased
the flower number when 5 mM or 10 mM H>O; was applied (Table 2).

Speeda had significantly higher flower numbers than Coraline in all treatments except for the
treatments that were sprayed with 5 mM H>O» where the flower numbers were very similar.

Treatment Coraline Speeda

Control 18.32 28.32
D 14.7¢ 20.7°

D1 16.3° 21.3°
D5 18.0* 17.7°
D10 14.7¢ 17.0¢
CD 14.6¢ 20.9°
CD1 16.4° 21.2°
CD5 17.9° 17.6°
CD10 14.5¢ 17.1°¢

Table 2. Flower number of two soybean genotypes (Coraline and Speeda) at full bloom (R2)
stage as affected by hydrogen peroxide foliar spray application under drought stress conditions
(D: drought from R1 till R2 stage, D1: drought from R1 till R2 stage + 1mM hydrogen peroxide,
DS: drought from R1 till R2 stage + SmM hydrogen peroxide, D10: drought from R1 till R2
stage + 10mM hydrogen peroxide, CD: continuous drought starting from R1 stage, CD1:
continuous drought starting from R1 stage + 1ImM hydrogen peroxide, CD5: continuous
drought starting from R1 stage + SmM hydrogen peroxide, CD10: continuous drought starting
from R1 stage + 10mM hydrogen peroxide). All values are the means of 3 replicates. In each
genotype, different letters indicate significant differences at .05 level as indicated by Duncan’s
multiple range test.

Pod number per Plant

Treatment Coraline Speeda
Control 15.3? 22.7°
D 11.3° 14.3¢
DI 14.0° 17.7°
D5 13.6° 13.7¢
D10 8.3¢ 9.74




Table 3. Pod number (plant™!) of two soybean genotypes (Coraline and Speeda) at the end of R4
stage as affected by hydrogen peroxide foliar spray application under drought stress conditions
(D: drought from R1 till R2 stage, D1: drought from R1 till R2 stage + 1mM hydrogen peroxide,
DS5: drought from R1 till R2 stage + SmM hydrogen peroxide, D10: drought from R1 till R2
stage + 10mM hydrogen peroxide. All values are the means of 3 replicates. In each genotype,
different letters indicate significant differences at .05 level as indicated by Duncan’s multiple
range test.

The number of pods of both genotypes decreased due to drought stress application; the
reduction was more measurable and significant in Speeda (37%). The pod number
significantly increased in Coraline when 1 mM or 5 mM H>O, foliar spray was applied, and
the same result was obtained when 1 mM H>O> foliar spray was applied on Speeda (Table 3).
The number of pods was higher for Speeda in all treatments as compared to Coraline.

Pod fresh weight

Significant decrease in the pod fresh weight under drought stress conditions was recorded in
both genotypes. However, the application of 5 mM and 1 mM H>O; foliar spray on Coraline
and Speeda, respectively, has led to significant increase (by 18.1% and 14.1%, respectively)
in the pod fresh weight (Table 4).

Pod fresh weight of Speeda was significantly higher than that of Coraline, regardless of
drought and H>O; foliar spray application.

Treatment Coraline Speeda
Control 19.32 34.7%
D 12.7¢ 21.3¢
D1 14.7° 24.3%
D5 15.0° 17.0¢
D10 12.7¢ 14.7¢

Table 4. Pod fresh weight (g plant) of two soybean genotypes (Coraline and Speeda) at the end
of R4 stage as affected by hydrogen peroxide foliar spray application under drought stress
conditions (D: drought from R1 till R2 stage, D1: drought from R1 till R2 stage + 1mM
hydrogen peroxide, DS: drought from R1 till R2 stage + SmM hydrogen peroxide, D10: drought
from R1 till R2 stage + 10mM hydrogen peroxide. All values are the means of 3 replicates. In
each genotype, different letters indicate significant differences at .05 level as indicated by
Duncan’s multiple range test.

Proline content

The leaf proline content of both genotypes significantly increased under drought stress
conditions. Furthermore, the foliar application of H>O» at any concentration significantly
increased the leaf proline content as compared to the treatment where the drought-stressed
plants were sprayed with DW. When drought was terminated, proline content measurably
decreased in both genotypes, yet it was still higher than that of control treatment. Under
continuous drought conditions, proline continued to accumulate, and its levels were
significantly higher than those of the drought-relieved counterparts. The foliar H2O2 spray
had no measurable effect at this point in any of the two genotypes. The leaf proline content



was still higher in the drought-relieved treatments at the end of the podding stage as compared
to the control counterparts (Table 5). In their experiment, Cao et al. (2019) reported that
drought-stressed soybean seedlings had 30, 125 and 334% higher proline concentration after
5,10 and 15 days of drought stress application. Such conclusion on proline and soluble sugar
accumulation was also reported on soybean by other studies (e.g., Du et al. (2020) and Igbal
et al. (2018). It was also reported that the levels of proline accumulations are genotype-
dependent and varies among the different stages of soybean development when the drought
stress 1s taking place (Mwenye et al. 2016).

The leaf proline content was always higher in Speeda than in Coraline, and the differences
were significant in all drought-stressed treatments of both groups.

Sampling 3 days afj[er Qrought
Date stress application at R1 |3 days after R3 stage started |at the end of R4 stage
stage
Treatment Coraline Speeda Coraline Speeda Coraline| Speeda
Control 30.7¢ 33.0¢ 43.4° 47.3° 39.3% 42.0°
D 226.4° 272.6° 183.4° 240.3° 92.7% 112.92
DI 253.9° 391.7° 142.9° 166.7° 81.1° 100.5°
D5 280.0° 379.32 127.6° 186.2° 74.6* 103.3°
D10 275.8% 365.4* 130.0° 180.8° 79.9° 1012
CD 228.3¢ 270.6° 402.7 468.1° NA NA
CDlI 255.1° 390.6* 449.5° 521.7% NA NA
CD5 278.4* 376.0* 472.8° 485.5° NA NA
CD10 275.0% 365.3° 411.4° 447.0° NA NA

Table 5. Leaf proline content (ug g') of two soybean genotypes (Coraline and Speeda) at 3
different sampling dates as affected by hydrogen peroxide foliar spray application under
drought stress conditions (D: drought from R1 till R2 stage, D1: drought from R1 till R2 stage
+ 1mM hydrogen peroxide, D5: drought from R1 till R2 stage + SmM hydrogen peroxide, D10:
drought from R1 till R2 stage + 10mM hydrogen peroxide, CD: continuous drought starting
from R1 stage, CD1: continuous drought starting from R1 stage + 1mM hydrogen peroxide,
CDS: continuous drought starting from R1 stage + SmM hydrogen peroxide, CD10: continuous
drought starting from R1 stage + 10mM hydrogen peroxide). All values are the means of 3
replicates. In each genotype, different letters indicate significant differences at .05 level as
indicated by Duncan’s multiple range test. NA: Not Applicable.

Total Soluble Sugars

Drought stress significantly increased the total soluble sugars in the leaves of both genotypes.
Compared to the drought-stressed treatment, the application of H2O; foliar spray at any
concentration in Coraline, and at 1 or 5 mM in Speeda significantly induced the accumulation
of soluble sugars. When drought was eliminated after the flowering stage, the total soluble
sugars in Coraline noticeably decreased and reached levels that were insignificant as
compared to the control plants, whereas these levels were still significantly higher in Speeda.



Furthermore, the sprayed plants of both genotypes had very close levels of soluble sugars as
compared to the non-sprayed counterparts. On the other hand, the group of treatments that
had continuous drought accumulated significant levels of soluble sugars as compared to the
drought-relieved group of both genotypes. In Coraline, the soluble sugar contents were not
significantly different in the treatments sprayed with any concentration of H>O> from the
treatment that was not sprayed, whereas they were in Speeda. At the end of the podding stage,
the content of the total soluble sugars was still significantly higher in the treatments that
suffered from drought, regardless of H2Oz application and concentration, as compared to the
control treatments that were sprayed with DW (Table 6). According to Khan et al. (2020),
there is an important role of the elevated soluble sugar levels under drought stress conditions;
that is, sustaining adequate metabolic C/N ratios.

Although Speeda plants had higher contents of the total soluble sugars, yet the differences
were more announced after drought stress application, whereas these differences were much
less in the group of treatments that was relieved from drought, and also at the end of the
podding stage.

