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Abstract Drought is one of the major environmental stress
that adversely affect the growth and development of oil seed
plant, safflower. There is a limited knowledge on proteomic
responses to support physiological, biochemical changes in
how safflowers can regulate growth and metabolism under
drought conditions and followed by re-watering. The chan-
ges in morphological, physiological, biochemical and pro-
teomics of safflower genotypes (Carthamus tinctorius L.;
Remzibey-05 and Linas, tolerant and sensitive cultivars,
respectively, and C. oxyacantha M. Bieb., wild type) after
exposure to drought and followed by re-watering have been
examined. Drought negatively affected the shoot weight,
water content, chlorophyll fluorescence, and biochemical
parameters, including photosynthetic pigment, proline,
MDA, and H,O, contents and antioxidant enzyme activities
in all genotypes, while the re-watering period allowed
Remzibey-05 to recover, and it even provided the wild type
completely recovered (approximately 100%). A total of 72
protein spots were observed as differently accumulated
under treatments. The identified proteins were mainly
involved in photosynthesis and carbohydrate, protein,
defense, and energy metabolisms. Protein accumulation
related to these metabolisms in Remzibey-05 were
decreased under drought, while increased following re-
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watering. However, sensitive cultivar, Linas, could not
exhibit an effective performance under drought and recovery
when compared with other safflower genotypes.
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Introduction

Drought is one of the most important factors induced by
global climate change which reduces the amount of usable
water, affects especially agricultural areas and causes sig-
nificant yield losses in agricultural products. Therefore, the
importance of irrigation increases every day; however, the
resources used for agricultural irrigation are gradually
decreasing in many regions of the world. Intergovern-
mental Panel on Climate Change (IPCC) reported that the
water level in dry subtropic regions will be reduced further
and the existing water cannot be used due to contamination
in the twenty-first century (IPCC 2019).

Drought is a multidimensional stress factor and affects
the plant at the cell, organ and organism levels. Under
water-deficient conditions, the plant-water relationship is
disrupted and eventually, the cell water potential and turgor
are reduced (Taiz et al. 2015). The first response to the
reduction of water in the plant is a reduction in photo-
synthesis which involves the closure of stomata and
decrease in the activity of photosynthetic enzymes and
ATP synthesis (Farooq et al. 2009). Another drought-in-
duced effect exacerbates the synthesis of reactive oxygen
species (ROS) to levels that are beyond the plant’s detox-
ification capacity, and thus trigger oxidative stress. These
stress-induced changes may also interfere with plant
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growth and development by affecting other metabolic
activities such as respiration, transport and carbohydrate
metabolism. Plants regulate their adaptation strategies
against drought by adjusting morphology, physiology and
biochemical activities including control of water content,
developing deep root systems, and accumulation of
osmolytes and activating enzyme and non-enzyme systems
to cope with oxidative stresses (Xin et al. 2018).

It has been reported that knowledge about molecular
mechanisms generated to understand drought responses
shows all stages from starting signal detection to the end
product of post-translational protein modifications (PTMs)
cannot be revealed by genomic or transcriptomic analysis
(Nemati et al. 2019). The use of related technologies for the
identification of proteins and PTMs and the detection of
expression profile and protein—protein interactions facili-
tate research on the effects of plant development. Pro-
teomics studies provide information about the actual
fluctuations of the protein levels associated with physio-
logical and stress responses (Budak et al. 2015; Urban et al.
2017; Nemati et al. 2019; Azra et al. 2020).

Safflower (Carthamus tinctorius L.) is one of the oldest
oilseed plants in the world that has high omega-9 (16-20%
oleic acid) and omega-6 (71-75% linoleic acid) content.
Safflower is used mainly for the production of veg-
etable oil, and also used in medical, cosmetic and paint
industries (Gecgel et al. 2007). Besides, safflower oil has
been reported to be suitable for biodiesel production (Mi-
haela et al. 2013). Although, safflower has a narrow cul-
tivation area in the world, it could be one of the important
alternative oil plants especially in arid and semi-arid
regions if its tolerance to stress factors such as drought can
be proved (Majidi et al. 2011). The vegetative stage is
reported as the most critical stage (especially before
flowering) for safflower (Istanbulluoglu et al. 2009).
Therefore, research on the effect of drought on safflower at
this critical stage which reflects yield and production is
very important. The current study aimed to determine the
drought tolerance capacity of safflower cultivars and to
compare the responses of these cultivars with the wild
safflower Carthamus oxyacantha. To achieve this, saf-
flower genotypes at the vegetative stage were characterized
by morphological, physiological and biochemical changes,
and differentially expressed protein (DEP) profiles were
identified using proteomics analysis.

Materials and methods
Plant growth and treatments

Safflower (Carthamus tinctorius L.) cultivars Remzibey-05
and Linas were selected for this study according to the
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previous results (Culha-Erdal et al. 2016), where Remz-
ibey-05 and Linas were identified as tolerant and sensitive,
respectively. Besides, wild type safflower genotype (Car-
thamus oxyacantha M.Bieb.) was used in the study. Seeds,
obtained from Trakya Agricultural Research Institute,
Turkey (TARI), were surface-sterilized (5% NaCIO for
3 min) and imbibed in distilled water for 2 h. After incu-
bation, seeds were sown in PVC pots holding 800 g air-
dried soil with 19.5% water holding capacity. Some char-
acteristics of soil were clay loam texture, pH 7.52 and
electrical conductivity 264 uS cm™'. Each pot contained
four plants. Plants were grown in a controlled growth
chamber with a temperature of 25 + 1 °C, 16 h photope-
riod, 40 & 5% air humidity and 250 pmol m~ s~' light
intensity. On the 40th day after sowing, pots of each
genotype were randomly divided into two groups, one of
which served as the control which was irrigated regularly,
while the other was subjected to drought without irrigation
for 7 days followed by 5 days of re-watering. Plants were
harvested at the beginning of drought (C-40th day) and, at
the end of drought (S-47th day) and after re-watering (R —
52nd day) periods to provide suitable analysis.

