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Abstract

Background The study focuses on the global challenge of drought stress, which significantly impedes wheat
production, a cornerstone of global food security. Drought stress disrupts cellular and physiological processes in
wheat, leading to substantial yield losses, especially in arid and semi-arid regions. The research investigates the use of
Spirulina platensis aqueous extract (SPAE) as a biostimulant to enhance the drought resistance of two Egyptian wheat
cultivars, Sakha 95 (drought-tolerant) and Shandawel 1 (drought-sensitive). Each cultivar's grains were divided into
four treatments: Cont, DS, SPAE-Cont, and SPAE 4+ DS. Cont and DS grains were presoaked in distilled water for 18 h
while SPAE-Cont and SPAE + DS were presoaked in 10% SPAE, and then all treatments were cultivated for 96 days in a
semi-field experiment. During the heading stage (45 days: 66 days), two drought treatments, DS and SPAE + DS, were
not irrigated. In contrast, the Cont and SPAE-Cont treatments were irrigated during the entire experiment period. At
the end of the heading stage, agronomy, pigment fractions, gas exchange, and carbohydrate content parameters of
the flag leaf were assessed. Also, at the harvest stage, yield attributes and biochemical aspects of yielded grains (total
carbohydrates and proteins) were evaluated.

Results The study demonstrated that SPAE treatments significantly enhanced the growth vigor, photosynthetic rate,
and yield components of both wheat cultivars under standard and drought conditions. Specifically, SPAE treatments
increased photosynthetic rate by up to 53.4%, number of spikes by 76.5%, and economic yield by 190% for the control
and 153% for the drought-stressed cultivars pre-soaked in SPAE. Leaf agronomy, pigment fractions, gas exchange
parameters, and carbohydrate content were positively influenced by SPAE treatments, suggesting their effectiveness
in mitigating drought adverse effects, and improving wheat crop performance.

Conclusion The application of S. platensis aqueous extract appears to ameliorate the adverse effects of drought
stress on wheat, enhancing the growth vigor, metabolism, and productivity of the cultivars studied. This indicates
the potential of SPAE as an eco-friendly biostimulant for improving crop resilience, nutrition, and yield under various
environmental challenges, thus contributing to global food security.
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Introduction

Wheat (Triticum aestivum L.) is a cornerstone of global
food security, supplying over one-fifth of total caloric and
protein consumption worldwide [1]. Beyond its caloric
value, wheat is rich in essential nutrients such as carbo-
hydrates, proteins, vitamins, and minerals [2]. Addition-
ally, grains harbour phytochemicals that synergize with
those in fruits and vegetables, promoting a balanced diet
[3]. However, the sustainability of wheat production is
increasingly threatened by abiotic stressors like drought,
which is escalating in frequency and intensity due to
climate change and human activities [4], while water
drought has led to substantial yield losses, especially in
arid and semi-arid regions [5]. By 2025, water scarcity is
projected to afflict 1.8 billion people and stress 65% of the
global population; consequently, the drought suppresses
plant growth at various stages and disrupts cellular and
physiological processes, ultimately diminishing grain
yield [6].

Photosynthesis, a complex process primarily occur-
ring in chloroplasts, relies heavily on pigments like chlo-
rophylls and carotenoids [7]. These pigments, varying in
concentration based on species and environmental con-
ditions, are essential for plants’ adaptation to drought
stress. Studies have shown that drought can significantly
affect these pigments in wheat, offering reductions in
chlorophyll content under water deficit [8—10]. Further-
more, optimal wheat leaf growth is vital in photosynthe-
sis and biomass accumulation. However, it is vulnerable
to environmental stresses, particularly drought, which
impedes leaf growth through reduced cell expansion
and turgor pressure. This results in smaller, less durable
leaves and lower leaf biomass due to decreased fresh and
dry leaf mass and water content [11]. Moreover, drought
conditions significantly affect leaf gas exchange and sto-
matal behavior, which is critical for photosynthesis and
crop yield. Stomatal closure, a drought response, con-
serves water at the expense of reduced photosynthesis
[12]. It also alters carbohydrate metabolism, crucial for
plant growth and grain development [13]. Consequently,
drought stress significantly reduces wheat yield by affect-
ing key growth stages and crop attributes [14].

Wheat has developed various strategies to cope with
water scarcity, including morphological, physiological,
and biochemical changes [15]. These adaptations include
alterations in root architecture to enhance water uptake
[16], stomatal regulation to minimize water loss [17]
while optimizing carbon dioxide uptake for photosynthe-
sis [18], and the accumulation of osmoprotectants (such
as proline and soluble sugars) that help maintain cell
turgor and protect cellular components from drought-
induced oxidative stress [19]. Furthermore, wheat
plants enhance their antioxidant defense systems under
drought conditions to scavenge reactive oxygen species,
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mitigating oxidative damage and maintaining cellular
integrity [20].

Grain priming is a pre-sowing treatment that involves
hydrating grains to initiate the pre-germinative metab-
olism without allowing radicle emergence [21]. This
process enhances the physiological state of the grains,
leading to improved germination rates, faster seedling
growth, and enhanced stress tolerance in plants [22]. In
the context of drought stress, grain priming with bio-
stimulants, such as plant extracts or microbial inocu-
lants, can prime wheat grains to better withstand water
scarcity by modulating physiological and biochemical
responses, enhancing antioxidant activity, and improv-
ing water uptake efficiency [23]. Biostimulants, especially
those sourced from algal origins, reinforce plant robust-
ness against abiotic challenges such as salinity [24] and
drought [25] by Nostoc muscorum and Chlorella vulgaris
extracts [26, 27] while Spirulina platensis act as plant
biostimulants due to its rich nutrient profile and stress-
mitigating properties [28, 29].

Based on existing literature, several mechanisms have
been proposed to explain how S. platensis mitigates
drought-induced physiological declines. These include
its antioxidant activity, which neutralizes reactive oxygen
species and thus prevents oxidative damage at both the
membrane and protein levels [30]. Osmotic adjustment is
another mechanism; S. platensis aqueous extract (SPAE)
treatment increases the accumulation of compatible sol-
utes like sugars, maintaining cell turgor and osmotic bal-
ance [31]. Furthermore, antioxidants in SPAE protect the
photosynthetic machinery, thereby maintaining photo-
synthetic efficiency even under drought conditions [32].
Other contributing factors are phytohormone stimula-
tion, which promotes root and shoot (flag leaf) develop-
ment, and stomatal regulation, which balances water loss
and CO, uptake [33]. This study aims to assess the impact
of pre-soaking wheat grains in SPAE on the growth and
physiological parameters of two wheat cultivars, Shan-
dawel 1 (drought-sensitive) and Sakha 95 (drought-toler-
ant), under both normal and drought conditions at both
heading and harvest levels. Unlike previous investiga-
tions that have primarily examined foliar applications or
soil amendments with S. platensis against salinity, this
research uniquely explores the efficacy of grain priming
with 10% SPAE for 18 h as a novel strategy for improving
wheat performance under drought stress with two culti-
vars (Shandawel 1 and Sakha 95) provides critical insights
into the differential responses of wheat genotypes to bio-
stimulant treatment under water-limited conditions as a
new risk in agriculture around the world.
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Materials and methods

Plant material

Pure strains of two wheat cultivars, the most toler-
ant (Sakha 95) and most sensitive ones (Shandawel 1),
were obtained from the Egyptian Agricultural Research
Center, Sakha, Egypt. Axenic S. platensis culture was
obtained from Algae Biotechnology Lab, Faculty of Sci-
ence, Botany Department, Mansoura University.

Preparation of S. platensis aqueous extract (SPAE)

Axenic S. platensis culture was kindly provided by Man-
soura University Agal Culture Collection, then cultivated
in sterilized Zarrouk’s liquid medium [34] as described
by S Saad, MH Hussien, GS Abou-ElWafa, HS Aldesuquy
and E Eltanahy [35] by using 10% culture then added to
5 L Zarrouk’s medium in a 10 L flask incubated at 26+2
under 16:8 (light: dark) cool-white fluorescent at a light
intensity equal to 3600 Ix for 14 days. Then, the five liters
were used as inoculum for 50 L vertical plastic bioreac-
tors at the same conditions. After that, S. culture was fil-
tered using a nylon mesh filter (100 pum diameter). Then,
the harvested biomass was freeze-dried using lyophilizer
for 48 h at -50 °C, obtaining the dry powder. S. platen-
sis aqueous extract was prepared by homogenizing 5 g
of the dry powder with 50 ml of distilled water and was
ground until homogenized, then centrifuged for 10 min
at 4000 rpm. The clear supernatant was collected and
used as S. platensis aqueous extract (SPAE).

Experimental design and treatments
Surface sterilization of homogeneous grains from the
tested wheat cultivars was achieved by soaking them
for 3 min in a 2.5% NaOCI solution, followed by mul-
tiple washes with sterilized distilled water. The steril-
ized grains of each cultivar were divided into two sets;
the first set was presoaked for 18 h in sterilized distilled
water, while the second set was presoaked in SPAE for
the same duration. When they began soaking, the grains
were drained for one hour and repeated every six hours
for three draining sessions. The decision to utilize a 10%
SPAE concentration and an 18-hour priming duration
stemmed from initial germination trials, indicating that
these parameters were optimal for promoting germina-
tion and bolstering drought resistance in wheat seedlings.
The experiment proceeded in The Greenhouse Facility,
Faculty of Science, Mansoura University, Egypt. The pre-
soaked grains were drilled at the beginning of the culti-
vation season (November 2021) within perforated plastic
pots 30 cm in diameter and 45 cm in height. Each pot was
packed with 10 kg clay-sandy soil (2: 1 w/w) to initially
seed 15 grains in each pot till they were thinned, leav-
ing only five uniform seedlings 30 days post-cultivation.
Plants were allowed to grow under natural conditions: air
temperature (15: 27 °C), relative humidity (40: 77%), and
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light intensity (10: 76 KLux) at midday time while irriga-
tion was using tap water throughout the whole experi-
mental period.

On day 45, the plants from each set (1st set, presoaked
in distilled water (Dist. H,0), and 2nd set, presoaked
in SPAE) were grouped into two subsets. The first sub-
set was irrigated with tap water as a control treatment,
whereas the second subset’s irrigation was stopped as
a drought treatment. Then, the four treatments of each
cultivar were control presoaked in distilled water (Cont),
drought stress presoaked in distilled water (DS), control
presoaked in S. platensis aqueous extract (SPAE-Cont),
and drought stress presoaked in S. platensis aqueous
extract (SPAE+DS). After 21 days, all treatments were 66
days old (heading stage), so flag leaf sampling was carried
out to assess agronomy, pigment fractions, gas exchange,
and carbohydrate content parameters. At the harvest
stage (96 days old), the concerned wheat cultivars were
evaluated for their yield and biochemical aspects (total
carbohydrates and proteins) of the yielded grains.

Assessment of leaf agronomy
To evaluate the morphological characteristics of the
plants under both normal and stressful environments, we
assessed the growth vigour of the flag leaf. Direct mea-
surements captured certain agronomic attributes, such
as fresh and dry biomass. Additionally, several traits were
determined using established formulas:

Leaf area=length X breadth x 0.75 [36].

Leaf-specific area=leaf area/leaf dry mass [37].

Leaf water content = (Fresh mass - dry mass) / fresh
mass [38].

Leaf succulence degree = (Leaf fresh mass - dry mass) /
leaf area [39].

Leaf sclerophylly degree=Leaf dry mass/leaf area [39].

Leaf succulence quotient=leaf succulence degree/ leaf
sclerophylly degree [40].

Assessment of pigment fractions
The chlorophyll content of the plants under study was
determined using the method described by [41]. For
carotenoids, the protocols outlined by [42] and [43] were
employed. A specified fresh mass of wheat leaves was
finely ground in chilled 80% acetone, with a slight addi-
tion of MgCO, to prevent pigment acidification. The
resulting mixture was filtered, and the filtrate’s volume
was made up using the same solvent. Subsequently, the
absorbance (A) of the solution was recorded at three
distinct wavelengths to deduce the concentration of
the photosynthetic pigments, expressed in pug ml~! as
follows:

Chlorophyll-a=10.3 A3 —0.918 Ay,

Chlorophyll-b=19.7 Ay, —3.87 Ags.

Carotenoids=5.02 A g,
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The concentrations of the pigment fractions were ulti-
mately denoted in pg mg~! of fresh mass. Several derived
metrics, such as chlorophyll (a+b) as total chlorophylls,
the ratio of chlorophyll (a/b), and the ratio of carotenoids
to chlorophyll (a+b), were also determined. Notably, the
chlorophyll stability index (CSI) was ascertained using
the methodology proposed by [44] and is described as
follows:

CSI = [(Chlorophyll — a + b)
Drought/(Chlorophyll — a + b)Control] x 100

Assessment of leaf gas exchange
Using a portable gas exchange system (LCi, ADC BioSci-
entific Ltd., Hoddesdon, UK), we assessed specific gas
exchange parameters in situ around midday, utilizing the
open flow mode. Leaves fully exposed to sunlight were
aligned perpendicularly to the incoming rays, ensur-
ing an average photosynthetically active radiation (PAR)
of 700 pmol m~?sec™!, with a set chamber temperature
of 28 °C and an ambient CO, concentration (Ca) of 360
pmol mol~!. Direct measurements captured parameters
such as the photosynthesis rate (A), transpiration rate (E),
stomatal conductance (gs), and the intercellular CO, con-
centration (Ci). Furthermore, some gas exchange metrics
were derived based on these direct measurements, as
outlined in the subsequent equations:

Photosynthetic water use efficiency (pWUE)=A/ E
[45].