Sampling 3 days afj[er Qrought
Date stress application at R1 |3 days after R3 stage started|at the end of R4 stage
stage
Treatment | Coraline Speeda Coraline Speeda Coraline| Speeda
Control 42.5¢ 45.94 36.1° 40.24 33.3 35.8°
D 123.8° 165.2¢ 65.0° 84.4¢ 51.3% 59.7°
Dl 160.12 228.3% 68.9° 90.4¢ 53.9° 61.1°
D5 182.7% 215.8%® 70.9° 86.1°¢ 54.1* 60.8°
D10 173.9° 195.0% 69.0° 84.9¢ 52.8° 59.7*
CD 125.0° 163.9¢ 175.32 235.7° NA NA
CD1 162.1° 230.4° 184.9% 286.4* NA NA
CD5 177.7% 213.8%® 189.2° 271.9° NA NA
CDI10 173.5% 195.5% 186.6* 262.8* NA NA

Table 6. Total soluble sugars (mg g') in the leaves of two soybean genotypes (Coraline and
Speeda) at 3 different sampling dates as affected by hydrogen peroxide foliar spray application
under drought stress conditions (D: drought from R1 till R2 stage, D1: drought from R1 till R2
stage + ImM hydrogen peroxide, D5: drought from R1 till R2 stage + SmM hydrogen peroxide,
D10: drought from R1 till R2 stage + 10mM hydrogen peroxide, CD: continuous drought
starting from R1 stage, CD1: continuous drought starting from R1 stage + 1mM hydrogen
peroxide, CDS: continuous drought starting from R1 stage + SmM hydrogen peroxide, CD10:
continuous drought starting from R1 stage + 10mM hydrogen peroxide). All values are the
means of 3 replicates. In each genotype, different letters indicate significant differences at .05
level as indicated by Duncan’s multiple range test. NA: Not Applicable.



4.2.2. The Effects of Exogenous Application of Acetic Acid on The Morpho-physiology
of Soybean under Severe Drought Stress Applied at Early Stages

Root Morphology

In 'Speeda’, the root dry weight was not affected by the imposition of drought stress. However,
the plant roots of the drought stressed treatment that received AA foliar spray had significantly
lower dry weight. In 'Coraline', on the other hand, the AA foliar application resulted in
significantly higher root dry weight as compared to the other treatments. The root dry weight
of AA-sprayed plants (D2) was significantly higher in 'Coraline' as compared to 'Speeda’,
whereas it was significantly lower in both (D0) and (D1) treatments (Figure 32/A).

Both the root length and the root volume of 'Speeda' plants decreased significantly as a
consequence of drought stress application. Moreover, the AA application did not have a
measurable effect on any of these traits. In Corlaine, however, the foliar spray of AA
significantly increased both the root length and the root volume of the drought-stressed plants
(D2) as compared to the non-treated, drought-stressed counterparts (D1) (Figure 32/B and
32/C). A similar root length decrease was also reported by Sohag et al. (2020). Exogenous
application of H2O> on rice plants (Sohag et al. 2020) and ethanol on soybean (Rahman et al.
2021) could partially alleviate the negative effects of drought stress on root morphology.
'Speeda’ had longer roots, regardless of treatment, and higher root volume in both (D0) and
(D1) treatments, whereas the AA-treated (D2) treatment of 'Coraline' had significantly higher
root volume as compared to (D2) treatment of 'Speeda’ (Figure 32/B and 32/C).
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Fig 32. Root dry weight (A), root length (B) and root volume (C) of 2 soybean genotypes (Speeda
and Coraline) as affected by PEG-induced drought stress and foliar acetic acid application.
(DO: control, D1: drought-stressed treatment, D2: drought-stressed treatment with acetic acid
spray applied). Columns represent the mean of each treatment (n = 3). Bars represent standard
error (SE). Different letters indicate significant differences (p < 0.05) among treatments.
Different numbers indicate significant differences (p < 0.05) between genotypes.

Shoot Morphology

Drought stress imposition significantly decreased the shoot dry weight of both genotypes. The
foliar spray of AA significantly increased the shoot dry weight of 'Coraline' plants, but not of
'Speeda’. The drought-stressed (D1) 'Speeda’ plants had significantly higher shoot dry weight
as compared to 'Coraline' counterparts (Figure 33/A). In 'Speeda’, drought stress reduced the
shoot length; however, the reduction was insignificant, and the AA foliar spray did not



enhance this trait. On the contrary, drought significantly decreased the shoot length of
'Coraline' plants, and the AA application could significantly enhance this trait and keep the
shoot length on a level very close to that of the control plants. 'Speeda' had higher shoot dry
weight in both (D0) and (D1) treatments as compared to 'Coraline', and also higher shoot
length in all treatments (Figure 33/B). Mak et al. (2014) reported that drought stress
significantly decreased the shoot length of soybean plants. Garcia et al. (2010) reported the
different examined soybean genotypes to be significantly different in plant height compared
to one another. Ahmad et al. (2021) reported that drought reduced both shoot length and
weight; however, the application of 100 mM salicylic acid increased these parameters
significantly. The Authors allocated the decrease in these parameters to increased reactive
oxygen species (ROS) accumulation and to changes in the proteins in the cellular walls (Boyer
and Westgate 2004).
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Fig 33. Shoot dry weight (A) and shoot length (B) of 2 soybean genotypes (Speeda and Coraline)
as affected by PEG-induced drought stress and foliar acetic acid application. (DO: control, D1:
drought-stressed treatment, D2: drought-stressed treatment with acetic acid spray applied).
Columns represent the mean of each treatment (n = 3). Bars represent standard error (SE).
Different letters indicate significant differences (p < 0.05) among treatments. Different numbers
indicate significant differences (p < 0.05) between genotypes.

Specific Leaf Area

Drought stress imposition resulted in decreased specific leaf area (SLA) in both genotypes;
however, the decrease was insignificant. The SLA significantly increased in both genotypes
in drought-stressed plants sprayed with AA (D2) as compared to (D1) counterparts (Figure
34). The enhanced leaf area in (D2) treatment might be justified by promoting cell division
and cell expansion as suggested by Khandaker et al. (2017) when using gibberellic acid (GA)
as an exogenous foliar spray. Basal and Szabo (2020) concluded that drought stress at
reproductive stages significantly decreased the leaf area of 2 soybean genotypes. Regardless
of treatment, the differences between the 2 genotypes were slight and insignificant.
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Fig 34. Specific leaf area of 2 soybean genotypes (Speeda and Coraline) as affected by PEG-
induced drought stress and foliar acetic acid application. (D0: control, D1: drought-stressed
treatment, D2: drought-stressed treatment with acetic acid spray applied). Columns represent
the mean of each treatment (n = 3). Bars represent standard error (SE). Different letters
indicate significant differences (p < 0.05) among treatments. Different numbers indicate
significant differences (p < 0.05) between genotypes.

Chlorophyll Fluorescence
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Fig 34. Optimal photochemical efficiency of PSII (Fv/Fm) (A) and the size and the number of
active photosynthetic reaction centers (Fv/Fo) (B) of 2 soybean genotypes (Speeda and Coraline)
as affected by PEG-induced drought stress and foliar acetic acid application. (DO: control, D1:
drought-stressed treatment, D2: drought-stressed treatment with acetic acid spray applied).
Columns represent the mean of each treatment (n = 3). Bars represent standard error (SE).
Different letters indicate significant differences (p < 0.05) among treatments. Different numbers
indicate significant differences (p < 0.05) between genotypes.

The optimal photochemical efficiency of PSII (Fv/Fm) (Figure 34/A), the size and number of
active photosynthetic reaction centers (Fv/Fo) (fig. 4B) and the actual photochemical
efficiency of PSII (Yield) (Figure 35) decreased in both genotypes when drought stress was
imposed, with more announced effect in the case of 'Coraline'. These traits were positively
influenced by the AA foliar application as their values were restored to levels very close to
the control counterparts. Zlatev and Lidon (2012) reported a decrease in Fv/Fm and concluded
that it can be a measure of photosynthetic down-regulation. Zhang et al. (2016) also reported



that the optimal photochemical efficiency of PSII (Fv/Fm) decreased in response to drought
stress. In their experiment, Khan et al. (2023) reported that salicylic acid (SA) significantly
increased both Fv/Fm and yield traits of lemongrass. This increase can be explained by the
stimulatory effect of growth biostimulators such as SA on RuBisCO and brassinosteroid
analogues DI-31 (Pérez-Borroto et al., 2021) on chlorophyllase enzyme activity. Earlier,
Lima and Lobato (2017) indicated that growth biostimulators enhanced light absorption and
electron flow, leading to higher quantum efficiency of PSII.
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Fig 35. Actual photochemical efficiency of PSII of 2 soybean genotypes (Speeda and Coraline)
as affected by PEG-induced drought stress and foliar acetic acid application. (D0: control, D1:
drought-stressed treatment, D2: drought-stressed treatment with acetic acid spray applied).
Columns represent the mean of each treatment (n = 3). Bars represent standard error (SE).
Different letters indicate significant differences (p < 0.05) among treatments. Different numbers
indicate significant differences (p < 0.05) between genotypes.

Drought stress resulted in decreased Fv/Fm value in both genotypes similarly; however,
'Coraline' plants had significantly higher Fv/Fm values under both control (D0) and AA-
treated (D2) treatments (fig. 4A). Moreover, the actual photochemical efficiency was higher
in 'Coraline', regardless of treatment (Figure 35).

Chlorophyll-a and chlorophyll-b contents

Chlorophyll-a level in control treatment (D0) was insignificantly higher as compared to the
drought-stressed treatment (D1) in both genotypes. However, the application of AA (D2
treatment) has led to statistically significant increase in chlorophyll-a content as compared to
(D1) treatment (Figure 36/A). The differences between the 2 genotypes were insignificant,
regardless of treatment. It was previously reported that drought stressed plants had a
substantial reduction in photosynthetic pigment concentration, but drought stressed plants
treated with AA preserved the same level of  photosynthetic
proportionality and photosynthetic pigments throughout the drought period.

