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Abstract. Oilseed crops are considered as one of the most essential dietary components in human
consumption as well as animal feed. While drought is one of the most important abiotic stress that
adversely effect on the yield and nutritional quality of major oilseed crops across the globe. Therefore,
maintenance of nutritional quality in such crops under drought stress may offer good opportunities to
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provide sufficient human food as well as animal feed. The current review is to quantify the adverse
effects of drought on the qualitative and quantitative traits of oilseed crops, suggest strategies for
enhancing drought tolerance in crops. Although drought stress-induced effects on seed oil quality vary
with larger environments as well as crop species and their interactions. When short and long term drought
occurs at the seed/grain filling stage of crops, it might negatively influence the grain yield as well as the
quality of crops. In the present review, we highlight that there are two ways to mitigate the adverse effect
of drought viz., development of crop cultivars tolerant to drought and to follow improved management
approaches including the exogenous application of osmoprotectants, essential macro and micronutrient
management and using organic amendments (compost, green manures, cow manure and incorporation of
crop residues) in soils in order to increase the yield and grain quality of oilseed crops.

Keywords: abiotic stress, crop phenology, oil quality, osmotic stress, plant adaptation, protein content,
stress resistance

Abbreviations: ABA, abscisic acid; AC, ash content; APX, ascorbate peroxidase; AsA, ascorbic acid,;
AY, ash yield; CAT, catalase; chl a, chlorophyll a; chl b, chlorophyll b; ClI, conventional irrigation; DSI,
drought stress index; DW, dry weight; Exo, exogenous (ly); Exo-GB, exogenous glycine betaine; Exo-
Pro, exogenous proline; Exo-app, exogenous application; Fe, iron; FW, fresh weight; GB, Glycine
betaine; GW, grain weight; GY, grain vyield; LAA, L-ascorbate; MDA, malondialdehyde; Mg,
magnesium; NO, nitric oxide; P, phosphorous; PAL, phenylalanine ammonia lyase; PC, protein content;
POD, Peroxidase; Pro, proline; Pri, priming; PY, protein yield; OC, oil content; OSP, osmoprotectants;
QY, oil yield; RDF, recommended dose of fertilizers; RLWC, relative leaf water content; ROS, reactive
oxygen species; RWC, relative water content; SA, salicylic acid; SC, starch content; Se, selenium; SlI,
supplemental irrigation; SNP, sodium nitroprusside; SOD, superoxide dismutase; STI, stress tolerance
index; SY, starch yield; UV, ultra-violet radiation; Tre, trehalose; TW, test weight; Zn, zinc

Introduction

The impacts of climate change are the foremost thought in many developing
countries, due to greater vulnerabilities and limited ability to mitigate the adverse effect
of climate change for sustainable crop production (Ali et al., 2017). The economy of
most developing countries is based on agriculture, while agricultural sector is fully
depend on nature (IPCC, 2012; Mendelsohn, 2014).

The major abiotic stresses such as drought, salinity, heat stress and water-logging are
the main climatic factors for declining crop production in many developing countries
(Hossain et al., 2013; Jahan et al., 2019; EL Sabagh et al., 2019b). Among them,
drought stress is considered the most important one that adversely effect on the yield
and quality of many field crops including oilseeds also (Alqudah et al., 2010), through
altering the growth, physiology and metabolic activities of plants (Islam et al., 2011).
Growing demand for food, feed and raw materials for industries has stressed upon the
production of good quality of agricultural products. It is well established that drought
has a directly affect the quality of agricultural crops, however, the severity of the
drought on the crop production generally depends on the soil moisture status and
nutrients availability (Gandah et al., 2003) as well as crop cultivars (Cooper et al.,
1987).

Scientists have been trying to overcome the impacts of environmental stresses
including drought by employing different strategies, such as improving stress tolerance
in crops through foliar application of plant growth regulators, osmoprotectants (OSP),
organic and inorganic nutrients which are efficient, economical and environmentally
sound approaches (Ahanger et al., 2017; Yakhin et al., 2017). To counteract drought
stress plants synthesize osmolytes and perform osmotic adjustment as a frontier in
drought tolerance (Blum, 2016). Hence, the adverse effects of drought stress on the fatty
acid composition in oilseed crops are not yet deeply elucidated. Therefore, the current
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review aims to understand the crop responses to drought stress in terms of important
quality traits of oilseed crops, as well as to find the appropriate management approaches
to enhance stress tolerance in these crops.

Effects of drought on quality of major oilseed crops

Drought stress leads to reduce the seed quality by producing small and medium-sized
seeds; while deteriorating the seed vigour and rate of germination (Alqudah et al.,
2010). Fahad et al. (2017) observed that under drought stress, the enzymatic activities of
plants are diminished, that eventually lead to decrease the yield and quality of oilseed
crops. The reduction in oil content has been observed under water deficient conditions
of soybean seed also confirmed by Maclagan (1993). Serraj and Sinclair (2002)
revealed that the increasing level of soluble carbohydrate and proline (Pro) content in
many drought-induced plant species have been associated with the decrease in the
protein content and the increase in proteolytic activation, resulting in an increase in the
total soluble nitrogen.

