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Abstract Safflower is one of the oldest cultivated crops, usu-
ally grown at a small scale. Safflower is grown for flowers
used for coloring, flavoring foods, dyes, medicinal properties,
and livestock feed. Safflower is underutilized but gaining at-
tention due to oil yield potential and the ability to grow under
high temperatures, drought, and salinity. Salinity and drought
have negative effects by disrupting the ionic and osmotic equi-
librium of the plant cells. The stress signal is perceived by
membranes then transduced in the cell to switch on the stress
responsive genes. This review discusses on stress tolerance
mechanisms in safflower. Strategies are proposed for enhanc-
ing drought and salt resistance in safflower.
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1 Introduction

In addition to an increasing world population, there are several
reasons for serious concern about sufficient future global pro-
duction of food from crop plants. The availability of arable
land is decreasing because of non-sustainable farming, soil
erosion, soil degradation, and global climate changes
(Rosegrant and Cline 2003; Lobell et al. 2008). Droughts,
storms, floods, heat waves, and rises in sea level are predicted
to occur more frequently, and salinity and other soil toxicities
are likely to be much more problematic in some areas (Takeda
and Matsuoka 2008). Comparing the effects of different
stresses is an important step toward understanding plant be-
havior under realistic field conditions where stresses rarely
occur alone (Voesenek and Pierik 2008). Salinity and drought
are two of the most serious abiotic stresses, which pose a
threat on crop productivity worldwide (Guo et al. 2014).
According to an estimate, one third of the world’s population
live in areas where water is scarce (FAO 2003). Due to pop-
ulation growth and development of economic sectors, the
competition for water resources will also grow (Laraus
2004). Drought is expected to increase in frequency and se-
verity in the future as a result of climate change, mainly as a
consequence of decreases in regional precipitation but also
because of increasing evaporation driven by global warming
(Lobell et al. 2008). Previous assessments of historic changes
in drought over the late twentieth and early twenty-first cen-
turies indicate that phenomena may already be happening
globally (Sheffield et al. 2012). Drought affects more than
10 % of arable land, causing desertification especially in arid
and semi-arid areas, while salinization is rapidly increasing on
a global scale declining average yields for most major crops
(Bray et al. 2000). According to the United Nations climatic
report (http://www.solcomhouse.com/drought.htm), the
Himalayan glaciers that feed to Asia’s largest rivers
(Ganges, Indus, Brahmaputra, Yangtze, Mekong, Salween,
and Yellow) may disappear by 2035 due to rise in
temperature. Under such circumstances, agriculture will be
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limited by reduced water supply and water of lower quality,
particularly for crops with a water demand lower than that of
horticultural or other intensive crops (Hsiao et al. 2007).
Understanding plant resistance to drought and salinity is there-
fore of fundamental importance that can provide insights into
the resistance mechanism against these abiotic stresses at bio-
chemical, physiological, and molecular levels.

Recently, studies concerning resistance against drought
and salinity in cultivated crops have been reported, while
considerable advances have been made in this regard
(Colmer et al. 2005). Therefore, salt-affected soils can be
utilized by growing salt-tolerant plants, whether halophytes
or non-halophyte crops (Rozema and Flowers 2008).
However, it is imperative to explore intra-specific (inter-
cultivar) variation for salt tolerance in a crop by screening
its available germplasm. For instance, a great magnitude
of inter-cultivar variation for salt tolerance has been ob-
served in different crop species such as wheat (Ashraf and
McNeilly 1988), lentil (Ashraf and Waheed 1990), barley
(Belkhodja et al. 1994), cotton (Ashraf and Ahmad 1999),
rapeseed (Ulfat et al. 2007), and safflower (Siddiqi et al.
2007; Fraj et al. 2013).

Saftlower (Carthamus tinctorius L.) is one of the prospec-
tive oilseed crops because it yields about 32—40 % seed oil
(Weiss 1971). However, due to its considerable salt resistance
than commonly grown oilseed crops, it is cultivated in arid
and semi-arid regions where soil salinity is one of the major
threats to agriculture (Kaya 2009). Drought is very unpredict-
able among abiotic stresses in terms to occurrence, severity,
timing. and duration (Chinnusamy et al. 2005), and safflower
can be a promising alternate crop in dryland agro-ecosystems
due to its growth potential under water stress without a sub-
stantial reduction of oil and seed yields (Kar et al. 2007).
Safflower cultivation constitutes a more profitable crop for
the farmers in some countries, compared to other conventional
crops such as barley, lentil, and chickpea (Dajue and Mundel
1996; Yau 2004). The fact that safflower can overcome envi-
ronmental stresses such as extreme temperatures, drought, and
salinity has facilitated its expansion in areas around the world,
where soil and climatic restrictions have impeded the cultiva-
tion of conventional food and cash crops (Yermanos et al.
1964; Weiss 2000). In particular, safflower has demonstrated
drought resistance with a slight decrease in crop yield and
significant stability in water use efficiency (Lovelli et al.
2007). The identification of adapted cultivars able to grow
well in drought and saline environments may provide the
germplasm for future breeding. Safflower petals are widely
used as flavoring and food coloring agents and to prepare
the textile dyes. Safflower has great potential as an oilseed,
ornamental, medicinal, vegetable, and animal feed crop
(Fig. 1). The meal obtained after oil extraction comprises con-
siderable quantity of protein and is a favorite animal feed
(Pavlov and Todorov 1996). Global production of safflower
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Fig. 1 Safflower plants at growth, tillering, and reproductive stages (a, b), capitulum (c¢), and seeds (d). Photos: M. 1. Hussain

exceeds 647 million tonnes, Kazakhstan and India being the
leading producers (Fig. 2).

Salinity and drought stresses have become a significant
problem in safflower production and management in many
areas of the world. In order to conserve fresh water resources,
non-potable water such as recycled, effluent or reclaimed wa-
ter may become a major source of irrigation for safflower,
particularly in semi-arid and arid areas (Tuck et al. 20006).
Production and sustainable development of safflower require
cultivars better able to perform well under drought and salinity
stress. Understanding physiological mechanisms and molecu-
lar and genetic bases of tolerance against these stresses is
critical for developing safflower germplasm and devising
management strategies for profitable safflower production.
In this review, we discuss the morphological, physiological,
and biochemical responses of safflower to drought and salinity
in order to better understand the limits and tradeoffs between
the two stresses and explore how these responses can be
exploited to improve drought and salinity tolerance. We also
review the roles of exogenous protectants, mechanisms for
transduction of salt and drought stress signals, transgenic

Fig. 2 Safflower production
(thousand tonne) in different
countries of the world. Source:
FAO (2003)

v Turkey \

Uzbekistan
(25858)

(45000)

approaches, and management strategies currently being taken
to promote stress tolerance in safflower plants.

2 Effects
2.1 Drought

Drought is the single most critical threat to world food secu-
rity. The severity of drought is unpredictable as it depends on
many factors such as occurrence and distribution of rainfall,
evaporative demands, and moisture storing capacity of soils
(Wery et al. 1993). Three main mechanisms that reduce crop
yield by soil water deficit include (i) reduced canopy absorp-
tion of photosynthetically active radiation, (ii) decrease in
radiation-use efficiency, and (iii) reduced harvest index (Earl
and Davis 2003).