In both genotypes, drought stress did not result in measurable changes in chlorophyll-b
content, however, a significant increase in this trait was recorded in (D2) treatment in both
genotypes. The concentration of chlorophyll-b was higher in 'Coraline' in (DO0), but lower in
(D1) and (D2) treatments as compared to ‘Speeda’; however, these differences were
insignificant (Figure 36/B).
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Fig 36. Chlorophyll-a content (A) and chlorophyll-b content (B) of 2 soybean genotypes (Speeda
and Coraline) as affected by PEG-induced drought stress and foliar acetic acid application.
(DO: control, D1: drought-stressed treatment, D2: drought-stressed treatment with acetic acid
spray applied). Columns represent the mean of each treatment (n = 3). Bars represent standard
error (SE). Different letters indicate significant differences (p < 0.05) among treatments.
Different numbers indicate significant differences (p < 0.05) between genotypes.
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Fig 37. Total carotenoids content of 2 soybean genotypes (Speeda and Coraline) as affected by
PEG-induced drought stress and foliar acetic acid application. (D0: control, D1: drought-
stressed treatment, D2: drought-stressed treatment with acetic acid spray applied). Columns
represent the mean of each treatment (n = 3). Bars represent standard error (SE). Different
letters indicate significant differences (p < 0.05) among treatments. Different numbers indicate
significant differences (p < 0.05) between genotypes.

Drought stress resulted in significant reduction in the total carotenoids in both genotypes.
However, the drought-stressed plants that were sprayed with AA (D2) had significantly higher
total carotenoids content as compared to the drought-stressed treatment (D1). Moreover, (D2)
treatment resulted in total carotenoids content that was higher than the control plants in
'Coraline' genotype (Figure 37). Tang et al. (2017) found that subjecting plants to
drought stress resulted in a notable decrease in carotenoid content. Low concentrations of
exogenously applied growth regulators (e.g., H2Oz and ethanol) can induce the synthesis of



certain enzymes and/or proteins related to photosynthesis process, resulting in enhanced
pigment content (Das et al. 2022). The mechanism by which these agents enhance
photosynthetic pigment content (including carotenoids) is reducing the degradation rate of
these pigments under drought stress conditions (Rahman et al. 2022).

Stomatal Conductance

Significant reduction in the stomatal conductance was recorded in both genotypes as a
consequence of subjecting the plants to drought stress. However, the foliar application of AA
enhanced this trait in both genotypes, with more announced effect in 'Speeda’ genotype, where
the increase was significant as compared to the drought-stressed counterpart (Figure 38).
Drought stress (D1) reduced the stomatal conductance of both genotypes to similar levels,
however, the response of 'Speeda' to foliar AA application (D2) was significantly higher than
that of 'Coraline' (Figure 38). Zhang et al. (2016) discovered a 98.8 percent reduction in
stomatal conductance under drought; they stated that decrease in stomatal conductance was
caused by a decreased ratio of open stomata to stomatal aperture size in crops exposed to
drought. According to Razmi et al. (2017), water stress decreased the stomatal conductance
of three soybean leaflets as compared to their non-drought stressed counterparts, and a foliar
application of 0.4 mM Salicylic Acid (SA) significantly reversed drought-induced stomatal
closure and improved it.
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Fig 38. Stomatal conductance of 2 soybean genotypes (Speeda and Coraline) as affected by
PEG-induced drought stress and foliar acetic acid application. (D0: control, D1: drought-
stressed treatment, D2: drought-stressed treatment with acetic acid spray applied). Columns
represent the mean of each treatment (n = 3). Bars represent standard error (SE). Different
letters indicate significant differences (p < 0.05) among treatments. Different numbers indicate
significant differences (p < 0.05) between genotypes.



5. Summary of Scientific Findings

1) Drought stress affecting soybeans during reproductive stages impairs several
important morpho-physiological traits, leading to massive losses in reproductive
organs and, consequently, potential yields. A post-drought recovery can still enable the
plants to survive and reach maturity stages. However, the continuous severe drought
occurring for longer periods during reproductive stages can lead to even complete
deterioration of plants.

2) Negative influence of drought stress on soybean might be alleviated by the
exogenous application of low concentrations of plant growth regulators (PGRs) like
Hydrogen Peroxide (H2O;) and Acetic Acid (AA). However, the extent to which
soybean plants respond is variety-dependent, and the drought-susceptible soybean
varieties respond better to PGRs.

3) Although chickpea showed better morpho-physiology when sown in Spring, the
yield of both Amorgos and Orion varieties was not affected by late sowing date when
supplemental irrigation was provided, indicating that those varieties, especially Orion,
which had significantly higher yield, can be sown after wheat harvesting in a
sustainable cereal-legume crop rotation, allowing for less chemical N application to
wheat fields.

4) Late sowing date significantly increased the total fat concentration in the seeds of
all tested chickpea varieties under both irrigation schemes. Moreover, it significantly
increased the total protein concentration in the seeds of Elmo under both irrigation
schemes and in the seeds of Amorgos under supplemental irrigation scheme, whereas
not affecting that of Orion.

5) Supplemental irrigation significantly increased the seed protein and fat
concentrations in the seeds of late-sown chickpeas, amplifying the importance of such
practice for enhancing chickpea seed quality.

6) For higher chickpea yields, supplemental irrigation of late-sown chickpea seems
vital, whereas rainfed chickpeas must be sown earlier (i.e., in Spring) to achieve stable
yield, although lower than irrigated counterparts.

7) Although Elmo chickpea variety produced comparable biomass to that of the other
varieties, the seed yield was significantly lower, raising the question whether using this
variety in animal feeding programs is economically feasible.

8) Nitrogen fertilization can significantly increase the biomass and seed yield of
quinoa; however, this yield is variety dependent. Moreover, N rate should be applied
after soil analysis, since higher N rates did not enhance the yield traits of both quinoa
varieties tested.

9) Supplemental irrigation, accompanied by suitable N rate can significantly increase
the yield traits of quinoa. However, N application did not seem to enhance those traits
under drought stress conditions.



. References

Abass, S. M., & Mohamed, H. I. (2011). Alleviation of adverse effects of drought stress on common
bean (Phaseolus vulgaris L.) by exogenous application of hydrogen peroxide. Bangladesh Journal of
Botany, 40(1), 75-83.

Ahmad, A. A., Radovich, T. J., Sugano, J., Wang, K. H., Nguyen, H. V., Uyeda, J., ... & Kantar, M.
(2024). Evaluating the Yield of Three Legume Crop Varieties under Hawaii’s Micro-
Climates. Crops, 4(2), 242-255.

Ahmad, A., Aslam, Z., Naz, M., Hussain, S., Javed, T., Aslam, S., ... & Jamal, M. A. (2021).
Exogenous salicylic acid-induced drought stress tolerance in wheat (Triticum aestivum L.) grown
under hydroponic culture. PloS one, 16(12), €0260556.

Ahmed, M., Sameen, A., Parveen, H., Ullah, M. 1, Fahad, S., & Hayat, R. (2023). Climate change
impacts on legume crop production and adaptation strategies. In Global agricultural production:
resilience to climate change (pp. 149-181). Cham: Springer International Publishing.

Ali, M. Y., Biswas, P. K., Shahriar, S. A., Nasif, S. O., & Raihan, R. R. (2018). Yield and quality
response of chickpea to different sowing dates. Asian journal of research in crop science, 1(4), 1-8.
Amiri, S. R., Deihimfard, R., & Soltani, A. (2016). A single supplementary irrigation can boost
chickpea grain yield and water use efficiency in arid and semiarid conditions: a modeling
study. Agronomy Journal, 108(6), 2406-2416.

Anwar, M. R., McKenzie, B. A., & Hill, G. D. (2003). Phenology and growth response to irrigation
and sowing date of Kabuli chickpea (Cicer arietinum L.) in a cool-temperate subhumid climate. The
Journal of Agricultural Science, 141(3-4), 273-284.

Bakhsh, A. H. M. A. D, Malik, S. R., Aslam, M. O. H. A. M. M. A. D., Igbal, U. M. E. R., & Haqqani,
A. M. (2007). Response of chickpea genotypes to irrigated and rain-fed conditions. Int J Agric Biol, 4,
590-593.

Basal O (2021) The effects of drought stress on soybean physiology, yield and quality. PhD thesis,
University of Debrecen http:// hdl.handle. net/ 2437/ 300871

Basantes-Morales, E. R., Alconada, M. M., & Pantoja, J. L. (2019). Quinoa (Chenopodium quinoa
Willd) production in the Andean region: challenges and potentials. Journal of Experimental
Agriculture International, 36(6), 1-18.

Bashir, W., Anwar, S., Zhao, Q., Hussain, 1., & Xie, F. (2019). Interactive effect of drought and
cadmium stress on soybean root morphology and gene expression. Ecotoxicology and Environmental
Safety, 175, 90-101.