Morphological, physiological and biochemical
analysis

Three plants representing each treatment were harvested to
determine fresh weights. Subsequently, dry weights of
plants were measured by drying the fresh plants at 80 °C
for 48 h. The water status of the leaves was evaluated by
calculating relative water content (RWC) (Farrant 2000).
Following at least 30 min dark adaptation, the minimum
(Fo) and maximum (F,,) chlorophyll a fluorescence (ChlF)
were measured. The maximal quantum efficiency of PSII
of dark-adapted plants (F/F),) was calculated using (Fy;-
Fo)/Fy. The efficiency of the water-splitting complex on
the donor side of PSII (Fy/F ) was also calculated to assess
PSII activity. Light induced changes in ChlF, following
actinic illumination (300 pmol m~2 sfl) were recorded
prior to the measurement of minimum (Fy') and maximum
(F)/) fluorescence in light-adapted state. The quantum
efficiency of PSII open centers in the light-adapted state,
referred to as ®PSII, (Fy, '- Fo/F)/) was determined from
F'3 and F's (steady-state fluorescence in the light-saturated
state) values. The quantum efficiency of excitation energy
trapping of PSII (Fy//F,/) was calculated according to
Genty et al. (1989). Later, actinic light was closed and F’
was determined by illuminating the leaves with far-red
light (7 pmol m 2 sfl). Electron transport rate (ETR) was
also calculated by the following formula: (Fy/-F)/(Fy,.
) x PAR x 0.84 x 0.5 (Genty et al. 1989). Non-photo-
chemical quenching NPQ = Fy-Fy, '/F;/ were also
calculated according to Bilger and Bjorkman (1990). The
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fraction of open PSII reaction centers as qr. = (Fy/-Fs)/
(Fy/-Fo') x (Fo'-Fg) were calculated according to Kramer
et al. (2004).

For each treatment, photosynthetic pigment [chlorophyll
(a + b) and carotenoids (x + c)] contents were determined
from leaf disks (R =0.6 cm) and calculated as mg
ml~' em™? according to Lichtenthaler (1987). The antho-
cyanin content (mg ml™' g FW™') was measured as
described by Mancinelli et al. (1975).

The free proline content (mol g FW™") was determined
using the method of Bates et al. (1973) and a proline
standard curve was used to determine the content of free
proline. The levels of malondialdehyde (MDA) and
hydrogen peroxide (H,O,) content were measured
according to the method of Esterbauer and Cheeseman
(1990). MDA content (nmol g FW™") was calculated using
the extinction coefficient 155 mM™' cm™. H,O, content
(umol g FW™") was calculated according to the standard
curve.

Fresh leaf samples (0.5 g) were grounded with liquid
nitrogen and soluble proteins were extracted by the related
homogenizing buffer. In the leaf extracts, the protein
concentrations were determined according to Bradford
(1976). Superoxide dismutase (SOD; EC 1.15.1.1) activity
was determined according to Beyer and Fridovich (1987).
One unit of SOD is defined as the amount of enzyme which
causes 50% decrease of the SOD-inhibited NBT reduction.
Ascorbate peroxidase (APX; EC 1.11.1.11) activity was
assayed according to the method of Wang et al. (1991) and
the enzyme activity ~ was calculated  using
¢=2.8mM cm~! at 290 nm. Glutathione reductase (GR;
EC 1.6.4.2) activity was determined according to Rao et al.
(1995). The enzyme activity was calculated after sub-
tracting the non-enzymic initial oxidation rate using the
extinction coefficient of NADPH (¢ = 6.2 mM cm_l) at
340 nm. Guaiacol peroxidase (POD; EC1.11.1.7) activity
was based on the determination of guaiacol oxidation
(e =26.6 mM cmfl) at 470 nm by H,0, (Bergmeyer
1974). Catalase (CAT; EC 1.11.1.6) activity was assayed
according to the method of Change and Maehly (1955) and
the enzyme activity was calculated from the initial rate of
decomposition of H,O, using ¢ = 40 mM cm ™' at 240 nm.
Aldose reductase (ALR; EC 1.1.1.21) activities were
determined as described by Mundree et al. (2000). The
enzyme activity was calculated from the initial rate of the
reaction after subtracting the non-enzyme oxidation rate
using the ¢ of NADPH (¢ = 6.2 mM cmfl) at 340 nm.

Proteomic analysis
Proteins were extracted using a phenol extraction method

(Hurkman and Tanaka 1986) with modifications (Ahsan
et al. 2008). Leaf tissues (2 g) were ground into a fine

powder with liquid nitrogen and homogenized in 8 ml pre-
cooled Mg/NP-40 extraction buffer (Kim et al. 2001). The
homogenates were centrifuged at 3500 g for 15 min, and
fractionated with an equal volume of Tris—HCI saturated
phenol (pH 8.0). After that, the top phenol phase was
collected, and proteins were precipitated overnight by
adding four volumes of cold 0.1 M ammonium acetate in
methanol at -20 °C. The precipitated proteins were col-
lected by centrifugation at 10,800 g for 10 min and washed
with precipitation solution three times and ice-cold acetone
twice. The protein pellet was air-dried and dissolved in a
rehydration buffer. Protein concentration was determined
using the Ramagli and Rodriguez assay (1985).