Stomatal limitation (Ls)=1- (Ci/ Ca) [46].

Mesophyll conductance (gm)=A/ Ci [47].

Mesophyll efficiency (ME)=Ci/ gs [48].

Assessment of carbohydrates content

Flag leaves were extracted in 80% ethanol, and the result-
ing alcoholic extracts were analyzed for total soluble sug-
ars (TSS) using the anthrone method [49]. Additionally,
leaf samples were extracted in acid, trichloroacetic acid,
and perchloric acid for the quantification of trehalose
[50] and polysaccharides [51], respectively, via colouri-
metric anthrone assay.

Assessment of yield attributes

To study yield attributes of the studied plants, some yield
criteria were directly scored to study the plants’ yield
attributes. These included plant height, shoot length,
spike length, peduncle length, number of tillers/ plant,
grains/ main spike, grains/ plant, spikes/ plant, spikelets/
main spike and spikelets/ plant, main spike mass, grain
yield/ main spike, 100 kernel mass, biological yield (mass
of the whole plant), straw yield (mass of the whole plant
without grains), economic yield (mass of grains) and crop
yield (mass of spikes with grains). Furthermore, other
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criteria could be calculated according to the following
relations:

Evapotranspiration efficiency=water use efficiency for
grain/ harvest index [52].

Water use efficiency for grain=grain yield/ total water
added [53].

Water use efficiency for biomass=biomass yield/ total
water added [53].

Assessment of biochemical aspects of yielded grains

Total carbohydrates and proteins, the primary nutri-
tional components in wheat grains, were quantified in
yielded grain samples. For total carbohydrate determina-
tion, powdered grains were hydrolyzed in 2.5 N HCl by
boiling for 3 h [49]. The mixture was neutralized with
Na,COj, then centrifuged, and the supernatant was ana-
lyzed colourimetrically with anthrone reagent at 630 nm.
Protein extraction [54] involved homogenizing powdered
grains in 0.05 mM Tris-HCl buffer (pH 9) and centrifug-
ing the mixture. Bradford assay [55] was performed by
mixing the protein-containing supernatant with Coo-
massie blue dye reagent and measuring absorbance at
595 nm after 1 h.

Statistical analysis

In the current study, five replicates were taken from each
treatment at the first sampling date (heading stage) and
the second one (harvest stage) to evaluate leaf agronomy
and yield attributes, respectively. Meanwhile, in the head-
ing stage, only triplicate samples were used to assess the
rest of the analyses, physio-biochemical assays of flag
leaf (pigment fractions, gas exchange, and carbohydrate
content), and biochemical assays of yielded grain (total
carbohydrate and total protein content). A two-way
completely randomized (2WCR) analysis of variance
(ANOVA) using CoHort/ CoStat software version 6.311
(798 Lighthouse Ave. PMB 320, Monterey, CA, 93,940,
USA) was employed to assess the single effect of each fac-
tor; factor (A) grain priming (Dist. H,O and SPAE), factor
(B) watering level (normal irrigated ‘NI, and drought ‘D’)
and their interaction factor ‘AxB’ (Cont, DS, SPAE-Cont.
and SPAE+DS) on the assessed parameters. This design
was carried out at a significant level of p<0.05 with the
LSD test. The data of the single effect of each factor were
represented as the mean values in supplementary tables.
Different superscript alphabetical letters refer to signifi-
cant variation with the least significant difference (LSD)
at p<0.05. The data of the interaction effect of grain
priming and watering level were represented as mean
valueststandard deviation in histogram figures with
alphabetical letters on the error bar indicating significant
differences with LSD at p<0.05.
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Result

All data of this study were analysed by two-way ANOVA
then the Single effect of each grain priming and watering
level on the assessed parameters for Shandawel 1 (Sup-
plementary Table 1) and Sakha 95 (Supplementary Table
2) and their interactions in Supplementary Tables 3 and
Supplementary Table 4, respectively. At the same time,
each parameter was studied and represented in detail as
follows.

Alterations in leaf agronomy

For Shandawel 1, the SPAE treatment notably enhanced
the leaf fresh mass (Fig. 1-a), with a significant increase
observed in the SPAE-Cont condition to 0.7201+0.010 g,
13.7% higher than the control (0.633£0.014 g). The leaf
fresh mass under drought stress (DS) decreased signifi-
cantly to 0.440+0.010 g but improved to 0.567+0.015 g
with the SPAE+DS treatment, indicating a 29% increase
compared to DS alone. Similarly, Sakha 95 showed a
18% increase in leaf fresh mass (Fig. 1-b) with SPAE-
Cont treatment (0.748+0.00 g) compared to con-
trol (0.63510.01 g) and a 51.2% increase in SPAE+DS
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treatment (0.70310.02 g) compared to DS alone
(0.465%0.03 g). Shandawel 1’s leaf dry mass (Fig. 1-
a) saw a slight increase with SPAE-Cont treatment to
0.167+0.002 g, marginally higher than the control, and
a minimal increase with SPAE+DS treatment com-
pared to DS alone. Sakha 95 exhibited a 12% increase
in leaf dry mass (Fig. 1-b) with SPAE-Cont treatment
(0.195+£0.005 g) compared to Cont treatment and a
significant 30.8% increase with SPAE+DS treatment
(0.204£0.003 g) compared to DS treatment.

Shandawel 1 showed non-significant increased leaf
succulence (Fig. 1-c) with SPAE treatments; SPAE-Cont
and SPAE+DS compared to the Cont and DS treatments,
respectively. Conversely, leaf sclerophylly degree (Fig. 1-
c) decreased significantly by 28.6% with SPAE+DS treat-
ment (5.0£0.1) compared to DS treatment and 4.2%
compared to Cont treatment. Interestingly, the Cont
treatment showed the least leaf sclerophylly degree. For
Sakha 95, regarding leaf succulence degree (Fig. 1-d), the
SPAE+DS treatment (14.9+0.2 mg cm™?) demonstrated
a 22.1% significant increase compared to DS alone and a
non-significant increase compared to the Cont treatment.
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Fig. 1 Effect of grain priming in S. platensis aqueous extract on flag leaf (a) biomass of Shandawel 1 cultivar, (b) biomass of Sakha 95 cultivar, (c) succu-
lence degree, and sclerophylly degree of Shandawel 1 cultivar and (d) succulence degree, and sclerophylly degree of Sakha 95 cultivar
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The leaf sclerophylly degree (Fig. 1-d) is unchanged with
SPAE treatments.

For Shandawel 1, the SPAE treatment significantly
enhanced leaf water content as shown in Fig. 2-a to
0.769+0.002 g g~ !, marking a 4.2% increase over the Cont
treatment (0.738+£0.004 g g~ ). Under DS, leaf water con-
tent dropped to 0.650+0.009 g g~!, but with SPAE+DS
treatment, it improved to 0.726+0.007 g g™, indicating
11.7% enhancement compared to DS alone. The leaf suc-
culence quotient (Fig. 2-b) in Shandawel 1 similarly ben-
efited from SPAE treatment, with SPAE-Cont showing
a 17.9% increase over control to 3.3+0.0 mg mg~'. The
SPAE+DS treatment boosted the succulence quotient
to 2.7+0.1 mg mg~!, substantially higher by 42.1% than
DS alone. Leaf area Fig. 2-c responses also demonstrated
SPAFE’s efficacy, with SPAE-Cont treatment increasing
leaf area by 16.7% over control to 35.0+0.2 cm? in Shan-
dawel 1. The SPAE+DS treatment exhibited a notable
39.4% increase in leaf area compared to the DS treatment
alone. For leaf-specific area (Fig. 2-d), SPAE-Cont treat-
ment in Shandawel 1 significantly raised the metric to
210+1 cm? g~!, 16% higher than control, with SPAE+DS
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showing a substantial 38.2% improvement over DS alone.
In Sakha 95, leaf water content and succulence quotient
with SPAE+DS showed a significant increase compared
to DS alone and a non-significant decrease compared
to the Cont treatment. Leaf area in Sakha 95 showed a
significant increase with SPAE treatments, SPAE-Cont,
and SPAE+DS compared to the Cont and DS treatments,
respectively. The leaf specific area in Sakha 95 is non-sig-
nificantly changed with SPAE treatments.

According to 2WCR, for Shandawel 1 (Supplemen-
tary Table 3), the interaction between grain priming
and watering level factors was highly significant (*** at
p<0.05) for sclerophylly degree, water content, area,
and specific area, moderately significant for succulence
quotient (** at p<0.05), lowly significant for fresh mass
(* at p<0.05), and non-significant for dry mass and suc-
culence degree (ns at p<0.05). For Sakha 95 (Supplemen-
tary Table 4), the interaction was highly significant (*** at
p<0.05) for fresh mass and dry mass, lowly significant for
the area (* at p<0.05), and non-significant for the other
leaf agronomic parameters (ns at p<0.05).

Sakha 95

[ 8
'

Treatments

@ Shandawel 1 Sakha 95

Cont DS
Treatments

Fig. 2 Effect of grain priming in S. platensis aqueous extract on flag leaf (a) water content of Shandawel 1 and Sakha 95 cultivars, (b) succulence quotient
of Shandawel 1 and Sakha 95 cultivars, (c) area of Shandawel 1 and Sakha 95 cultivars and (d) specific area of Shandawel 1 and Sakha 95 cultivars
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Alterations in pigment fractions

For Shandawel 1, the SPAE-Cont treatment significantly
increased the content of chlorophyll-a by 93%, chloro-
phyll-b by 120%, and total chlorophylls by 99% compared
to the Cont treatment, as shown in Fig. 3-a and reflected
in values of 0.692%0.004, 0.240£0.006, and 0.932+0.010
mg g~ !, respectively. Interestingly, SPAE+DS treatment
significantly increased the content of chlorophyll-a,
chlorophyll-b, and total chlorophylls by 151%, 121%, and
142%, respectively, compared to DS treatment. In Sakha
95, the SPAE-Cont treatment led to the highest content of
chlorophyll-a, chlorophyll-b, and total chlorophylls, with
values of 0.96710.030, 0.330£0.007, and 1.297+0.037 mg
g~ !, respectively (Fig. 3-b). In Shandawel 1, the SPAE+DS
treatment showed the highest content of carotenoids of
0.139+0.006 mg g~! compared to the other treatments
(Fig. 3-a). Regarding Sakha 95, compared to the other
treatments’ the SPAE+DS treatment resulted in the
highest content of carotenoids of 0.209+0.005 mg g~'
(Fig. 3-b). The S. platensis treatments (SPAE-Cont and
SPAE+DS) demonstrated a remarkable improvement in
these parameters, emphasizing the potential beneficial
effect of S. platensis in mitigating the negative impact of
drought on pigment fractions wheat cultivars.
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The chlorophyll-a/b ratio remained non-significantly
changed across treatments in both cultivars (Fig. 3-c). In
Shandawel 1, the SPAE+DS treatment with a chlorophyll
stability index (CSI%) of 48+1% (Fig. 3-e), representing
23%, over the DS treatment. The SPAE+DS treatment
in Sakha 95 with a CSI % 56+1% (Fig. 3-e)., represent-
ing 16%, compared to the DS treatment. It is essential to
highlight that DS treatment generally led to significantly
reduced chlorophyll content and CSI% in both cultivars
while, on the other hand, inducing the carotenogenesis
pathway, causing an increase in the carotenoids/ total
chlorophylls values representing the highest values com-
pared to the other treatments in both cultivars (Fig. 3-d).