Drought influences the crop production to a great extent.
Plant species adaptable to regions suffering from water stress
are sought in order to be incorporated in profitable agricultural
production systems. Safflower is cultivated on marginal lands
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that are relatively dry and has recently become popular for
biofuel production (Dordas and Sioulas 2008). Safflower
may uptake water from deep in the subsoil since it is charac-
terized by a strong and deep taproot which facilitates its
growth in dry climates (Dajue and Mundel 1996). The roots
can grow to 2.2 m depth and its spines enable safflower plants
to overcome drought hindrances. In the following lines, influ-
ence of drought stress on the growth and developmental cas-
cades and physiological process responsible for yield forma-
tion has been presented.

2.1.1 Plant growth and development

Germination, vegetative, flowering, and seed filling stages of
safflower are sensitive to water deficit. All the aforementioned
developmental stages are influenced by a row of physiological
responses, which may suppress plant growth and crop yield
under drought. Germination is one of the most sensitive plant
growth stages to water deficit (Farooq et al. 2009). Saftflower
germination and stand establishment were severely decreased
under water deficit conditions (Sionit et al. 1973; Bassiri et al.
1977). However, combination of light and drought stress may
increase the accumulation of polyphenol compounds in saf-
flower seedlings, a desirable characteristic for the leaves that
could be used as tea with anti-allergic and antioxidative prop-
erties (Yaginuma et al. 2002). Safflower is an extensively
branching crop, and dry matter accumulation depends not on-
ly on plant height but also on branch development and mor-
phological characteristics susceptible to drought stress
(Koutroubas et al. 2004).

The qualitative and quantitative attributes of plant growth
are the result of interactive phenomena among genetic, phys-
iological, ecological, and morphological characteristics under
drought conditions (Wang et al. 2003; Farooq et al. 2009).
Vegetative stage constitutes a growth stage of vital importance
for safflower when it is severely affected by water stress.
Decreases in shoot length, shoot and root dry matter, and
relative growth rate were observed for safflower varieties
treated under water deficit conditions (Hojati et al. 2011).
Deficit irrigation during the vegetative stage severely affected
safflower production compared to full irrigation (Esendal et al.
2007). Decrease in growth rate under drought could be attrib-
uted to inhibition of cell elongation because the water flow is
interrupted from the xylem to the surrounding cells (Nonami
1998). Furthermore, shoot growth seemed to be more adverse-
ly affected compared to root growth (Bassiri et al. 1977).
Decrease in soil moisture causes decrease in seed germination,
shoot length, and fresh and dry weights of safflower seedlings.

2.1.2 Plant water relations

Decrease in leaf water potential may provoke osmotic adjust-
ment which helps maintain leaf hydration at low leaf water
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potential. Leaf relative water content and leaf water potential
in safflower plants were affected by water deficit, whereas
lipid peroxidation and antioxidant compound (ascorbic acid,
«-tocopherol, reduced glutathione, superoxide dismutase,
catalase, peroxidase) values were increased (Hojati et al.
2011). The leaf area index, chlorophyll content, and mem-
brane stability indices in safflower plants were severely influ-
enced by water deficit conditions, whereas substantial in-
crease was provoked in antioxidant compounds, ascorbate
peroxidase, and peroxidase (Amini et al. 2013). During seed
filling stage, the drought stress exerted destructive conse-
quences in relative water content, stomatal conductance, leaf
temperature, osmotic adjustment, and leaf weight in five saf-
flower genotypes (Pasban Eslam 2011).

2.1.3 Mineral uptake and assimilation

Drought stress also reduces the nutrient uptake by the roots
and their translocation in the plant due to low transpiration
rates, diminished active transport, and impaired membrane
permeability (Hu and Schmidhalter 2005). Nitrogen (N) up-
take, accumulation, partitioning, and translocation indices in
safflower plants were affected by drier conditions prevailed in
the second year of experimentation and as a result of signifi-
cant N losses (Dordas and Sioulas 2009). Plant species and
genotypes within a species may vary in their response to min-
eral uptake under drought stress (Garg 2003).

Phosphorus (P) addition was very important for plants un-
der water deficit conditions since P uptake was reduced in dry-
soil conditions. Symbiosis between the roots and mycorrhizae
enhanced both the uptake of several elements including P and
plant resistance exposed to growth. Total shoot N content was
not affected in droughty safflower plants, while treated and
untreated mycorrhiza safflower and wheat plants accumulated
equal quantity of P in their leaves under drought conditions
(Bryla and Duniway 1997).

2.1.4 Light harvesting and carbon fixation

Stress due to water limitations and stomatal closure im-
poses a negative impact on photosynthetic apparatus and
diminishes thylakoid membranes, Calvin cycle enzyme ac-
tivation ultimately decreased the plant growth and develop-
ment (Ashraf and Harris 2013; Chaves et al. 2009; Farooq
et al. 2009; Hussain and Reigosa 2011). Stomatal closure
due to water deficit leads to a progressive limitation of
photosynthetic carbon assimilation by causing changes in
chlorophyll content by affecting chlorophyll contents
(mainly a and b) and leading to photosynthetic apparatus
collapse (Chaves 1991; Yordanov et al. 2000). The CO,
limited availability due to stomatal closure may also induce
an increase in sensitivity to photosystem II damage. In
addition, the imbalance between reactive oxygen species
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and antioxidant enzymes influences the photosynthetic po-
tential of plants through higher oxidation of proteins, mem-
brane lipids, and other cellular characteristics (Fig. 3;
Farooq et al. 2009). Six safflower genotypes grown under
drought stress were screened by Javed et al. (2013b) and
compared to their oxidative damage and antioxidative re-
sponses. They reported that water stress reduced the chlo-
rophyll @ and b contents, but a decrease in chlorophyll
contents was less in one safflower variety. Therefore, chlo-
rophyll contents could demonstrate a useful marker for
selecting a stress-tolerant variety.

Chlorophyll, xanthophyll pigments, and carotenoids con-
stitute an important indicator, which can be used to measure
chlorophyll loss in plants under environmental stresses
(Hussain and Reigosa 2011, 2014, 2015). Amini et al.
(2013) evaluated 64 safflower genotypes under water deficit
conditions and observed that cultivars with low seed yield
were characterized by low chlorophyll values.

2.1.5 Seed, oil yield, and quality

Translocation of pre-anthesis assimilates to the seed is a cru-
cial physiological process during the filling phase of safflower
seeds, especially under drought. The high seed filling rate is a
very important characteristic for selection of safflower geno-
types to increase yield in arid regions (Koutroubas and

Papakosta 2010). Filling rate is dependent on current photo-
synthesis, dry matter redistribution from vegetative tissues to
the seeds during the filling period as well as by the sink size
(Koutroubas and Papakosta 2010). Storage of pre-anthesis
assimilates has great significance to obtain higher yield
(Koutroubas et al. 2004). The prevalence of hot and dry con-
ditions during the maturity phase influenced the rate of pho-
tosynthesis, nitrogen assimilation, and the sink size of saf-
flower seeds. As a result, biotic and abiotic stresses diminish
photosynthesis and crop nitrogen uptake limiting safflower
production (Koutroubas and Papakosta 2010).

