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Abstract
Water deficit is the most limiting factor for seed yield of crop species in the arid and semi-arid regions. Due to increasing 
limitation of fresh water resources and importance of safflower (Carthamus tinctorius L.) as a significant oilseed crop in 
Iran, it is necessary to evaluate physiological responses of drought tolerance and its association with seed yield of this crop 
in water stress condition. In this study, 21 safflower genotypes were planted by hand in the field under water stress and non-
stress conditions in a randomized complete block design with two replications during 2 years (2016–17). The results indicated 
that water deficit stress significantly reduced relative water content (RWC), chlorophyll a (Chl-a) and chlorophyll b (Chl-b) 
concentrations and seed yield, but increased ascorbate peroxidase (APX) and peroxidase (POX) activities and leaf proline 
concentration. Significant differences were observed among the genotypes for all studied traits except Chl-b concentration. 
Genotypes were discriminated according to their response to drought using stress tolerance index (STI). Drought tolerant 
genotypes displayed a higher capability for accumulation of proline in association with maintaining RWC, antioxidant 
enzymes activity and higher seed yield, compared to the drought sensitive genotypes. Presented results suggested that saf-
flower genotypes with higher levels of antioxidant enzymes activity, RWC and proline accumulation are characterized by a 
higher STI. Therefore, these physiological traits can be employed as effective criteria for selecting safflower genotypes with 
more tolerance to water deficit stress.
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Abbreviations
APX	� Ascorbate peroxidase
CAT​	� Catalase
Chl	� Chlorophyll
POX	� Peroxidase
ROS	� Reactive oxygen species
RWC​	� Relative water content
STI	� Stress tolerance index

Introduction

Drought stress severely affects plant growth and dramatically 
limits agricultural productivity (Fariaszewska et al. 2017; 
Gholami-Zali and Ehsanzadeh 2018b), especially in arid and 

semiarid regions of the world. Water deficit stress causes 
several physiological, biochemical, and molecular changes 
in plants resulting in modification of some metabolic path-
ways that may help plants to overcome injuries caused by 
osmotic stresses (Amini et al. 2014). Plants increase pro-
duction of reactive oxygen species (ROS), and other toxic 
compounds under stress conditions which are highly reac-
tive. These stress-induced metabolic products cause damage 
to proteins, lipids, DNA, chlorophyll and any other organic 
constituent of plants living cells, to the extent that these 
damages may bring about inactivation of the antioxidant 
defense system (Bouchemal et al. 2017).

To avoid ROS-induced cellular injuries, plants produce 
scavenging enzymes, such as superoxide dismutase, ascor-
bate peroxidase, catalase, and glutathione reductase and 
some low molecular weight non-enzyme antioxidants, such 
as carotenoids, proline, ascorbic acid and reduced glutathione 
(Sajedi et al. 2012; Sheikh-Mohammadi et al. 2017). There 
are some studies indicating that alleviation of oxidative dam-
age and drought tolerance is strongly associated with a more 
efficient antioxidant system (Sajedi et al. 2012; Kadkhodaie 
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et al. 2014). Carotenoids have an important role in prevent-
ing oxidative damage by quenching Chl triplets and single 
oxygen (Osorio et al. 2013). Proline plays a role in osmotic 
adjustment, acts as a free radical scavenger (Mitler 2002), 
and also is an alternative sink for energy to regulate the state 
of cellular redox (Sajedi et al. 2012). Therefore, it alleviates 
water deficit stress effects and increases water deficit stress 
tolerance in the plants. The relative water content (RWC) is 
considered as an important physiological index that refers 
to the degree of tissue and cell hydration that maintaining 
it is necessary for optimum physiological and biochemical 
activities and growth process in plants (Silva et al. 2007). 
It has been used as a suitable screening tool for plant water 
status; that reveals the stress intensity (Hassanzadeh et al. 
2009). Water loss can decrease leaf water potential that cause 
a reduced turgor, stomatal conductance, photosynthesis, and 
consequently a lower seed yield (Amini et al. 2014).

High evapotranspiration and increasing limitation of water 
resources in arid and semi-arid regions has invoked the inter-
ests for improvement of drought-tolerant cultivars of native 
crop species to overcome the progressive water scarcity. Saf-
flower (Carthamus tinctorius L.), a member of Asteraceae 
family, is one of the oldest cultivated crops that can relatively 
tolerate environmental stresses, including salinity and water 
stress. Furthermore, it may be grown in many areas of the 
world (Movahhedy-Dehnavy et al. 2009; Janmohammadi et al. 
2017; Shahrokhnia and Sepaskhah 2017). It may be defined 
as a multipurpose crop because of its applications in produc-
ing industrial and edible oil, food coloring and flavoring, 
natural dyes, pharmaceuticals, poultry feeding and biofuels 
(Janmohammadi et al. 2017; Shahrokhnia and Sepaskhah 
2017). Many studies have shown that drought stress caused 
a considerable reduction in seed yield of safflower (Sajedi 
et al. 2012; Singh et al. 2016; Shahrokhnia and Sepaskhah 
2017), and this can be related to changes of the physiological 
traits. Therefore, the identification of physiological responses 
involved in drought tolerance and adopting of safflower geno-
types to water stress condition can play an important role in 
breeding programs for developing drought tolerant cultivars 
of safflower. Therefore, the objective of present study was 
to investigate different physiological responses of safflower 
genotypes to water deficit stress and their relations with seed 
yield and drought-stress tolerance index under normal and 
water deficit conditions.