Abiotic stresses such as drought might make changes in oil content and compositions
in plants (Bagheri et al.,, 2012), due to water deficit condition often alters the
composition and biosynthesis process of fatty acids leading to the reduction of oil yield
and composition (Baldini et al., 2000). While, Amini et al. (2014) found a positive
effect of water-deficit stress on seed quality (particularly protein) of oilseed crops. The
greater seed quality was associated with the physiological process of the plants under
water-deficit conditions. Similarly, Foroud et al. (1993) observed the significant
increase of seed protein content in soybean under soil moisture stress. The increased
protein and the reduced oil contents in plants were associated with the changes in the
embryo, endosperm and testa of the seed (Henry and MacDonald, 1978).

Nevertheless, the underlying mechanisms and the extent of how drought stress affect
fatty acids composition in different crop species are under research (Nazari et al., 2017).
A details description of the effect of drought (soil moisture stress) on major oilseed
crops is described below.

Soybean (Glycine max L.)

Soybean is considered as an essential oil seed legume crop in the globe, as it
provides good quality oils, vegetable protein (Akande et al., 2009; EI-Mohsen et al.,
2013) and also extraordinary qualities suitable for humans and animals feeding, such as
40-42% good quality protein and 18-22% oil (Arshad et al., 2006). Drought is
considered as the most important limiting factor reducing seed protein content of
soybean (EL Sabagh et al., 2015) (Fig.1), through decreasing photosynthesis (Smiciklas
et al., 1992). Drought also altered the composition of fatty acid in soybean, which
affected oil content and oil composition (Bellaloui et al., 2013). The fatty acid
composition differed when soybean plant was subjected to drought stress, along with a
decrease in palmitic, linoleic and linolenic acids, with an increase of stearic and oleic
acids were noticed by Gao et al. (2009). Further, drought affects the fatty acid
composition, oil stability and oil processing (Gao et al., 2009). The increase of total oil
and oleic acid concentrations and a decrease of linoleic and linolenic acid
concentrations may be due to water deficit stress altering the rate of oil and fatty acids
accumulation by possibly affecting fatty acid desaturations. The water deficit stress
during seed filling stage is critical because of the inverse relationship between oil and

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(2):4019-4043.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1702_40194043
© 2019, ALOKI Kft., Budapest, Hungary



EL Sabagh et al.: Effects of drought stress on the quality of major oilseed crops: implications and possible mitigation strategies — a review

protein with temperature (Carrera et al., 2009). Drought also alters fatty acid
composition (Gao et al., 2009) and affects oil stability (Brumm et al., 1990). The effect
of drought on seed composition gives an opportunity to breeder and biotechnology
researchers to develop drought-tolerant soybeans with stable desirable fatty acid traits.
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Figure 1. Effects of proline, glycine betaine and compost application on yield traits and quality
in soybean under water stress. Bars indicate standard errors. (Source: EL Sabagh et al., 2015)

Protein content in seed depends on genetic and environmental factors, mainly
drought through the grain filling stage (Tea et al., 2004). Drought stress during pod
filling considerably reduced total protein and nitrogen content in seeds (Ghanbari et al.,
2013). Drought stress occurs during critical periods of seed formation and seed filling
stages reduced the oil content in seed. The reduction in the oil content under drought
stress could be due to the oxidation of some of the polyunsaturated fatty acids (Singh
and Sinha, 2005). Nonetheless, plants under drought stress increased protein contents by
2-23% as compared to unstressed plants (Rotundo and Westgate, 2010). The variations
of the results among the investigations were due to the timing and intensity of the
drought stress during the different stages (Carrera et al., 2009).

The decrease in oil content in soybean was also reported by Triboi-Blondel and
Renard (1999). Whereas, the lowest oil percentage (20.8%) was obtained under drought
stress at the grain filling stage (Smiciklas et al., 1992). Drought stress occurs during
critical periods of seed formation and seed filling stages reduced the quantity and
quality of seed oil (Maleki et al., 2013). A significant difference among soybean
cultivars in terms of oil and protein percentage under drought stress was observed by
Mohammadkhani and Heidari (2008). Franklin et al. (2010) also reported that the grain
protein remarkably decreased with increasing water stress. The drought had little effect
on the fatty acid composition of soybean seed (Dornbos and Mullen, 1992). The drought
stress reduced the seed isoflavones in induced soybean plants (Al-Tawaha et al., 2007),
while increased alfa-tocopherol concentration in seed (Britz and Kremer, 2002).

Under such situation, oil and protein percentages can be improved by external
application of proline (EL Sabagh et al., 2016). Long-term interval of irrigation may
build up water shortage in plants which generate organic acid contents in plants body.
Boydak (2002) did not find any significant differences between 2-, 6- and 9-day
irrigation intervals in the stearic acid content but an increase was observed with 12-day
irrigation intervals in soybeans.
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Canola (Brassica campestris L.)