Basra, S. M., Shahid Igbal, S. L., & Irfan Afzal, I. A. (2014). Evaluating the response of nitrogen
application on growth, development and yield of quinoa genotypes.

Bois, J. F., Winkel, T., Lhomme, J. P., Raffaillac, J. P., & Rocheteau, A. (2006). Response of some
Andean cultivars of quinoa (Chenopodium quinoa Willd.) to temperature: Effects on germination,
phenology, growth and freezing. European Journal of agronomy, 25(4), 299-308.

Boliko, M. C. (2019). FAO and the situation of food security and nutrition in the world. Journal of
nutritional science and vitaminology, 65(Supplement), S4-S§.

Boyer, J. S., & Westgate, M. E. (2004). Grain yields with limited water. Journal of experimental
botany, 55(407), 2385-2394.

Bues, Andrea, Sara Preif3el, Moritz Reckling, Peter Zander, Tom Kuhlman, Kairsty Topp, Christine
Watson, Kristina Lindstrom, Fred L. Stoddard, and Donal Murphy-Bokern. "The Environmental Role
of Protein Crops in the Common Agricultural Policy." (2013).

Cao, L., Jin, X. J., & Zhang, Y. X. (2019). Melatonin confers drought stress tolerance in soybean
(Glycine max L.) by modulating photosynthesis, osmolytes, and reactive oxygen
metabolism. Photosynthetica, 57(3).

Dai, Y., Shen, Z., Liu, Y., Wang, L., Hannaway, D., & Lu, H. (2009). Effects of shade treatments on
the photosynthetic capacity, chlorophyll fluorescence, and chlorophyll content of Tetrastigma
hemsleyanum Diels et Gilg. Environmental and experimental botany, 65(2-3), 177-182.

Das, A. K., Anik, T. R., Rahman, M. M., Keya, S. S., Islam, M. R., Rahman, M. A., ... & Mostofa, M.
G. (2022). Ethanol treatment enhances physiological and biochemical responses to mitigate saline
toxicity in soybean. Plants, 11(3), 272.



Deng, X. P., Cheng, Y. J., Wu, X. B., Kwak, S. S., Chen, W., & Engji, A. E. (2012). Exogenous
hydrogen peroxide positively influences root growth and metabolism in leaves of sweet potato
seedlings. Australian Journal of Crop Science, 6(11), 1572-1578.

Deng, Y., Zheng, Y., Lu, J., Guo, Z., Sun, X., Zhao, L., ... & Wang, C. (2024). Effects of different N
fertilizer doses on phenology, photosynthetic fluorescence, and yield of quinoa. Agronomy, 14(5),914.
Du, Y., Zhao, Q., Chen, L., Yao, X., Zhang, W., Zhang, B., & Xie, F. (2020). Effect of drought stress
on sugar metabolism in leaves and roots of soybean seedlings. Plant physiology and
biochemistry, 146, 1-12.

El-Waraky, M. K., & El-Koliey, M. M. (2000). Response of two chickpea genotypes to irrigation at
different physiological stages of growth.

Falconnier, G. N., Vermue, A., Journet, E. P., Christina, M., Bedoussac, L., & Justes, E. (2020).
Contrasted response to climate change of winter and spring grain legumes in southwestern
France. Field Crops Research, 259, 107967.

Fang, X., Turner, N. C., Yan, G., Li, F., & Siddique, K. H. (2010). Flower numbers, pod production,
pollen viability, and pistil function are reduced and flower and pod abortion increased in chickpea
(Cicer arietinum L.) under terminal drought. Journal of experimental botany, 61(2), 335-345.
FAOSTAT, 2023, FAOSTAT database (domains: Crops and livestock products and Land use).
https://www.fao.org/faostat/en/.

Forouzandeh, M., Parsa, S., Mahmoodi, S., & Izanloo, A. (2024). Physiological, biochemical, and
molecular responses of Quinoa (Chenopodium quinoa Willd.) to elicitors under drought stress. Plant
Molecular Biology Reporter, 42(3), 515-531.

Garcia, A. G., Persson, T., Guerra, L. C., & Hoogenboom, G. (2010). Response of soybean genotypes
to different irrigation regimes in a humid region of the southeastern USA. Agricultural water
management, 97(7), 981-987.

Gavili, E., Moosavi, A. A., & Haghighi, A. A. K. (2019). Does biochar mitigate the adverse effects of
drought on the agronomic traits and yield components of soybean?. Industrial crops and
products, 128, 445-454.

Gebeyhu, B., Dagalo, S., & Muluneh, M. (2024). Soil moisture-based irrigation interval and irrigation
performance evaluation: In the case of lower kulfo catchment, Ethiopia. Heliyon, 10(16).

Guler, N. S., & Pehlivan, N. (2016). Exogenous low-dose hydrogen peroxide enhances drought
tolerance of soybean (Glycine max L.) through inducing antioxidant system. Acta Biologica
Hungarica, 67(2), 169-183.

Hassan, A., Hasnain, Z., Asadullah, M., Hussain, S. S., & Anees, M. A. (2022). Biological Response
of Quinoa Plants to Various Nitrogen Levels and Priming Techniques. Sarhad Journal of
Agriculture, 38(4).

Husnain, M. S., Mahabub, S. T., Mazed, H. E. M. K., Habib, Z. F. B., & Pulok, I. M. A. (2015). Effect
of sowing time on growth, yield and seed quality of chickpea (BARI Chola-6). Intl. J.
Multidisciplinary Res. Development, 2(7), 136-141.

Igbal, N., Hussain, S., Zhang, X. W., Yang, C. Q., Raza, M. A., Deng, J. C., ... & Liu, J. (2018).
Imbalance water deficit improves the seed yield and quality of soybean. Agronomy, 8(9), 168.
Ishibashi, Y., Yamaguchi, H., Yuasa, T., Iwaya-Inoue, M., Arima, S., & Zheng, S. H. (2011).
Hydrogen peroxide spraying alleviates drought stress in soybean plants. Journal of plant
physiology, 168(13), 1562-1567.

Jacobsen, S. E. (2003). The worldwide potential for quinoa (Chenopodium quinoa Willd.). Food
reviews international, 19(1-2), 167-177.

Jensen, E. S., Peoples, M. B., & Hauggaard-Nielsen, H. (2010). Faba bean in cropping systems. Field
crops research, 115(3), 203-216.

Jerez, M. P., Ortiz, J., Castro, C., Escobar, E., Sanhueza, C., Del-Saz, N. F., ... & Bascunan-Godoy, L.
(2023). Nitrogen sources differentially affect respiration, growth, and carbon allocation in Andean and
Lowland ecotypes of Chenopodium quinoa Willd. Frontiers in Plant Science, 14, 1070472.

Jumrani, K., & Bhatia, V. S. (2014). Impact of elevated temperatures on growth and yield of chickpea
(Cicer arietinum L.). Field Crops Research, 164, 90-97.

Kansomjet, P., Thobunluepop, P., Lertmongkol, S., Sarobol, E., Kaewsuwan, P., Junhaeng, P., ... &
Ivan, M. T. (2017). Response of physiological characteristics, seed yield and seed quality of quinoa
under difference of nitrogen fertilizer management. Am. J. Plant Physiol, 12(1), 20-27.



https://www.fao.org/faostat/en/

Kaul, H. P., Kruse, M., & Authammer, W. (2005). Yield and nitrogen utilization efficiency of the
pseudocereals amaranth, quinoa, and buckwheat under differing nitrogen fertilization. Furopean
Journal of Agronomy, 22(1), 95-100.

Khandaker, M. M., Awang, 1., & Ismail, S. Z. (2017). Effects of naphthalene acetic acid and gibberellic
acid on plant physiological characteristics of wax apple (var. jambu madu). Bulgarian Journal of
Agricultural Science, 23(3).

Khan, M. M. A., Afreen, R., Quasar, N., Khanam, N., & Uddin, M. (2023). Steam-mediated foliar
application of catechol and plant growth regulators enhances the growth attributes, photosynthesis,
and essential oil production of lemongrass [Cymbopogon flexuosus (Steud.) Wats]. Biocatalysis and
Agricultural Biotechnology, 48, 102638.

Khan, N., Ali, S., Zandi, P., Mehmood, A., Ullah, S., Ikram, M., ... & Babar, M. A. (2020). Role of
sugars, amino acids and organic acids in improving plant abiotic stress tolerance. Pak. J. Bot, 52(2),
355-363.

Khan, T. A., Qazi Fariduddin, Q. F., & Mohammad Yusuf, M. Y. (2018). Effect of exogenously
sourced hydrogen peroxide treatments on growth, photosynthesis and antioxidant traits in two
contrasting cultivars of tomato: a mode and concentration dependent study.

Kopke, U., & Nemecek, T. (2010). Ecological services of faba bean. Field crops research, 115(3),
217-233.

Li, C., Bian, B., Gong, T., & Liao, W. (2018). Comparative proteomic analysis of key proteins during
abscisic acid-hydrogen peroxide-induced adventitious rooting in cucumber (Cucumis sativus L.) under
drought stress. Journal of plant physiology, 229, 185-194.