Materials and methods

Plant material, experimental set up and soil 
condition

Seeds of 21 safflower genotypes consisting of 19 Iranian 
breeding lines isolated from different local populations 

and two Canadian cultivars (Table 1) were evaluated in 
two separate experiments under a full irrigation (normal) 
and a deficient irrigation regime (water deficit stress) 
using a randomized complete block design with two rep-
lications in 2016 and 2017. The experiments were carried 
out at the Research Farm of Isfahan University of Technol-
ogy, Isfahan, Iran (located in 40 km south-west of Isfahan, 
32°32′ N, 51°23′ E, 1630 m a.m.s.l., with 14.5 °C mean 
annual temperature, and 140 mm mean annual precipita-
tion), on a Typic Haplargid, clay loam soil. The soil con-
tains 380 g/kg Ca-carbonate equivalent, 5.0 g/kg organic 
C, and 0.75 g/kg total N, with pH 7.5 and electrical con-
ductivity 1.6 dS/m. The minimum and maximum mean 
air temperatures in the region across the growing season 
were 15.5 and 30.8 °C, respectively in 2016, and 15.8 and 
30.1 °C, respectively in 2017. Total precipitation during 
growing seasons in years of 2016 and 2017 were 39.2 and 
22.9 mm, respectively.

In each replication, seeds of the genotypes were planted 
by hand in 7 March 2016 and 5 March 2017. Each plot 
consisted of three rows, 2 m in length and 50 cm apart. 
The plants were spaced 10 cm apart within the rows. For 
the measurement of physiological traits, leaves were col-
lected at the 50% flowering stage and then washed, frozen 
and stored using liquid N2 at − 80 °C for further analysis.

Table 1   Information of the safflower genotypes used in the study

Number Genotype Origin

1 Arak2811 Line selected from Arak landrace, Iran
2 Kouseh Isfahan, Iran
3 A1 Line selected from Azerbaijan landrace, Iran
4 A2 Line selected from Azerbaijan landrace, Iran
5 C111 Line selected from Kouseh landrace, Iran
6 C116 Line selected from Kouseh landrace, Iran
7 C121 Line selected from Kouseh landrace, Iran
8 C128 Line selected from Kouseh landrace, Iran
9 C4110 Line selected from Kouseh landrace, Iran
10 E2417 Line selected from Isfahan landrace, Iran
11 E2427 Line selected from Isfahan landrace, Iran
12 E2428 Line selected from Isfahan landrace, Iran
13 H27 Line selected from Hamedan landrace, Iran
14 K12 Line selected from Kordestan landrace, Iran
15 K21 Line selected from Kordestan landrace, Iran
16 M420 Line selected from Markazi landrace, Iran
17 S122 Line selected from Khorasan landrace, Iran
18 S149 Line selected from Khorasan landrace, Iran
19 S3110 Line selected from Khorasan landrace, Iran
20 AC-Stirling Canada (Plant Gene Resources of Canada)
21 AC-Sunset Canada (Plant Gene Resources of Canada)
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Irrigation regimes

From sowing to budding stage all experimental plots were 
properly irrigated. Irrigation treatments were applied at bud-
ding stage and continued to physiological maturity. In nor-
mal and water deficit stress irrigation conditions, plants were 
irrigated when 50% and 85% of the total available water was 
depleted from the root zone, respectively (Allen et al. 1998). 
For prediction of soil moisture depletion, daily evapotranspi-
ration of plant (ETact) was calculated based on the climatic 
data and the United Nation,s Food and Agriculture Organiza-
tions (FAO) Penman–Monteith equation (Allen et al. 1998) 
as follows:

where ET
◦
 is reference evapotranspiration (based on daily 

climatic data), KMC is the microclimate coefficient, and ETact 
is daily evapotranspiration of plant. When ΣETact reached 
to water allowable depletion depth (Dirrig), it was the irriga-
tion time for the two irrigation levels. The water allowable 
depletion depth was calculated using the following formula:

 where D was the soil column depth (cm), θFC was the volu-
metric soil water content at field capacity (%), θPWP was the 
volumetric soil water content at wilting point (%) and MAD 
was maximum allowable depletion (50 and 85% for normal 
and water deficit stress irrigation conditions, respectively).