The most prominent constituents of cell membrane lipids are fatty acids which play a
central role in cell permeability under the harsh and normal environment (Sculer et al.,
1991). The composition of fatty acids in canola seeds fully depends on polyamines, by
controlling the activity of some enzymes synthesis, which play a vital role in fatty acids
metabolism (Talaat and EL-Din, 2005). Ullah et al. (2012) found that the basic level of
erucic acid was higher in the canola seed and the erucic acid level was increased under
drought stress, while another fatty acid such as oleic and linoleic acids and their
composition ratio was not altered by drought stress. EL Sabagh et al. (2015, 2016)
found that drought is one of the limiting factors that significantly influenced the quality
parameters of canola. The water deficit condition significantly influenced the oil content
and oil yield as well as protein yield of canola seed (EL Sabagh et al., 2017) (Fig. 2).
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Figure 2. Effect of irrigations intervals and antioxidants applications on the quality traits of
canola during 2012 and 2013 seasons (Source: EL Sabagh et al., 2017)

They also reported that irrigation at every 25 days intervals produced the highest
values for these parameters followed by irrigation at every 35 days intervals. A similar
type of reduction in oil content was also reported by Zhang et al. (2014) under-water
deficient conditions, indicating that the reduction of oil contents is a common incident
under drought stress. Zahedi et al. (2009) reported that drought stress caused a
remarkable reduction in oil percentage, due to the reduction of the photosynthesis and
the remobilization of assimilation.

Generally, the agronomic operations have an impact on the growth, yield and quality
in different crops under different environmental conditions especially drought condition
(Barutgular et al., 2016; Abdelaal et al., 2017; EL Sabagh et al., 2019a). Furthermore,
optimum irrigation increases seed oil contents, whereas water deficit condition reduces
the oil content of canola, due to the oxidation of some polyunsaturated fatty acids as a
result of alteration in the physiological and biochemical activities of affected plants
(Singh and Sinha, 2005). Similarly, a decrease in seed yield and deteriorating the seed
oil quality of canola under drought conditions was also reported by Moghadam et al.
(2011) and Rad and Zandi (2012). Reduction in linoleic acid and oleic content of canola
under drought stress was also observed by Pritchard (2007).

Environmental stresses such as drought have significant effects on seed oil fatty acid
composition of canola (Dawood and Sadak, 2014). Bouchereau et al. (1996) showed
that water stress during the flowering stage affects the oil concentration as well as the
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fatty acid composition of canola seeds. Drought stress increased the percentage of
palmitic acid and reduced unsaturated fatty acids (Aslam et al., 2009). In addition,
severe drought stress reduced the oleic acid content of canola by 3.8% in a
Mediterranean-type environment (Qaderi et al., 2006). A reduction of 2.0% in the
linoleic content of canola has also been reported in a Mediterranean-type environment
under severe soil water stress. This effect on oil production could be due to the
oxidation of some fatty acids under drought stress conditions (Singh and Sinha, 2005).
Moderate and severe drought stress increased the total saturated fatty acids and
decreased the unsaturated fatty acids relative to control plants (Dawood and Sadak,
2014). Tohidi-Moghadam et al. (2011) mentioned that water deficit condition decreased
the canola oil and linoleic acid contents, but increased stearic, a-linolenic, and gadoleic
acids contents. Ullah et al. (2012) stated that drought stress reduced the oil quality of
canola by decreasing oleic acid content and increasing the erucic acid content. However,
the maximum erucic acid content was observed in the treatment where 60% irrigation
was applied while, the minimum was found at 100% irrigation level (Ali et al., 2014).
The accumulation of glucosinolates in rapeseed under drought stress during flowering
stage has been reported by Bouchereau et al. (1996). Drought stress augmented the seed
glucosinolates and oil erucic acid (C22:1) content of canola also reported by Ullah et al.
(2012). The decrease in total phenolic contents of canola seeds under drought stress is
also reported by Dawood and Sadak (2014). While, Gecgel et al. (2007) revealed that
the effect of oilseeds genotype on fatty acids was greater than that of the environment
stresses.

Sunflower (Helianthus annuus L.)

Since sunflower has the capability to survive under stress condition than other
oilseed crops to some extent, but it is highly sensitive to drought stress from flowering
to grain filling stage due to inadequate availability of soil moisture and high ambient
temperature in the arid and semi-arid region (Hussain et al., 2018). They also noticed
that low soil moisture (water deficit) in combination with high air temperature from
flowering to grain filling stages significantly reduced the seed yield and seed oil quality
of sunflower. Oraki and Aghaalikhana (2012) noticed that low precipitation (drought
stress) in the arid and semi-arid regions in combination with high ambient temperature
significantly reduced the oil quality of sunflower through shortening the germination,
anthesis and achene filling period, and also suppressing the stem elongation and leaf
area (Soleimanzadeh et al., 2010; Babaeian et al., 2011; Fulda et al., 2011). The
environmental factors during the seed-filling period can widely affect the oil percentage
and fatty acid composition of oil (Anastasi et al., 2010). Drought leads to an increase in
the oleic acid content of high oleic acid of hybrids sunflower, but a decrease in ordinary
hybrids (reported by Baldini et al., 2000). The increased of linoleic and palmitic acid
and decreased of oleic acid and stearic acid contents in sunflower seeds under water
stress were also reported by Petcu et al. (2001). Jasso de Rodriguez et al. (2002) stated
that the oil content of sunflower seeds showed a slight decrease when drought was
occurred during grain filling to harvest time. They also found that water stress caused a
significant reduction of oleic acid (about 8-14%) in a standard hybrid. While Baldini et
al. (2002) and Flagella et al. (2000) found that water stress increased the oleic acid
content but decreased linoleic acid content in both standard and high oleic content
genotypes. The findings of the previous studies related to the adverse effect of drought
on the seed and oil quality of sunflower also confirmed by Rondanini et al. (2003) and
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Lacombe et al. (2004), who noticed that under drought stress the composition of
saturated fatty acids changed into unsaturated fatty acids. However, the linoleic acid
(predominately unsaturated fatty acids) also changed through enzymatic processes
governed by genes coding for oleoyl A-9 desaturase and oleoyl A-12 desaturase.
Debaeke et al. (2017) and Hussain et al. (2018) confirmed that nitrogen (N) transport
from root to shoot is restricted due to the weak absorbing capacity of the drought-
affected crop which ultimately reduced the yield and oil quality of sunflower.