According to 2WCR, for Shandawel 1 (Supplemen-
tary Table 3), the interaction between grain priming
and watering level factors was highly significant (*** at
»<0.05) for Chl-a, Chl-b, total Chls, moderately signifi-
cant for carotenoids/ total chls (** at p<0.05), lowly sig-
nificant for Chl-a/ b (* at p<0.05), and non-significant
for CSI% (ns at p<0.05). The interaction for Sakha 95
(Supplementary Table 4) was highly significant (*** at
p<0.05) for Chl-b, total Chls, moderately significant for
Chl-a, and carotenoids/ total chls (** at p<0.05), lowly
significant for CSI% (* at p<0.05), and non-significant for
carotenoids, and Chl-a/ b (ns at p<0.05).
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Alterations in gas exchange

For Shandawel 1the SPAE-Cont treatment showed the
highest photosynthetic rate (Fig. 4-a) at 13.5+0.8 pmol
m~? sec”?, significantly surpassing the control (8.8+0.7
umol m~2 sec™!), SPAE+DS (4.4%0.5 pmol m™2 sec™!),
and DS (2+0.1 pmol m™? sec™!) treatments. Notably, the
photosynthetic rate under DS treatment plummeted by
340% compared to the control, highlighting the severe
impact of drought stress. However, the SPAE+DS treat-
ment improved the photosynthetic rate by 50% over
DS alone. In the case of Sakha 95, similar trends were
observed, with SPAE-Cont treatment achieving the
highest photosynthesis rate at 16+0.7 pmol m~2 sec™ .
The ranking of treatments by photosynthetic rate fol-
lowed with Cont (10.4+0.5 pmol m~? sec™ '), SPAE+DS
(6.7£0.5 pmol m~2 sec™!), and DS (4.1+0.5 pmol m™>
sec™!). The control condition’s photosynthetic rate
decreased by 136% under DS, illustrating the detrimental
effect of drought stress. However, the SPAE-Cont treat-
ment significantly boosted the photosynthesis rate by
54% compared to the control. Moreover, the SPAE+DS
treatment exhibited a 50% higher rate than the DS
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—
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treatment alone. Regarding the transpiration rate, as
shown in Fig. 4-b, the rate significantly decreased by the
DS effect in the two wheat cultivars while the SPAE-Cont
showed a non-significant effect compared to the control
and even for SPAE+DS so, there is no major differences
were observed in the case of using S. platensis aqueous
extract, but DS resulted in lower rates in both cultivars.
In Shandawel 1, SPAE-Cont treatment significantly
outperformed other treatments in pWUE, as shown in
Fig. 4-c, recording the highest efficiency at 7.1+0.1 pmol
mmol~}, a 42% increase over the control, and SPAE+DS
treatment showing a 50% improvement over DS treat-
ment. Similarly, SPAE treatments markedly improved
Ls (Fig. 4-d), with SPAE-Cont achieving a 13% higher
value than the control and SPAE+DS demonstrating a
19% increase over DS alone. For Sakha 95, SPAE-Cont
and SPAE+DS also led in pWUE, with significant gains
over control and DS treatments, and similarly exhibited
a substantial uplift in Ls, nearly quadrupling the control’s
value and significantly outpacing DS treatment.
According to 2WCR in Shandawel 1, SPAE treat-
ment notably increased gs (Fig. 5-a), with SPAE-Cont
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Fig. 4 Effect of grain priming in S. platensis aqueous extract on Shandawel 1 and Sakha 95 cultivars: (@) photosynthesis rate, (b) transpiration rate, (c)

water use efficiency, and (d) stomatal limitation
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showing a 28.4% enhancement over control, and
SPAE+DS improving gs by 42.4% DS. Similarly, SPAE
treatment significantly raised gm (Fig. 5-b) in Shandawel
1, with SPAE-Cont and SPAE+DS treatments leading
to substantial increases over control and DS conditions,
respectively. Ci as shown in Fig. 5-c and Ci/ gs and as
shown in Fig. 5-d revealed that SPAE treatments could
modulate Ci under drought stress, with SPAE-Cont and
SPAE+DS treatments affecting Ci differently in com-
parison to DS. For Sakha 95, trends were analogous, with
SPAE treatments improving gs and gm and effectively
modulating Ci and Ci/gs ratios.

Utilizing 2WCR for Shandawel 1 as shown in Supple-
mentary Table 3, the interaction between grain priming
and watering level factors was moderately significant
for A and gm (** at p<0.05), lowly significant for Ci/ gs
(* at p<0.05), and non-significant for the other leaf gas
exchange parameters (ns at p<0.05). The interaction for
Skaha 95 (Supplementary Table 4) was highly significant
(*** at p<0.05) for A, gs, and gm, as well as non-signif-
icant for the other leaf gas exchange parameters (ns at
p<0.05).

Alterations in carbohydrate content

For Shandawel 1, SPAE+DS resulted in a significant
increase in TSS content (7.91+0.08 mg g~ !) as shown
in Fig. 6-a, compared to all other treatments, including
the control (5.46+0.21 mg g~'), DS alone (6.82+0.05
mg g~ '), and SPAE-Cont (6.15+0.05 mg g ). This indi-
cates a 45%, 16%, and 29% increase compared to the
Cont, DS, and SPAE-Cont, respectively. Similar trends
were observed in Sakha 95, with the SPAE+DS treat-
ment resulting in the highest TSS content (8.88+0.13
mg g~ '), a 38%, 18%, and 21% increase compared to Cont
treatment, DS, and SPAE-Cont treatments, respectively.
Concerning trehalose content (Fig. 6-b), the SPAE+DS
treatment again resulted in a significant increase in both
Shandawel 1 (60.4+0.4 mg g~ ') and Sakha 95 (73.2+0.2
mg g~ '), compared to all other treatments. For Shan-
dawel 1, this was an 18% significant increase compared to
SPAE-Cont and a 47% significant increase compared to
the DS treatment alone. In Sakha 95, the SPAE+DS treat-
ment resulted in an 18% and 24% increase compared to
the DS alone and SPAE-Cont treatments, respectively.
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The polysaccharide content (Fig. 6-c) showed a simi-
lar trend, with the SPAE+DS treatment resulting in the
highest content in both Shandawel 1 (45.3+0.1 mg g™ ')
and Sakha 95 (49.7+0.3 mg g~ !). This represented a 6%,
15%, and 12.4% significant increase compared to SPAE-
Cont, DS alone, and the control in Shandawel 1, and
a 7%, 11%, and 17% significant increase in Sakha 95,
respectively. Moreover, the total carbohydrates were sig-
nificantly higher in the SPAE+DS treatment compared
to all other treatments for both cultivars. For Shandawel
1, the SPAE+DS treatment (113.6+0.4 mg g~ !) was
14%, 30%, and 23% higher than SPAE-Cont, DS alone
and the control, respectively. Similarly, in Sakha 95, the
SPAE+DS treatment (131.7+0.6 mg g~ ') was 14%, 19%,
and 26% higher compared to DS alone, SPAE-Cont, and
the control, respectively as shown in Fig. 6-d.

According to 2WCR ANOVA (Supplementary Tables 3
and 4), the interaction between grain priming and water-
ing level factors had the same high effect in both cultivars
(*** at p<0.05) for trehalose and total carbohydrates. The
interaction in Shandawel 1 was highly significant (*** at
p<0.05) for polysaccharides and lowly significant for TSS
(* at p<0.05). Moreover, the interaction in Skaha 95 was
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moderately significant for TSS and polysaccharides (** at
p<0.05).

Alterations in yield attributes

In Shandawel 1 (Fig. 7), the plant height was 75.8+2.5 cm,
significantly decreasing by 25% under DS to 56.6%5.1 cm.
The SPAE-Cont treatment, however, showed negligible
height reduction, recording 75.4+1.7 cm. The SPAE+DS
treatment resulted in a 21% decrease in height com-
pared to the SPAE-Cont treatment but still held a 6%
advantage over DS alone. Concerning the shoot length of
Shandawel 1, DS treatment caused a significant contrac-
tion of 22.8% from the control’s length (95.1+3.1 cm).
The SPAE-Cont treatment yielded a minor decrease of
2.3% (92.9£1.9 cm). The SPAE+DS treatment resulted
in a substantial 17.4% decrease from SPAE-Cont but
offered a 4.6% advantage over DS alone. Spike length in
Shandawel 1 reduced by 13% under DS from the con-
trol's 17.920.1 c¢cm, which is still non-significant, while
SPAE-Cont resulted in a notable 12.3% enhancement
(20.1£2.1 cm). The SPAE+DS treatment led to a 15.9%
reduction from SPAE-Cont, but it outperformed DS
alone by 9%. Regarding the peduncle length of Shandawel
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Fig. 6 Effect of grain priming in S. platensis aqueous extract on flag leaf in heading: (a) total soluble sugars, (b) trehalose, (c) polysaccharides, and (d) total

carbohydrates, content of Shandawel 1 and Sakha 95 cultivars
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1, DS caused a significant decrease of 59% from the con-
trol’s 18.0+0.6 cm. The SPAE-Cont treatment showed a
nonsignificant reduction of 20% but was 97%, signifi-
cantly higher than DS. The SPAE+DS treatment resulted
in a 30% decrease from the control, while it was still 73%
higher than DS alone.

Sakha 95 exhibited similar patterns as shown in Fig. 8:
a decrease of 21% in plant height from 86.6+3.4 cm
under DS and 3% under SPAE-Cont (83.9+0.6 cm)
from the Cont treatment. The SPAE+DS treatment saw
a reduction of 7.0% from SPAE-Cont, yet it was still
14% higher than DS alone. Sakha 95 shoot length also
showed a decrease of 21% under DS from the control’s
104.2£2.9 c¢cm and a 2.7% reduction under SPAE-Cont.
The SPAE+DS treatment demonstrated a 9% decrease
from SPAE-Cont, yet it was 12% higher than DS alone.
In Sakha 95, spike length remained unchanged under DS
(15.0£1.7 cm) compared to the control, while SPAE-Cont
showed a 16% non-significant increase (17.4+0.2 cm).
The SPAE+DS treatment showed a 14% non-signif-
icant decrease from SPAE-Cont and only a marginal
1% decrease from DS alone but non-significantly. In
Sakha 95, peduncle length remained relatively constant
under DS (15.0£1.7 c¢cm) compared to the control. It
decreased non-significantly by 15% under SPAE-Cont,
while the SPAE+DS treatment showed a 10% non-signif-
icant decrease from the control but a 6% non-significant
increase from SPAE-Cont.

The number of tillers per plant in Shandawel 1, as
shown in Fig. 9, exhibits a mean of 2.0 tillers/ plant for
Cont treatment, which remained constant under DS
treatment. However, the SPAE-Cont treatment signifi-
cantly increased the number of tillers/ plant by 115%
(4.3£0.6 tillers/ plant). While the SPAE+DS treatment
resulted in a slight non-significant reduction in the num-
ber of tillers/ plant (4.0 tillers per plant) compared to
SPAE-Cont, it still held a 100% advantage over the Cont
and the DS treatments. The number of grains per main
spike in Shandawel 1 significantly declined under DS
(22.0+3.6), recording a significant decrease of 67% from
the Cont treatment (67.3+3.2). The SPAE-Cont treat-
ment increased considerably by 11% to 74.7+£5.9 com-
pared to the Cont treatment, further demonstrating the
beneficial role of S. platensis. The SPAE+DS treatment,
however, saw a 64% decrease from SPAE-Cont, yet it was
23% higher than the DS treatment, reinforcing the role
of S. platensis as a potential drought stress mitigator.
Regarding the number of grains per plant in Shandawel 1,
there was a drastic reduction of 73% under DS (28.3%+7.6)
from the Cont treatment (105.7%15.5). The SPAE-Cont
treatment recorded an impressive increase (203.3%20.5)
of 92% compared to the Cont treatment, which is a
promising result for final crop yield. The SPAE+DS treat-
ment led to a 238% significant increase in the number of
grains/ plant compared to DS, suggesting S. platensis’s
potential as a stress alleviator.



Elnajar et al. BMC Plant Biology

120 -

100

60

cm

40

20

(2024) 24:233 Page 12 of 27

Plant Height Shoot Length B Spike Length EPeduncle Length

o

i
:g N

S

"‘
4
G

,‘_"
&
S

Y772

: 25
%

i o
& o

DS SPAE-Cont SPAE+DS
Sakha 95 Treatments

Fig. 8 Effect of grain priming in S. platensis aqueous extract on plant height, shoot length, spike length and peduncle length of Sakha 95 cultivar

25

=

200

150

100

50

B Number of Tillers/ Plant
B Number of Grains/ Main Spike a
Number of Grains/ Plant

b T b
Cont DS SPAE-Cont SPAE+DS

Shandawel 1 Treatments

Fig. 9 Effect of grain priming in S. platensis aqueous extract on number of tillers/ plant, number of grains/ main spike and number of grains/ plant of

Shandawel 1 cultivar



Elnajar et al. BMC Plant Biology (2024) 24:233

The tolerant cultivar, Sakha 95, displayed similar pat-
terns (Fig. 10): the number of tillers per plant remained
unchanged under DS and saw a 57% significant increase
(4.7£0.6) under the SPAE-Cont treatment compared
to the Cont treatment in the Cont treatment (3.0£0.0).
The SPAE+DS treatment had 43% more tillers per plant
(4.3%0.6) than DS treatment. The number of grains per
main spike significantly decreased by 34% under DS from
the Cont treatment (63.7+7.1) and significantly increased
by 15% under SPAE-Cont. The number of grains per main
spike in the SPAE+DS treatment (61.717.5) recorded
only a marginal 15% decrease compared to SPAE-Cont
and a 46% significant increase compared to DS. The num-
ber of grains per plant in Sakha 95 was reduced by 42%
under DS, while the SPAE-Cont treatment showed a 77%
increase compared to the Cont tretment. Despite a 3%
non-significant reduction under the combined SPAE+DS
treatment compared to the SPAE-Cont, it still had almost
twofold more grains per plant than DS alone, underlining
the protective role of S. platensis.