The volume of water used in each irrigation treatment was 
equal and was measured using a volumetric counter. However, 
the intervals of consecutive irrigations were different for the 
two irrigation treatments. The irrigation water depth was cal-
culated as follows:

 where B is the soil bulk density, D is the root-zone depth, 
θFC is the volumetric soil water content at field capacity (%) 
and θirrig is the soil water content at irrigation time as follow:

Measurement of seed yield and drought‑stress 
tolerance index (STI)

Seed yield per unit area was determined at physiologi-
cal maturity (mild-July and late-July of 2016 and 2017, 
respectively) based on the total harvested seed from the 
whole area of each plot and expressed as Kg/ha.

ETact = ET
◦
× KMC

Dirrig =

(

�FC−�PWP

)

× MAD × D

I =

(

�FC−�irrig

)

× B × D

�irrig = �FC−
[(

�FC−�PWP

)

× MAD
]

The STI was defined by Fernandez (1992), which can be 
used to identify genotypes that produce high yield under 
both stressed and non-stressed conditions. It was calculated 
based on the seed yield under normal (Yp) and water deficit 
stress (Ys) irrigation conditions using the following formula:

 where Ymp was the average seed yield of all genotypes under 
normal irrigation condition.

Measurement of relative water content (RWC) 
and proline, chlorophyll and carotenoids 
concentrations

At 50% flowering stage, RWC and proline, chlorophyll and 
carotenoids concentrations were measured in both years. 
RWC was assessed on leaf sections obtained from the fully 
developed upper leaves, according to a method described in 
Askari and Ehsanzadeh (2015).

Free proline concentration in the leaves was determined 
using the method of Bates et al. (1973) and detailed by 
Gholami-Zali and Ehsanzadeh (2018b).

The concentration of chlorophyll and carotenoids in fresh 
leaf samples was measured by the spectrophotometer using 
the method of Lichtenthaler and Buschmann (2005) accord-
ing to the details given in Askari and Ehsanzadeh (2015). 
The pigment concentrations were reported as mg/g of leaf 
fresh weight.

Measurement of antioxidant enzymes activity

Fresh leaf samples used for enzyme extraction according to 
Tabatabaei and Ehsanzadeh (2016). The enzyme extract was 
used to assay the following antioxidant enzymes activity and 
protein content.

The activities of CAT (EC 1.11.1.6), APX (EC 1.11.1.11) 
and POX (EC 1.11.1.7) of each enzyme extraction were 
evaluated by methods of Chance and Maehly (1955), 
Nakano and Asada (1981) and Herzog and Fahimi (1973), 
respectively. The details of measurements of enzymes activ-
ity has been described in a previous study (Tabatabaei and 
Ehsanzadeh 2016). The enzymes activity was expressed as 
unit enzyme activity per milligram of protein.

Since measuring enzymes activity requires to evaluate 
available protein in the sample, the total protein content in 
each extract was determined using the method as described 
in Bradford (1976).

STI =

Yp × Ys

(

Ymp

)2
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Statistical analysis

After performing the homogeneity test of variances, the data 
were subjected to a combined analysis of variance over years 
(2 years) by using the SAS statistical program (Ver. 9.1; 
SAS Institute Inc., Cary, NC, USA). In this model, year and 
block were considered as random and irrigation regime and 
genotype were considered as fixed effects. Least significant 
difference (LSD, p ≤ 0.05) test was employed to separate 
the means, where F-test was found statistically significant. 
The correlation coefficients among the traits were calculated 
using the proc CORR of SAS.

Results

Except for carotenoid concentration and CAT activity, the 
effect of irrigation regime was statistically significant on all 
examined traits. Effect of genotype was also significant for 
all the traits excluding Chl-b concentration. The results also 
indicated that the effects of year and genotype × year were 
significant for most of the traits (Table 2).

Water deficit stress significantly reduced seed yield by 
44.5% and 47.3%, in 2016 and 2017, respectively (Table 3). 
Also, water deficit stress significantly reduced RWC and 
Chl-a, Chl-b and carotenoids concentrations, while signifi-
cantly increased proline concentration and APX activity, in 
both years. The CAT and POX activities were significantly 
increased in 2017 under water deficit irrigation condition, 
but they were no affected by this condition in 2016 (Table 3).

Under normal irrigation condition, genotypes M420 and 
E2417 showed the greatest mean for seed yield and geno-
types C116 and C111 produced the lowest seed yield, in 
2016 and 2017, respectively. Under water deficit irrigation 
condition, in 2016, genotypes Kouseh produced the low-
est seed yield, while E2428 showed the highest mean of 
this trait. In 2017, under this irrigation condition, genotypes 

S3110 and A2 had the lowest and highest seed yield, respec-
tively (Table 4).