The protein extracts were subjected to two-dimensional
polyacrylamide gel electrophoresis (2-D PAGE). 500 png
protein samples which were diluted with a 300 pl of
rehydration buffer were loaded onto IPG (Immobilized pH
gradient) strips (17 cm with 5-8 linear pH gradient; Bio-
Rad, USA) and were passively rehydrated for 16 h. Iso-
electric focusing (IEF) was carried out using PROTEA-
N®i12™ IEF System (Bio-Rad, USA) at 20 °C with the
following settings: 250 V for 30 min, 10,000 V for 2 h and
finally 10,000 V per hour until reaching 70,000 V. After
IEF, the strips were first incubated in equilibration buffer I
(6 M urea, 2% SDS, 1,5 M Tris—HCl pH 8.8, 20% glycerol
and 2% DTT) for 15 min and then in equilibration buffer II
(6 M urea, 2% SDS, 1,5 M Tris—HCI pH 8.8, 20% glycerol
and 2.5% iodoacetamide) in the following 15 min. The
second dimension SDS—-PAGE was performed on running
gels (PROTEAN II XL Cell, Bio-Rad; 12.5% polyacry-
lamide) according to Laemmli (1970). The protein spots on
gels were visualized by using Oriole™ Fluorescent Gel
Stain (Bio-Rad, USA). To assure reproducibility, the gels
were run in 2-D PAGE three times in each experiment.
Then, three of these gels obtained from each treatment
were used for MALDI-TOF/TOF-MS analysis.

The stained gels were displayed using VERSADoc 4000
MP (BioRad, USA) system and images of the gels suit-
able for analysis were obtained using the Quantity One
program (BioRad, USA). Analysis of protein spots and
comparison of the gels was performed with PDQuest
Advanced program (version 8.0.1, BioRad, USA). The
statistical calculation of the difference in spots was con-
ducted by Student’s t-test (P< 0.05) and, changes more
than two times were cut by using an automated spot cutting
tool, ExQuest spot cutter (BioRad, USA).

Tryptic-digested peptides were extracted using an in-gel
tryptic digestion kit (Thermo Fisher Scientific, Rockford,
IL) according to the manufacturer’s protocol. Zip-Tip
(Millipore, USA) cleaning was performed for each digested
sample before deposition onto a MALDI plate. Protein
identification was performed by using AB SCIEX MALDI-
TOF/TOF 5800 system (Applied Biosystems, Framingham,
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69MA, USA). Mass spectra (m/z 800-3000) were acquired
in positive ion reflector mode. The 10 most intense ions
were selected for subsequent MS/MS sequencing analysis
in 1 kV mode. MS/MS spectra of proteins were submitted
to database searching using the online MASCOT program
(Matrix Science, London, UK) and GPS Explorer (Applied
Biosystem).

To better understand interactions of identified proteins,
the homolog of all identified proteins in Arabidopsis
thaliana was determined using UniProt database, and
STRING 11.0 database (http://string-db.org) was used to
construct a network for protein—protein interactions (PPI).
Besides, Kyoto Encyclopedia of Genes and Genomes
(KEGG) metabolic pathways have been used to schematize
the drought-affected metabolic pathways.

Real-time PCR (RT-PCR) analysis

Total RNA was extracted from 0.3 g leaf samples
according to Chomczynski and Sacchi (1987). RNA was
purified using DNase I, RNase-free Set (Thermo Scientific,
CA, USA) and Quantitation of RNA was obtained with a
BioSpec-nano UV-VIS spectrophotometer (Shimadzu).
The first strand cDNA was synthesized using Scientific
RevertAid First-Strand cDNA Synthesis Kit (Thermo Sci-
entific) according to the manufacturer’s instructions. Pri-
mers were designed using NCBI, Primer3 and IDT Oligo
Analyzer programs (Supplementary Table S1). Expressions
of genes were monitored by the real-time PCR cycler
Rotor-Gene Q (Qiagen, Hilden, Germany) using Luminaris
Color HiGreen qPCR Master Mix (Thermo Scientific).
Elongation factor-1o (EF-10) was used as internal control
and data were normalized using the control samples.

Statistical analysis

Experiments were performed in a completely randomized
design by three replicates (four plants in each replicate/
pot). Differences between cultivars and treatments were
analyzed by ANOVA and according to the least significant
difference (LSD) test at the 5% level using the SPSS 20.0
software (IBM SPSS Statistics). gqRT-PCR data were ana-
lyzed by student t-test (p < 0.05).

Results and Discussion

When exposed to environmental stress such as drought,
plants develop complex mechanisms and re-program their
metabolism and growth as induced by morphological,
physiological, biochemical, and molecular changes (Claeys
and Inzé 2013). In the present study, drought and re-wa-
tering periods caused significant changes in plant
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morphology, physiology and biochemistry (Figs. 1, 2, 3, 4).
Besides, our proteomic analysis showed that the water-
stress-responsive proteins involved in photosynthesis and
carbohydrate metabolism consist of the highest percentage
of differentially expressed protein (DEPs) (Supplementary
Table S2).

Characterization of drought tolerance
by morphological, physiological and biochemical
traits

In this study, the fresh weight of shoot decreased under
drought stress and increased following re-watering in all
genotypes (Fig. 1a). This reduction under drought might be
associated with the suppression of cell expansion and
growth due to a decrease in turgor pressure (Robert et al.
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Fig. 2 Chlorophyll fluorescence responses of safflower leaves
exposed to drought and re-watering periods: Fy/Fy = The maximal
quantum efficiency of PSII of dark-adapted plants (a), Fy/Fo = The
efficiency of the water-splitting complex on the donor side of PSII
(b), Fy'/F\{ = The quantum efficiency of excitation energy trapping

2016). The dry weight of shoot was not affected in
Remzibey-05 and wild safflower in treatments, whereas it
was decreased under drought and increased following re-
watering in Linas (about 20% decrease and increase,
respectively) (Fig. 1b). Dry weight accumulation in geno-
types can be connected with the accumulation of specific
proteins and drought adaptability (Urban et al. 2017). The

of PSII (¢), OPSII = The quantum efficiency of PSII open centers in
the light-adapted state, referred to as ®PSII (d), ETR = Electron
transport rate (e), gL = The fraction of open PSII reaction centers
(f) and NPQ = Non-photochemical quenching (g). The values are
presented as the mean =+ standard error

results of dry weight which directly reflect the effects of
stress on biomass showed that Remzibey-05 and C. oxya-
cantha have higher drought tolerance potential than Linas.
In addition, the RWC of genotypes was declined under
drought (more than 10%) but noticeably increased after re-
watering and reached control levels, except for Linas
(Fig. 1c). These results showed that Remzibey-05 and C.
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oxyacantha can rapidly revert to the previous leaf water
content and development of plants during the re-irrigation
period.