In the sensitive cultivar Shandawel 1 (Fig. 11), the con-
trol treatment (Cont) exhibited an average of 2.0£0.0
spikes per plant, non-significantly dropping by 15% under
the DS condition, recording 1.7+0.6 spikes per plant.
This decrease, however, was mitigated with the SPAE-
Cont treatment, demonstrating an enhanced number of
spikes per plant (4.0£0.0). The combined application of
SPAE and DS resulted in a 25% decline in the number of
spikes per plant (3.0£0.0) compared to the SPAE-Cont
treatment but still presented a considerable 50% and 76%
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increment over the Cont and DS treatments, respectively.
These findings point towards the stress-alleviating capa-
bilities of S. platensis, especially under drought-stress
conditions. In terms of the number of spikelets per main
spike, a reduction of 7% was recorded under DS from the
control’s 19.3+1.5. Meanwhile, SPAE-Cont demonstrated
a remarkable 24% enhancement (24.0%1.7), further advo-
cating the beneficial properties of S. platensis. The com-
bined SPAE+DS treatment led to a 20.8% decline from
SPAE-Cont, yet it still showed a slight 6% advantage over
the DS treatment alone. As for the number of spikelets
per plant, the DS treatment caused a substantial 27%
non-significant decrease from the control’s 39.3+2.1.
The SPAE-Cont treatment, on the other hand, show-
cased a significant increase, recording 91.0£1.7 spike-
lets per plant - an impressive 132% enhancement from
the control. The combined SPAE+DS treatment resulted
in a significant 35% reduction from the SPAE-Cont but
offered a 51% and 106% improvement over the Cont and
DS treatments, respectively.

The tolerant cultivar, Sakha 95, demonstrated simi-
lar trends (Fig. 12). A non-significant decrease of 15%
from 2.710.6 spikes per plant under DS and a 74% sig-
nificant increase under SPAE-Cont (4.710.6 spikes per
plant) from the control were recorded. The combined
SPAE+DS treatment exhibited a minor 15% non-signif-
icant decrease from SPAE-Cont, yet it was still 48% and
73% significantly higher than the Cont and DS treat-
ments, respectively, reiterating the potential mitigat-
ing effects of S. platensis against drought stress. When
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Fig. 10 Effect of grain priming in S. platensis aqueous extract on number of tillers/ plant, number of grains/ main spike and number of grains/ plant of

Sakha 95 cultivar
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observing the number of spikelets per main spike, the
DS treatment led to a decline of 17% from the control’s
22.0£0.0, while the number remained stable under
SPAE-Cont and SPAE+DS treatments, hence point-
ing towards the protective role of S. platensis. Lastly,
concerning the number of spikelets per plant, Sakha 95

showed a non-significant decrease of 28% under DS from
the control’s 54.3+9.3, and an 82% significant increase
under SPAE-Cont The combined SPAE+DS treatment
displayed a non-significant reduction of 13% from SPAE-
Cont, yet it was 59% and 122% significantly higher than
the Cont and DS treatments, respectively.
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In the context of sensitive wheat cultivar Shandawel 1
(Fig. 13), the control treatment registered a main spike
mass of 4.2+0.4 g, which significantly diminished by
50.0% under DS to 2.1£+0.1 g. However, the SPAE-Cont
treatment showed a significant main spike mass incre-
ment, recording 4.7+0.3 g. The combined SPAE+DS
treatment resulted in a notable decrease of 51% com-
pared to the SPAE-Cont treatment but still held a 10%
non-significant advantage over DS alone. This reiterates
that priming in S. platensis might alleviate some adverse
impacts of drought stress on the main spike mass. Con-
cerning grain yield per main spike, DS treatment signifi-
cantly decreased 59% from the control’s 3.2+£0.4 g. The
SPAE-Cont treatment yielded a non-significant induction
(3.610.4 g) oner the Cont treatment. However, the com-
bined SPAE+DS treatment resulted in a 56% significant
decrease from SPAE-Cont but still had a 23% non-signif-
icant advantage over DS alone, demonstrating the poten-
tial benefits of S. platensis in maintaining grain yield per
main spike under drought conditions. Observing 100
kernel mass, DS led to a 15% significant reduction from
the control’s 4.0£0.1 g, while the SPAE-Cont displayed
an impressive 43% enhancement (5.7%0.1 g). The com-
bined SPAE+DS treatment led to a 7.0% reduction from
SPAE-Cont but surpassed DS treatment by 56%. On the
other hand, the treatment with SPAE under drought con-
ditions eliminates the effect of the drought reduction and
boosts the kernel mass to 5.3 g compared to only 4 g in
the control, which is a 33% significant increase.

Regarding the tolerant cultivar Sakha 95, it exhibited a
different trend (Fig. 14). There was a decline of 41% from
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4.4%0.5 g under DS and a trivial 14% increase under
SPAE-Cont (5.0£0.0 g) from the control condition for
the main spike mass. The combined SPAE+DS treatment
witnessed a decrease of 32% from SPAE-Cont, yet it was
still 31% higher than DS alone. This further attests to the
mitigating role of S. platensis against drought stress. Sim-
ilar patterns were observed for grain yield per main spike
and 100 kernel mass in Sakha 95. DS triggered a 42%
significant decrease in grain yield per main spike from
the control’s 3.6+0.4 g and a minor 10% non-significant
induction under SPAE-Cont. Meanwhile, the combined
SPAE+DS treatment led to a 33% significant decrease in
comparison with SPAE-Cont, but it was still 29% non-
significantly higher than DS alone. For 100 kernel mass,
DS prompted a 16% significant decrease from the con-
trol, while SPAE-Cont showed a 6% significant increase.
The combined SPAE+DS treatment resulted in an 11%
decrease from SPAE-Cont, but it was still 12% signifi-
cantly higher than DS alone.

For the sensitive wheat cultivar, Shandawel 1 (Fig. 15),
the control treatment resulted in a biological yield per
plant equal to 9.8+2.4 g. Under the DS conditions, this
yield non-significantly fell by 69% to 5.8+0.9 g. In con-
trast, the SPAE-Cont treatment demonstrated an impres-
sive increase (138%), resulting in a biological yield of
23.313.3 g. When combined with DS (SPAE+DS), the
biological yield per plant diminished by 53% compared
to SPAE-Cont and maintained a 93% significant incre-
ment compared to DS alone, and a 14% non-significant
increment compared to Cont treatment. Analogous
patterns were seen in the straw yield per plant, with a
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Fig. 13 Effect of grain priming in S. platensis aqueous extract on main spike mass, grain yield/ main spike and 100 kernel mass of Shandawel 1 cultivar
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Fig. 14 Effect of grain priming in S. platensis aqueous extract on main spike mass, grain yield/ main spike and 100 kernel mass of Sakha 95 cultivar
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Fig. 15 Effect of grain priming in S. platensis aqueous extract on biological, straw, economic and crop yield/ plant of Shandawel 1 cultivar

slight increment under DS from the control’s 4.2+0.5 g,
whereas SPAE-Cont resulted in a 190% considerable
increase (12.2+4.3 g). In contrast, the SPAE+DS treat-
ment led to a substantial reduction from SPAE-Cont but
retained a 61% increase over DS alone and a 69% increase
over Cont treatment. Similarly, the economic yield per
plant dropped from 5.6%1.9 g under control conditions
to 1.5+0.3 g under DS, a significant decrease of 73%.

The SPAE-Cont exhibited the highest yield (11.1£+1.0 g),
highlighting the potential benefits of S. platensis. Even
under combined SPAE+DS treatment, the economic
yield still held a 153% advantage over DS alone. Regard-
ing crop yield per plant, DS caused a 58% reduction from
the control’s yield of 5.7+1.1 g. Nevertheless, the crop
yield under SPAE-Cont showed an impressive enhance-
ment (12.3+0.8 g). The combined SPAE+DS treatment
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led to a considerable 50% reduction from SPAE-Cont, but
it was still significantly superior (159%) to DS alone.
Parallel results were observed with the tolerant culti-
var, Sakha 95 (Fig. 16). A decrease of 46%, 38%, 53%, and
47% was noted in biological, straw, economic, and crop
yields, respectively, under DS compared to control condi-
tions. The beneficial effect of S. platensis was again clear
in SPAE-Cont conditions, with significant improvements
observed in all parameters. The combined SPAE+DS

treatment resulted in reductions from the SPAE-Cont.
Still, it maintained considerable advantages over DS
alone in all yield parameters, again reiterating the poten-
tial role of S. platensis in mitigating drought stress.

The evapotranspiration efficiency in Shandawel 1
(Fig. 17) was 0.67%£0.09 in the Cont treatment. This
value escalated non-significantly by 37% under DS to
0.921+0.15. However, the SPAE-Cont treatment exhib-
ited a whopping 191% increment, recording 1.95+0.69.
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The combined SPAE+DS treatment resulted in a 25%
decrease in evapotranspiration efficiency compared
to the SPAE-Cont treatment but still non-significantly
boasted a 62% edge over DS alone. Hence, pretreatment
with S. platensis may palliate some detrimental effects
of drought stress on evapotranspiration efficiency. For
water use efficiency (WUE) for grain, Shandawel 1 dis-
played a value of 0.90£0.30 under the control treatment
plummeting by 66% under DS to 0.31+0.06. Contrast-
ingly, the SPAE-Cont treatment boosted WUE for grain
to 1.77+0.16, marking a 97% surge from the control con-
dition. The combined SPAE+DS treatment showed a 3%
non-significant reduction compared to the Cont treat-
ment, yet it was 180% significantly higher than DS alone,
reaffirming S. platensis’s alleviating role against drought
stress. Regarding WUE for biomass, under control con-
ditions, Shandawel 1 marked a value of 1.57%0.39,
which decreased non-significantly by 21% under DS to
1.23£0.19. SPAE-Cont treatment, however, resulted in
a substantial increase of 137% from control, register-
ing 3.72%0.52. The combined SPAE+DS treatment wit-
nessed a 37% decrease compared to SPAE-Cont but still
significantly maintained a 91% advantage over DS alone
and a 50% advantage over the Cont treatment.

The tolerant cultivar Sakha 95 showed similar trends
in all three parameters (Fig. 18), evapotranspiration
efficiency, WUE for grain, and WUE for biomass. The
relative changes from control conditions to DS, from
control to SPAE-Cont, from SPAE-Cont to the combined
SPAE+DS, and from SPAE+DS to DS treatment for all
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these parameters reiterated the potential of S. platensis as
a drought stress mitigator.

According to 2WCR with LSD test at p<0.05, the
interaction between grain priming and watering level
factors had a high effect in Shandawel 1 (*** at p<0.05)
for peduncle length. In contrast, this interaction varied
from moderate too low to non-significant for the other
yield attributes as shown in Supplementary Table 3. The
interaction had a high effect in Sakha 95 (*** at p<0.05)
for the number of spikelets/ main spike only. In contrast,
this interaction reveals low significance for plant height,
shoot length, and the number of grains/ plant, and non-
significance for the rest of the yield parameters as shown
in Supplementary Table 4.

Alterations in biochemical aspects of yielded grains

In Shandawel 1, the control group presented a carbo-
hydrate concentration of 715.5+0.9 mg g~ ! d wt as
shown in Fig. 19, which significantly declined by 27%
under DS to 526.2+0.4 mg g~! d wt. Conversely, SPAE-
Cont treatment enhanced carbohydrate concentration
by 10% to 790.0+0.4 mg g~ d wt, and despite a 16%
reduction from SPAE-Cont to SPAE+DS, the latter still
marked a 26% increase over DS alone. Similarly, Sakha 95
showed a decline of 7.5% in carbohydrate concentration
under DS from the control’s 746.2+0.6 mg g~ d wt to
690.0+£2.8 mg g-1 d wt. SPAE treatments in Sakha 95 also
demonstrated an increase in carbohydrate concentration
with SPAE-Cont at 823.9+0.4 mg g~ ! d wt (10% increase)
and SPAE+DS at 7% higher than DS alone despite a 11%
decrease from SPAE-Cont.
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Fig. 18 Effect of grain priming in S. platensis aqueous extract on evapotranspiration efficiency, water use efficiency for grain, and water use efficiency for

biomass of Sakha 95 cultivar
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Regarding total protein content, as shown in Fig. 20,
Shandawel 1’s control condition showed a protein con-
centration of 93.4+0.3 mg g~ ' d wt, slightly decreasing
under DS to 91.2+0.3 mg g~ d wt. The SPAE-Cont and
SPAE+DS treatments increased protein concentrations
to 99.6+0.1 and 102.5+0.9 mg g~ ' d wt, respectively,
indicating significant improvements over control and
DS conditions. Sakha 95 exhibited a more pronounced

response, with SPAE treatments significantly boosting
protein concentrations from the control’s 94.4+0.4 mg
g ! d wt to 109.7+£0.4 mg g~ ' d wt in SPAE-Cont and a
remarkable 140.5+0.2 mg g~ ! d wt in SPAE+DS, repre-
senting a 52% significant increase over the DS treatment.

According to 2WCR with LSD test at p<0.05 as shown
in Supplementary Tables 3 and 4, the interaction between
grain priming and drought had a high effect in both
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cultivars (*** at p<0.05) for grain total carbohydrate con-
tent. The interaction had a low effect in Shandawel 1 (* at
p<0.05) for grain total protein content but it had a high
effect in Sakha 95 (*** at p<0.05) for grain total protein
content.

Discussion

Flag Leaf is the most expanded wheat organ, with its
agronomic features being highly affected by drought.
The data obtained from the recent study indicated that
drought caused a significant decrease in fresh mass,
dry mass, water content, succulence degree, succulence
quotient, area, and specific area of the flag leaf of the
two studied cultivars. The percentage of the decrease in
those parameters was higher in the Shandawel 1 cultivar
than in the Sakha 95 cultivar, indicating the sensitivity of
Shandawel 1 and the tolerance of Sakaha 95. The reduc-
tion in those parameters due to drought aligns with find-
ings reported in other drought-related studies [56-58].