Flax (Linum usitatissimum L.)

Flax is well known as linen flax or linseed around the World. It is grown in many
countries for fibers as well as oilseeds. As linseeds’ oil has been used as the basic
component or additive of various paints and/or polymers industries (Shim et al., 2015).
Likewise, seeds of flax contain about 36-40% oleic (omega-6), linoleic and linolenic
acids (omega-3) (unsaturated fatty acids), which are very essential poly-unsaturated
fatty acids for human beings and also for animals, because these acids cannot synthesize
inside the body of both human and animals; thus it should ingest in human and animal
diets (El-Beltagi et al., 2007).

However, under water deficit condition, flax plants produce less oil and fibre in
comparison to irrigated condition (Bauer et al., 2015). Rashawn et al. (2016) observed a
highly significant variation among the three tested flax cultivars of ‘Sakha 1°, ‘Giza 9’
and ‘Giza 10’ regarding protein and oil content under drought stress (Fig. 3). The
highest oil yield was also reported at recommended (normal) irrigation, followed by
limited irrigation at the stem elongation stage of flax also reported by Mirshekari et al.
(2012). Considering on fiber-type flax, higher fiber contents along with the higher straw
yield resulted in the high yielding fiber-type cultivars whose fiber yielding capacity is
60-70% higher than the seed-type cultivars (Bauer et al., 2015). The fiber quality
(fineness and length), fiber percentage, overall yield and oil quality were adversely
affected by drought (also reported by Abd El-Fatah, 2007; El-Refaey et al., 2010).
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Figure 3. Effects of irrigation intervals and flux cultivars on oil and protein content (Source:
Rashawn et al., 2016)

Safflower (Carthamus tinctorius L.)

Safflower is an essential oilseed crop that can moderately tolerate against several
environmental stresses including drought (Mohammadi et al., 2016). While, Amini et al.
(2014) and Mohammadi et al. (2018) observed that the environmental conditions and
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management practices affected the oil content of safflower cultivars. Among the
environmental stresses, water deficient condition increase protein and decrease oil
contents of safflower (Nabipour et al., 2007; Amini et al., 2014). Drought stress during
seed filling has been referred to as the major reason for reduced oil content in safflower
(Mohammadi et al., 2018).

Ashrafi and Razmjoo (2010) found that safflower oil content was highly affected by
different irrigation levels. They also reported that the oil contents of safflower cultivars
were significantly reduced under limited irrigation (drought). Similarly, Bagheri and
SamDaliri (2011) found a significant reduction of oil content in safflower seeds’ as a
result of different irrigation regimes, especially with the lack of water during the seed-
filling stage.

Generally, seeds’ oil of safflower contains a large amount of saturated (palmitic and
stearic) and unsaturated (oleic, linoleic and linolenic) fatty acids and composition,
which may be affected by abiotic stresses particularly due to drought stress (Ferndndez-
Cuesta et al., 2014). While, Ensiye and Khorshid (2010) found that drought stress
reduced the content of oil and oil composition in the seeds of safflower cultivars, due to
a dramatic decrease in saturated fatty acid contents. The oil contents, palmitic, stearic,
oleic and linoleic acid contents were reduced under drought during the process of
flowering and seed development (also reported by Boydak et al., 2010). Further,
drought reduces the palmitic, stearic, oleic and linoleic acid contents (Ashrafi and
Razmjoo, 2010). Petcu et al. (2001) also found that the stearic acid content was reduced
as drought levels increased. Although the palmitic acid content was decreased, but
linoleic acid content was increased up to 14% under drought stress (Petcu et al., 2001).
Higher oleic and linoleic acids and lower stearic and palmitic acids under drought stress
were reported by Arslan and Kucuk (2005). Under water-stress, the early maturity of
plants get a shorter period of grain filling duration, as well as shorter time for
conversion of oleic to linoleic acid. This could be the main reason for linoleic acid ratio
reduction under drought-stress condition (Nazari et al., 2017).

Peanut (Arachis hypogaea L.)