Many metabolic processes including photosynthesis
were negatively affected under drought conditions. Our
research has indicated that the photochemical activity of
genotypes was affected differently from drought (Fig. 2).
Fy/Fp and Fy/Fo, were decreased in Remzibey-05 and
Linas under drought (Fig.2a, b). These reductions
demonstrated that water-splitting complex and reaction
centers of PSII are damaged (photochemically inactive),
indicating impairment of photosynthetic electron transport
(Kalaji et al. 2011). These reductions induced a decrease in
Fyv’/Fy\ for both cultivars, however to a greater extent in
Linas (Fig. 2c). Besides, after re-watering, increases in Fy/
Fum, Fy/Fo and Fy'/Fyy of Remzibey-05 exhibited that
damage to PSII and electron transport in tolerant cultivar is
reversible. The decrease in Fy’/Fy, also induced the
decline in ®PSII of cultivars, which indicates disruptions in
electron transfer in response to stress (Fig. 2d). Huang
et al. (2013) reported that the ®PSII was related to Fy’/Fy,’,
and the parameters were decreased in ramie under drought.
Moreover, drought reduced ETR and qp (Fig. 2e, f) and
these reductions showed that the disruption between the
excitation rate and electron transfer rate caused an increase
in the reduced state of PSII reaction centers and suppres-
sion of electron transport efficiency between photosystems
under drought (Efeoglu et al. 2009). Following re-watering,
@PSII, ETR and qL. were increased in both cultivars and

@ Springer

these values reached the level of control in Remzibey-05.
In the drought tolerant wild genotype, Fy’/Fy,’, ®PSII,
ETR and q; were decreased under drought and increased to
the level of control after re-watering (Fig. 2c—f). The
thermal dissipation process (NPQ) of cultivars exhibited no
significant change for treatments while in C. oxyacantha,
the NPQ increased 2 to 1.72 times in drought and re-wa-
tering compared to control, respectively (Fig. 2g). The
results of the study indicated that drought has a direct effect
on the photosynthetic mechanisms of C. oxyacantha and
Remzibey-05, and the tolerant genotypes were able to
improve the impairments in PSII activity, electron transport
and photochemical use when water was re-supplied. In
parallel, photochemical parameters showed that drought
disrupted PSII activity in Linas even though plant death
was not observed at stressed conditions.

Drought affected not only the photochemical apparatus
but also photosynthetic pigment contents. Chlorophyll (Chl
a + b) content was decreased under treatments compared
to control only in Linas (Fig. 3a). The reason for the
decrease in Chl content of Linas could be the destruction of
chlorophyll molecules while producing ROS and causing
structural damage in chloroplasts (Ahmadikhah and Mar-
ufinia 2016). At the same time, the Chl a/b ratio (antenna
size) was increased during the re-watering period com-
pared to control and drought in Linas and this result indi-
cated a decrease in antenna size after re-watering (Fig. 3b).
Also, a decrease in photosynthetic activity may be partly
due to decreased Chl content in Linas. However, Chl
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Fig. 4 Drought and re-watering periods induced changes contents of
proline (a), MDA = malondialdehyde (b) and H,O, = hydrogen
peroxide (c); and the activities of SOD = Superoxide dismutase (d),
APX = Ascorbate peroxidase (e), GR = Glutathione reductase (f),

content and Chl a/b ratio of Remzibey-05 and C. oxya-
cantha exhibited no significant change after treatments.
The carotenoid content was significantly decreased in
cultivars while its content in C. oxyacantha remained
stable throughout the treatments (Fig. 3c). On the other
side, the accumulation of anthocyanin is one way of pro-
tecting against photoinhibition; by masking Chls as a ROS
scavenger and filter to prevent high light absorption by
leaves (Farrant 2000). Anthocyanin content was increased
under treatments in all genotypes (Fig. 3d). It is possible
that anthocyanin may have played an effective role in
protecting Chls according to the changes in the protective
pigment contents.

Osmotic stress is induced due to the reduced ability of
water uptake of plants under drought. In the present study,
proline which has a function to maintain osmotic potential,
increased 38.00, 56.66 and 2.85-times by drought com-
pared to control, and decreased 84%, 64% and 53% fol-
lowing re-watering period compared to drought for
Remzibey-05, Linas and C. oxyacantha, respectively
(Fig. 4a). Accumulation of proline in genotypes may have

POD = Guaiacol peroxidase (g), CAT = Catalase (h) and ALR = Al-
dose reductase (I) in the leaves of safflower genotypes. The values are
presented as the mean =+ standard error

been due to protein synthesis or degradation. Besides,
following re-watering, the proline content of all genotypes
was significantly reduced, and this decrease could be due to
the use of proline as a source of nitrogen reserves during
re-watering (Urban et al. 2017). Mohammadi et al. (2016)
reported that a reduction in Chl content caused an increase
in proline accumulation in less tolerant cultivar under
drought conditions, because proline and Chl have the same
precursors (synthesized from glutamate). These explana-
tions have supported the findings of Chl and proline in
Linas (Figs. 3a, 4a). Besides that, osmotic stress triggers
the increase in ROS production, which causes the deteri-
oration and peroxidation of lipid membranes in plant cells.
Our results showed that MDA and H,O, contents of saf-
flower genotypes were markedly increased with drought
while the values of these parameters were decreased after
re-watering in Remzibey-05 and C. oxyacantha (Fig. 4b,
c). Filippou et al. (2011) demonstrated that the content of
MDA and H,O, in leaves and roots of Medicago truncatula
were increased in drought while decreased following re-
watering. This recovery due to a decrease following re-
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watering could be explained by presence of a rapid phos-
pholipid renewal mechanism for the maintenance of
membrane integrity and that H,O, acts as a signal molecule
in these genotypes.