The diminution in flag leaf biomass, water content, suc-
culence degree, succulence, succulence quotient, area,
and specific area can be ascribed to several drought-
induced phenomena: (i) a decline in cellular turgor pres-
sure, ostensibly obstructing cell division, enlargement,
and differentiation [59], (ii) an encumbered assimilate
supply, largely attributed to the limitations imposed on
critical plant processes, predominantly photosynthe-
sis [60], (iii) a perturbation in nutrient availability, con-
comitant with a diminished water supply [61], and/or, (iv)
a temporal shift, manifesting as delayed leaf emergence
and precipitated leaf senescence [62].

From a different perspective, it is proposed that the
observed reduction in leaf biomass may manifest as an
intrinsic adaptive mechanism invoked by the studied
wheat cultivars to grapple with water scarcity [63]. Alter-
natively, the observed decreases in leaf area and spe-
cific area might be interpreted as adaptive strategies for
drought tolerance, achieved by (i) minimizing the trans-
piring surface area and conserving water [64] and (ii)
safeguarding crucial energy reserves, including carbohy-
drates [65]. This retardation in leaf growth under drought
conditions may be viewed either as a negative impact of
water stress or as an adaptation to cope with such chal-
lenging environments.

Researchers identified two primary metrics for evalu-
ating leaf succulence: the succulence degree and the suc-
culence quotient [66]. The succulence degree, quantifying
water content per unit leaf area, is thought to reflect a
plant’s adaptation to arid conditions, with more suc-
culent organs presumably indicating greater water stor-
age capabilities. The succulence quotient, gauging water
content per unit of organic matter, is believed to offer
insights into the energy expenditure of a leaf for water
conservation. Moreover, the degree of leaf sclerophylly
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is defined as the dry mass accumulated per unit leaf area
increased in response to drought conditions based on
three hypotheses, positing sclerophylly as (i) an adapta-
tion to water scarcity, (ii) a result of nutrient deficiency,
and (iii) a tactic to extend leaf lifespan and boost carbon
acquisition [67].

A significant enhancement in flag leaf agronomic fea-
tures upon the administration of S. platensis aqueous
extract (SPAE) for both unstressed (SPAE-Cont treat-
ment) and stressed (SPAE+DS) plants was noted in both
cultivars. This enhancement is consistent with previous
studies showing that S. platensis can act as a biostimu-
lant to enhance plant growth [68] and ameliorate stress
[69]. The multifaceted benefits of the SPAE, even amidst
water stress scenarios, can be ascribed to many intrinsic
properties and external interactions. Firstly, nutritional,
and bioactive benefits: the SPAE boasts an ensemble of
vital nutrients and bioactive compounds. These include
but are not limited to, amino acids, vitamins, minerals,
and antioxidants, which are reputed for bolstering plant
growth and conferring resilience against stresses. Their
roles include fortifying photosynthesis, optimizing water
dynamics, and buttressing plant health and vitality [70].
Secondly, modulation of plant growth hormones: the
hypotheses posit that SPAE potentially acts as a cata-
lyst, stimulating the biosynthesis of crucial plant growth
hormones like auxins and cytokinins. These hormones
are cardinal regulators of plant physiological dynam-
ics, encompassing cellular division, differentiation, and
extension. Such modulation can manifest as heightened
biomass production, refined root architecture, and an
uptick in nutrient assimilation efficiency [71]. Thirdly,
alleviation of oxidative stress: the antioxidative attributes
of SPAE are crucial, especially under water-stressed sce-
narios. By limiting oxidative stress in plant tissues, the
extract appears to offset the deleterious impacts of water
stress, culminating in enhanced plant growth and func-
tion [72].

Drought notably impacts photosynthesis, and the pig-
mentation system can directly indicate its efficiency.
Therefore, determining the amount of photosynthetic
pigment in wheat under drought conditions was of par-
amount importance for this study. The current study
revealed that drought led to a notable decrease in chlo-
rophyll-a, chlorophyll-b, and total chlorophyll content of
flag leaves in both cultivars. The reduction in the content
of chlorophyll aligns with findings from similar research
on stressed wheat and stress-affected plants [73, 74]. Sev-
eral factors could account for this reduction: pigment
breakdown from accumulated reactive oxygen species
[75], diminished pigment synthesis [76], increased activ-
ity of chlorophyllase breaking down pigments [77], or
disruptions in the synthesis of proteins crucial to chlo-
rophyll [78]. Furthermore, the reduced presence or the
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plant’s diminished capacity to absorb elements like Mg
and Fe can decrease pigment content.

The results also showed a substantial increase in
the content of carotenoids due to the drought condi-
tions, comparable to the increase observed in a study on
wheat subjected to drought stress [79]. It is found that,
determined that carotenoids are crucial under stress
conditions, fulfilling several key functions: (i) captur-
ing light via singlet state energy transfer, (ii) main-
taining plastid structure integrity, (iii) safeguarding
chlorophylls by quenching their triplet state, (iv) neutral-
izing certain reactive oxygen species (ROS), particularly
singlet oxygen, and (v) dissipating surplus energy [80].
The increased ratio of carotenoids to total chlorophylls
due to drought might be attributed to the crucial role
that carotenoids play in various protective mechanisms
[81]. When examining the CSI, an indicator of pigment
stability under stress, higher values hint at a greater chlo-
rophyll availability, aiding plants in combating stress by
enhancing their photosynthetic output [82]. The current
study indicated that drought led to a significant drop in
CSI, as observed in another study on wheat [83].

S. platensis treatments reinforced the pigmentation
in both stressed and unstressed wheat. Multiple rea-
sons could explain the enhanced pigmentation in wheat
treated with SPAE. It is plausible that the extract, rich in
pigments like phycocyanin, chlorophyll, and carotenoids,
could be absorbed by the plants, thus amplifying their
pigmentation system and overall resilience [84]. More-
over, the extract might activate genes responsible for
pigment synthesis in plants, as previous work has shown
its effects on tomatoes and rice [85]. The results reso-
nate with other recent studies that highlight the positive
effects of biostimulants in mitigating plant stress [86].

Foliage gas exchange characteristics are pivotal in influ-
encing plant photosynthetic performance due to genetic
and environmental variances [87]. The photosynthesis
rate, a key driver of plant productivity, has been notably
identified as a chief indicator predominantly impacted
by drought conditions. Observations from the current
research revealed a significant decline in the photosyn-
thetic rate due to drought in both cultivars, matching the
results obtained from other studies on different plants
[88, 89]. The photosynthesis rate often declines because
of drought due to either stomatal or non-stomatal fac-
tors. Stomatal limitations are commonly associated with
reduced CO, availability as stomata tend to close. While
this stomatal closure primarily serves as a protective
response against tissue dehydration, it may restrict CO,
availability or assimilation [90]. On the other hand, non-
stomatal limitations can arise from (i) limited CO, diffu-
sion through the mesophyll, (ii) compromised activity of
crucial enzymes, notably ribulose-1,5-bisphosphate car-
boxylase/oxygenase (RuBisCO), (iii) degradation of leaf
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cellular architecture, or (iv) decreased CO, permeabil-
ity due to dehydration’s adverse effects on leaf cell walls,
plasma membranes, and cuticle [91].

The study’s findings reveal that SPAE significantly
boosts the photosynthetic rate in two wheat cultivars
under SPAE-Cont compared to the Cont treatment, sug-
gesting that S. platensis enhances photosynthetic pro-
cesses. Moreover, under SPAE+DS, photosynthesis rates
exceeded those observed under DS alone, highlighting S.
platensis’s protective effects on photosynthetic machin-
ery against the adverse impacts of drought. This enhance-
ment may be caused by antioxidants in S. platensis, like
phycocyanin. This pigment-protein complex collabora-
tively functions with chlorophyll in the process of pho-
tosynthesis, which is shown to scavenge free radicals,
safeguard cells against oxidative damage, and maintain
photosynthetic efficiency [92]. Likewise, plant growth
stimulators in S. platensis, such as auxins and cytokinins
[93], potentially boost growth and photosynthesis under
stress. Prior work supports SPAE-enhanced photosyn-
thesis under stress [94].

In the study findings, the transpiration rate in the two
wheat cultivars declined significantly due to the drought.
The reduced rates of transpiration under DS and
SPAE+DS treatments are consistent with findings from
other research involving different plants [95, 96]. It’s the-
orized that this drop in transpiration rate, attributed to
water shortages, is due to an inhibition of photosynthe-
sis, which, coupled with CO, accumulation in the stoma-
tal guard cells, may lead to partial or complete stomatal
closure [97]. The identified decrease in transpiration rate
may be viewed as an adaptive mechanism for the wheat
plants to endure drought conditions.

Additionally, the process by which a plant leaf achieves
carbon gain via photosynthesis in relation to water loss
through transpiration has been identified in this study
as pWUE. The findings of the present investigation high-
light that drought conditions led to a notable reduction
in the pWUE of Shandawel 1, whereas Sakha 95 expe-
rienced a negligible decrease which aligns with studies
that reported a downturn in pWUE for certain wheat
strains under drought conditions [45]. This reduction in
pWUE under drought circumstances might stem from
the adverse impacts of stress on the rate of photosynthe-
sis and transpiration. However, wheat cultivars like Sakha
95, which exhibit minimal changes in pWUE during
stress, might suggest an ability to maintain substantial
or at least decent biomass build-up without significant
water loss [48].

This study’s results demonstrate SPAE’s potential to sig-
nificantly enhance pWUE, matching with the study that
reported increased pWUE in plants treated with a bios-
timulant [98]. This pWUE enhancement could be attrib-
uted to; (i) SPAE is rich in bioactive compounds reported
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to have antioxidant properties which help in protecting
the plant cells from oxidative damage caused by drought
stress, thus maintaining cellular function and potentially
allowing for more efficient water use, (ii) applying SPAE
could potentially influence stomatal behaviour, leading to
a more controlled water loss and enhanced carbon diox-
ide uptake under drought conditions [99].

Stomatal conductance (gs) is a critical parameter in
plant physiology, reflecting the ability of stomata to regu-
late the exchange of gases between the leaf and the atmo-
sphere [100]. It is a key factor influencing CO, uptake by
plants [101]. It is intimately linked with photosynthetic
and water use efficiency, especially under drought-stress
conditions [102]. In this study, the sensitive wheat cul-
tivar Shandawel 1 showed a substantial decrease in gs
under DS. It is a typical response to drought, as plants
tend to close their stomata to conserve water, which can
reduce photosynthetic capacity [103]. Applying SPAE-
Cont under non-stress conditions led to a significant
increase in gs, which suggests that SPAE may stimu-
late stomatal opening or improve leaf water status, as
has been observed in other studies where biostimulants
increased gs [104]. When Shandawel 1 was treated with
SPAE+DS, gs significantly improved compared to DS
treatment alone. It indicates that SPAE, as its biostimu-
lant effect, may provide some mitigation of drought-
induced stomatal closure, potentially due to the presence
of osmoprotectants, hormones, or other stress-alleviat-
ing compounds in the extract [105].

The drought-tolerant cultivar Sakha 95 had a higher
baseline gs under control conditions, reflecting its greater
tolerance to water stress. It is consistent with previous
research indicating that drought-tolerant cultivars often
maintain higher gs under stress conditions [106]. Inter-
estingly, the SPAE-Cont treatment for Sakha 95 led to a
decrease in gs, which is lower than the control but still
higher than the SPAE+DS treatment, further reduc-
ing gs. Mesophyll conductance (gm) is an essential fac-
tor influencing CO, diffusion within the leaf [107]. The
results of this study show a significant enhancement
in gm in both cultivars following SPAE treatment and
SPAE+DS treatment when compared to DS treatment
only. It suggests that S. platensis pre-treatment mitigates
the adverse impacts of drought stress on mesophyll con-
ductance. For instance, a study demonstrated increased
gm in plants treated with biostimulants under drought
stress [108]. Increasing gm with SPAE treatment suggests
improved internal CO, diffusion, which could enhance
photosynthetic efficiency [109]. The higher gm in SPAE-
Cont treatments could be indicative of alterations in leaf
anatomy or biochemistry, such as increased chloroplast
distribution or aquaporin activity [110].

Carbohydrates, the primary photosynthetic products,
are one of the most important organic components of the
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plant’s cellular dry matter; their amounts fluctuate highly
under drought stress [111]. Various experimental stud-
ies could document the accumulation of carbohydrates
in different plants because of limited water supply [112,
113]. Accumulating carbohydrates under stressful condi-
tions can be considered a potent tolerance strategy, could
decrease cellular water potential, and contribute to the
avoidance of ROS-induced oxidative injury. As another
carbohydrate, trehalose was generally reported to be
present in relatively trace amounts under control condi-
tions, while its concentration significantly increased on
plant exposure to stress. In this context, it was assumed
that trehalose accumulation in plants facing drought is
an effective strategy to cope with stress since trehalose
could conserve the photosynthetic electron transport
chain, stabilize proteins and membrane lipids, quench
free radicals, and sustain osmotic adjustment [114].
Drought-induced reduction in leaf polysaccharide con-
tent in Shandawel 1 can be attributed to the stress caused
by a drop in leaf chlorophyll content with consequent
suppression of photosynthetic efficiency and carbon gain.
Alternatively, such a drop in leaf polysaccharide content
could be considered a trial from the stressed plants to
withstand stress by obtaining simpler sugars from poly-
saccharides to sustain proper growth [115].