Typically safflower seeds contain 30-40 % oil, 15-20 %
protein, and 35-45 % hull (Rahamatalla et al. 2001).
Distribution and composition of fatty acids in safflower seeds
in variable and ordinary seeds contain about 2-3 % stearic
acid, 16-20 % oleic acid, 68 % palmitic acid, and 71-75 %
linoleic acid (Nagaraj 1993). In comparison, high linoleic saf-
flower varieties contain 87-89 % linoleic acid and high oleic
acid varieties constitute over 85 % oleic acid. In recent years,
safflower has become a major oilseed crop with good oil and
fatty acid composition (Camas and Esendal 2006; Yeilaghi
et al. 2012). Safflower oil contains a large amount of unsatu-
rated fatty acid; however, the composition of the oil was not
affected by drought. However, drought reduces the palmitic,
stearic, oleic, and linoleic acid contents (Ashrafi and Razmjoo
2010).

Low tissue

Droughtstress| ————
water potential

non-cyclic e-transport

Fig. 3 Influence of drought stress on photosynthesis. Drought stress
lowers the tissue water status, which suppresses the leaf development
and accelerates the leaf senescence and abscission resulting in decrease
in photo-assimilatory size, and thus, carboxylation is decreased. Drought
disturbs the balance between the production of reactive oxygen species
(ROS) and the antioxidant defense causing accumulation of ROS, which
induces oxidative stress. Drought also induces stomata closure, which

ROS
roduction
Decrease in P
stomatal a| Decrease in
conductance and abscission | \leaf expansiol
Membrane Decrease in
damage photosynthesis
pigments
Decrease in
CO, influx Decrease in carboxylation
' '
Decreasein  |_— )
the activity of Decrease in
carboxylation of photophosphorylation Decrease in rate of
enzymes E> photosynthesis
Down regulation of

decreases the CO, influx. Reduction in CO; not only reduces the
carboxylation directly but also directs more electrons to form ROS.
Under severe drought, activities of carboxylation enzymes are reduced.
Under drought stress, non-cyclic electron transport is downregulated to
match the reduced requirements of NADPH production and thus reduces
the rate of photophosphorylation. Conceived from Farooq et al. (2009)
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Istanbulluoglu et al. (2009) observed that when irriga-
tion was omitted for winter and summer sowings during
vegetative stage, yield response factor was decreased. In
water-constrained regions, winter sowing is suggested
more productive than summer to maintain high yield of
oil production. Anthesis is a very sensitive stage to
drought (Movahhedy-Dehnavy et al. 2009). Any episode
of drought during flowering period, irrespective of sowing
time, may cause substantial decrease in seed yield (Yau
2007). Drought during flowering and seed filling stages, in
spring safflower plantations, caused decrease in yield and
yield attributes (Koutroubas et al. 2009; Yau 2007).
Reduction in the number of seeds, flower numbers per
capitulum, and head fertility was observed under drought
and late sowing (Cazzato et al. 1997). Safflower seed
yield is negatively influenced by drought particularly in
flowering and heading (Zarghami et al. 2011). Similarly,
drought at heading stage decreases the foliage chlorophyll
content together with seed and oil yield (Kafi and Rostami
2008). Antioxidant and oil contents of safflower genotypes
from diverse origin grown under normal and water deficit
conditions are elaborated in Table 1. Safflower translocates
65-92 % of its pre-anthesis storage assimilates to the seed
during late season drought (Koutroubas et al. 2004).
Safflower oil content was influenced by different irrigation
regimes (Ashrafi and Razmjoo 2010). Lovelli et al. (2007)
showed that the harvest index in safflower did not signif-
icantly change in five irrigation regimes with a restoration
of 100, 75, 50, 25, and 0 % of the maximum crop evapo-
transpiration, but seed yield declined sharply under severe
drought stress.

Safflower seed oil contains a large amount of saturated
(palmitic and stearic) and unsaturated (oleic, linoleic, and
linolenic) fatty acids, and composition may be affected by
abiotic stresses (Dajue 1993; Sabale and Deokar 1997,
Fernandez-Cuesta et al. 2014). Ashrafi and Razmjoo
(2010) reported that the oil contents of safflower cultivars
were significantly reduced due to drought stress. In partic-
ular, both the stearic and palmitic acid contents were re-
duced by 57 % on average, whereas the linoleic and oleic
acid contents were reduced by only 8 and 14 %, respective-
ly. The results clearly showed that water deficit conditions
severely affected saturated compared to unsaturated fatty
acid contents. Drought, occurring in the late flowering and
seed filling stages in spring safflower genotypes, decreased
seed and oil production, mainly by decreasing yield com-
ponents such as the number of seeds in the capitulum, the
1000-seed weight and harvest index (Eslam et al. 2010). Oil
yield constitutes a combination of seed yield and oil
content. Koutroubas et al. (2009) observed that the ranking
among safflower genotypes for oil yield was similar to that
of seed yield because the oil yield was mainly determined
by seed yield.
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2.2 Salinity
2.2.1 Osmotic effects

Salt accumulation in the soil reduces the water potential of soil
solution which adversely affects plant water conductance and
ultimately plant tissue water content (Munns 2002). High ac-
cumulation of salts in saline soils results into reduced water
potential of soil solution which causes difficulty for plants to
extract water from soil experiencing “osmotic stress.” The
excess salts reduce plant growth primarily because these bulk
salts increase the utilization of energy that the plant must use
to acquire water from the soil and to make biochemical ad-
justments. This energy is diverted from the processes that lead
to reduced growth and yield of plants (Akram et al. 2002). Salt
stress suppressed the leaf water relation parameters, relative
leaf water content, water potential, osmotic potential, turgor
potential, and ultimately decreased the safflower fresh weight
and inhibited plant growth (Jabeen and Ahmad 2012).

Leaf water and osmotic potential decreased under salinity
stress, but they were less affected in the salt-tolerant ecotypes
than the sensitive ecotypes in safflower (Gadallah 1996;
Gadallah and Ramadan 1997; Hameed and Ashraf 2008;
Yermanos et al. 1964). Under stress, osmotic potential of the
soil solution become low and the seed germination will be
inhibited due to difficulty in water absorption by seeds and
casing sodium toxicity to embryo under alteration (Hasegawa
et al. 2000; Farsiani and Ghobadi 2009). Salinity decreased
the germination percentage, germination rate, shoot, root and
seedling length, root/shoot length ratio, seed vigor, and ger-
mination index in all the six genotypes of safflower while
cultivar “Kose” was more resistant while cultivars KMS5,
KMS, and KM47 were sensitive genotypes (Khodadad
2011). The reduction in growth can be considered as a possi-
bility to preserve carbohydrates for sustained metabolism,
prolonged energy supply, and better recovery after stress re-
lief. Mild salinity stress leads rapidly to growth inhibition of
leaves and stems, whereas roots may continue to elongate
(Spollen et al. 1993).