Plants activate antioxidant defense mechanisms to
scavenge ROS caused by drought. In our study, the enzyme
activities of all safflower genotypes increased within a
certain level to maintain the stability of ROS due to the
intensity of drought (Fig. 4d-g). Following re-watering,
SOD, APX, GR and POD activities in C. oxyacantha and
APX and GR in Linas decreased while enzyme activities of
Remzibey-05 did not change significantly compared to
drought. Also, there were significant increases in CAT
activities of Remzibey-05 and C. oxyacantha under
drought (Fig. 4h). These results suggested that Remzibey-
05 maintained a balance of the generation and elimination
of ROS during treatments. Wei et al. (2020) reported that
the antioxidant enzyme activity was higher in drought-
tolerant safflower varieties during drought stress. However,
reduction in enzyme activities of Linas did not play an
active role in the removal of ROS following re-watering.
Furthermore, the higher H,O,, proline, anthocyanin and
antioxidant enzyme activities in the control of wild geno-
type, as well as less increment in drought compared to
control cultivars and return to control level following re-
watering, indicated that the C. oxyacantha was always
prepared for unsuitable conditions and can maintain its
metabolism to the optimum level under these conditions.

Drought affects the expression levels of enzymes which
has a role in other metabolic functions besides defense
mechanisms in plants. ALR is one of the key enzymes of
the polyol metabolic pathway that catalyze the NADPH
dependent reduction of the aldehyde form of glucose to
sorbitol, and have an active role in the synthesis of osmotic
regulators, repression of lipid peroxidation and detoxifi-
cation of ROS under stress conditions as well as holding
low levels of stress-induced damage and maintenance of
tolerance (Oberschall et al. 2000; Tari et al. 2010). Our
results showed that ALR activities of genotypes were sig-
nificantly increased with drought while the level of enzyme
activities was decreased following re-watering (Fig. 41).
Also, the changes in ALR enzyme activities were sup-
ported with the results of proline, lipid peroxidation and
H,0, in genotypes (Fig. 4a—c).

Proteomic analysis of differentially abundant
proteins under drought and re-watering periods

To determine the mechanism by which safflower genotypes
respond to drought and re-watering periods, 2-D PAGE
was utilized to compare the leaf proteome of genotypes.
Protein spots obtained from 2-D PAGE gels showed high
reproducibility among the three independent extractions
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based on the analysis of PDQuest software (version 8.0.1,
BioRad, USA). Based on at least 2-fold quantitative
change, 650 £ 30 spots were detected in all genotypes.
When 2-DE maps of control and treated samples were
compared, 23, 21 and 28 protein spots were identified as
differentially expressed in Remzibey-05, Linas and C.
oxyacantha, respectively (Fig. 5). These proteins were
successfully identified by MALDI-TOF/TOF-MS and
database searches (Uni-Prot and Swiss-Prot). The isoelec-
tric point, molecular mass and other parameters of identi-
fied protein are shown in Supplementary Table S2 in
Supplemental Materials.

To understand how DEPS are related and how the pro-
teins involved in different pathways cross-link to each
other, we constructed a protein—protein interaction (PPI)
network for DEPs both for each genotype separately and all
genotypes together, using the STRING database (Supple-
mentary Fig. S1). The Arabidopsis thaliana was used as the
reference to get homolog proteins due to unavailability of
PPI data of safflower proteins in the String-database
(Supplementary Table S3). In genotypes, most of the
interacting proteins consisted of two major groups: pho-
tosynthesis and carbohydrate metabolism. When the
genotypes were evaluated together, more protein interac-
tions were revealed compared to individual evaluations.
Ribulose bisphosphate carboxylase large chain (RBCL) is
the central core protein of the PPI network due to its
interactions with other proteins involved in photosynthesis
and carbohydrate metabolism when genotypes evaluated
together and also individually (Supplementary Fig. Sla-d).
Besides, proteins involved in photosynthesis and carbohy-
drate metabolism interacted at high levels with each other
and with proteins involved in protein (CDSP32, RPS18,
RPL14, PBF1) and defense (CSD2) metabolism in geno-
types. Further, the functions of DEPs in metabolic path-
ways are discussed.

Photosynthesis and carbohydrate metabolism

Drought has a direct impact on photosynthetic efficiency
by disrupting all major components of photosynthesis and
affect other primary metabolic processes such as carbo-
hydrate metabolism (Farooq et al. 2009). In this study, 34
DEPs were associated with photosynthesis and carbohy-
drate metabolism after treatments (Supplementary
Table S2, Fig. 7). Our proteomic analysis revealed that
drought-induced changes in the expression of proteins
related to photosystem reaction centers and energy transfer.
Oxygen-evolving enhancer protein 2 (OEE2) which is a
subunit of PSII was increased in Linas (spots 27 and 37)
whereas decreased in C. oxyacantha (spot 55) under
drought. The increase in abundance of OEE2 may be
required to repair protein damage caused by dissociation
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Fig. 5 2-DE gel analysis of proteins extracted from leaves of
safflower genotypes during drought and re-watering periods. Repre-
sentation of 2-DE protein profile for control (a, d, g); drought (b, e,
h) and re-watering (c, f, i) treatments of Remzibey-05, Linas and C.
oxycantha, respectively. Arrows and marked with numbers shown in
red on the images of 2-D PAGE gels indicate the protein spots
selected for MALDI- TOF/TOF-MS analysis

and to maintain oxygen-evolution (Gazanchian et al. 2007),
thus maintaining PSII activity and protecting the mecha-
nism of photosynthesis (Wei et al. 2020). However, this
change in protein abundance may also be an indicator of its
functional suppression in the PSII complex (Azri et al.
2020). After re-watering, the abundance of OEE2 was
changed in different levels in Linas (downregulation in
spot 27; upregulation in spot 37) while increased in C.
oxyacantha. Besides, Cytbg/f iron-sulfur subunit abun-
dance was diminished in Linas (spot 41) and C. oxyacantha
(spot 65) under drought, while increased in both genotypes
following re-watering. Under drought, cyt b6/f were able to