The findings of this study demonstrate that the appli-
cation of S. platensis significantly enhances the con-
centration of TSS in both cultivars, particularly under
drought-stress conditions. These results are consistent
with previous research highlighting the potential of S.
platensis as a biofertilizer in enhancing the growth of
Lupinus luteus by an accumulation of soluble sugars
[116]. The significant increase in TSS content follow-
ing SPAE+DS treatment suggests that S. platensis may
enhance the overall soluble sugar content of the wheat
cultivars, which is a crucial factor in plant stress toler-
ance. Soluble sugars play a vital role in osmotic adjust-
ment, scavengers, and signalling under stress conditions
[117]. Furthermore, the more significant increase in tre-
halose, polysaccharides, and total carbohydrate content
under the SPAE+DS treatment suggests that S. platen-
sis may synergistically affect drought stress in enhancing
sugar metabolism. This increase is in line with the find-
ings of another study that reported that biostimulants
can enhance plant stress responses by modulating meta-
bolic pathways and activating stress-related genes [118].

Yield, the paramount economic characteristic of wheat,
and its grain production serve as the primary criteria
for drought tolerance. In this study, a significant reduc-
tion was observed in yield attributes due to water stress
in both wheat cultivars, with Sakha 95 experiencing a
lesser decrease, matching with other studies [119, 120].
The decrease in wheat yield due to water stress can be
linked to drought’s inhibitory impact on plant growth,
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stemming from the suppression of various metabolic
processes. Additionally, drought conditions necessitate
high energy and carbohydrate expenditure for osmoregu-
lation and disrupt normal cell functions, further contrib-
uting to the reduction in photosynthesis and overall yield
[121].

The study provides compelling evidence that the appli-
cation of SPAE wheat grains in SPAE can greatly enhance
yield productivity compared to the control treatment
and also mitigate the adverse impacts of drought on yield
attributes compared to the drought stress treatment in
both cultivars. This enhancement effect, rooted in the
extract’s nutritional, growth-promoting, and stress-mit-
igating properties, resonates with the findings of recent
literature demonstrating the potential of algal biostimu-
lants to improve crop resilience under abiotic stresses
[72]. The positive effect of SPAE on wheat height, shoot
length, spike length, and tiller number under drought
stress corroborates earlier work where an algal extract
increased tillering and maintained plant height in water-
stressed wheat and these effects to enhanced nutrient
absorption and growth hormone levels stimulated by the
biostimulants [122].

The increase in spike number, spikelets number, and
grains number per spike and plant due to SPAE aligns
with another study that reported improved spike char-
acteristics and grain number in droughted wheat treated
with seaweed extracts compared to untreated controls
[123]. This increase reflects the potential of algal bios-
timulants to ensure efficient flowering and grain develop-
ment even under moisture-deficit conditions. The study
observation that SPAE maintained economic grain yield
under drought parallels results in a study [124], where
brown algal extracts significantly improved grain yield
in drought-stressed wheat by increasing assimilation and
remobilization of stem reserves to grain. The positive
impact of SPAE on yield attributes was more explicit in
the drought-sensitive Shandawel 1 cultivar than in the
tolerant Sakha 95, in agreement with other study, wheat
cultivars differing in drought susceptibility responded
differently to biostimulant application under water stress
[125].

Drought stress has been recognized as a substan-
tial challenge to crop production and quality, affecting
numerous physiological and biochemical parameters in
plants [126]. The results showed a decline in carbohy-
drate concentrations under drought stress conditions in
both cultivars. Previous studies have suggested drought
stress can hinder plant carbohydrate metabolism, reduc-
ing grain quality and yield [127]. The observed reduction
could be attributed to reduced photosynthesis and altera-
tions in carbohydrate metabolism induced by drought
stress [128]. Interestingly, the application of SPAE
appeared to play a pivotal role in offsetting the negative
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impacts of drought stress, particularly on the carbohy-
drate content of the sensitive cultivar. The SPAE-Cont
enhanced carbohydrate concentrations in both cultivars.
Furthermore, when combined with SPAE+DS, the car-
bohydrate concentration, although decreased compared
to the SPAE-Cont, was still higher than DS alone for both
cultivars. It suggests that bioactive compounds in S. pla-
tensis might enhance carbohydrate metabolism or pro-
tect against drought-induced oxidative stress [129].
Regarding total protein concentration, drought stress
caused a slight reduction in both cultivars. Applying
SPAE led to an increase in protein concentration, even
surpassing the control values. Remarkably, in the toler-
ant cultivar, Sakha 95, the combined SPAE+DS treat-
ment showcased a protein concentration of 49.0% higher
than DS alone and 28.0% over the control. This marked
increase might imply that S. platensis compounds not
only counteract the adverse effects of drought stress but
may also have a synergistic effect, stimulating protein
synthesis or accumulation. Some studies have reported
that cyanobacterial extracts can enhance nitrogen assimi-
lation, increasing plant protein concentrations [130].

Conclusion

Severe environmental conditions, particularly drought,
significantly inhibit agricultural development by chal-
lenging plant growth and productivity. Drought stress
and diminishing water resources impair these chal-
lenges, necessitating innovative agriculture strategies
to boost cereal production in the face of rising global
food demand. Water’s role in plant growth underscores
the necessity for understanding and improving plants’
drought resistance mechanisms. This research has high-
lighted the complex adaptive responses of wheat to
drought, revealing the promising role of Spirulina platen-
sis aqueous extract (SPAE) in enhancing plant resistance.
SPAE-treated wheat exhibited improved agronomic
performance, physiological attributes, and biochemical
profiles, even under drought conditions, signifying that
the extract could be used as a biostimulant. The study
findings contribute to understanding plant responses to
drought and the beneficial application of biostimulants,
offering valuable insights for sustainable agricultural
practices and food security.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512870-024-04905-z.

[ Supplementary Material 1 J

Acknowledgements

The authors thank the Botany Department, Mansoura University, Egypt,
for allowing them to use all available laboratory facilities to finish these
experiments and the Research Funding Unit, Mansoura University, Egypt,


https://doi.org/10.1186/s12870-024-04905-z
https://doi.org/10.1186/s12870-024-04905-z

Elnajar et al. BMC Plant Biology (2024) 24:233

for partially funding this research. Also, great appreciation and thanks to The
Science, Technology & Innovation Funding Authority (STDF) and The Egyptian
Knowledge Bank (EKB) for open-access publication funding.

Author contributions

M.E., HA., MA, and E.E. conceived and designed research. M.E. conducted
experiments. M.E,, HAA, M.A, and E.E. analysed data. M.E. and E.E. wrote the
manuscript. All authors read, revised and approved the manuscript.

Funding

work has been supported equally by the authors and Botany Department,
Faculty of Science, Mansoura University, Egypt, by providing all facilities and
partially funded by the Research Funding Unit, Mansoura University, Egypt.
Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKB).

Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKB).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethical approval
This article does not contain any studies with human participants or animals
performed by any of the authors.

Consent to participate

We confirm that the manuscript has been read and approved by all named
authors and that there are no other persons who satisfied the criteria for
authorship but are not listed. We further confirm that the order of authors
listed in the manuscript has been approved by all of us.

Consent for publication

We understand that the Corresponding Author is the sole contact for the
Editorial process (including Editorial Manager and direct communications with
the office). He is responsible for communicating with the other authors about
progress, submissions of revisions and final approval of proofs. We confirm
that we have provided a current, correct email address which is accessible by
the Corresponding Author and which has been configured to accept email
from eladl@mans.edu.eg.

Competing interests
The authors declare no competing interests.

Received: 27 November 2023 / Accepted: 13 March 2024
Published online: 02 April 2024

References

1. Yitayew YA, Sisay DT, Ayalew D. Sources of bread wheat (Triticum aestivum L.)
seed in northwest Ethiopia. Discover Sustain. 2023;4(1):6.

2. Matinha-Cardoso J, Santos T, Pereira H, Varela J, Tamagnini P, Mota R. Pilot
scale production of Crocosphaera chwakensis CCYO110 and evaluation of its
biomass nutritional potential. Algal Res. 2023;69:102939.

3. TiwariH, Naresh R, Bhatt R, KumarY, Das D, Kataria S. Underutilized nutrient
Rich millets: challenges and solutions for India’s Food and Nutritional Secu-
rity: a review. Int J Plant Soil Sci. 2023;35(2):45-56.

4. Koua AP, Oyiga BC, Baig MM, Léon J, Ballvora A. Breeding driven enrichment
of genetic variation for key yield components and grain starch content under
drought stress in winter wheat. Front Plant Sci. 2021;12:684205.

5. AlsafadiK, Bi S, Abdo HG, Aimohamad H, Alatrach B, Srivastava AK, Al-Mutiry
M, Bal SK, Chandran M, Mohammed S. Modeling the impacts of projected
climate change on wheat crop suitability in semi-arid regions using the
AHP-based weighted climatic suitability index and CMIP6. Geoscience Lett.
2023;10(1):1-21.

6. Al-Hugail AA, Saleem MH, Ali B, Azeem M, Mumtaz S, Yasin G, Marc
RA, Ali S. Efficacy of priming wheat (Triticum aestivum) seeds with a

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 24 of 27

benzothiazine derivative to improve drought stress tolerance. Funct Plant
Biol. 2023;50(11):915-31.

Zulfigar S, Sharif S, Saeed M, Tahir A. Role of carotenoids in photosynthesis.
Carotenoids: Struct Function Hum body. 2021;147:187.

Wahab A, Abdi G, Saleem MH, Ali B, Ullah S, Shah W, Mumtaz S, Yasin G, Mure-
san CC, Marc RA. Plants' physio-biochemical and phyto-hormonal responses
to alleviate the adverse effects of drought stress: a comprehensive review.
Plants. 2022;11(13):1620.

Huseynova IM, Rustamova SM, Suleymanov SY, Aliyeva DR, Mammadov AC,
Aliyev JA. Drought-induced changes in photosynthetic apparatus and anti-
oxidant components of wheat (Triticum durum Desf.) Varieties. Photosynth
Res. 2016;130(1-3):215-23.

Ibrahim MU, Khalig A, Hussain S, Murtaza G. Sorghum water extract applica-
tion mediates antioxidant defense and confers drought stress tolerance in
wheat. J Plant Growth Regul. 2022;41(2):863-74.

Anjum SA, Ashraf U, Zohaib A, Tanveer M, Naeem M, Ali |, Tabassum T, Nazir U.
Growth and developmental responses of crop plants under drought stress: a
review. Zemdirbyste-Agriculture. 2017;104(3):267-76.

Harrison EL, Arce Cubas L, Gray JE, Hepworth C. The influence of stomatal
morphology and distribution on photosynthetic gas exchange. Plant J.
2020;101(4):768-79.

Kapoor D, Bhardwaj S, Landi M, Sharma A, Ramakrishnan M, Sharma A. The
impact of drought in plant metabolism: how to exploit tolerance mecha-
nisms to increase crop production. Appl Sci. 2020;10(16):5692.

Daryanto S, Wang L, Jacinthe P-A. Global synthesis of drought effects on
maize and wheat production. PLoS ONE. 2016;11(5):e0156362.

Rijal B, Baduwal P, Chaudhary M, Chapagain S, Khanal S, Khanal S, Poudel PB.
Drought stress impacts on wheat and its resistance mechanisms. Malays J
Sustain Agric. 2021;5:67-76.

Magbool S, Hassan MA, Xia X, York LM, Rasheed A, He Z. Root system
architecture in cereals: progress, challenges and perspective. Plant J.
2022;110(1):23-42.

Onyemaobi O, Sangma H, Garg G, Wallace X, Kleven S, Suwanchaikasem

P, Roessner U, Dolferus R. Reproductive stage drought tolerance in wheat:
importance of stomatal conductance and plant growth regulators. Genes.
2021;12(11):1742.

Ulfat A, Shokat S, Li X, Fang L, Grosskinsky DK, Majid SA, Roitsch T, Liu F.
Elevated carbon dioxide alleviates the negative impact of drought on wheat
by modulating plant metabolism and physiology. Agric Water Manage.
2021;250:106804.

Hasan H, Gul A, Amir R, Ali M, Kubra G, Yousaf S, Ajmal KB, Naseer H, Keyani R.
Role of osmoprotectants and drought tolerance in wheat. Climate Change
and Food security with emphasis on wheat. Elsevier; 2020. pp. 207-16.
Hossain A, Skalicky M, Brestic M, Maitra S, Ashraful Alam M, Syed MA, Hossain
J,Sarkar S, Saha S, Bhadra P. Consequences and mitigation strategies of
abiotic stresses in wheat (Triticum aestivum L.) under the changing climate.
Agronomy. 2021;11(2):241.

Raj AB, Raj SK. Seed priming: an approach towards agricultural sustainability. J
Appl Nat Sci. 2019;11(1):227-34.