Regarding RWC, under normal irrigation condition, 
genotypes E2417 and S3110 had the greatest RWC, while 
under water deficit irrigation condition genotypes E2427 
and Kouseh showed the greatest RWC, in 2016 and 2017, 
respectively (Table 4).

The highest concentration of photosynthetic pigments 
belonged to genotype M420 under normal irrigation con-
dition in 2016. In this year, and under water deficit irriga-
tion condition, genotypes S3110, A1 and E2428 showed the 
highest Chl-a, Chl-b and carotenoids concentrations, corre-
spondingly. In 2017, under normal irrigation condition, gen-
otypes Arak2811, K12 and A1 had the highest Chl-a, Chl-b 

Table 2   Combined Analysis of 
variance (mean squares) based 
on the model of randomized 
complete block design for seed 
yield (SY) and physiological 
traits of 21 safflower genotypes 
(G) evaluated at two levels of 
irrigation regime (IR), two 
replications (R) and 2 years (Y)

df degrees of freedom, RWC​ relative water content, Chl-a chlorophyll a, Chl-b chlorophyll b, Caro. carote-
noids, CAT​ catalase activity, APX ascorbate peroxidase activity, POX peroxidase activity, ns non-significant
*p ≤ 0.05, **p ≤ 0.01

df SY RWC​ Chl-a Chl-b Caro. Proline CAT​ APX POX

IR 1 121655641** 8810** 1.45* 0.174* 0.098ns 15237* 6.99ns 63.1* 154*
Y 1 2573790* 2770** 0.054** 0.0008ns 0.019ns 0.180ns 10.5** 1.12ns 7.93ns

IR*Y 1 788ns 2.17ns 0.007ns 0.0008ns 0.010ns 57.8** 4.64** 0.117ns 0.082ns

R(IR*Y) 4 188434 46.0 0.002 0.003 0.003 0.955 0.044 0.394 2.17
G 20 1113077** 104** 0.035** 0.004ns 0.002* 156** 0.381** 3.40** 4.68*
G*IR 20 609043ns 43.7ns 0.007ns 0.0008ns 0.0009ns 25.3 ns 0.337ns 0.981ns 1.14ns

G*Y 20 357927** 34.8ns 0.011** 0.002** 0.0008* 52.1** 0.090** 0.847* 2.18**
G*IR*Y 20 1152998** 59.6ns 0.009** 0.002** 0.001** 54.8** 0.250** 0.918* 1.28ns

Error 80 85953 48.4 0.001 0.0007 0.0004 7.18 0.018 0.441 0.757

Table 3   Means of seed yield (SY) and physiological traits at the irri-
gation regimes in 2016 and 2017

RWC​ relative water content, Chl-a chlorophyll a, Chl-b chlorophyll b; 
Caro. carotenoids, CAT​ catalase activity, APX ascorbate peroxidase 
activity, POX peroxidase activity
For each trait and in each year, the difference between means of the 
irrigation regimes with different letter is significant according to the 
least significant difference test at p < 0.05 level of probability

Trait 2016 2017

Normal Water deficit 
stress

Normal Water 
deficit 
stress

SY 3838a 2132b 3586a 1889b

RWC​ 70.1a 56.1b 62.1a 47.8b

Chl-a 0.522a 0.349b 0.499a 0.300b

Chl-b 0.159a 0.099b 0.168a 0.099b

Caro. 0.175a 0.112b 0.139a 0.106b

Proline 24.0b 44.2a 25.1b 43.0a

CAT​ 0.559a 0.635a 0.726b 1.466a

APX 1.91b 3.09a 2.02b 3.30a

POX 2.69a 4.56a 2.21b 4.17a
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Table 4   Means of seed yield and physiological traits of 21 safflower genotypes under normal (N) and water deficit stress (S) irrigation regimes 
in 2016 and 2017

Traits Seed yield (Kg/ha) Relative water content (%) Chlorophyll a (mg/g FW)