Major factors influencing oil and other composition profile of peanut includes
variety/cultivars/species and environmental conditions such as light, temperature, water
stress and atmospheric constituents (Pattee, 2005). Chaiyadee et al. (2013) and
Gulluoglu et al. (2016) found that genotypes, seasonal variation, location, air and soil
temperature, planting date, soil nutrient, moisture availability, growing conditions and
maturity affect the fatty acid content in peanut oil. However, under stress conditions, the
changes even in the fatty acid composition and the decreasing order of the main fatty
acids was in oleic acid, linoleic acid and palmitic acid, respectively (Amir et al., 2005).
Other reports indicate that mid-seasonal drought had no effect, while late season
drought significantly reduced the total oil and linoleic acid contents, and increased the
stearic and oleic acid contents of peanut seeds (Dwivedi et al., 1993). Under water stress
conditions, a large reduction in oil and oleic acid content in peanut was observed by
Hashim et al. (1993) and also, reduction in linoleic acid, but an increase in oleic acid
(Dwivedi et al., 1996).

A reduction in oil content of soybean and groundnut under drought stress were also
reported by Dornbos and Mullen (1992) and Dwivedi et al. (1993); while a significant
increase in the stearic acid content of peanut seeds under drought stress has been
reported by Dwivedi et al. (1993). A reduction of 4-14% in the oleic content of
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sunflower but an increase in the oleic acid concentration of groundnut under drought
stress have also been reported by Petcu et al. (2001). Reddy et al. (2003) observed the
application of the different irrigation levels had different responses on the protein
content of the seeds of groundnut; while the plants with adequate irrigation water not
only gave more kernels but also produced the higher levels of total proteins and oil
contents. Dwivedi et al. (1996) pointed out that the total oil and linoleic acid contents of
peanuts decreased under water stress during the grain filling stage, but that total protein
and stearic acid contents increased under this condition.

Management strategies of drought stress to improve the yield and quality of major
oilseed crops

Plants induce stress tolerance mechanism by engineering/altering primary and
secondary metabolites. Pant hormones and other compatible compounds such as
carbohydrate, amino acid, polyamine, abscisic acid, phenolic compounds, glucosinolate,
carotenoid and terpenoid derivatives , play a vital role to maintain the adaptation of
plants through changing their membrane stabilization, osmoregulation, free radical
scavenging, reduction of leaf area and leaf abscission, stimulation of root growth,
electrolytic leakage etc. A details information related to crop-specific management and
their survival mechanism is described under the following sub-headings.

Soybean (Glycine max L.)

The most significant responses of plants to survive against drought stress are an
accumulation of minerals and enhancement to OSP synthesis which are as a part of the
metabolic activity of plants to enhance tolerance against drought stress (Samarah et al.,
2004). The accumulation of OSP compounds such as Pro assists the stressed cells of
plants through water preservation (Hare et al., 1998) and maintain the structure of cell
membrane integrity (Conroy et al., 1988). Similarly, Ashraf and Iram (2005) reported
that external application of OSP increased the osmotic adjustment in legumes (including
soybean) for increasing the survival capacity against water stress. Metabolic changes in
response to drought conditions play a significant role in the osmotic adjustment of
metabolism and physiology of the soybean varieties to survive under drought stress
(Silvente et al., 2012). One approach to increase oxidative stress tolerance in soybean
plants on drought stress is the foliar application of exo-antioxidants through improving
the total soluble protein, SOD, POD and H202 as compared to control (Hasanah et al.,
2017). The increased seed oil and protein content were observed due to foliar
application of Pro under water deficit conditions (EL Sabagh et al., 2016). Exogenous
application of Pro in drought-affected plants ameliorated the adverse effect through
maintaining the osmotic adjustment and altering the metabolic activity under water
deficit conditions, thereby maintaining high photosynthetic efficiency and finally
increased the quality of seeds (Ali et al., 2007). Ali and Ashraf (2011) stated that exo-
GB improved the quality of oil by reducing the un-saponifiable matter and improving
oil saponification and iodine values, the measure of oil unsaturation. In this concern, EL
Sabagh et al. (2016) observed that foliar applied GB improved seed oil and protein
content in soybean under water deficit conditions. Compatible solutes like GB or Pro
improved the seed quality of soybean as a result of their protective effect on cellular
structures during fatty oil biosynthesis and storage, which occurs in liposomes or
oleosomes in seeds during the grain-filling stage of the plant (Ali et al., 2013;).
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Similarly, EL Sabagh et al. (2015) also found that foliar application of GB, stimulated
the protein content in stress affected plants by improving the osmoprotective impact on
the photosynthetic machinery and regulation of ion homeostasis (Hussain et al., 2008).
Under drought stress the OSP help to transport essential hormones like cytokinins for
biosynthesis and also have a role in the transport of photo-assimilates (Taiz and Zeiger,
2006; EL Sabagh et al., 2015).

However, application of compost is more effective on seed oil content than applying
mineral nitrogen. This might be due to the fact that nitrogen composes protoplasmic
protein, which required for increasing the growth and then increasing the seed oil
content and oil yield. The influence of organic manure by improving the physical
structure of the soil and increasing available nitrogen, which reflects a good growth and,
consequently, more absorption of nitrogen and more crude protein synthesis (El-Bana,
2000; El-Sadek, 2005). Compost application was more effective mineral nitrogen on
seed protein content might be due to the fact that nitrogen composes protoplasmic
protein, which required for increasing the growth and then increasing the seed protein
content (Connor et al., 2011). Similarly, the relative increase in protein yield by the
application of vermicompost as compare to mineral nutrients. Jaleel et al. (2009)
indicated that application of vermicompost with inorganic fertilizers improved yield and
protein of Phaseolus vulgaris (common bean) seeds.