prevent excessive reductions to be limited in electron
transport capacity by regulating the activity of PSII (Genty
and Harbinson 1996; Li and Ma 2012), and genotypes also
tried to overcome the reduction in photosynthetic electron
transport activity by increasing the amount of Cyt b6/f after
re-watering. One of the other components of photosyn-
thesis, Photosystem I assembly protein ycf3 was decreased
in drought while increased due to subsequent re-watering
in Remzibey-05 (spot 18). Photosystem I assembly protein
ycf3 interacts with at least two PSI core subunits and acts
as a chaperone-like factor (Nellaepalli et al. 2018). Chan-
ges in protein abundance after treatments were supported
by performance index (Pli) values, which express the
use of energy from photons absorbed by PSII to reduce PSI
end receptors (Culha-Erdal et al. 2016). These results
suggest that photosystem I assembly protein in Remzibey-
05 may have a role in improving the negative effects of
drought under re-watering periods. In addition to these,
drought stress has been shown to decrease the abundance
of Ferredoxin-NADP reductase (Zadraznik et al. 2013).
Similar results were obtained in this study and Ferredoxin-
NADP reductase, leaf isozyme 1 accumulation was
decreased under drought while increased after re-watering
and reached control levels in Linas (spot 34).

In this study, four subunits of ATP synthase—ATPase
(alpha, beta, b and epsilon chain) showed a decrease in
drought while an increase in abundance following re-wa-
tering in Remzibey-05 (spots 5, 6, 14 and 21) (Fig. 7).
Also, the two isoenzymes of the ATP synthase epsilon
chain described in C. oxyacantha (spot 48 and 57), and
responded similarly to the subunits in Remzibey-05
(Fig. 7). A decrease of the ATPase activity in genotypes
was demonstrated to mediate non-photochemical quench-
ing that protects photosynthetic apparatus from photo-
damage under drought (Tamburino et al. 2017). However,
these genotypes may provide the necessary ATP synthesis
by increasing cyclic electron flow despite decrease in
ATPase accumulation under stress conditions (Lv et al.
2020). An increase of the ATPase activity in genotypes
following re-watering, suggests their putative role in the
cellular process to meet energy demand and alleviate the
effect of stress by increasing ATP supply. Besides, the
accumulations of ATP synthase subunit beta (spot 28),
subunit b (spot 42) and epsilon chain (spot 29) differently
changed in Linas under drought and re-watering. Changes
in the abundance of ATPase subunits at different levels
suggested that ATP cannot be synthesized from this
protein.

Changes in photosynthetic proteins were consistent with
ChlIF parameters of genotypes (Fig. 2 and 7). Photochem-
ical activities decreased due to the reduction of excitation
energy trapping and electron transport of photosystems
(PSI and PSII) under drought, whereas the photosynthetic
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efficiency of tolerant genotypes recovered with re-water-
ing. This response could be due to the change in expression
of photosynthetic proteins. But, Linas could not exhibit
enough recovery with the changes in protein expressions.

Beta carbonic anhydrase-BCA (spot 22 and spot 71)
which is one of the proteins that significantly affects the
Calvin cycle in Remzibey-05 and C. oxyacantha, respec-
tively, was diminished under drought, whereas its amount
increased following re-watering. This situation in the pro-
tein amount of tolerant genotypes may indicate that BCA
acts as a signal messenger under stress conditions (DiMario
et al. 2017; Li et al. 2020). 10 differentially accumulated
protein spots related with the large/small subunit of
RuBisCO (spots 2,13, 16, 35, 36, 39, 40, 61, 63, and 68)
were identified. It has been stated that RuBisCO subunits
are susceptible to drought and may be caused to dissociate
into subunits (Budak et al. 2013). RuBisCO large (spots 16,
2 and 63) and small (spot 13, 61 and 68) subunits were
generally decreased under drought and increased following
re-watering in tolerant genotypes. Under drought, the
photosynthetic downregulation could be explained by a
reduction in the RuBisCO subunits accumulation, and the
subunit’s contents could be restored following recovery
(Demirevska et al. 2009). Conversely, RuBisCO large
(spots 35 and 36) and small (spot 39 and 40) subunit
components were increased under drought and decreased
after re-watering in Linas. The increased abundance of
protein fragments could indicate that RuBisCO subunits
can be cleaved by ROS generated at the metal-binding site
and consequently increased protein degradation rate (Ha-
jheidari et al. 2005). Another enzyme, phosphoribulokinase
(PRK) was diminished under drought, while increased
following re-watering in Remzibey-05 (spot 4). It was
reported that a decrease in PRK accumulation affected the
Ribulose-1,5-bisphosphate (RUBP) regeneration under
drought, whereas these proteins recovered following re-
watering in Kentucky bluegrass cultivars (Xu et al. 2013).
However, phosphoglycerate kinase (PGK) was defined in
C. oxyacantha, and accumulation of PGK 2 (spot 60) was
diminished by more than 20% under drought, while this
protein and Ribulose phosphate 3 epimerase (R5P3E) (spot
66) content increased by more than 65% after re-watering
in C. oxyacantha. These results were compatible with the
changes in photochemical activity (Supplementary
Table S2, Fig. 2) and indicated that the photosynthesis
mechanism was maintained by repairing the damage in
light reactions and Calvin cycle that is caused by drought in
wild genotype. The enzymes of the glycolytic pathway,
triosephosphate isomerase — TPI (spot 67), enolase (spot
12) and Putative 4-hydroxy-4-methyl-2-oxoglutarate aldo-
lase 1 (spot 8), exhibited similar responses with enzymes of
Calvin cycle in tolerant genotypes. The reduction in protein
tolerant genotypes might indicate that the transport of
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photoassimilates from source to sink tissues were restric-
ted, when photosynthesis was diminished due to drought.
Urban et al. (2017) reported that the changes in the proteins
involved in carbohydrate metabolism were compatible with
a decrease of photosynthesis-related proteins in rapeseeds.
Also, an increase in the abundance of these enzymes fol-
lowing re-watering could be related to a need for extra
energy to repair damage caused by stress.