2.2.2 Specific ion toxicity

Specific ion toxicity, the result of excessive uptake of certain
ions is the primary cause of growth reduction under salt stress
(Chinnusamy et al. 2005). Toxic ions in salt-affected soils are
usually sodium, chloride, and sulfate (Ghassemi et al. 1995;
Munns and Tester 2008). The excessive sodium ion (Na")
accumulation causes ion toxicity and interferes with plant me-
tabolism while accumulation of potassium ion (K") can alle-
viate Na" toxicity by adjusting osmotic potential and through
ion balance. It has been reviewed that high Na" accumulation
causes greater damage in leaves as compared to those in roots



4

Page 7 of 31

Agron. Sustain. Dev. (2016) 36: 4

0€'LEE  0€L99 0TLT  TS8C 9¢Ll  SS'SI 08'8STI 0S€CET  0TO €0 1444 6¢°0 861 LEO 0re ¥0°C uel  Qggueseloyy]
0S9Ly  0L¥E6 SY'LT  LEOE 9I'8T  S991 0L'6CLI 00°00I€ LI 1£4Y] 96t 8¢°C 9Ll 190 (V4 88’1 uelp coueselo3
08'18C 0€TSS 01'9C ov'6c So'6l  SEPI 0L'S80T 0T6E8T  0TO €Co 90°¢C 96'¢ o1 10 96'C el uelf 6qereq
0€CLT 0S'L8S SE€€C  86'LC 98'LI  S6'ST 0TO9IT 01'C60C 1T0 (44 0¥'¢ 9I'v 8L'1 ¥$°0 gee L6'¢ uelf yqereq
0v'S9¢  0S°¢9S 0I'ST  €L9C L89L  09F%I 0T09%1 00660C £€T0 020 LT'e 060 SI'T 190 SLT 80°¢ uelf qereq
08'69C 0T¥Sy S9'sT  SO'LT ¥TLL  0€9l 0€SCOl O¥'LLOT  LTO 170 £9°¢ 9Ll o'l ¥$°0 08°C y0°€ uelf [qereq
0S°LEE  0T08S STYC  S9LT TTLL  S6'ST 0S'S871 06°€0IT  1T0 00 Wy we (43 6C°0 61¢C SO'1 ey 6UBISOPIO]
Ov'8Ly  0S'S6vy S6'9C  vC0t€ Ov9l  SI'ST OL'L8LL 090661  TTO 170 89°¢ e 89°1 870 001 80°1 uel] 8UBISOPIOT]
0I'66C 089IS S8€EC  L69C SY'ST  9S°€l 00°SLCI 061061  LIO 81°0 60y 9¢'1 €6'1 0v°0 6C¢ €9°C uerf LUBISOPIOT]
06'SS€  0S'LT9 SE€sT  0Ov'8C SS61  ST8L 09'16€l 00°0¥CC €10 €C0 €9°C wy IL'1 9¢0 80°C v8'l uerp QUBISOpIO3]
Or'rtey 09C69 s6v¥Cc  66'LC C8IC  0I'0C 086561 OI'v6yc 910 610 89°¢ 9¢'1 I'c 860 L9'1 8LC uelp CUBISOpIOD]
0€96C 0970 08CC 61'ST OLLI  S6'81 0¥'Sy6 OL€I9 610 ¥T0 €eL 850 S0'C [€°0 49! LT¢ uel] PUeISOpIO3]
08'SLy  09'¢Sy 0¥'9C  v0'6C O01'0C  SI'LI 00'19IC 0STC8I  €T0 STo yI'8 079 9T LY0 8v'y 89'1 uelf €UE)SOPIOD]
0T’s6E  Ov'€lS SY9T  6C8C SY'8L  STI9l 0TSOST 0€PeE8T  1T0 ¥T0 82" 1€y 9Ll 060 970 §Te uelp CUeISOpIO]
07695 O0L¥F9 0S'8C  066C STOT  S961 06'LL6T 06°LIFT 910 81°0 se's €89 w1 290 6L'C 08l uel] [ UB)SOPIOD]
01'99C 00°0IS SO'ST  €€8C 08SL  0OF'SI 09T901 0096%1  9T0 vTo SS9 ore 191 09°0 el Ll uelf Opuepowie
0v'08% 08'8SL 08CC  L66C 0S0C  SE€91 00'8CIT 0S°0CST <TI0 610 €6 £€C ¥0°C 9¢°0 ceo S uelf geuepowie
00°€8% O0I'PL9 189C  SS'LT OI'91  O¥¥l 0TE6LI O0SELYT  1T0 vZo Y09 Il SS'l Sv'o L1 we uelf [cuepawie
OI'Lyy  0€'899 SO'I€  S6'CE T8SL  0TLL 06'ISPI 000S0C  1T0 00 0L¢ 06'1 9L'1 Seo 98°C 891 uelf L1uepawieH
0S'¥ch 0T909 ¢8ST  Tv'8C 8I'8T  S991 OLI¥91 0T8EIT  LIO o 80°¢ 0T'¢ 8¢°1 0 ¥6°0 19T uel] S6T-SS-AYT
0LC6E€ 0TL6Y SO9C  09'LC OL'ST  SO'ST 0S'SOST O¥'6C81  0T0 £€C0 L6'L S6°0 9Ll §To 7'l 71 uel] IS-ISAdT
01’061 0L°¢9¢ 9T’€C  8E'ST 1881  0T91 01908 0O€TeEyl 810 o LTE o1l 9Ll 6¢°0 LLO 9¢C uel] $8650¥-1d
01'29¢  08'66v 00LC 08LC 0E€ST  09LI 0T09¢l 0TO06LI 610 €20 ¥6'C S6'1 8L'1 wo 98°C 8¢°¢ uel] PevI-€L
0I'sTc  06'L9% S9'sT  TL'LT LS61  STIOl  OV'SL8 099891  1T0 €C0 1Ty 171 8L'1 LY'0 970 ¥8°C uel] LTN
0691 08'¢e8 SY'CC  0LLT TEIC  SE8L 0v'80¢C 0S'€C0E  TTO §To 98°¢ S80 SL'1 1€°0 9T Pl uel] I
08°Cly OI'CLy OI'ST  IL9C 6S91  SL9I 0€0¥91 00CL6l €10 vTo st L9 YL'1 690 vy S8l uel] YTE-L69-9S
0T€le 0€scs SL'LT  19'6C 1§91 Svvl 0S8CIT 0TS8LI  TTO 970 ors 61l 081 6¢°0 0C'¢ w1 uelf LOE-L69-9S
08°96C 0v'e8S Syec  8L9T TSLL  STYL 0969CI 0SCLIC 1T0 00 9 ¢80 LS'1 1€°0 0CC 96°C uell  891-1%/85-9S
0I'¥0€  00°€6S 0S9C  108C I€LI  S¥'6l 096¥Il 0T680C 610 170 L9T 651 83'1 340 ¥8'C 691 uerf (118879)
0v'0IT 0€'SCS SL9T  988C CTSIT  060C 0€€8L OI'S6LI  TTO o 879 So'¢ LYl St0 €90 or'1 uel] 14428
OI'vLS  O1°019 S9CC  8L9T 9L0T  SL'ST 0L0EST 0S'SSST LI 0T0 or'1l 150 SL'1 wo €9'1 ore uel] [88729)
0I'€ce  08'¢ClS ¢S8€C  8ELT 1€ST  0€vl OI'6VEl OCI8LI  TTO £C0 1L w'e 99°'1 00°LT S8l (4! uel] 911D
0C°09C 0I'vLS ¥E€ST  068C 0S'SL  OL'ST 069201 0T9861 0T0 0T0 0€'e o 43! 0¥'0 6v'C 66'1 uel] [2410)
SSOIS [BUWHLON SSOIS [BULION SSONS [BWLON  SSOIS  [BULION  SSONS  [BULION ssong [ewIoN ssong [ewIoN ssang [ewION.
(,_ey 3) (%) (%) (;,_ey 3 (my |3 Suwr) (urojord Swr  (urojord Sur | _um joury) (urgoxd Swr
Pl 1O JUOIUOD [I)  JUUOD UI)0I] PIoIA paos SpIOUQOIE) . UIW [OUIU) 9SBPIX0Id] oseprxorod 01eqlodsy - UIW [owu) asefeye)  WSHQO sadKjousn