Li, X., Shen, Z., A, Y., Zhao, Y., Yang, B., Feng, Y., ... & Fu, Y. (2025). Optimizing water—nitrogen
coupling for quinoa yield, quality, and resource use efficiency in arid regions. Frontiers in Plant
Science, 16, 1654704.

Lima, J. V., & Lobato, A. K. D. S. (2017). Brassinosteroids improve photosystem II efficiency, gas
exchange, antioxidant enzymes and growth of cowpea plants exposed to water deficit. Physiology and
Molecular Biology of Plants, 23(1), 59-72.

Liu, X., Hu, B., & Chu, C. (2022). Nitrogen assimilation in plants: current status and future
prospects. Journal of genetics and genomics, 49(5), 394-404.

Liu, Z.J., Guo, Y. K., & Bai, J. G. (2010). Exogenous hydrogen peroxide changes antioxidant enzyme
activity and protects ultrastructure in leaves of two cucumber ecotypes under osmotic stress. Journal
of plant growth regulation, 29(2), 171-183.

Maestro-Gaitan, 1., Granado-Rodriguez, S., Oras, M. 1., Matias, J., Cruz, V., Bolafios, L., & Reguera,
M. (2022). Genotype-dependent responses to long-term water stress reveal different water-saving
strategies in Chenopodium quinoa Willd. Environmental and Experimental Botany, 201, 104976.
Mak, M., Babla, M., Xu, S. C., O’Carrigan, A., Liu, X. H., Gong, Y. M., ... & Chen, Z. H. (2014).
Leaf mesophyll K+, H+ and Ca2+ fluxes are involved in drought-induced decrease in photosynthesis
and stomatal closure in soybean. Environmental and Experimental Botany, 98, 1-12.

Mohammed, A., Tana, T., Singh, P., Molla, A., & Seid, A. (2017). Identifying best crop management
practices for chickpea (Cicer arietinum L.) in Northeastern Ethiopia under climate change
condition. Agricultural Water Management, 194, 68-77.

Montemurro, F., & Diacono, M. (2016). Towards a better understanding of agronomic efficiency of
nitrogen: assessment and improvement strategies. Agronomy, 6(2), 31.

Muhammad, A. A., Jiang, H. K., HUANG, X. Y., IMRAN, S., AHMAD, B., ZHANG, H., ... & SUN,
X. (2021). Interactive effect of shade and PEG-induced osmotic stress on physiological responses of
soybean seedlings. Journal of Integrative Agriculture, 20(9), 2382-2394.

Miiller, M., Schneider, J. R., Klein, V. A., da Silva, E., da Silva Junior, J. P., Souza, A. M., &
Chavarria, G. (2021). Soybean root growth in response to chemical, physical, and biological soil
variations. Frontiers in Plant Science, 12, 602569.

Munirathnam, P., & Sangita, M. S. (2009). Influence of sowing dates and irrigations on growth and
yield of chickpea.

Mwenye, O. J., Van Rensburg, L., Van Biljon, A., & van der Merwe, R. (2016). The role of proline
and root traits on selection for drought-stress tolerance in soybeans: a review. South African Journal
of Plant and Soil, 33(4), 245-256.



Nawab, K., Rab, A., Khan, 1., Khan, M. L, Idrees, M., Saljoqi, A., & Khan, M. A. (2013). Effect of
irrigation regimes on chickpea varieties sown on different dates on irrigated fields of Karak, Khyber
Pakhtunkhwa, Pakistan.

Pahl, H., Bouttet, D., Casta, P., Cartrysse, C., Charles, R., & Lafarga, A. (2006). What do European
farmers think about grain legumes?. Grain legumes, (45), 14-15.

Pathan, S., Ndunguru, G., Clark, K., & Ayele, A. G. (2023). Yield and nutritional responses of quinoa
(Chenopodium quinoa Willd.) genotypes to irrigated, rainfed, and drought-stress
environments. Frontiers in Sustainable Food Systems, 7, 1242187.

Pérez-Borroto, L. S., Toum, L., Castagnaro, A. P., Gonzalez-Olmedo, J. L., Coll-Manchado, F., Pardo,
E. M., & Coll-Garcia, Y. (2021). Brassinosteroid and brassinosteroid-mimic differentially modulate
Arabidopsis thaliana fitness under drought. Plant Growth Regulation, 95(1), 33-47.

Poonia, A., Bhardwaj, A., & Sai, N. C. S. (2024). Quinoa. In Cereals and Nutraceuticals (pp. 209-
250). Singapore: Springer Nature Singapore.

Pradhan, A., Rane, J., Basavaraj, P. S., Kumar, N., Shid, D., Paul, N. C., ... & Reddy, K. S. (2025).
Optimizing crop management strategies for improved yield, water productivity, and sustainability of
quinoa in shallow basaltic semi-arid regions. Frontiers in Plant Science, 16, 1522995.

Rahbarian, R., Khavari-Nejad, R., Ganjeali, A., Bagheri, A., & Najafi, F. (2011). Drought stress effects
on photosynthesis, chlorophyll fluorescence and water relations in tolerant and susceptible chickpea
(Cicer arietinum L.) genotypes. Acta biologica Cracoviensia. Series botdnica, 53(1).

Rahman, M. M., Mostofa, M. G., Das, A. K., Anik, T. R., Keya, S. S., Ahsan, S. M., ... & Tran, L. S.
P. (2022). Ethanol positively modulates photosynthetic traits, antioxidant defense and osmoprotectant
levels to enhance drought acclimatization in soybean. Antioxidants, 11(3), 516.

Rahman, M., Mostofa, M. G., Keya, S. S., Rahman, A., Das, A. K., Islam, R., ... & Tran, L. S. P.
(2021). Acetic acid improves drought acclimation in soybean: an integrative response of
photosynthesis, osmoregulation, mineral wuptake and antioxidant defense. Physiologia
plantarum, 172(2), 334-350.

Razmi, N., Ebadi, A., Daneshian, J., & Jahanbakhsh, S. (2017). Salicylic acid induced changes on
antioxidant capacity, pigments and grain yield of soybean genotypes in water deficit
condition. Journal of Plant Interactions, 12(1), 457-464.

Ruiz-Carrasco, K., Antognoni, F., Coulibaly, A. K., Lizardi, S., Covarrubias, A., Martinez, E. A., ...
& Zurita-Silva, A. (2011). Variation in salinity tolerance of four lowland genotypes of quinoa
(Chenopodium quinoa Willd.) as assessed by growth, physiological traits, and sodium transporter gene
expression. Plant Physiology and Biochemistry, 49(11), 1333-1341.

Schneider, A., & Huyghe, C. (2015). Les légumineuses pour des systémes agricoles et alimentaires.
éditions Quae.

Sellami, M. H., Pulvento, C., Aria, M., Stellacci, A. M., & Lavini, A. (2019). A systematic review of
field trials to synthesize existing knowledge and agronomic practices on protein crops in
Europe. Agronomy, 9(6), 292.

Silva, L. L., Duarte, 1., Lourengo, E., Simdes, N., & Chaves, M. M. (2014). Yield and water
productivity of five chickpea varieties under supplemental irrigation in contrasting years. lrrigation
science, 32(5), 393-403.

Singh, S., Saini, S. S., & Singh, B. P. (2004). Effect of irrigation, sulphur and seed inoculation on
growth, yield and sulphur uptake of chickpea (Cicer arietinum) under late-sown conditions. /ndian
Journal of Agronomy, 49(1), 57-59.

Sohag, A. A. M., Tahjib-Ul-Arif, M., Brestic, M., Afrin, S., Sakil, M. A., Hossain, M. T., ... & Hossain,
M. A. (2020). Exogenous salicylic acid and hydrogen peroxide attenuate drought stress in rice. Plant
Soil Environ, 66(1), 7-13.

Soltani, A., & Sinclair, T. R. (2012). Optimizing chickpea phenology to available water under current
and future climates. European journal of agronomy, 38, 22-31.

Sun, Y., Wang, H., Liu, S., & Peng, X. (2016). Exogenous application of hydrogen peroxide alleviates
drought stress in cucumber seedlings. South African Journal of Botany, 106, 23-28.

Tang, Y., Sun, X., Wen, T., Liu, M., Yang, M., & Chen, X. (2017). Implications of terminal oxidase
function in regulation of salicylic acid on soybean seedling photosynthetic performance under water
stress. Plant Physiology and Biochemistry, 112, 19-28.



Terzi, R., Kadioglu, A., Kalaycioglu, E., & Saglam, A. (2014). Hydrogen peroxide pretreatment
induces osmotic stress tolerance by influencing osmolyte and abscisic acid levels in maize
leaves. Journal of Plant Interactions, 9(1), 559-565.

Tilman, D., Balzer, C., Hill, J., & Befort, B. L. (2011). Global food demand and the sustainable
intensification of agriculture. Proceedings of the national academy of sciences, 108(50), 20260-
20264.

Verma, K. K., Song, X. P, Zeng, Y., Li, D. M., Guo, D. J., Rajput, V. D., ... & Li, Y. R. (2020).
Characteristics of leaf stomata and their relationship with photosynthesis in Saccharum officinarum
under drought and silicon application. ACS omega, 5(37), 24145-24153.