2016 2017 2016 2017 2016 2017

Genotype N S N S N S N S N S N S

Arak2811 3688 1415 3252 1332 67.2 49.3 64.7 45.4 0.674 0.418 0.598 0.324
Kouseh 4548 1209 3320 2136 66.6 56.0 62.8 56.6 0.643 0.463 0.559 0.379
A1 3598 2080 3754 1778 66.6 58.0 70.6 53.6 0.663 0.472 0.565 0.375
A2 3200 3163 2370 2649 63.3 53.9 64.9 49.9 0.430 0.428 0.552 0.388
C111 3718 2330 2278 1925 66.9 58.4 54.9 49.5 0.426 0.247 0.350 0.229
C116 2348 1428 3098 1522 57.8 49.4 49.2 37.4 0.352 0.230 0.496 0.246
C121 3638 2000 2418 2056 66.7 54.7 55.1 47.7 0.580 0.338 0.443 0.289
C128 4280 1728 2855 2434 77.0 54.6 60.8 51.7 0.477 0.242 0.403 0.307
C4110 3530 1820 4682 1454 73.1 61.8 69.7 46.6 0.413 0.213 0.495 0.245
E2417 4505 2125 4712 1856 78.1 55.7 68.9 49.1 0.631 0.375 0.577 0.348
E2427 3100 2670 2729 1579 69.4 66.9 55.0 47.4 0.453 0.443 0.452 0.240
E2428 3703 3365 4655 1356 72.9 65.4 66.8 46.0 0.478 0.466 0.486 0.250
H27 3193 1650 3923 1609 64.0 54.6 58.8 43.6 0.470 0.326 0.553 0.314
K12 4135 2725 3923 1698 68.5 59.5 61.4 47.5 0.442 0.432 0.520 0.266
K21 4263 2143 3501 2460 71.9 55.2 54.9 50.5 0.443 0.217 0.321 0.220
M420 5395 2508 4012 2332 78.1 52.0 69.8 55.6 0.755 0.323 0.546 0.323
S122 3245 2418 3825 2005 71.7 56.2 62.5 43.6 0.518 0.420 0.470 0.266
S149 4843 2125 3649 2469 77.7 56.1 66.4 48.4 0.465 0.236 0.517 0.367
S3110 2533 2498 3917 1276 65.2 60.0 72.3 36.6 0.510 0.487 0.515 0.269
AC-Stirling 4880 1628 3705 2205 75.6 53.1 59.3 49.7 0.488 0.230 0.555 0.367
AC-Sunset 4260 1743 2736 1531 71.2 48.2 54.9 47.0 0.657 0.345 0.501 0.298
LSD(0.05) 311 327 805 356 11.1 18.4 16.1 11.0 0.037 0.049 0.106 0.076

Traits Chlorophyll b (mg/g FW) Carotenoids (mg/g FW) Proline (µmol/g FW)

2016 2017 2016 2017 2016 2017

Genotype N S N S N S N S N S N S

Arak2811 0.182 0.097 0.207 0.122 0.220 0.104 0.220 0.104 17.4 40.0 17.9 29.4
Kouseh 0.213 0.148 0.177 0.103 0.209 0.159 0.209 0.159 23.0 46.1 21.4 41.3
A1 0.137 0.195 0.179 0.092 0.199 0.152 0.199 0.152 20.2 45.4 20.2 33.4
A2 0.209 0.078 0.169 0.156 0.165 0.140 0.165 0.140 25.6 57.0 25.4 44.7
C111 0.120 0.061 0.138 0.070 0.133 0.070 0.133 0.070 26.0 41.4 20.8 47.1
C116 0.069 0.054 0.148 0.075 0.126 0.073 0.126 0.073 18.5 40.8 13.9 35.5
C121 0.198 0.147 0.169 0.090 0.189 0.144 0.189 0.144 22.3 39.8 26.3 45.1
C128 0.182 0.059 0.147 0.105 0.174 0.085 0.174 0.085 19.8 37.1 21.1 47.1
C4110 0.142 0.088 0.140 0.067 0.174 0.071 0.174 0.071 27.3 49.0 27.6 39.7
E2417 0.179 0.091 0.169 0.096 0.213 0.125 0.213 0.125 34.2 46.0 29.8 42.4
E2427 0.160 0.117 0.136 0.088 0.163 0.141 0.163 0.141 22.2 46.0 22.3 34.7
E2428 0.137 0.113 0.225 0.098 0.171 0.161 0.171 0.161 26.5 54.8 29.8 41.7
H27 0.141 0.094 0.169 0.130 0.174 0.086 0.174 0.086 17.8 35.8 25.9 28.3
K12 0.122 0.108 0.235 0.105 0.133 0.122 0.133 0.122 28.6 55.1 31.3 42.4
K21 0.098 0.045 0.137 0.072 0.156 0.080 0.156 0.080 29.7 49.0 32.5 58.2
M420 0.230 0.100 0.150 0.078 0.235 0.104 0.235 0.104 30.4 42.0 31.4 51.2
S122 0.162 0.105 0.127 0.130 0.154 0.143 0.154 0.143 22.8 48.6 27.4 49.1
S149 0.152 0.077 0.135 0.077 0.169 0.081 0.169 0.081 24.4 39.0 27.5 49.7
S3110 0.149 0.132 0.188 0.095 0.151 0.139 0.151 0.139 19.0 42.3 29.3 42.3
AC-Stirling 0.222 0.104 0.186 0.137 0.196 0.081 0.196 0.081 25.2 37.4 21.8 51.9
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and carotenoids concentrations, respectively while under 
water deficit irrigation condition genotype A2 revealed the 
highest concentration of all measured pigments (Table 4).