s

I

SUOIIIPUOD JIOIJOP IdjeM PUB [BULIOU JOPUN UMOIS UISLIO 9SIOAIP woIf sodAjousd JoMO[jjes JO SJUauod [I0 pue jueprxonuy | d[qeL

INRA a5

pringer

SCIENCE & IMPACT




Agron. Sustain. Dev. (2016) 36: 4

4 Page 8 of 31

(#107) " 10 Iy :20IN0g

09'18€ 0S'€hy SY'9T  8L'LT ¥S'LL  SYTL 09'1¢vl 08°€P91 810 81°0 9’6 Iee €Sl o ¥0°C €6'0  OOIXoN 9L-oury]
0€'LLT OLYIS STLT 09'8C SY9l  0L'61 00°€IOl 0STc6l  LIO 61°0 oL LO'T 681 ¥€0 vl or'e vsn 9€9LES-1d
0I'6€C  0€'LIy 08ST  8TLC 68%1  OVLI 08SC6 0CTO06LI  SI0 €Co 1Ty €Te 091 70 ¥6'0 (x4 vsn S-9€9L€S1d
0€'88C 08'8CL SL9T  0L'6C CTOLL  OL¥I 06€801 0I'T6EC 1CT0 810 01’9 1404 981 10 Iee 144 vsn 1¥S-S
0I'91¢  OL'I¥S 66'LT  I¥'IE LLCL  06°Cl 00°SCIT OI'l¥PLI  1T0 0C°0 L6l 0S°1 [48! $9°0 8L°0 9L'T vsn Ovr-MO
06CST  0T'60S SS9C  L6'LT 8I'0C  0TYI OI'PLCI 00°8%91 810 170 £€9 e €8l €S0 £vo €0C vsSn BlIO
0I'c0C 0806y S09C  €6'8C 9¢CI 0991 08691 0OY9LYC 0TO 170 8LT 09°1 P81 €0 (x4 9¢'1 vsn ueuneHq
06°€8¢  0S'CIS 0€ST  v¥8C 6861  0€SI 06'L0ST 06¥08I  0TO o 09 19°L So'l LEO 8S°1 v6'¢  [eSnuod L1¥8STId
0S9LF  0L79€9 00°€C  L89C 98CI  00°¢€l 0v'090C 0I'v6€C  €T0 €Co 899 8¢'1 S9'1 9¢°0 881 8y LA uerkg
0L°GIE  0€LSS 08'ST  LI'8C STSL  OL'ST 0TLCCL 06%081  0TO 610 (2% 1253 8S°1 €50 €8'1 0ge  snddy  uoSerg snidAy
06€LE  0L998 ¢€99C  SI'CE 1C8L  06'C€l 06COFL 06€0IC  0CTO 91’0 LTy 0L'1 98'l ¥$°0 e 88'C BUIYD 9y905-1d
OL'TOy  0S'66S S6¥C  L9LT 6L0C  SS¥I 089091 OL1ICC 610 810 vy ey 9Ll (430 90y L8T 1dASg LESOSTId
oreey  09v6y SOLT  vE€8C €881  0€9l OLIPST OLTIST  1T0 €ro SLT 60°1 8L'1 r'0 or'e e ueshied 0610STId
09°Scy  0OL'SSy SLCTC  Trye 1€LL  SO'61 06'LL8T 09'8I0C 810 610 IS¢ V'L 8L'1 LSO (44 ¢e'e dunsoled P8EESTId
08'9LE 06VPS SO'ST  0SLC vE€8L  OI'VI 0T88EL OLT1IEC 610 vTo 86'L IS¢ L'l 9¢0 o'l ST Ul Pr8861-1d
09°'L6€ 08¢0L 669C 0L0c +OLLI 0091 08C8YI 0TS8CC LIO 90 ILY 1T1 ye'l el LSO LST  Aopmg SSOID
0TIy 08IvL 08LT  €96T S9SI  06'SI 0SO0LVI 0066¥C TTO €0 £9°C €6'C 961 290 0Ll vor Aoy LN
08'C8C 0V'68S SE€€C  LSLT THSL  STIT OL'L6IT O0I'V69C  0T0 810 66t (! (4! LSO £5°¢ Sty Aodng, 1Loulg
0L'89€ 0698¢ 0€ST  vT'ST ST8L 0681 Ov'8SYI 0€08ST  0C0 020 €6y 9 651 0s°0 ¥Te (U uelf ety
09'ILy 0€9¢S STLT 998C ¢€€LI  SO'ST OI'9ILI 0888  LIO 10 (U 16°L S0¢C 0L0 19°¢ €e'l uelf BuIg
08°L8¢C 09'ILS SI'ST  1S9C ¥’ Sl S8SI 06'6¢ST 0€€eElc 610 170 8Y'L [140] 98’1 0v'0 €1r'e 8Y'C uelf ueysiez
0¥'89C OI'6ty 0TST  9SLT LI'¥PL  SO¥L 000901 OLP9ST 610 vTo eLe 16 o1 880 ¥6'1 [5x4 uelf puBIEN
09¥I€ 0S'€cy 68€C  8CTST CC0C  08LI 000IET 096081  SI0 cTo €Ce or'e 091 6C°0 o'l e uel]  oSmy Ueyejsy
OI'€Ly  0S¥IS 008C  €8LC S891  S6'LI 0T8YPLI OV'8L8T  0TO o S8'L 00°¢ 86'1 65°0 PS1 S uel] pueyesy
0L'SLT 069LE SY'¥YC  1S9C LE€IT  SS'ST O8LIIT OV9LYL 610 970 9T¢ €6'1 L0C 090 €6'1 LOE uel  Q9yeysuelol]
0v'69% 0L'¢88 S9'IC  €9%C OI'8T 0061 09T6LI 0SYLSE  TTO 170 or'y 96T L0T €0 99°¢ 99°¢ Uell  Lpyeysuellion]
0¢€°L€C 08T87 0€'sT  L8LC 1891  OI'tl  0I'0F6 00°6¥VLI  TTO o Iee 144\ 11 €0 9L'0 €Tt Uel]  9pyeysuBllIoR]
0C°L9C 09°Ccs 0€'sT  09'8C LI'LL  SS¥L 0TLIL OLCI8T  €T0 170 00°€ 8’1 L8] 0 8S°1 LEE UBl  ppUeysuBLLIO}]
0L'6Sy  08'SOL SY'8C  0CT'8C 6891  S6'SI 096901 0¥'9L91  1T0 o LTT Il SOl Sv0 9¢'1 (4 uel] YeysueuLad]
OI'LO¥  Ov'LSYy SO'LT  0S6C Ov'SL  Ov'e€l Ov'80SI 0TYLST  1T0 €C0 yse 16'1 e §9°0 89C LT uel  gosueseloyy|
0€90¢ 01'9L9 68T C06C S691  06%I O8L8IT 0SICEC  0CT0 10 ¥0'€ 16'¢ 8S°1 0 88'I 61'C uel  9/gueseloyy|
SSoIS [EULION SSOIS [BULION SSOIS [BULION  SSOIS  [BULION SSOIS  [BULION ssong [ewION ssong [ewIoN ssong [ewIoN
(;_ey 3%) (%) (%) (;_®y 3) (»g |8 Sur) (uroyord S (wrejord Sur | urur jouu) (uroyo1d Swr
PRI 1O JUUOD [IO  JUJUOD UIOIJ PIoIA paag SPIOUQJOIR) | UIW [OWU) SEPIX0IO] osepixorod 9)eqIooSy | UIW [OWIU) Ose[eIe)) iirs]ile) sadKjouon