Protein metabolism

The second largest group of protein metabolism with dif-
ferent accumulation in treatments was composed of pro-
teins involved in protein synthesis (transcription and
translation), storage and proteolysis. The accumulation of
Cysteine synthase-CS (spot 11) which catalyzes the final
step of the cysteine biosynthesis was decreased by 74% in
drought while increased about 3 times following re-wa-
tering when compared to stress in Remzibey-05. The
decrease in cysteine biosynthesis could support a reduction
in sulphur absorption and formation of glutathione,
methionine, and sulphurated secondary metabolites under
drought (Tamburino et al. 2017). Another enzyme, Glu-
tamine synthetase-GS (spot 56) was decreased under
treatments in C. oxyacantha. This decrease may indicate a
disruption in nitrogen assimilation that leads to the for-
mation of organic nitrogen compounds like amino acids
(Valero-Galvan et al. 2013). Chloroplast stem-loop binding
protein 41 kDa a-CSP41a (spot 43), associated with tran-
scription and translation was increased under drought and
decreased following re-watering in Linas. The change in
the accumulation of CSP41a protein in Linas supported the
changes in the accumulation of proteins encoded in
chloroplast and involved in photosynthesis under treat-
ments. As seen in the change of the proteins involved in
photosynthesis and carbon metabolism in treatments,
chloroplastic ribosomal proteins (spot 4, 9 and 58) were
diminished in Remzibey-05 and C. oxyacantha, respec-
tively, whereas chloroplastic ribosomal protein (spot 24)
was increased in Linas under drought, and these proteins
were generally increased following re-watering in geno-
types. It has been reported that the accumulation of ribo-
somal proteins was changed in response to drought stress
(Zadraznik et al. 2017; Nemati et al. 2019). In our study,
changes in the amount of ribosomal proteins in genotypes
support the changes in the accumulation of proteins which
is encoded by the chloroplast DNA as subunits of PSI,
PSII, ATPsynhase and Cyt-b6f complex and RuBisCO
large subunit (Supplementary Table S2, Fig. 7). Besides,
mitochondrial ribosomal protein S31 (spot 33) was
decreased in treated plants in Linas. In addition to these
proteins, Phaseolin alpha-type (spot 7) was increased about
3.8 times under drought whereas decreased by 53%
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following re-watering in Remzibey-05. It was demon-
strated that some proteins may be stored in the vacuole for
use as needed, rather than degradation under stress (Bad-
owiec and Weidner 2014). Furthermore, these proteins may
have been used to produce the required energy and /or to
repair any damage after re-watering in Remzibey-05.

One of the proteolysis-related proteins, proteasome
subunit beta type-1 (spot 20) was increased more than
2-fold under drought and following re-watering compared
to control in Remzibey-05. Proteolysis-related proteins,
which are necessary for the maintenance of cellular protein
homeostasis, break down the proteins damaged by stress
(Zadraznik et al. 2013). The accumulation of proteasome
may point out to have key role in degradation of incorrectly
folded, damaged or dysfunctional proteins in the tolerant
cultivar. However, the accumulation of the proteasome
subunit beta type-3-B (spot 31) was reduced under drought
and following re-watering in Linas, and this decrease may
indicate that the damaged or dysfunctional protein cannot
be sufficiently proteolyzed under both conditions in this
genotype.

Defense metabolism

Several DEPs that have a role in ROS detoxification and
chaperone activity, have also been observed to have a role
in the defense responses. The abundance of chloroplastic
superoxide dismutase [Cu—Zn] (spot 15) and peroxidase 43
(spot 1) was decreased under drought and following re-
watering in Remzibey-05 whereas the accumulation of
SOD (spot 62) was only increased following re-watering in
C. oxyacantha. Although total SOD and POD activity in
the genotypes were increased after treatments, the response
of these proteins may indicate that other SOD isoenzymes
(MnSOD-FeSOD) and/or cellular forms (cytosolic and
mitochondrial Cu/ZnSOD) have more effective function
than chloroplastic superoxide dismutase and peroxidase 43
(Fig. 4d—g). Apart from these proteins, chloroplastic
thioredoxin-like protein CDSP32 (spot 32) and Glycine-
rich RNA-binding protein (spot 25) was decreased under
drought, while increased following re-watering in Linas.
Thioredoxins like (TRX-like) proteins have a role in con-
trolling the function and structure of proteins by reducing
disulfide bridges in the redox-active site (Nikkanen et al.
2014) while Glycine-rich RNA binding protein has RNA
chaperone activity to protect from stress (Kim et al. 2007).
The decrease in accumulation of both proteins showed that
these protection systems were not functioning adequately
under drought. However, the genotypes attempted to
improve the damages occurring in the chloroplast, and
perform biological functions of RNA by completing the
processes of folding and/or assembling correctly following
re-watering.

Energy metabolism

Putative cytochrome c oxidase subunit II PS17 was the
only identified protein related to energy metabolism, and it
was detected as multiple spots on the 2-D gel of genotypes
(spots 10, 23, 26, 30, 45-47, 49, 50, 52-54, 59, 64 and 69).
These variations may be caused by various factors such as
protein isoforms, comigrations, degradation and partial
synthesis, and protein translation from alternatively spliced
mRNAs, or errors in the database sequence (partial protein
sequence) due to post-translational modifications (Valero-
Galvan et al. 2013). The abundance of putative cytochrome
¢ oxidase subunit II PS17 was changed in Linas after
treatments (spots 26 and 30) while it was decreased under
drought and increased following re-watering in Remzibey-
05 (spots 10 and 23) and C. oxyacantha (spots 45-69). It
has been reported that a putative cytochrome c oxidase
subunit II PS17 was detected in multiple spots and
decreased in wild type wheat under drought (Budak et al.
2013). Changes in the amount of cytochrome c oxidase
were accompanied by changes in the amount of protein in
photosynthesis and carbohydrate metabolism in genotypes
after treatments and these results revealed the level of
interaction between chloroplast and mitochondria, with the
energy and metabolic connection between the two orga-
nelles and cytosol.