Hussain S, Ali B, Sagib M. Seed priming to enhance salt and drought stress
tolerance in plants: advances and prospects. Clim Change Crop Stress
2022:441-64.

Reddy KS, Wakchaure G, Khapte P, Changan S. Plant bio-stimulants for Miti-
gating Abiotic stresses in Agriculture. Indian J Fertil. 2023;19:788-800.
Hussein MH, Eltanahy E, Al Bakry AF, Elsafty N, Elshamy MM. Seaweed extracts
as prospective plant growth bio-stimulant and salinity stress alleviator for
Vigna sinensis and Zea mays. J Appl Phycol. 2021,33(2):1273-91.

Elsheikh S, Eltanahy E. Chap. 3 - Overview of secondary metabolites in
cyanobacteria: a potential source of plant growth-promoting and abiotic
stress resistance. In: Bacterial Secondary Metabolites Edited by Abd-Elsalam KA,
Mohamed Hl: Elsevier; 2024: 29-57.

Osman ME-AH, Abo-Shady AM, Gaafar RM, EI-Nagar MM, Ismail GA. Promot-
ing wheat growth by priming grains with aqueous extracts of Nostoc musco-
rum and Arthrospira platensis. Egypt J Bot. 2021,61(3):809-21.

Kusvuran S. Microalgae (Chlorella vulgaris Beijerinck) alleviates drought stress
of broccoli plants by improving nutrient uptake, secondary metabolites, and
antioxidative defense system. Hortic Plant J. 2021,7(3):221-31.

Santini G, Biondi N, Rodolfi L, Tredici MR. Plant biostimulants from cyanobac-
teria: an emerging strategy to improve yields and sustainability in agriculture.
Plants. 2021;10(4):643.

Thangaraj M, Saravana BP, Thanasekaran J, Joen-Rong S, Manubolu M,
Pathakoti K. Phytochemicals of algae, Arthospira platensis (spirulina)



Elnajar et al. BMC Plant Biology

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51
52.

53.
54.

(2024) 24:233

Chlorella vulgaris (chlorella) and Azolla pinnata (azolla). GSC Biol Pharm Sci.
2022;19(2):023-43.

Poudel M, Mendes R, Costa LA, Bueno CG, Meng Y, Folimonova SY, Garrett KA,
Martins SJ. The role of plant-associated bacteria, fungi, and viruses in drought
stress mitigation. Front Microbiol. 2021;12:3058.

Kour D, Yadav AN. Bacterial mitigation of drought stress in plants: current
perspectives and future challenges. Curr Microbiol. 2022,79(9):248.

Shaffique S, Khan MA, Imran M, Kang S-M, Park Y-S, Wani SH, Lee I-J. Research
progress in the field of microbial mitigation of drought stress in plants. Front
Plant Sci. 2022;13:870626.

Sosnowski J, Truba M, Vasileva V. The impact of auxin and cytokinin on the
growth and development of selected crops. Agriculture. 2023;13(3):724.
Zarrouk C. Contribution a I'etude d'une Cyanophycee. Influence de Divers
Facteurs Physiques et Chimiques sur la croissance et la photosynthese de
Spirulina mixima. Thesis University of Paris, France 1966.

Saad S, Hussien MH, Abou-EIWafa GS, Aldesuquy HS, Eltanahy E. Filter cake
extract from the beet sugar industry as an economic growth medium for the
production of Spirulina platensis as a microbial cell factory for protein. Microb
Cell Fact. 2023;22(1):136.

Quarrie S, Jones H. Genotypic variation in leaf water potential, stomatal
conductance and abscisic acid concentration in spring wheat subjected to
artificial drought stress. Ann Botany. 1979,44(3):323-32.

Beadle C. Growth analysis. Photosynthesis and production in a changing envi-
ronment: a field and laboratory manual 1993:36-46.

Mickky BM. Could sodium benzoate enhance broad bean salinity tolerance?
i. Seedling vigor, membrane features, antioxidant enzymes and osmolytes. J
Chem Biol Phys Sci (JCBPS). 2016;6(2):313.

Witkowski E, Lamont BB. Leaf specific mass confounds leaf density and thick-
ness. Oecologia. 1991,88(4):486-93.

von Willert DJ, Eller BM, Werger MJA, Brinckmann E. Desert succulents and
their life strategies. Vegetatio. 1990,90(2):133-43.

Arnon DI. Copper enzymes in isolated chloroplasts. Polyphenoloxidase in
Beta vulgaris. Plant Physiol. 1949;24(1):1.

Horvéth G, Kissimon J, Faludi-Déniel A. Effect of light intensity on the forma-
tion of carotenoids in normal and mutant maize leaves. Phytochemistry.
1972;11(1):183-7.

Kissimon J. Analysis of the photosynthetic pigment composition. In: Proceed-
ings of the International Workshop and Training Course on Microalgal Biol and
Biotech Mosonmagyar, Hungary: 1999. 13-26.

Sairam R, Deshmukh P, Shukla D. Tolerance of drought and temperature
stress in relation to increased antioxidant enzyme activity in wheat. J Agron
Crop Sci. 1997;178(3):171-8.

Biesaga-Koscielniak J, Ostrowska A, Filek M, Dziurka M, Waligérski P, Mirek

M, Koscielniak J. Evaluation of spring wheat (20 varieties) adaptation to soil
drought during seedlings growth stage. Agriculture. 2014;4(2):.96-112.

Yin C, Berninger F, Li C. Photosynthetic responses of Populus Przewalski sub-
jected to drought stress. Photosynthetica. 2006;44(1):62-8.

Kubota F, Hamid A. Comparative analysis of dry matter production and
photosynthesis between mungbean (Vigna radiata (L.) and black gram (V.
Mungo (L) Hepper) grown in different light intensities. J Fac Agric Kyushu
Univ. 1992;37(1):71-80.

Agnihotri R, Palni L, Chandra S, Joshi S. Gas exchange variability and

water use efficiency of thirty landraces of rice still under cultivation in
Kumaun region of the Indian Central Himalaya. Physiol Mol Biology Plants.
2009;15(4):303-10.

Yanez A, Tapia G, Guerra F, Del Pozo A. Stem carbohydrate dynamics and
expression of genes involved in fructan accumulation and remobilization
during grain growth in wheat (Triticum aestivum L) genotypes with contrast-
ing tolerance to water stress. PLoS ONE. 2017;12(5):e0177667.

Fu L, Bounelis P, Dey N, Browne BL, Marchase RB, Bedwell DM. The post-
translational modification of phosphoglucomutase is regulated by galactose
induction and glucose repression in Saccharomyces cerevisiae. J Bacteriol.
1995;177(11):3087-94.

Sadasivam S, Manickam A. Ascorbic acid. Biochemical Methods New Age
International Publishers,(2nd Edition), Ned Delhi, India 1996:185-186.

Ehdaie B, Waines JG. Variation in water-use efficiency and its components in
wheat: . well-watered pot experiment. Crop Sci. 1993;33(2):294-9.

Stanhill G. Water use efficiency. Adv Agron. 1986;39:53-85.

Scarponi L, Perucci P. The effect of a number of S-triazines on the activity of
maize delta aminolivulinate dehydratase. Agrochimica. 1986;30:36-44.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Page 25 of 27

Bradford MM. A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein-dye binding. Anal
Biochem. 1976;72(1-2):248-54.

Tamové L, Tarkowské D, Rehotové K, Markova H, Koc¢ova M, Rothova O,
Cecetka P, Hola D. Drought-tolerant and drought-sensitive genotypes of
maize (Zea mays L) differ in contents of endogenous brassinosteroids and
their drought-induced changes. PLoS ONE. 2018;13(5):e0197870.

Aldesuquy H, Ibraheem F, Ghanem H. Exogenously supplied salicylic acid
and trehalose protect growth vigor, chlorophylls and thylakoid membranes
of wheat flag leaf from drought-induced damage. J Agric for Meteorol Res.
2018;1(1):13-20.

JacobV, Choat B, Churchill AC, Zhang H, Barton CV, Krishnananthaselvan A,
Post AK, Power SA, Medlyn BE, Tissue DT. High safety margins to drought-
induced hydraulic failure found in five pasture grasses. Plant Cell Environ.
2022;45(6):1631-46.

Larysch E, Stangler D, Puhlmann H, Rathgeber C, Seifert T, Kahle HP. The 2018
hot drought pushed conifer wood formation to the limit of its plasticity:
consequences for woody biomass production and tree ring structure. Plant
Biol. 2022;24(7):1171-85.

Chaudhary S, Priya M, Jha UC, Pratap A, HanumanthaRao B, Singh |, Prasad
PV, Siddique KH, Nayyar H. Approaches toward developing heat and drought
tolerance in mungbean. Developing Clim Resilient Grain Forage Legumes
2022:205-34.

Mastalerczuk G, Borawska-Jarmutowicz B, Darkalt A. Changes in the physi-
ological and morphometric characteristics and biomass distribution of forage
grasses growing under conditions of drought and silicon application. Plants.
2022;12(1):16.

Kang Y, Seminario A, Udvardi M, Annicchiarico P. Physiological and biochemi-
cal adaptive traits support the specific breeding of alfalfa (Medicago sativa)
for severely drought-stressed or moisture-favourable environments. J Agron
Crop Sci. 2023;209(1):132-43.

Delfin EF, Drobnitch ST, Comas LH. Plant strategies for maximizing growth
during water stress and subsequent recovery in Solanum melongena
L.(eggplant). PLoS ONE. 2021;16(9):e0256342.

Namich AA, Emara M. Response of cotton cultivar Giza 86 to applica-

tion of glycine betaine under drought conditions. Minufiya J Agric Res.
2007;32(6):1637-51.

Mickky B, Aldesuquy H, Elnajar M. Drought-induced change in yield capacity
of ten wheat cultivars in relation to their vegetative characteristics at heading
stage. Physiol Mol Biology Plants. 2019;25(5):1137-48.

Jones LA. Anatomical adaptations of four Crassula species to water availabil-
ity. Bioscience Horizons. 2011;4(1):13-22.

Edwards C, Read J, Sanson G. Characterising sclerophylly: some mechanical
properties of leaves from heath and forest. Oecologia. 2000;123(2):158-67.
Gharib FAEL, Osama k, Sattar AMAE, Ahmed EZ. Impact of Chlorella vulgaris,
Nannochloropsis salina, and Arthrospira platensis as bio-stimulants on
common bean plant growth, yield and antioxidant capacity. Sci Rep.
2024;14(1):1398.

Mostafa MM, Hammad DM, Reda MM, El-Sayed AE-KB. Water extracts of
Spirulina platensis and Chlorella vulgaris enhance tomato (Solanum lycopersi-
cum L) tolerance against saline water irrigation. Biomass Convers Biorefinery
2023:1-10.

Mishra B, Tiwari A, Mahmoud AED. Microalgal potential for sustainable aqua-
culture applications: bioremediation, biocontrol, aquafeed. Clean Technol
Environ Policy 2022:1-13.

Tan C-Y, Dodd IC, Chen JE, Phang S-M, Chin CF, Yow Y-Y, Ratnayeke S. Regula-
tion of algal and cyanobacterial auxin production, physiology, and applica-
tion in agriculture: an overview. J Appl Phycol. 2021;33(5):2995-3023.

Khan MA, Sahile AA, Jan R, Asaf S, Hamayun M, Imran M, Adhikari A, Kang
S-M, Kim K-M, Lee |-J. Halotolerant bacteria mitigate the effects of salinity
stress on soybean growth by regulating secondary metabolites and molecu-
lar responses. BMC Plant Biol. 2021;21(1):1-15.

Rehman SU, Bilal M, Rana RM, Tahir MN, Shah MKN, Ayalew H, Yan G. Cell
membrane stability and chlorophyll content variation in wheat (Triticum
aestivum) genotypes under conditions of heat and drought. Crop Pasture Sci.
2016,67(7):712-8.

Kandhol N, Jain M, Tripathi DK. Nanoparticles as potential hallmarks of
drought stress tolerance in plants. Physiol Plant. 2022;174(2):e13665.

Men S, Chen H, Chen S, Zheng S, Shen X, Wang C, Yang Z, Liu D. Effects of
supplemental nitrogen application on physiological characteristics, dry mat-
ter and nitrogen accumulation of winter rapeseed (Brassica napus L.) under
waterlogging stress. Sci Rep. 2020;10(1):1-10.



Elnajar et al. BMC Plant Biology

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

(2024) 24:233

Hasan M, Ahmad-Hamdani MS, Rosli AM, Hamdan H. Bioherbicides: an eco-
friendly tool for sustainable weed management. Plants. 2021;10(6):1212.
Trifunovi¢-Momcilov M, Milosevi¢ S, Markovi¢ M, Buri¢ M, Jevremovic S,
Dragicevi¢ IC, Suboti¢ AR. Changes in photosynthetic pigments content in
non-transformed and AtCKX transgenic centaury (Centaurium erythraea rafn)
shoots grown under salt stress in vitro. Agronomy. 2021;11(10):2056.
Tammam AA, Shehata MRAM, Pessarakli M, El-Aggan WH. Vermicompost and
its role in alleviation of salt tress in plants-II. Impact of vermicompost on the
physiological responses of salt-stressed plants. J Plant Nutr. 2022;46(7):1-21.
Mibei EK, Ambuko J, Giovannoni JJ, Onyango AN, Owino WO. Carotenoid
profiling of the leaves of selected African eggplant accessions subjected to
drought stress. Food Sci Nutr. 2017,5(1):113-22.