I

I

(ponunuod) [ djqeL

-~
)
B0
=)
=
=
o

Ns

SCIENCE & IMPACT



Agron. Sustain. Dev. (2016) 36: 4

Page 9 of 31 4

(Munns 2002, 2005), and burning of leaves is a major symp-
tom (Zhu 2003).

Many physiological studies have demonstrated that Na"
toxicity is not only due to toxic effects of Na" in the cytosol
but also because K™ homeostasis is disrupted possibly due to
the ability of Na” competing for K* binding sites. The chloride
uptake was stimulated at all levels of chloride and sulfate
salinization in Carthamus tinctorius cv. Bhima, and concen-
trations were more in the roots which reflected that the salt
tolerance mechanism of this variety is associated with exclu-
sion of chloride ion (CI") from leaves (Ashraf and Fatima
1995). Sodium and sulfate stimulated sulfate uptake, which
reflects that plants have the ability to maintain sulfate uptake
under saline conditions (Patil 2012). Increased NaCl resulted
in an increase in the Na" and CI™ content of the seedlings,
while the K™ content was not affected and large size seeds
produced vigorous seedling growth due to a lower ion accu-
mulation under NaCl stress (Kaya et al. 2011).

2.2.3 Imbalances in mineral uptake and assimilation

Crop performance may be adversely affected by salinity-
induced nutritional imbalances (Hu and Schmidhalter
1998). These imbalances may result from the effect of sa-
linity on nutrient availability, competitive uptake, transport,
and/or partitioning within the plant caused by physiological
inactivation of a given nutrient resulting in increased plant’s
internal requirement for that essential element (Marschner
1995). In salt-affected soils, excessive buildup of Na* and
CI' ions in the rhizosphere leads to severe nutritional im-
balance in safflower due to strong interference of these ions
with other essential mineral elements such as potassium
(K), calcium (Ca), nitrogen (N), phosphorus (P), magne-
sium (Mg), iron (Fe), manganese (Mn), copper (Cu), and
zinc (Zn) (Hu and Schmidhalter 1998; Siddiqi et al. 2011).
Na" is the principal toxic ion, which interferes with potas-
sium uptake and transport in safflower leading to distur-
bance in stomatal modulations and causing water loss and
necrosis (Siddiqgi et al. 2011). Competition between potas-
sium and sodium under salt stress severely reduces potas-
sium content in both leaves and roots of safflower (Kaya
et al. 2011). The uptake of phosphate and its accumulation
is reduced in crops due to salt stress due to the reduced
availability of phosphate in salt-affected soils (Ashraf
2004). Increase in Na" and CI™ levels in rhizosphere may
induce strong competition with other essential minerals
such as K', Ca®", and NO;~ and may thus inhibit their
uptake (Hu and Schmidhalter 2005). The accumulation of
Ca*’, K', and N was decreased with increase in salt stress
(Jamil et al. 2006) and Ca®" displaces Na" from the plas-
malemma of salt-stressed root cell, thus decreasing the in-
flux of ions into the cytoplasm (Lynch et al. 1987). P
contents were higher than control at all levels of NaCl

and Na,SO,, indicating that P uptake is stimulated in saf-
flower cv. Bhimawhichisone (Patil 2012).

Increased sodium accumulation also disturbs Zn nutrition
in plants. The high concentration of Zn in safflower improved
the growth of roots and enhanced xylem development in
NaCl-stressed plants compared with plants grown without
Zn (Gadallah and Ramadan 1997). The Zn contents in roots
were decreased with increased salt in level; whereas in stem
and leaves, Zn content increases in safflower with increasing
salinity (Patil 2012). The Fe'? uptakes were stimulated at all
levels of salts in safflower cv. Bhima, and Fe' is not much
stored in roots but it is translocated to the stem. Within the
stem, Fe'? is more retained under salinization indicating the
presence of some regulatory mechanism within the stem.

2.2.4 Light harvesting and carbon fixation

Photosynthesis is the most important process by which green
plants convert solar energy into chemical energy in the form of
organic compounds synthesized by fixation of atmospheric
carbon dioxide. Photosynthesis is adversely affected by salin-
ity in various ways, such as the inhibition of CO, intake with
stomatal closure (Degl’Innocenti et al. 2009), the reduction of
photosynthetic pigment, chlorophyll @ and b (Qados 2011),
and damage to photosynthetic processes (photosystems I and
I1, electron transport proteins (Sudhir et al. 2005)). The reduc-
tion in photosynthesis due to salt stress is partly ascribed to
reduction in chlorophyll contents (Ashraf 2004). The salt
stress significantly reduced the chlorophyll a and b of safflow-
er accessions, and some accessions were salt tolerant (safflow-
er-35, safflower-36, safflower-38, and safflower-39) while
others (safflower-31 and safflower-34) were salt sensitive
(Siddiqi et al. 2009).