Other proteins involved in drought

Xyloglucan endotransglucosylase/hydrolase protein (spot
70), was increased under drought and did not change sig-
nificantly following re-watering compared to drought in C.
oxyacantha. This increase may contribute to cell wall
remodeling to strengthen the wall layers and protect mes-
ophyll cells from stress (Ye et al. 2016). Among the pro-
teins involved in the MAP signaling pathway, Rac-like
GTP-binding protein 2-RAC (spot 38) decreased and
increased under drought and re-watering, respectively in
Linas, whereas Serine/threonine protein phosphatase 2A —
PP2A (spot 20) was accumulated more than 1.5-times in
both treatments in C. oxyacantha. RAC-like proteins and
protein phosphatases are involved in plant defense response
to biotic/abiotic stresses as well as plant growth and
development (Haider et al. 2017; Yang et al. 2018). The
changes in the accumulation of a RAC-like protein indi-
cated that cellular functions were adversely affected under
drought in Linas and the genotype tried to overcome the
damage with re-irrigation, whereas the accumulation of
PP2A may be an indication of resistance level in the wild
type genotype. Another protein, Chloroplastic NDPK II
(spot 19) was diminished about by 44% under drought
while increased by 53% following re-watering in Remz-
ibey-05. Alteration in the amount of NDPK was consistent
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with changes in the accumulation of proteins involved in
photosynthesis and protein metabolism in the chloroplast
(Supplementary Table S2, Fig. 7). Besides these proteins,
Gibberellin  3-beta-dioxygenase 2-1 (spot 17) was
decreased under drought and was not changed following re-
watering in Remzibey-05. Decreasing GA levels may have
caused a limitation in plant growth under drought (Cole-
brook et al. 2014). Apart from these proteins, Germin-like
protein 5—1 (GLPs 5-1) (spot 44) and Putative LRR disease
resistance protein/transmembrane receptor kinase PS16
(spot 72) were increased under drought and decreased
following re-watering in Linas and C. oxyacantha,
respectively. Although, their exact role in metabolism is
not fully understood, it is thought that these proteins are
associated with biotic and abiotic stress resistance (Smith
et al. 2006; Urban et al. 2017). Detailed explanation of the
relationship between these proteins and drought may con-
tribute in deciphering their exact functions.

Validation of selected DEP expression by RT-qPCR

Quantification of mRNA levels of three selected proteins,
ATP synthase subunit beta chain (defined in Remzibey-05
and Linas), RuBisCO large chain (co-defined in genotypes)
and photosystem I binding protein ycf (defined in Remz-
ibey-05) were performed by RT-qPCR (Fig. 6). These
results confirmed the correlation between the expression
changes of RNA and the level of corresponding proteins
(Supplementary Table S2, Fig. 6). The expression level of
ATP synthase subunit beta chain and photosystem I

Fig. 6 RT-qPCR of selected
proteins in safflower genotypes
exposed to drought and re-
watering periods. The values are
presented as the
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binding protein ycf in Remzibey-05, and RuBisCO large
chain in Remzibey-05 and C. oxyacantha were decreased
under drought while increased following re-watering.
However, the transcript level of ATP synthase subunit beta
protein was observed as increased in treated plants as in the
change of protein accumulation in Linas (spot 28). A dis-
crepancy was seen between mRNA and protein abundances
(spots 35 and 36) of RuBisCO large chain in Linas. The
incongruence between transcript level and corresponding
protein abundance of RuBisCO large chain may be asso-
ciated with a time delay between mRNA production and
translation of the related proteins, and possible turnover.
Also the rates of translation and protein degradation differ
among different genes and proteins, and post-transcrip-
tional and translational regulatory mechanisms (Xin et al.
2018).

Conclusion

Drought is one of the abiotic stress factors that causes
significant yield losses in crops, particularly oil crops. The
present study showed that fresh and dry weights of geno-
types were affected by drought, but this effect was
observed to be more drastic in Linas. It has been observed
that wild C. oxyacantha was more successful in drought
tolerance than cultivars via activating the photochemical
efficiency and defense systems, as well as protecting
membrane stability and water status. Protein profiles of leaf
in safflower genotypes showed that photosynthesis and
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Fig. 7 The effect of drought and re-watering periods on the
photosynthetic machinery, Calvin cycle, glycolysis, gluconeogenesis
and nitrogen, purine, pyrimidine and hormone metabolism. The
scheme was drawn by modifying KEGG metabolic pathways. Also,
green, black and blue squares represent changes in Remzibey-05;
Linas and C. oxyacantha, respectively. Besides, the first and second

carbohydrate metabolism were the most affected metabolic
pathways although multiple metabolic processes altered
during treatments. Furthermore, Remzibey-05 tolerant
cultivar repaired the stress-induced damage by increasing
the expression of the proteins involved in photosynthesis
and carbohydrate metabolism during recovery, as in wild
C. oxyacantha. Chlorophyll a fluorescence characteristics
supported the changes seen in protein profiles related to the
photosynthetic process in genotypes. Our study provides
insight into the underlying response mechanism to drought
tolerance in safflower genotypes which may be of value for
future studies investigating drought responses of oilseed
plant species. Thus, we suggest that Remzibey-05 could be
grown in areas where drought is a threat and used as a
parent in the safflower breeding program, together with the
wild type genotype.
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