Canola (Brassica campestris L.)

Application of antioxidants significantly influenced the protein percentage of canola
seed; while non-significant variation was found in terms of the oil content. It was
observed that the application of salicylic acid (SA) and ascorbic acid (AsA) in
combination with irrigation intervals achieved superior yield of canola, as well as
significant increase in protein and oil content of canola (Fig. 4).
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Figure 4. Qil and protein content of canola as affected by the interaction of irrigation intervals
and antioxidants applications during 2012 and 2013 seasons. SA, Salicylic acid; AA, Ascorbic
acid (Source: EL Sabagh et al., 2017)

Ahmadi et al. (2015) reported that spraying of 300 mg I* ascorbate peroxidase
reduced the effect of drought-stressed on rape-seeds. Application of SA in an
appreciative rate enhanced the antioxidant ability of cell and generated new protein
synthesis in the photosynthetic apparatus (Tirani et al., 2013). According to EL-Tayeb
(2005), SA application decreased the stress-induced loss in chlorophyll content and
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photosynthetic rate. ASA can also decrease the harmful result of oxidative stress and
enhancing the plant growth under stress environment (Dolatabadian et al., 2009).
Application of SA decreased the erucic acid rates in rape oil (Ullah et al., 2012).
Application of GB leads to higher carbohydrate contents, oil contents, Pro contents,
total soluble sugars and lower concentration of MDA and H2O- under drought stressed
in rape plants (Dawood and Sadak, 2014).Similarly, Ali et al. (2013) reported that
compatible solutes such as GB or Pro improved the oil quantity and quality, due to their
protective effect on cellular structures during fatty oil biosynthesis and storage, which
occurs in liposomes or oleosomes in seeds during seed filling stage. Ali (2011) stated
that exogenous GB improved the quality of oil by decreasing the un-saponifiable matter
and increasing oil saponification and iodine values, the measure of oil unsaturation.
Plant growth regulators are important compounds for the rapeseed yield and quality
(Huberman et al., 2014). Putrescine, a new plant growth regulator, belonging to
polyamines, is reported for its beneficial effects on plant growth under environmental
stresses (Perez-Adamor et al., 2002).

Sunflower (Helianthus annuus L..)

Sunflower plays a vital role in providing a ridiculous source of edible oil and protein
for human consumption. However, drought stress severely reduced the growth,
development, and yield of sunflower. Therefore, under changing climate particularly in
drought stress in arid and semi-arid regions, it is important for the development of
drought tolerant genotypes and also adaptive management approaches that are suitable
for sustainable sunflower production. There are two ways to mitigate heat stress in
crops, either by developing and practising improved stress management practices or by
developing and using drought-tolerant cultivars (Farooq et al., 2011; Hossain et al.,
2013; Hussain et al., 2018). Since, researchers around the globe have been trying to
find-out the adaptive technologies which are appropriate to alleviate the adverse effects
of drought (Bowsher et al., 2016; Sourour et al., 2017). Nonetheless, development of
drought-tolerant cultivars through breeding programs is highly important for
improvement of global sunflower production mainly in dry regions where a major
portion of sunflower is cultivated under limited water (Rauf and Sadagat, 2007; Hussain
et al., 2018). The first step for improvement of drought resistance of crops is to assess
the genetic variation that exists in wild types. Therefore, evaluation of these target
resources in combination with genotyping and phenotyping traits under field conditions
are directly related to the improvement in drought tolerance of sunflower (Rauf, 2008;
Hussain et al., 2018). Considering phenotyping criteria, leaf area index might be
preferred as first priority to identify genotypes under drought stress as it is highly
correlated with net assimilation rate (Hemmati and Soleymani, 2014).

On the other hand, several stress tolerance indices (STIs), including stress tolerance,
mean productivity, geometric mean productivity and stress susceptibility index, and can
be used for identification high-yielding varieties with improved tolerance to stress
(Ramirez and Kelly, 1998). These are used to determine stress tolerance in terms of
minimizing the reduction in production caused by unfavourable versus favourable
environments. STIs are measuring stress tolerance in genotypes by comparing GY under
stressed environments (Rauf and Sadagat, 2007; Hussain et al., 2018).