Total photosynthesis decreases due to inhibited leaf devel-
opment and expansion, as well as early leaf abscission, and as
salt stress is prolonged, ion toxicity, membrane disruption, and
complete stomatal closure become the prime factors responsi-
ble for photosynthetic inhibition (Fig. 4; Farooq et al. 2015).
Munns and Tester (2008) identified the reduction in stomatal
aperture as the most dramatic and readily measurable whole-
plant response to salinity and concluded that the osmotic effect
of salt outside the roots induces stomatal responses. Salt stress
affects stomatal conductance immediately due to perturbed
water relations and shortly afterward due to the synthesis of
abscisic acid. Salinity and drought decreased the chlorophyll
contents in safflower variety “THORI-78” in a net house trial
(Javed et al. 2013b). Reduction in chlorophyll contents under
salt stress can be due to deterioration of pigment protein com-
plexes (Singh et al. 1990). The rate of photosynthesis, bio-
mass, and seed yield was decreased with increase in salinity
(Siddiqi et al. 2009). Salinity can reduce the photosynthetic
activity and is usually caused by decreased stomatal conduc-
tance, which reduces transpiration rate but also CO, uptake
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Salt stress

Increase in Na* uptake

lon toxicity

ROS
roduction
Decrease in P )
stomatal eaf senescence Decrease in
conductance and abscission | \€af expansion
Membrane Decrease in
damage photosynthesis
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Decrease in
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' '
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the activity of Decrease in
carboxylation of photophosphorylation Decrease in rate of
enzymes N{> photosynthesis

Fig.4 Influence of salt stress on photosynthesis. Under salt stress, uptake
of Na" increases resulting in increase in tissue Na', which causes decrease
in leaf growth and induces early leaf abscission. Salt stress disturbs the
balance between production of reactive oxygen species (ROS) and
antioxidant defense causing accumulation of ROS, which induces

(Iyengar and Reddy 1996). In saftflower, following salinity
treatment lowered the transpiration rate, altered leaf cell struc-
ture, and decreased stomatal numbers (Devi et al. 1980; Weiss
1971).

2.2.5 Seed, oil yield, and quality

Soil salinization and alkalization affect the soil productivity
and quality of crop plants in arid and semi-arid areas of world.
Suitability of vegetable oil for human consumption depends
upon the composition of fatty acids in oilseed crop. Although
safflower is produced on marginal lands, its oil is still consid-
ered an ideal in terms of fatty acid composition. However, salt
stress could have a negative impact on oil contents in various
safflower cultivars (Bassil and Kaffka 2002; Irving et al.
1988). Moreover, salt stress decreased the number of capitula
per plant, number of seeds per capitula, and seed oil contents
(Irving et al. 1988). Safflower crop is more sensitive to salinity
at germination stage in comparison to late development
stages, the plants have small height with reduced stem diam-
eter, and the plants are more succulent with thick and darkened
leaves (Weiss 1971; Beke and Volkmar 1995; Bassil and
Kaffka 2002). However, the fatty acid composition of safflow-
er linoleate oil was not affected by increasing salinity, while
fatty acid composition was altered in the high-oleate cultivars,
resulting in decreased oleic acid contents (Irving et al. 1988).

Yeilaghi et al. (2012) reported a significant reduction in
safflower seed yield, oil contents, and fatty acid composition
in 64 safflower genotypes following salinity treatment.
Moreover, salt stress caused a significant increase in oleic acid
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oxidative stress. Salt stress also induces stomata closure, which
decrease the CO, influx. Reduction in CO, intake reduces the
carboxylation rate. Under severe salt stress, activities of carboxylation
enzymes are also reduced. Conceived from Farooq et al. (2015)

and decrease in linolenic acids in different safflower geno-
types. Safflower seed and oil yield were not affected with
increase in electrical conductivity of soil, but the oil content
and 1000-seed weight were increased slightly with increase in
soil salinity (Bassil and Kaffka 2002). Siddiqi et al. (2011)
found a decrease in seed yield, number of seed per capitula,
and 1000-seed weight while a-tocopherols, stearic, oleic, and
linoleic acid contents were not affected. The application of
50 mM NaCl decreased the total lipid contents in both roots
and aerial parts with great variations in the fatty acid profile.
The major changes in fatty composition were an increase in
palmitic, oleic, and linoleic acids; however, an opposite trend
of linolenic acid was observed between roots and aerial parts
(Harrathi et al. 2012).

3 Resistance mechanism

Drought constitutes a multidimensional stress that impairs the
phenological, morphological, physiological, biochemical, and
molecular status of plants and ultimately affects the crop
growth and production (Bartels and Sunkar 2005; Farooq
et al. 2009; Wang et al. 2003; Yordanov et al. 2000).
Drought escape, solute accumulation, antioxidant defense,
photosynthesis, and changes in the hormonal profile are the
most important strategies deployed by the plant to combat
water deficit conditions.

Responses of plants to soil salinity are also complex and
include stress sensing and signaling, ion homeostasis, osmo-
regulation, detoxification, and growth regulation (Munns and
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Tester 2008; Zhu 2001). At the metabolic level, plants may
display changes in phytohormones, accumulation of
osmolytes (soluble sugars, amino compounds), and increases
in membrane lipid oxidation in response to salinity within an
hour to several days of stress exposure (Bolu and Polle 2004).

3.1 Drought
3.1.1 Drought escape

Plants adopt various strategic tactics to cope with water deficit
conditions such as escape, avoidance, and tolerance (Rasool
etal. 2013). Plants may complete their growth cycle before the
onset of the dry months owing to increase in metabolic activ-
ity and rapid growth or they may alter their phenotype by
increasing escape traits under drought conditions (Sherrard
and Maherali 2006). Although safflower is considered to be
one of the most xeric crops of all oilseed annual worldwide
that can sustain dry conditions, its yield was decreased be-
cause of late sowing of rainfed safflower in a semi-arid
Mediterranean environment (Yau 2007). In this case, low seed
yield may be attributed to less precipitation, diminished bio-
mass production, and late flowering in plants that are more
vulnerable to terminal drought and heat. Safflower could be
grown as a winter crop in areas with temperate climate or as
spring crop in areas characterized by cooler temperatures.
However, autumn plantation compared to spring sowing led
to a significant increase in seed production (Koutroubas et al.
2004; Miindel et al. 1994; Yau 2007). A great disadvantage for
safflower grown in locations with Mediterranean-type climate
is that irrespective of sowing time, anthesis stage falls into
summer months when high evapotranspiration values are de-
noted and drought period starts (Corleto et al. 1997;
Koutroubas et al. 2009).

3.1.2 Solute accumulation

Plants that undergo water deficit conditions need to maintain
water potential below that of soil through overproduction of
compatible organic solutes (Serraj and Sinclair 2002). Low
molecular weight solutes are accumulated in the cytoplasm
so that the osmotic potential decreases and is maintained be-
low that of the soil so that water uptake can be facilitated
(Ahmad et al. 2008). Such organic solutes protect plants from
stressful conditions contributing to osmotic adjustment, with-
drawal of reactive oxygen species (ROS), membrane stabili-
zation, and structural characteristics of proteins and enzymes
(Farooq et al. 2009). The majority of the osmotically active
molecules that are accumulated in the cell include amino acids
(proline, glycine betaine, etc.), sugars (trehalose, glucose, raf-
finose and fructose), sugar alcohols (glycerol), and sulfonium
compounds. Among the abovementioned cytosolutes, proline
and glycine betaine constitute the most important organic

solutes that have a multifunctional role in plants’ defense,
combating stresses.