At normal irrigation condition, proline concentration 
ranged from 17.4 (Arak2811) to 34.2 µmol/g FW (E2417) 
and under water deficit irrigation condition, it was var-
ied from 35.8 (H27) to 57.0 µmol/g FW (A2) in 2016. In 
2017, proline concentration ranged from 13.9 (C116) to 
32.5 µmol/g FW (K21) under normal irrigation condition; 
however, it was varied from 28.3 (H27) to 58.2 µmol/g FW 
(K21) under water deficit irrigation condition (Table 4).

In 2016, genotypes E2417, K12 and A2, under normal 
irrigation condition and genotypes E2417, S3110 and M420, 

under water deficit irrigation condition, showed the highest 
CAT, APX and POX activities, respectively. In 2017, under 
normal irrigation condition the highest CAT activity and 
APX and POX activities belonged to genotypes E2428 and 
M420, correspondingly, while under water deficit irrigation 
condition, genotypes A2, C111 and S149 had the highest 
CAT, APX and POX activities, respectively (Table 4).

Based on the drought-stress tolerance index (STI), stud-
ied genotypes were classified into drought tolerant (M420, 
A2, S149, E2428, E2417, K21 and K12), semi-tolerant 
(AC-Stirling, S122, C128, A1, C4110, Kouseh and C111) 
and drought sensitive (E2427, C121, H27, AC-Sunset, 
S3110, Arak2811 and C116) groups (Table 5).

LSD least significant difference

Table 4   (continued)

Traits Chlorophyll b (mg/g FW) Carotenoids (mg/g FW) Proline (µmol/g FW)

2016 2017 2016 2017 2016 2017

Genotype N S N S N S N S N S N S

AC-Sunset 0.132 0.060 0.188 0.096 0.180 0.093 0.180 0.093 22.9 35.9 23.9 47.3
LSD(0.05) 0.025 0.032 0.095 0.045 0.028 0.026 0.028 0.026 6.25 8.70 0.331 3.18

Traits Catalase activity (unit/mg protein) Ascorbate peroxidase activity (unit/mg 
protein)

Peroxidase activity (unit/mg protein)

2016 2017 2016 2017 2016 2017

Genotype N S N S N S N S N S N S

Arak 0.252 0.281 0.822 0.914 0.50 1.30 0.827 1.42 2.24 4.54 1.35 2.81
Kouseh 0.419 0.721 0.745 1.89 1.71 2.65 1.70 4.39 2.24 3.45 2.03 6.31
A1 0.520 0.660 0.875 0.673 1.30 2.59 1.91 3.23 2.87 5.76 2.43 3.39
A2 0.867 0.921 0.616 2.36 2.07 4.45 2.57 4.17 5.17 3.71 2.05 4.17
C111 0.396 0.796 0.312 2.05 2.13 3.71 2.07 5.00 1.63 3.25 1.66 3.81
C116 0.513 0.230 0.301 0.331 1.25 2.76 1.21 1.93 2.45 3.07 1.36 2.57
C121 0.386 0.478 0.519 1.46 1.85 3.43 1.81 5.00 2.02 4.04 2.56 5.55
C128 0.655 0.674 0.330 2.26 2.21 3.01 1.73 4.73 3.62 5.17 1.78 4.30
C4110 0.466 0.528 1.009 1.12 1.97 2.34 2.05 2.73 1.86 3.93 2.74 2.32
E2417 1.210 1.043 1.159 1.27 1.79 2.92 1.72 1.51 2.12gh 4.44 1.96 2.96
E2427 0.380 0.354 0.578 1.46 1.95 4.55 1.72 2.21 2.28 4.44 1.56 3.26
E2428 0.668 0.736 1.450 1.05 1.19 3.83 1.77 2.03 2.43 5.01 1.78 3.00
H27 0.515 0.636 0.726 0.840 2.35 2.56 3.47 2.74 2.77 5.37 2.67 3.78
K12 0.685 0.855 1.089 1.30 3.35 3.45 3.09 2.98 3.89 4.71 2.20 3.75
K21 0.435 0.577 0.228 2.13 2.09 3.32 1.18 2.76 2.03 4.00 2.15 5.38
M420 0.807 0.894 1.009 1.88 2.97 3.91 3.76 4.76 4.33 7.44 3.38 5.47
S122 0.529 0.735 0.750 1.59 1.24 2.65 1.47 3.02 2.46 5.71 2.68 4.39
S149 0.682 0.779 0.495 2.32 1.45 2.52 1.77 3.67 2.94 5.58 2.90 7.02
S3110 0.227 0.447 0.482 1.45 2.66 4.82 2.78 3.84 1.31 2.57 2.09 3.45
AC-Stirling 0.670 0.657 1.149 1.27 2.52 2.06 1.81 4.18 1.27 2.40 2.14 4.52
AC-Sunset 0.465 0.343 0.609 1.16 1.64 1.99 2.09 3.06 3.58 7.08 2.85 5.25
LSD(0.05) 0.242 0.346 0.059 0.368 0.016 2.55 0.105 1.07 0.065 3.60 0.468 0.113
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Discussion