In case of management approaches, exo-application of phytohormones and OSP such
as ABA, potassium chloride, SA and CaCl,, sodium nitroprusside (SNP) a nitric oxide
(NO) donor, triazole compounds, Pro and GB positively improved oil quality of
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sunflower through improving the physiological and biochemical processes of stress-
induced plants (Babaeian et al., 2011). Zaidi et al. (2015) reported that foliar spray of
SA significantly improved the Pro, sugars and proteins of sunflower under drought
condition, indicating that exogenous SA plays an imperative role to survive plant under
drought tolerance. Hussain et al. (2014) found that app of ABA at budding or flowering
stages of sunflower helped to ameliorate the adverse effects of drought stress.
Moreover, Narusaka et al. (2003) reported that ABA app regulates some stress reactive
genes (HaACCO>) and proteins in sunflower under drought stress. Similarly, Hussain et
al. (2018) reported that exogenous ABA application induces the HaACCO: gene
accumulated in leaves of sunflower, which is responsible for drought tolerant in
sunflower. While, Rabert et al. (2013) found that triazole compounds like hexaconazole,
tebuconazole and propiconazole when applied to sunflower under stress condition
partially ameliorated the adverse effects of drought stress through improving the
antioxidant enzymes i.e., SOD, APX and CAT activities. Filova (2014) reported that
application of 28-homobrassinolide significantly improved the antioxidant enzymes and
biochemical traits of sunflower to increase tolerance against drought stress. A sufficient
nutrition of plants under stress conditions (including drought) improve tolerance against
stress. Ashraf et al. (2015) observed that application of the major nutrients enhances the
survival capacity against drought stress by improving protein synthesis, stomatal
regulation, homeostasis and osmoregulation through reducing the ROS.

Application of micronutrients enhances sunflower performance against drought
stress (Movahhedy-Dehnavy et al., 2009; Zafar et al., 2014) by improving the
antioxidant defense, stay green, achenes weight and oil yield. Hussain et al. (2015) and
Igbal et al. (2015) found that exogenous application of CaCl, has a positive effect on
relative leaf water content (RLWC), leaf pigments (such as chlorophyll a, chlorophyll b,
carotenoids, anthocyanins, carotenoids), leaf minerals such as N, P, K and Ca, organic
osmolytes (Pro and soluble sugars) and phenolic related enzymes such as phenylalanine
ammonia lyase (PAL) and POD in sunflower against drought stress.

Similar to other management practices, organic manures have also played a positive
role to improve the drought tolerance of sunflower when applied separately or in
combination with chemical fertilizers or other OSP (Esmaeilian et al., 2012). Manures
are the major source of many essential nutrients as well as enhance the nutrients
availability by improving soil physicochemical properties (Hussain et al., 2018). Aowad
and Mohamed (2009) and Esmaeilian et al. (2012) reported that when organic manure
was applied either alone or in combination with synthetic fertilizers to drought-stressed
sunflower, resulting in a significant improvement in drought tolerance.

Flax (Linum usitatissimum L.)

Water deficit stress conditions (drought) is considered as one of the major harsh
abiotic stresses that can inhibit the growth, development, yield and quality of flax. Some
drought tolerant genotypes can abide stress by increasing the amount of secondary
metabolites. It is reported that accumulation of secondary metabolites such as Pro, GB,
sugars and some inorganic ions consider as a defense mechanism of plants to adapt the
drought by altering their physiological and biochemical activities (El-Tayeb, 2006;
Kiani et al., 2007). In addition, drought stress often leads to accumulating the excessive
ROS that causes oxidative stress to the photosynthetic apparatus, which ultimately
seriously damage the normal function of cells, finally reduced the total assimilation of
plants (Niyogi, 1999; Fambrini et al., 1999). Bakry et al. (2012) found that application
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of SA @ 75 mg I significantly increased the Pro and free amino acids content of two
varieties of flax (‘Olin” and ‘Amon’) under drought condition as compared to the
corresponding control condition. Under drought stress, the significant increase in total
carbohydrates in shoots of flax concurrently increased the growth rate of the flax that
led to increase the photosynthetic efficiency in response to SA treatments and thus led
to enhance biosynthesis of carbohydrates which are utilized in growth of flax plants
under drought stress (EI-Tayeb and Ahmed, 2010). Similarly, Kranner et al. (2002)
demonstrated that SA is one of the antioxidant substances that concentrated in the
chloroplast of the plant cell and protect the photosynthetic apparatus under drought
stress, by reducing the excessively ROS species known as free radicals.

Accumulation Pro and free amino acids in plant tissues could be involved in the
osmotic adjustment of plants under drought stress (Delavari et al., 2010) and could also
be a protective agent of enzymes and cell membranes (El Tayeb and Ahmed, 2010).
Harinasut et al. (2000) reported that when the plant is exposed to drought stress, they
are maintaining their water content by the accumulation of compatible OSP, such as
Pro, in their cytoplasm. Accumulation of Pro under drought stress produces hydroxyl
radical scavenger for increasing stress tolerance in plant species under stress conditions
(Hoque et al., 2007). Similarly, Arfan et al. (2007) found that SA is naturally produced
in plants in very low amounts that acts as a potential non-enzymatic antioxidant as well
as an endogenous plant growth regulator of phenolic nature. Exogenous application of
SA helps in the activation of a range of plant defense genes for drought tolerance in
plants (Sreenivasulu et al., 2007). Munns and Tester (2008) found that SA has a direct
physiological effect through the alteration of antioxidant enzymatic activities by
preventing oxidative damage in plants by detoxifying superoxide radicals, produced as a
result of stress. The alleviation of oxidative damage and improve the tolerance to
environmental stresses, at critical growth stages of the plant, are often correlated with an
effectual antioxidative system, such systems may be induced or improved by SA
application (He et al., 2005). This significant effect of SA could be attributed to
improve in CO; assimilation and photosynthetic rate which improved mineral uptake by
the plant (Noreen and Ashraf, 2008).