Wali, A. M., Kenawey, M. K., Ibrahim, O. M., & El Lateef, E. A. (2022). Productivity of Quinoa
(Chenopodium quinoa L.) under new reclaimed soil conditions at north-western coast of
Egypt. Bulletin of the National Research Centre, 46(1), 38.

Wang, N., Wang, F., Shock, C. C., Gao, L., Meng, C., Huang, Z., & Zhao, J. (2022). Evaluating quinoa
lodging risk and yield under different irrigation thresholds, nitrogen rates and planting densities in
north-western China. Frontiers of Agricultural Science and Engineering, (4), 614-626.

Wei, Y., Jin, J., Jiang, S., Ning, S., & Liu, L. (2018). Quantitative response of soybean development
and yield to drought stress during different growth stages in the Huaibei Plain, China. Agronomy, 8(7),
97.

White, J. W., Hoogenboom, G., Kimball, B. A., & Wall, G. W. (2011). Methodologies for simulating
impacts of climate change on crop production. Field Crops Research, 124(3), 357-368.

Yegrem, L., Mengestu, D., Legesse, O., Abebe, W., & Girma, N. (2022). Nutritional compositions
and functional properties of New Ethiopian chickpea varieties: Effects of variety, grown environment
and season. International Journal of Food Properties, 25(1), 1485-1497.

Zegada-Lizarazu, W., & Monti, A. (2019). Deep root growth, ABA adjustments and root water uptake
response to soil water deficit in giant reed. Annals of botany, 124(4), 605-615.

Zhang, C., McGee, R. J., Vandemark, G. J., & Sankaran, S. (2021). Crop performance evaluation of
chickpea and dry pea breeding lines across seasons and locations using phenomics data. Frontiers in
plant science, 12, 640259.

Zhang, J., Liu, J., Yang, C., Du, S., & Yang, W. (2016). Photosynthetic performance of soybean plants
to water deficit under high and low light intensity. South African Journal of Botany, 105, 279-287.
Zhao, J., Chen, J., Beillouin, D., Lambers, H., Yang, Y., Smith, P., ... & Zang, H. (2022). Global
systematic review with meta-analysis reveals yield advantage of legume-based rotations and its
drivers. Nature Communications, 13(1), 4926.

Zia, R., Nawaz, M. S., Siddique, M. J., Hakim, S., & Imran, A. (2021). Plant survival under drought
stress: Implications, adaptive responses, and integrated rhizosphere management strategy for stress
mitigation. Microbiological research, 242, 126626.

Zlatev, Z., & Lidon, F. C. (2012). An overview on drought induced changes in plant growth, water
relations and photosynthesis. Emirates Journal of Food & Agriculture (EJFA), 24(1).



7. A tézisek témakorében megjelent tudomanyos kozlemények jegyzéke

Impakt faktoros lapokban megjelent tudomanyos kozlemények

Folyoirat cikkek nemzetkozi folydiratban (impakt faktoros)

1. Basal, Ogba; Munkhbat, Urin; Veres, Szilvia. Enhancing Drought Tolerance in Two
Soybean Genotypes with Varied Susceptibilities Through Foliar Application of Acetic Acid.
JOURNAL OF PLANT GROWTH REGULATION 43: 4 pp. 1304-1315., 12 p. (2024)

2. Basal, Oqba; Zargar, Tahoora Batool; Veres, Szilvia. Elevated tolerance of both short-
term and continuous drought stress during reproductive stages by exogenous application of
hydrogen peroxide on soybean. SCIENTIFIC REPORTS 14: 1 Paper: 2200, 19 p. (2024)

3. Abdelazeem Mousa, Mohamed; Veres, Szilvia; Basal, Ogba. Abiotic stress in quinoa: A
comprehensive review on the impact of salinity and mitigation strategies. NOTULAE
BOTANICAE HORTI AGROBOTANICI CLUJ-NAPOCA 53: 4 Paper: 14860, 33 p. (2025)

4. Haneklaus, Nils; Kaggwa, Mary; Misihairabgwi, Jane; Abu El-Magd, Sherif; Ahmadi,
Naima; Ait Brahim, Jamal, Amasi, Aloyce; Ballan¢ Kovacs, Andrea; Bartela, Lukasz;
Bellefqih, Hajar et al. The phosphorus negotiation game (P-Game): first evaluation of a

serious game to support science-policy decision making played in more than 20 countries
worldwide. DISCOVER SUSTAINABILITY 6: 1 Paper: 1, 16 p. (2025)

5. Sobh, Mawia; Zargar, Tahoora Batool; Basal, Ogba; AL-Ouda, Ayman Shehada; Veres,
Szilvia. Evaluation of Salinity Tolerance Potentials of Two Contrasting Soybean Genotypes
Based on Physiological and Biochemical Responses. PLANTS-BASEL 15: 1 pp. 1-20. Paper:
10, 20 p. (2025)

6. Sobh, Mawia; Zargar, Tahoora B.; Basal, Oqba; SHehada AL-Ouda, Ayman; Veres,
Szilvia. Evaluating salt tolerance of chickpea genotypes based on morpho-physiological and
biochemical parameters. NOTULAE BOTANICAE HORTI AGROBOTANICI CLUIJ-
NAPOCA 53: 2 Paper: 14515, 15 p. (2025)

7. Zargar, Tahoora Batool; Sobh, Mawia; Basal, Ogba; Janda, Tibor; Pal, Magda; Veres,
Szilvia. Spermine driven water deficit tolerance in early growth phases of sweet corn
genotypes under hydroponic cultivation. SCIENTIFIC REPORTS 15: 1 Paper: 1796 (2025)

8. Zargar, Tahoora Batool; Sobh, Mawia; Basal, Ogba; Veres, Szilvia. Genotype-dependent
resilience mediated by melatonin in sweet corn. BMC PLANT BIOLOGY 25: 1 Paper: 29
(2025)

9. Zargar, Tahoora Batool; Basal, Oqba; Veres, Szilvia. Dose and genotype dependent effects
of foliar acetic acid on sweet corn under water deficit. SCIENTIFIC REPORTS 15: 1 Paper:
42327 (2025)

10. Veres, Szilvia; Simkd, Attila; Basal, Ogba. Nitrogen and zinc supplements can enhance
morphology and physiology traits of maize at early growth stages. JOURNAL OF PLANT
NUTRITION 47: 20 pp. 3985-3997., 13 p. (2024)

11. Tahoora, Batool Zargar; Ogba, Basal; Szilvia, Veres. Improving quality parameters of
spinach by adjusting light spectra under moderate water deprivation conditions. NOTULAE
BOTANICAE HORTI AGROBOTANICI CLUJ-NAPOCA 51: 4 Paper: 13325 (2023)



12. Vad, Attila; Szabd, Andras; Basal, Oqba; Veres, Szilvia. Yield of sweet corn and
sunflower as affected by different cultivation methods and fertilisation schemes. PLANT
SOIL AND ENVIRONMENT 69: 10 pp. 480-485., 6 p. (2023)

13. Gaspar, Soma; Basal, Ogba; Simko, Attila; Kiss, Laszlo; Frommer, Dora; Veres, Szilvia.
Production of Hull-less Mutant of Pumpkin Seed Under Different Abiotic Conditions

JOURNAL OF TEKIRDAG AGRICULTURAL FACULTY 19: 3 p.p. 508-514., 7 p. (2022)

14. Touchan, Hayat; Basal, Ogba. Evaluating the tolerance of chickpea (Cicer arietinum L.)
genotypes to salinity stress based on a complex of morpho-physiological and yielding traits.
JOURNAL OF WATER AND LAND DEVELOPMENT 2022: Special Issue pp. 119-129.,
11 p. (2022)

15. P4l, Vivien; Basal, Oqba; Erdds, Zsuzsa; Veres, Szilvia; Zsombik, Lasz16. Yield and
Yield Components of White Lupine Under Different Ecological Conditions. JOURNAL OF
TEKIRDAG AGRICULTURAL FACULTY 18: 4 p.p. 730-738., 9 p. (2021).