Frank HA, Cogdell RJ. Carotenoids in photosynthesis. Photochem Photobiol.
1996,63(3):257-64.

Caferri R, Guardini Z, Bassi R, Dall'Osto L. Assessing photoprotective functions
of carotenoids in photosynthetic systems of plants and green algae. Methods
in Enzymology. Volume 674. Elsevier; 2022. pp. 53-84.

Gull' M, Ara A, Mir R, Khan M, Sofi PA. Chlorophyll content and chlorophyll
stability index in relation to shoot biomass under water stress in cowpea
(Vigna unguiculata L). SKUAST J Res. 2019;21(1):96-100.

Ahmed F, Javed B, Razzag A, Mashwani ZR. Applications of copper and silver
nanoparticles on wheat plants to induce drought tolerance and increase
yield. IET Nanobiotechnol. 2021;15(1):68-78.

Ammar EE, Aioub AA, Elesawy AE, Karkour AM, Mouhamed MS, Amer AA, EI-
Shershaby NA. Algae as bio-fertilizers: between current situation and future
prospective. Saudi J Biol Sci 2022.

Anitha L, Sai Bramari G, Kalpana P. Effect of supplementation of Spirulina
platensis to enhance the zinc status in plants of Amaranthus gangeticus,
Phaseolus aureus and tomato. Adv Bioscience Biotechnol. 2016;7(06):289-99.
Sujata GV, Baliyan V, Avtar R, Mehrotra S. Alleviating drought stress in Brassica
juncea (L) Czern & Coss. By foliar application of biostimulants—orthosilicic
acid and seaweed extract. Appl Biochem Biotechnol. 2023;195(1):693-721.
Ramazan S, Bhat HA, Zargar MA, Ahmad P, John R. Combined gas exchange
characteristics, chlorophyll fluorescence and response curves as selec-

tion traits for temperature tolerance in maize genotypes. Photosynth Res.
2021;150(1-3):1-13.

Naseer MA, Hussain S, Nengyan Z, Ejaz |, Ahmad S, Faroog M, Xiaolong R.
Shading under drought stress during grain filling attenuates photosynthesis,
grain yield and quality of winter wheat in the Loess Plateau of China. J Agron
Crop Sci. 2022;208(2):255-63.

Sun'Y, Miao F, Wang Y, Liu H, Wang X, Wang H, Guo J, Shao R, Yang Q.
L-Arginine alleviates the reduction in photosynthesis and antioxidant activity
induced by drought stress in maize seedlings. Antioxidants. 2023;12(2):482.
Pirasteh-Anosheh H, Saed-Moucheshi A, Pakniyat H, Pessarakli M. Stomatal
responses to drought stress. Water Stress crop Plants: Sustainable Approach.
2016;1:24-40.

Soba D, Arrese-Igor C, Aranjuelo |. Additive effects of heatwave and water
stresses on soybean seed yield is caused by impaired carbon assimilation at
pod formation but not at flowering. Plant Sci. 2022;321:111320.

Benedetti S, Benvenuti F, Pagliarani S, Francogli S, Scoglio S, Canestrari F.
Antioxidant properties of a novel phycocyanin extract from the blue-green
alga Aphanizomenon Flos-Aquae. Life Sci. 2004;75(19):2353-62.

Khan W, Rayirath UP, Subramanian S, Jithesh MN, Rayorath P, Hodges

DM, Critchley AT, Craigie JS, Norrie J, Prithiviraj B. Seaweed extracts as
biostimulants of plant growth and development. J Plant Growth Regul.
2009,28(4):386-99.

Carillo P, Ciarmiello LF, Woodrow P, Corrado G, Chiaiese P, Rouphael Y. Enhanc-
ing sustainability by improving plant salt tolerance through macro-and
micro-algal biostimulants. Biology. 2020,9(9):253.

Novick KA, Miniat CF, Vose JM. Drought limitations to leaf-level gas exchange:
results from a model linking stomatal optimization and cohesion-tension
theory. Plant Cell Environ. 2016;39(3):583-96.

Wang C, Liu S, Dong Y, Zhao Y, Geng A, Xia X, Yin W. Pd EPF 1 regulates water-
use efficiency and drought tolerance by modulating stomatal density in
poplar. Plant Biotechnol J. 2016;14(3):849-60.

Maxwell K, Johnson GN. Chlorophyll fluorescence—a practical guide. J Exp
Bot. 2000;51(345):659-68.

Andrade CLLD, Silva AGD, Braz GBP, Oliveira JUNior RSDE, Simon GA. Per-
formance of soybeans with the application of glyphosate formulations in
biostimulant association. Revista Caatinga. 2020;33(2):371-83.

Kumar A, Verma JP. Does plant—microbe interaction confer stress tolerance
in plants: a review? Microbiol Res. 2018;207:41-52.

101.

102.

104.

105.

108.

109.

110.

112.

114.

116.

118.

119.

Page 26 of 27

. Miner GL, Bauerle WL, Baldocchi DD. Estimating the sensitivity of sto-

matal conductance to photosynthesis: a review. Plant Cell Environ.
2017;40(7):1214-38.

Martinez-Pefa R, Schlereth A, Hohne M, Encke B, Morcuende R, Nieto-Taladriz
MT, Araus JL, Aparicio N, Vicente R. Source-sink dynamics in field-grown
durum wheat under contrasting nitrogen supplies: key role of non-foliar
organs during grain filling. Front Plant Sci. 2022;13:869680.

ChenY, Wei Z, Wan H, Zhang J, Liu J, Liu F. CO, elevation and nitrogen supply
alter the growth and physiological responses of tomato and barley plants to
drought stress. Agronomy. 2022;12(8):1821.

. Chaves M, Costa JM, Zarrouk O, Pinheiro C, Lopes C, Pereira JS. Controlling

stomatal aperture in semi-arid regions—the dilemma of saving water or
being cool? Plant Sci. 2016;251:54-64.

Katuzewicz A, Krzesiniski W, Spizewski T, Zaworska A. Effect of biostimulants
on several physiological characteristics and chlorophyll content in broccoli
under drought stress and re-watering. Notulae Botanicae Horti Agrobotanici
Cluj-Napoca. 2017;45(1):197-202.

Khan N, Ali S, Tarig H, Latif S, Yasmin H, Mehmood A, Shahid MA. Water con-
servation and plant survival strategies of rhizobacteria under drought stress.
Agronomy. 2020;10(11):1683.

. Wijewardana C, Henry WB, Reddy KR. Evaluation of drought tolerant maize

germplasm to induced drought stress. J Miss Acad Sci. 2017;62:316-29.

. Gago J, Daloso DM, Carriqui M, Nadal M, Morales M, Aradjo WL, Nunes-Nesi

A, Flexas J. Mesophyll conductance: the leaf corridors for photosynthesis.
Biochem Soc Trans. 2020;48(2):429-39.

Noman A, Ali Q, Naseem J, Javed MT, Kanwal H, Islam W, Ageel M, Khalid

N, Zafar S, Tayyeb M. Sugar beet extract acts as a natural bio-stimulant for
physio-biochemical attributes in water stressed wheat (Triticum aestivum L).
Acta Physiol Plant. 2018;40(6):1-17.

Rouphael Y, De Micco V, Arena C, Raimondi G, Colla G, De Pascale S. Effect
of Ecklonia maxima seaweed extract on yield, mineral composition, gas
exchange, and leaf anatomy of zucchini squash grown under saline condi-
tions. J Appl Phycol. 2017;29(1):459-70.

Nadal M, Flexas J. Mesophyll conductance to CO, diffusion: effects of drought
and opportunities for improvement. Water scarcity and sustainable agricul-
ture in semiarid environment. Elsevier; 2018. pp. 403-38.

. Dien DC, Thu TTP, Moe K, Yamakawa T. Proline and carbohydrate metabolism

in rice varieties (Oryza sativa L) under various drought and recovery condi-
tions. Plant Physiol Rep. 2019,24(3):376-87.

Camison A, Angela Martin M, Dorado FJ, Moreno G, Solla A. Changes in car-
bohydrates induced by drought and waterlogging in Castanea sativa. Trees.
2020;34(2):579-91.

. Sallam A, Alqudah AM, Dawood MF, Baenziger PS, Borner A. Drought stress

tolerance in wheat and barley: advances in physiology, breeding and genet-
ics research. Int J Mol Sci. 2019;20(13):3137.

Abobatta WF. Plant responses and tolerance to combined salt and drought
stress. Salt Drought Stress Tolerance Plants: Signal Networks Adapt Mech
2020:17-52.

. Kaur H, Manna M, Thakur T, Gautam V, Salvi P. Imperative role of sugar signal-

ing and transport during drought stress responses in plants. Physiol Plant.
2021;171(4):833-48.

Shedeed ZA, Gheda S, Elsanadily S, Alharbi K, Osman ME. Spirulina platensis
biofertilization for enhancing growth, photosynthetic capacity and yield of
Lupinus luteus. Agriculture. 2022;12(6):781.

. Afzal S, Chaudhary N, Singh NK. Role of soluble sugars in metabolism and

sensing under abiotic stress. Plant Growth Regulators: Signal under Stress
Conditions 2021:305-34.

Rai N, Rai SP, Sarma BK. Prospects for abiotic stress tolerance in crops utilizing
phyto-and bio-stimulants. Front Sustainable Food Syst. 2021;5:455.
Soorninia F, Najaphy A, Kahrizi D, Mostafaei A. Yield attributes and qualitative
characters of durum wheat as affected by terminal drought stress. Int J Plant
Prod 2023:1-14.

. Sewore BM, Abe A, Nigussie M. Evaluation of bread wheat (Triticum

aestivum L) genotypes for drought tolerance using morpho-physiological
traits under drought-stressed and well-watered conditions. PLoS ONE.
2023;18(5):20283347.

. Chieb M, Gachomo EW. The role of plant growth promoting rhizobacteria in

plant drought stress responses. BMC Plant Biol. 2023;23(1):407.

. Laurent E-A, Ahmed N, Durieu C, Grieu P, Lamaze T. Marine and fungal bios-

timulants improve grain yield, nitrogen absorption and allocation in durum
wheat plants. J Agricultural Sci. 2020;158(4):279-87.



Elnajar et al. BMC Plant Biology

123.

124.

125.

126.

127.

(2024) 24:233

Vafa ZN, Sohrabi Y, Sayyed R, Luh Suriani N, Datta R. Effects of the combina-
tions of rhizobacteria, mycorrhizae, and seaweed, and supplementary irriga-
tion on growth and yield in wheat cultivars. Plants. 2021;10(4):811.

Begum M, Bordoloi BC, Singha DD, Ojha NJ. Role of seaweed extract on
growth, yield and quality of some agricultural crops: a review. Agricultural
Reviews. 2018;39(4):321-6.

Giordano M, Petropoulos SA, Rouphael Y. Response and defence mechanisms
of vegetable crops against drought, heat and salinity stress. Agriculture.
2021;11(5):463.

Faroog M, Wahid A, Kobayashi N, Fujita D, Basra S. Plant drought stress:
effects, mechanisms and management. Sustainable Agric 2009:153-88.
Chaves MM, Flexas J, Pinheiro C. Photosynthesis under drought and salt
stress: regulation mechanisms from whole plant to cell. Ann Botany.
2009;103(4):551-60.

128.

129.

130.

Page 27 of 27

Araus JL, Slafer GA, Royo C, Serret MD. Breeding for yield potential and stress
adaptation in cereals. Crit Reviews Plant Sci. 2008,27(6):377-412.

Khan MIR, Fatma M, Per TS, Anjum NA, Khan NA. Salicylic acid-induced
abiotic stress tolerance and underlying mechanisms in plants. Front Plant Sci.
2015;6:462.

Prasanna R, Chaudhary V, Gupta V, Babu S, Kumar A, Singh R, Shivay YS, Nain L.
Cyanobacteria mediated plant growth promotion and bioprotection against
Fusarium wilt in tomato. Eur J Plant Pathol. 2013;136(2):337-53.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Mitigating drought stress in wheat plants (﻿Triticum Aestivum﻿ L.) through grain priming in aqueous extract of ﻿spirulina platensis﻿
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Plant material
	﻿Preparation of ﻿S. platensis﻿ aqueous extract (SPAE)
	﻿Experimental design and treatments
	﻿Assessment of leaf agronomy
	﻿Assessment of pigment fractions
	﻿Assessment of leaf gas exchange
	﻿Assessment of carbohydrates content
	﻿Assessment of yield attributes
	﻿Assessment of biochemical aspects of yielded grains
	﻿Statistical analysis

	﻿Result
	﻿Alterations in leaf agronomy
	﻿Alterations in pigment fractions
	﻿Alterations in gas exchange
	﻿Alterations in carbohydrate content
	﻿Alterations in yield attributes
	﻿Alterations in biochemical aspects of yielded grains

	﻿Discussion
	﻿Conclusion
	﻿References