Safflower (Carthamus tinctorius L.)

Plants adopt various strategic tactics to cope with water deficit conditions such as
escape, avoidance and tolerance (Rasool et al., 2013). Among the above-mentioned
cytosolutes, proline and glycine betaine constitute the most important organic solutes
that have a multifunctional role in plants’ defense for combating stresses (Hussain et al.,
2015). Safflower has proved to be stress tolerant due to having more proline and GB
application (Javadipour et al., 2013). Mona et al. (2012) is also in agreement with foliar
application of SA during flowering in safflower that increased the production of oleic
acid and linoleic acid.

The application of kinetin at 10-5 M as a foliar spray to safflower during flowering
(140 days after sowing) was highly effective in increasing oil refractive index (Ullah
and Bano, 2011), decreased oil acid value, free fatty acid content (% oleic acid) and
specific gravity but increased oil pH. Kinetin was highly effective in increasing oleic
acid (C18:1) but decreased the content of linoleic acid (C18:2) (Ullah and Bano, 2011).
Foliar application in stem elongation stage obtained 6.02 percent more seed yield but in
the flowering stage, fulvic acid spraying was achieved 35.5% more oil percent (Moradi
et al., 2017). Boydak et al. (2002) reported that treating safflower plants by GAz had
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less oil content than the non-GAs treated plants. Spraying of Melagrow four times, at
60 or 40 ppm on safflower remarkably increased the oil yields, and percentages
carthamin, carthamidin, oleic acid, and oleic/linoleic ratio (Hamza, 2015). Foliar
application of zinc and manganese significantly improved the palmitic and oleic acids
but these foliar applications reduced linoleic acid content. The palmitic acid content was
increased and oleic acid content was decreased by drought stress (Dehnavi and Sanavy,
2008), while the foliar spray of potassium improved the oleic acid content of oil (Pandy
etal., 2014).

Peanut (Arachis hypogaea L.)

Foliar application of LAA has a significant role in improving yield components,
biochemical constituents and fatty acids composition in seeds of some groundnut
cultivars (NC, Giza 6 and Gregory) grown in sandy soil (Mekki and Hussein, 2017).
The addition of soaked poultry glaucoma as organic fertilizer gave the highest yield of
peanut under drought stress, but the organic soaked pigeons' manure resulted in high
percentage of oil (Abd El-Halim et al., 2016). The recommended dose of fertilizers
(RDF) of P and K (100%) along with 50% of N basal and 50% of N as top dressing
increased the yield attributes, yield and oil contents of groundnut as compared 100%
RDF of N, P, and K to groundnut (Priya et al., 2009). Potassium was reported to play
the main role on the oil content of groundnut (Charkaravarthy et al., 2002), and they
also reported that potassium application during pod development stage increased the oil
content in groundnut.

Phosphorus application in the form of single superphosphate has been shown to
increase both oil and protein content of groundnut seed (Elsheikh and Mohamedzein,
1998). Rahman (2006) reported that oil and protein content of groundnut increased
when calcium level was increased from 0-100 kg ha™. Recently, Vijayarengan et al.
(2009) showed that cobalt at the rate of 50 mg kg™ application in the soil had a
beneficial effect on biochemical contents i.e., sugar, protein and amino acids of
groundnut seeds compared with control plants. Applying P fertilizer obviously
increased fat and protein content, applying N fertilizer mainly enhanced protein content,
and applying K fertilizer mainly raised the content of soluble sugar. In addition, the
application of NPK fertilizers also increased the contents of lysine and methionine
which were inadequate in the protein fractions of peanut kernel, enhanced the contents
of oleic acid and linoleic acid, raised the ratio of oleic acid to linoleic acid, improved
nutritional quality of peanut, and pronged the shelf life of peanut products (Zhou et al.,
2007).

Conclusion

Drought is the foremost abiotic stress that significantly influenced the qualitative and
quantitative traits of major oilseed crops particularly in arid and semi-arid regions.
Essential dietary components in human consumption, as well as animal feed, were
significantly reduced as a consequence of drought stress through altering the physico-
biochemical as well as enzymatic activities of crop plants. Hence, the negative effect of
drought stress has been varied in almost all crops depending on crop species, genotypes,
and their growth stages. The present review summarized that early growth stages
followed by anthesis to grain filling stage of oilseeds crops are the most sensitive stages
against drought. The review highlighted that there are different ways to mitigate the
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adverse effect of drought viz., development of crops cultivar tolerant against drought
and to follow improved management approaches including exogenous application of
osmoprotectants, essential macro and micronutrients management and using organic
amendments (compost, green manures, cow dung and incorporation of crop residues) in
soils which lead to increase the yield and grain quality of oilseed crop. The findings of
the current review will be helpful to plant researchers to make research programs for
resolving the consequences of drought stress for sustainable quality food production in
the era of climate change.

Disclaimer. We hereby declare that this review contains no material which has been accepted for the
award of any degree or diploma in any university and that, to the best of our knowledge and belief, the
review contains no copy of any material previously published or written by another person except where
due reference is made in the text.
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