Plant genotypes tolerant to abiotic stresses such as drought
and excessive salinity demonstrate high proline concentra-
tions, which is often correlated with elevated stress tolerance
(Ahmad et al. 2012). Four safflower genotypes (Esfahan
native, Esfahan-14, PI537, 598, and IL111) were evaluated
for the biochemical responses under water deficit conditions
(Sajedi et al. 2012). The first two cultivars were characterized
by higher proline content, which explained their tolerance to
drought stress. Sajedi et al. (2012) reported similar findings
when they measured proline and two enzymes (P5C reductase
and P5C synthetase) involved in the proline biosynthetic path-
way when they screened two safflower varieties, one drought
tolerant (cv. Al) and one sensitive (cv. Nira). The drought-
tolerant variety was characterized by higher proline concen-
tration which was attributed mostly to increased activity of
P5C synthetase.

3.1.3 Antioxidant defense

When plants experience water deficit conditions, ROS are
produced to exceed the management capacity (Gill and
Tuteja 2010; Hasanuzzaman et al. 2012). As a result, ROS
interact with various cellular molecules (lipids, nucleic acids,
proteins) and cause irreversible damage to cells. High concen-
trations of ROS in plant cells such as superoxide anion radi-
cals, hydrogen peroxide, and hydroxyl radicals lead to oxida-
tion of lipids, proteins, damages in nucleic acids, inhibition of
enzymes, and ultimately cell death (Sharma and Dubey 2005).
The balance between ROS and the antioxidative defense sys-
tem determines the plant survival (Selote and Khanna-Chopra
2006, 2010). Antioxidant enzymes such as superoxide dis-
mutase (SOD), catalase (CAT), ascorbate peroxidase (APX),
glutathione reductase (GR), and glutathione peroxidase
(GPX) and non-enzyme antioxidants, such as ascorbic acid
and reduced glutathione take action in order to limit the dele-
terious effects of ROS (Hasanuzzaman et al. 2012). In partic-
ular, SOD constitutes the end product of peroxidation of mem-
brane lipids and is the first line of defense against ROS.
Several studies have been conducted on biochemical char-
acteristics related to antioxidant systems in safflower cultivars
under water deficit conditions (Amini et al. 2013; Hojati et al.
2011; Sajedi et al. 2012). Drought stress increased the activity
of CAT, SOD, and GPX enzymes in four screened safflower
genotypes (Sajedi et al. 2012). However, one cultivar demon-
strated higher production of antioxidant enzymes among the
rest safflower cultivars. Such biochemical characteristics
could be taken as indices for drought tolerance in plants.
Hojati et al. (2011) examined the capacity of two safflower
cultivars to withstand water deficit conditions through activa-
tion of antioxidant systems. Antioxidant compounds such as
ascorbic acid, a-tocopherol, GSH, SOD, CAT, and POX
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increased under drought stress. Amini et al. (2013) also re-
ported positive and significant correlations between antioxi-
dant enzyme activities (CAT, APX, and POX) and seed yield
for 64 safflower genotypes subjected to water stress. A signif-
icant variation was also observed for six safflower cultivars
which, under moisture stress conditions, increased activities of
CAT, APX, and glutathione reductase enzymes were mea-
sured, indicating the importance of these mechanisms for
drought tolerance in safflower plants (Javed et al. 2013b).

3.1.4 Phytohormones

Phytohormones play a key role in plant tolerance under water
scarcity (Farooq et al. 2009). Drought causes a decrease in
gibberellins and cytokinin and auxin content, whereas abscisic
acid (ABA) and ethylene concentrations increase. Evaluation
studies on biochemical characteristics of safflower cultivars
suffering from water-deficit stress have focused so far on
ABA content from phytohormone point of view. ABA is pro-
duced in chloroplast or other plastids through mevalonic acid
pathway from zeaxanthin. ABA is involved in many develop-
mental processes and cell responses to abiotic stresses like
drought (Weiner et al. 2010). One of the functional roles of
ABA is to regulate water balance and osmotic stress tolerance,
resulting in stomata closure under stressful conditions.
Moreover, ABA influences positively the ion influx across
root cell membrane and contributes in active osmotic solutes
accumulation adjusting osmoregulation (Nayyar et al. 2005).
ABA is accumulated under drought stress and gets degraded
when the impact of the stress fades. It can also be produced in
roots and later transported to shoots to regulate stomatal
movements and leaf expansion. Sajedi et al. (2012) reported
a significant increase in the levels of ABA which in combina-
tion with increased antioxidant enzyme activity and proline
content, improved the drought tolerance of four safflower ge-
notypes. Although, drought stress and cultivar did not affect
ABA content; however, under stressed conditions, intra-
specific variation was observed among safflower cultivars.
ABA activation provokes stomatal closure, hence, a decreased
CO, exchange rate, which in turn causes an increase in tem-
perature (Canavar 2013). The lower the leaf water potential is,
the more the aforementioned activities. Leaf temperature of
safflower plants increased under drought stress, compared to
well-watered plants, and this observation was attributed to the
increased ABA synthesis.

3.2 Salinity

The salt tolerance of safflower is associated with inclusion of
Na' and cytoplasmic avoidance. Salt tolerance in glycophytes
is associated with the ability to limit uptake and/or transport of
saline ions from root zone to shoot (Greenway and Munns
1980). Patil (2012) found that Na* content was more in the
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roots than in the stem and leaves at all salinity levels indicating
that roots have the capacity to sequester high levels of Na" in
C. tinctorius var. Bhima roots. In the shoots of salt-sensitive
plants, accumulation of Na" ions within hours reduced the
growth (Munns 2002; Munns et al. 2000). Sodium is toxic
to many organisms, except for halo-tolerant organisms like
halo-bacteria and halophytes, which possess specific mecha-
nisms that keep intracellular sodium concentrations low.
Accumulation of sodium in the cytoplasm is prevented by
restricting its uptake across the plasma membrane and by pro-
moting its extrusion or sequestration in halophytes (Hasegawa
et al. 2000). High salt concentrations (>400 mM) inhibit the
activities of most enzymes because of perturbation of the
hydrophobic-electrostatic balance between the forces main-
taining protein structure. However, toxic effects on cells occur
at much lower salt concentrations (about 100 mM), pointing to
specific salt toxicity targets (Serrano 1996).

3.2.1 Osmoregulation and osmoprotection

Osmotic adjustment or osmoregulation is the key adaptation
of plants at the cellular level to minimize the effects of
salinity-induced drought stress, especially during the first
phase of salt stress (Greenway and Munns 1980; Anamul
Hoque et al. 2007), and this phenomenon is considered as an
important component of salinity to