The water deficit stress is a serious limiting factor of plant 
growth and development and has adverse effects on all 
morphological, physiological, biochemical and anatomical 
attributes of plants. In this work, seed yield was significantly 
reduced due to water deficit stress, in both years. Movah-
hedy-Dehnavy et al. (2009), Abd El-lattief (2013), Janmo-
hammadi et al. (2017) and Shahrokhnia and Sepaskhah 

(2017) have also reported that water deficit condition 
decreased seed yield in safflower. Hence, it is important and 
helpful to identify the physiological functions related to 
drought tolerance for improvement of seed yield in safflower 
under water deficit stress condition. The decrease of seed 
yield was also observed in other crops such as pot marigold 
(Calendula officinalis) (Ghadyeh-Zarrinabadi et al. 2019), 
sesame (Sesamum indicum L.) (Ghotbzadeh-Kermani et al. 
2019) and common bean (Phaseolus vulgaris L.) (Karimza-
deh-Soureshjani et al. 2019). Decrease of seed yield in water 
stress condition can be related to reduction of photosynthetic 
activities due to stomatal closure and limited carbon dioxide 
uptake (Grieve et al. 2011).

Significant effect of genotypes indicating that there was 
genetic variation for the traits and selection can be effective 
to improve these traits. However, significant interaction of 
genotypes by year for studied traits showed that the response 
of genotypes for those characteristics was different in the 
years, which can be due to different environmental and cli-
matic conditions.

Seed yield under both irrigation regimes was found to 
have a highly significant positive correlation with drought-
stress tolerance index (STI) (Table 6). Therefore, this index 
can be recommended as a suitable criterion for identifying 
drought tolerant safflower genotypes. Our results were con-
sistent with the results of other studies on different crops in 
that the STI is an effective index to be used in selection pro-
grams to distinguish tolerant and sensitive genotypes (Bah-
rami et al. 2014; Khalili et al. 2016; Pour-Aboughadareh 
et al. 2017).

In this study, RWC was reduced when plants were sub-
jected to water deficit stress, in both years. Similarly, Hos-
seini et al. (2018) showed that the RWC in licorice (Glycyr-
rhiza glabra L.) was decreased under water stress. Since 
RWC also had a highly positive correlation with STI and 
seed yield in our study, under both normal and water deficit 

Table 5   Ranking of 21 safflower genotypes based on the drought-
stress tolerance index (STI)

Genotype STI Ranking Group

M420 0.82 1 Tolerant
A2 0.79 2 Tolerant
S149 0.70 3 Tolerant
E2428 0.67 4 Tolerant
E2417 0.66 5 Tolerant
K21 0.64 6 Tolerant
K12 0.64 7 Tolerant
AC-Stirling 0.59 8 Semi-tolerant
S122 0.56 9 Semi-tolerant
C128 0.52 10 Semi-tolerant
A1 0.51 11 Semi-tolerant
C4110 0.48 12 Semi-tolerant
Kouseh 0.47 13 Semi-tolerant
C111 0.47 14 Semi-tolerant
E2427 0.45 15 Susceptible
C121 0.44 16 Susceptible
H27 0.42 17 Susceptible
AC-Sunset 0.41 18 Susceptible
S3110 0.41 19 Susceptible
Arak2811 0.35 20 Susceptible
C116 0.30 21 Susceptible

Table 6   Pearson correlation 
coefficients among the 
physiological traits, seed yield 
(SY) and stress tolerant index 
(STI) of 21 safflower genotypes 
under normal (upper triangle) 
and water deficit stress (lower 
triangle) irrigation regimes over 
2 years (2016–2017)

RWC​ relative water content, Chl-a, chlorophyll a, Chl-b chlorophyll b, Caro carotenoids, CAT​ catalase 
activity, APX ascorbate peroxidase activity, POX peroxidase activity, ns non-significant
*Significant at p ≤ 0.05, **significant at p ≤ 0.01

Traits 1 2 3 4 5 6 7 8 9 10

1. RWC​ 1 0.55** 0.43* 0.40ns 0.61** 0.60** 0.18ns 0.25ns 0.80** 0.60**
2. Proline 0.38ns 1 − 0.01ns 0.11ns 0.19ns 0.53* 0.44* 0.31ns 0.70** 0.76**
3. Chl-a 0.21ns − 0.07ns 1 0.67** 0.77** 0.43* 0.03ns 0.28ns 0.41ns 0.10ns