Nem impakt faktoros lapokban megjelent tudomanyos kozlemények
Folydirat cikkek hazai idegen nyelvi folyoiratban (lektoralt idegen nyelven)

1. Sobh, Mawia; Basal, Oqba; Al-Ouda, Ayman Shehada; Veres, Szilvia. Assessing the
impact of salinity stress on some morpho-physiological traits of two chickpea genotypes
under  hydroponic  conditions. = ACTA  AGRARIA  DEBRECENIENSIS /
AGRARTUDOMANYI KOZLEMENYEK 2024: 2 pp. 47-53., 7 p. (2024)

2. Csatari, Gabor; Koroknai, Judit; Basal, Oqba; Gorégh, Panna; Kovacs, Szilvia.
Investigating the above-ground biomass yalues of sweet potatoes (Ipomoea batatas). ACTA
AGRARIA DEBRECENIENSIS / AGRARTUDOMANYI KOZLEMENYEK: 1 pp. 35-39.,
5p. (2023)

3. Sobh, Mawia; Zargar, Tahoora Batool; Basal, Ogba; Veres, Szilvia. Evaluation of
chickpea (Cicer arietinum ’L.) n response  to salinity stress. ACTA AGRARIA
DEBRECENIENSIS / AGRARTUDOMANYI KOZLEMENYEK: 1 pp. 105-110., 6 p.
(2023)

4. Sz0ke, Zsombor; Babicz, Szabolcs; Basal, Oqba; Veres, Szilvia. Qualification of the use
of plant yield-enhancing products with photosynthetic and growth parameters. REVIEW ON
AGRICULTURE AND RURAL DEVELOPMENT 11: 1-2 p.p. 9-14., 6 p. (2022)

5. Attila, Simkdé; OQBA, Basal;, Laszlo, Zsombik; Szilvia, Veres. Effect of nitrogen
deficiency and fusarium graminearum infection on relative chlorophyll content of maize
seedlings. REVIEW ON AGRICULTURE AND RURAL DEVELOPMENT 10: 1-2 p.p. 52-
58., 7 p. (2021)

6. Laszl6, Zsombik; Alexandra, Hanasz; Tamads, Sipos; Oqba, Basal; Katalin, Magyar-
Tabori. Seedling morphology of different wheat genotypes at early stages under hydrocultural
conditions. ACTA AGRARIA DEBRECENIENSIS / AGRARTUDOMANYI
KOZLEMENYEK: 1 pp. 249-254., 6 p. (2021)



KONYV, KONYVFEJEZET, EGYETEMI JEGYZET

Konyv, konyvfejezet idegen nyelven

1. Zargar, Tahoora Batool; Basal, Ogba; Veres, Szilvia. Exogenous Application of Plant
Metabolites to Enhance Abiotic Stress Tolerance in Plants. In: Ganesh, C. Nikalje; Mohd,
Shahnawaz; Jyoti, Parihar; Hilal, Ahmad Qazi; Vishal, N. Patil; Daochen, Zhu (eds.) Plant
Secondary Metabolites and Abiotic Stress, Hoboken, United States of America: John Wiley
& Sons (2024) 692 p. pp. 525-558.,34 p.

TUDOMANYOS KONFERENCIAK
Konferencia (lektoralt, nemzetkozi, idegen nyelven)

1. Ogba, Basal; Mawia, Sobh; Szilvia, Veres. The possibility of engaging chickpea in a
cereal-legume crop rotation in Hungary under supplemental irrigation. In: Plants 2025: From
Seeds to Food Security, Bale, Bazel, Switzerland: MDPI AG (2025) p. 1, 1 p.

2. Ogba, Basal; Mawia, Sobh; Szilvia, Veres. Sowing date and supplemental irrigation for
sustainable production of chickpea under the changing climatic conditions in Hungary. In:
60th Croatian and 20th International Symposium on Agriculture: Book of Abstracts, Bol,
Croatia (2025) p. 115

3. Oqgba, Basal; Mawia, Sobh; Szilvia, Veres. Chickpea for sustainable agriculture under a
changing climate in Hungary: Effects of sowing date on yield and seed quality under
supplemental irrigation. In: Plant Biology Europe 2025: Book of Abstracts, Bp, Hungary
(2025) pp. 123-124., 2 p.

4. Oqgba, Basal;, Mawia, Sobh; Szilvia, Veres. Necessity of supplemental irrigation for
chickpea in hungary: effects on morpho-physiology of different varieties. In: 24th
International Conference: Life Sciences for Sustainable Development: Book of Abstracts
(2025) p. 178

5. Ogba, Basal; Mawia, Sobh; Tahoora, Batool Zargar; Magdalena, Serafin-Andrzejewska;
Agnieszka, Lejman; Marcin, Kozak; Jézef, Sowinski; Szilvia, Veres. Evaluating some
morphological traits of 3 chickpea varieties under rainfed conditions in Debrecen, Hungary.
In: Klaudija, Carovi¢-Stanko; Kristina, Kljak 59th Croatian & 19th International Symposium
on Agriculture: Book of Abstracts, Zagreb, Croatia: SveuciliSte u Zagrebu, Agronomski
fakultet (2024) pp. 134-134., 1 p.

6. Ogba, Basal;, Magdalena, Serafin-Andrzejewska; Agnieszka, Lejman; Marcin, Kozak;
Jozef, Sowinski; Szilvia, Veres. Sustainable engagement of chickpea in the agricultural
systems in Central Europe: Efficiency and Challenges (2024)

7. Ogqba, Basal; Mawia, Sobh; Veres, Szilvia. A csicseriborso €lettani valasza a késdi vetési
idore: jobb felhasznalds lehetdsége vetésforgdban. In: Veres, Szilvia (eds.) XX. Tiszantuli
Agrartudomanyi Napok, Absztraktkotet, Debrecen, Hungary: DE, Mezdgazdasag-,
Elelmiszertudomanyi és Kornyezetgazdalkodasi Kar (2024) 102 p. p. 16



8. Ogba, Basal; Mawia, Sobh; Tahoora, Batool Zargar; Szilvia, Veres. Preliminary report on
possible sustainable utilization of chickpea as a second crop in Hungary: Influence of sowing
date and supplemental irrigation. In: Abstract Volume: 1st International e-Conference on
Agro-Environmental Sustainability October 19 - 20, 2024, Zagrab, Croatia (2024) p. 49, 1 p.

9. Ogba, Basal; Szilvia, Veres. Alternative crops in Central Europe: can quinoa be a solution
under less-favorable agroecological conditions? In: Dusan, Kovacevic (eds.) Book of
Abstracts: XV International Scientific Agriculture Symposium "AGROSYM 2024", Jahorina,
Bosna i Hercegovina: Univerzitet u Istocnom Sarajevu, Poljoprivredni fakultet (2024) p. 146

10. Ogba, Basal; Szilvia, Veres. Quinoa as a possible alternative crop$b: supplemental
irrigation necessity under climatic conditions of Hungary. In: Pogorelec, Andrej; Zorman,
Tina; Zupanci¢, Andreja; Gréar, Manca (eds.) Konferenca Vivus: Zdravo okolje - nasa
prihodnost = Vivus Conference: Healthy Environment - Our Future 8. mednarodna
konferenca s podrocja kmetijstva in podezelja, naravovarstva, hortikulture in floristike ter
zivilstva in prehrane: 8. mednarodna konferenca s podrocja kmetijstva in podezelja,
naravovarstva, hortikulture in floristike ter Zivilstva in prehrane = 8th International
Conference on Agriculture and Countryside, Environmentalism,Horticulture, Floristics, Food
Production and Processingand Nutrition, Naklo, Slovenia: Biotechnical Centre Naklo (2024)
357 p.p. 12

11. Basal, Ogba; Zargar, Tahoora Batool; Veres, Szilvia. Physiological responses of drought-
stressed soybean to exogenous hydrogen peroxide application. In: Klaudija, Carovi¢; Stanko,
Ivan Siri¢ (eds.) 58th Croatian & 18th International Symposium on Agriculture: Book of
Abstracts, Zagreb, Croatia, Zagrab, Croatia: SveuciliSte u Zagrebu, Agronomski fakultet
(2023) p. 131

12. Ogba, Basal; Urin, Munkhbat; Szilvia, Veres. Acetic acid foliar spray enhanced drought
stress tolerance in soybeans. In: Tarkan, Sahin; Miikremin, Olmez (eds.) 5. International
Food, Agriculture and Veterinary Sciences Congress, Ankara, Turkey: Iksad Yayinevi (2023)
p- 423, 1p.

13. Oqba, Basal; Mawia, Sobh; Tahoora, Batool Zargar; Jozef, Sowinski; Magdalena,
Serafin-Andrzejewska; Agnieszka, Lejman; Marcin, Kozak; Szilvia, Veres, Inoculation
Enhanced morpho-physiological Traits of Chickpea Genotypes in Debrecen, Hungary. In:
Veres, Szilvia; Kocsisné Papp, Mariett (eds.) Sustainable and Innovative Solutions in
Agriculture and Food Industry (SISAF'23): One Health approach, Debrecen, Hungary:
University of Debrecen (2023) 69 p. p. 34

14. Ogba, Basal; Tahoora, Batool Zargar; Szilvia, Veres. Exogenous application of hydrogen
peroxide on soybean elevated tolerance of short-term drought stress during flowering stage.
In: Biotechnology for a circular bioeconomy: carbon capture, waste recycling and mitigation
of global warming. Programme and abstract book (2023) p. 40

15. Ogba, Basal; Tahoora, Batool Zargar; Szilvia, Veres. Exogenous hyrdogen peroxide
alleviates severe drought stress effects on soybean morpho-physiology. In: Kiss, Orsolya
(eds.) 19th Wellmann International Scientific Conference: Book of Abstracts,
Hodmezdvasarhely, Hungary: Szegedi Tudomanyegyetem Mezdgazdasagi Kar (2022) 109 p.
p. 25

16. Jasmina, Skerlic; Blaza, Stojanovic; Budimir, Sudimac; Marija, Matejic; Ogba, Basal,

Ivan, Popovic. Towards Sustainable Architecture: Evaluation of Building Envelopes with
Integrated Vegetation Modules. In: Mihdly, Csiillog; Tamés, Mankovits (eds.) Book of



Abstracts from the 11th International Scientific Conference on Advances in Mechanical
Engineering (ISCAME 2025), Béach, Switzerland: Trans Tech Publications Ltd. (2025) 261
p. pp- 196-197.,2 p.

17. Mawia, Sobh; Tahoora, Batool Zargar; Oqba, Basal; Ayman, Shehada AL-Ouda; Szilvia,
Veres. Comparing physicochemical parameters of two soybean genotypes in terms of their

resilience against water deficit. In: 60th Croatian and 20th International Symposium on
Agriculture: Book of Abstracts, Bol, Croatia (2025) p. 67

18. Mawia, Radi Sobh; Tahoora, Batool Zargar; Alexandre, Matias Dilo; Ogqba, Basal,
Ayman, Shehada AL- Ouda; Veres, Szilvia. Physiological and biochemical mechanisms of

salt tolerance in chickpea genotypes. In: Abstract Volume: 1st International e-Conference on
Agro-Environmental Sustainability October 19 - 20, 2024, Zagrab, Croatia (2024) p. 53

19. Mawia, Sobh; Ogba, Basal; Szilvia, Veres. Quinoa termesztése ont6zott koriilmények
kozott Magyarorszadgon: eldzetes kutatds élettani alapokon. In: Veres, Szilvia (eds.) XX.
Tiszantuli Agrartudomanyi Napok, Absztraktkdtet, Debrecen, Hungary: DE, Mez6gazdasag-
, Elelmiszertudomanyi és Kornyezetgazdalkodasi Kar (2024) 102 p. p. 84, 1 p.

20. Mawia, Sobh; Oqba, Basal; Tahoora, Batool Zargar; Ayman, Shehada AL-Ouda; Szilvia,
Veres. Evaluating the Behaviour of Two Chickpea Genotypes under Salinity Stress Based on
Some Photosynthetic Traits (2024)

21. Mawia, Radi Sobh; Tahoora, Batool Zargar; Oqba, Basal; Szilvia, Veres. Effect of NaCl-
induced Salinity Stress on Some Morpho-Physiological and Biochemical Traits of Two
Chickpea (Cicer arietinum L.) Genotypes under Hydroponic Conditions. In: Veres, Szilvia;
Kocsisné Papp, Mariett (eds.) Sustainable and Innovative Solutions in Agriculture and Food
Industry (SISAF'23): One Health approach, Debrecen, Hungary: University of Debrecen
(2023) 69 p. p. 58

22. Sobh, Mawia; Zargar, Tahoora Batool; Basal, Oqba; Veres, Szilvia. Evaluation of
chickpea (Cicer arietinum L.) in response to salinity stress

23. Péter, Makleit; Oqba, Basal, Adam, Hossz(; Szilvia, Veres. The effect of plant
conditioner candidates on the morphological and physiological parameters of the 'Rajnai
fiirtds' cucumber cultivar. In: Molnér, Zoltan; Némethné, Wurm Katalin (eds.) 40th Ovér
Scientific Day International Conference ,,Green Deal and agriculture: sustainability or
competitive advantage?”’: Book of abstracts, Mosonmagyarovar, Hungary: Albert Kazmér
Faculty of Agricultural and Food Sciences (2025) 214 p. p. 209

24. Szilvia, Veres; Oqba, Basal; Primoz, Titan; Silva, Grobelnik Mlakar; Tarek, Alshaal;
Nevien, Elhawat; Eva, Domokos-Szabolcsy. Possibility of nitrogen supply as nano-nitrogen
fertilizer in case of sunflower. In: Molnar, Zoltan; Némethné, Wurm Katalin (eds.) 40th Ovar
Scientific Day International Conference ,,Green Deal and agriculture: sustainability or
competitive advantage?”’: Book of abstracts, Mosonmagyardvar, Hungary: Albert Kézmér
Faculty of Agricultural and Food Sciences (2025) 214 p. p. 131

25. Veres, Szilvia; Simko, Attila; Kiss, Laszlo; Makleit, Péter; Basal, Ogba; Domokos-
Szabolcsy, Eva; Kovacs, Szilvia; Bakonyi, Nora; Kaszas, Laszlo; Kovacs, Zoltan et al.
Biologiai alapok, a ndvénytermesztés innovacidja. In: Csajbok, Jozsef (eds.) Kihivasok ¢és
megoldasok a szant6foldi novénytermesztésben: Prof. Dr. Pepo Péter 70 éves, Debrecen,
Hungary: DE, Mez8gazdasag-, Elelmiszertudomanyi és Kornyezetgazdalkodasi Kar (2025)
330 p. pp. 228-234., 7 p.



26. Veres, Szilvia; Basal, Ogba; Makleit, Péter. A buza nitrogén hasznositasi hatékonysagi
jellemzodinek valtozasa kontrasztos nitrogénkezelés mellett. In: Bona, Lajos; Kovacs, Szilvia;
Molnar, Istvan; Pauk, Janos; Polgar, Zsolt; Veres, Szilvia; Vida, Gyula (eds.) Paradigmavaltas
a novénynemesitésben: A magyar ndvénynemesitok valaszai a nemzetkdzi trendekre,
Debrecen, Hungary: DE, Mezégazdasag-, Elelmiszertudomanyi és Kornyezetgazdalkodasi
Kar (2025) p. 149

27. Magdalena, Serafin-Andrzejewska; Agnieszka, Lejman; Szilvia, Veres; Marcin, Kozak;
Oqba, Basal; Jozef, Sowinski. The effect of different soil types on chickpea yield under
conditions in south-western Poland - preliminary research. In: Klaudija, Carovi¢-Stanko;
Kristina, Kljak 59th Croatian & 19th International Symposium on Agriculture: Book of
Abstracts, Zagreb, Croatia: SveuciliSte u Zagrebu, Agronomski fakultet (2024) pp. 142-142.,
1 p.

28. Sowinski, Jozef; Serafin-Andrzejewska, Magdalena; Lejman, Agnieszka; Kozak, Marcin,;
Veres, Szilvia; Basal, Ogba. Comparison of chickpea varieties at early maturity stage (RS)
under the conditions of Lower Silesia - Poland. Preliminary study. In: Veres, Szilvia;
Kocsisné Papp, Mariett (eds.) Sustainable and Innovative Solutions in Agriculture and Food

Industry (SISAF'23): One Health approach, Debrecen, Hungary: University of Debrecen
(2023) 69 p. p. 59

29. Tahoora, Batool Zargar; Mawia, Radi Sobh; Ogba, Basal; Veres, Szilvia. Drought Stress
and Hydrogen Peroxide Mediated Responses in Spinach (Spinacia oleracea L.). In: Veres,
Szilvia; Kocsisné Papp, Mariett (eds.) Sustainable and Innovative Solutions in Agriculture
and Food Industry (SISAF'23): One Health approach, Debrecen, Hungary: University of
Debrecen (2023) 69 p. p. 69

30. Veres, Szilvia; Makleit, Péter; Basal, Ogba. The new role of integrative plant physiology
in agricultural research in terms of sustainability. In: Kljak, Kristina; Carovié¢-Stanko,
Klaudija (eds.) Proceedings Zbornik INSORE 2023, Dubrovnik, Croatia: SveuciliSte u
Zagrebu, Agronomski fakultet (2023) pp. 32-32., 1 p.

31. Zargar, Tahoora Batool; Basal, Ogba; Veres, Szilvia. Acetic acid as drought alleviator in
different genotypes of sweet corn. In: Klaudija, Carovié; Stanko, Ivan Siri¢ (eds.) 58th
Croatian & 18th International Symposium on Agriculture: Book of Abstracts, Zagreb,
Croatia, Zagrab, Croatia: SveuciliSte u Zagrebu, Agronomski fakultet (2023) p. 141, 1 p.

32. Tahoora, Batool Zargar; Oqba, Basal; Szilvia, Veres. Impact of different light intensities
on spinach under drought conditions. In: Kiss, Orsolya (eds.) 19th Wellmann International
Scientific Conference: Book of Abstracts, HdédmezOvasarhely, Hungary: Szegedi
Tudomanyegyetem Mezdgazdasagi Kar (2022) 109 p. p. 96

33. Simko, Attila; Ogba, Basal; Zsombik, Laszlo; Veres, Szilvia. Effect of nitrogen
deficiency and fusarium graminearum infection on relative chlorophyll content of maize
seedlings. In: Kiss, Orsolya (eds.) 18th Wellmann International Scientific Conference: Book
of Abstracts, Hodmezdvasarhely, Hungary : Szegedi Tudoményegyetem Mezdgazdasagi Kar
(2021) 84 p. pp. 66-66. , 1 p.

34. Veres, Szilvia; Zargar, Tahoora Batool; Basal, Ogba. Possibilities of Applying Protective
Agents for Improving Stress Tolerance of Plants. In: Biotechnology at the University of
Debrecen: 2022 International Symposium: Abstract Book, Debrecen, Hungary: Debrecent
Egyetem (2022) p. 67.