4. Chl-b 0.21ns − 0.16ns 0.82** 1 0.69** 0.52* 0.23ns 0.19ns 0.44* 0.29ns

5. Caro. 0.23ns 0.16ns 0.87** 0.75** 1 0.56** 0.12ns 0.20ns 0.57** 0.32ns

6. CAT​ 0.47* 0.64** 0.02ns − 0.13ns 0.12ns 1 0.22ns 0.27ns 0.79** 0.61**
7. APX 0.35ns 0.38ns 0.05ns 0.08ns 0.22ns 0.62** 1 0.48* 0.28ns 0.38ns

8. POX 0.15ns 0.15ns 0.10ns − 0.04ns 0.10ns 0.40ns 0.15ns 1 0.36ns 0.58**
9. SY 0.45* 0.75** 0.13ns 0.03ns 0.37ns 0.75** 0.60** 0.27ns 1 0.77**
10. STI 0.47* 0.72** 0.16ns 0.02ns 0.26ns 0.71** 0.33ns 0.40ns 0.84** 1
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irrigation conditions (Table 6), the drought-tolerant geno-
types of this study had higher seed yield and RWC in com-
parison to the drought-sensitive ones. These results sug-
gested that RWC can be used as a good indicator of drought 
tolerance and beneficial for screening the safflower geno-
types. Anupamaa et al. (2018) was also reported that the 
reduction of RWC values, as an index of drought susceptibil-
ity, was less in tolerant variety as compared to the sensitive 
one of rice (Oryza sativa L. ssp. indica). Sobhaninan et al. 
(2019) stated that RWC that reflects the water statue of a leaf 
under drought stress, had direct association whit grain yield 
in SeriM82/Babax wheat population. Other previous studies 
have also shown that RWC was reduced under drought stress 
and it was correlated with stress tolerance in different plant 
species (Amini et al. 2014; Askari and Ehsanzadeh 2015; 
Sheoran et al. 2015; Pour-Aboughadareh et al. 2017).

The free proline is usually the most important amino 
acid that is accumulated in many plants grown in differ-
ent abiotic stresses. It has been suggested that proline con-
centration may be used as a resistance index to an array 
of stresses (Merwad et al. 2018). In this study, the notable 
accumulation of proline in response to water deficit stress 
indicated the important adjusting role of this osmolyte under 
stressful conditions. Other researchers have also reported 
that leaf proline concentration has increased under water 
deficit stress in different plant species (Gharibi et al. 2016; 
Mirjahanmardi and Ehsanzadeh 2016; Amiri et al. 2018; 
Maswada et  al. 2018). The proline maintains turgidity 
under stress condition (Merwad et al. 2018), reduces the 
level of ROS by scavenging them, and enhances the activi-
ties of antioxidative enzymes (e.g. CAT, POX) in stressed 
plants (Hoque et al. 2007). Significant correlation was found 
between RWC and leaf proline concentration (Table 6), that 
indicated accumulation of this osmolyte enhanced osmotic 
adjustment and played a key role in maintaining cell water 
content, particularly when the plants are subjected to water 
deficit. The existence of relation between water potential and 
osmolytes in different plant species have been reported by 
other researches (Askari and Ehsanzadeh 2015; Gholami-
Zali and Ehsanzadeh 2018b). Since proline accumulation in 
studied genotypes was well correlated to their STI and RWC 
under both normal and water deficit irrigation conditions, it 
seems that osmotic adjustment enabled maintaining higher 
leaf water potentials in tolerant genotypes during water 
stress and protected them against oxidative stress, there-
fore increased plant seed yield and tolerance. Our results 
agreed with the reports of Sheikh-Mohammadi et al. (2017) 
and Askari and Ehsanzadeh (2015) that they found that an 
increase in proline concentration leads to improved seed 
yield and drought tolerance.

Chlorophylls and carotenoids play a major role in photo-
synthesis and protects photosynthetic apparatus from harm-
ful effects of ROS (Kadkhodaie et al. 2014). Chloroplast 

is a major source of ROS production in plant cells during 
drought stress and, hence, chlorophyll (Chl) would degrade 
seriously due to an increased ROS level (Iturbe-Ormaetxe 
et al. 1998). In present study, Chl-a and Chl-b concentrations 
were decreased, when genotypes were subjected to water 
deficit stress, in both years (Table 3). The decrease of Chl 
in drought-stressed plants is reported by several authors in 
different plant species of fennel (Foeniculum vulgare Mill) 
(Gholami-Zali and Ehsanzadeh 2018a), Salvia sinaloensis 
(Caser et al. 2018), and maize (Zea mays L.) (Maswada 
et al. 2018). Reduction of chlorophyll content might reduce 
growth parameters of plants under water stress condition 
and consequently, reduces seed yield (Caser et al. 2018). 
The decrease in leaf Chl concentration could be due to an 
increase of chlorophyllase activity and, hence, Chl degrada-
tion and impairment in Chl biosynthetic pathways (Santos 
2004). Carotenoids are the main lipid-soluble antioxidants 
in plant cells that quench photooxidation, and involve sign-
aling during plant development under stressful conditions 
(Mirjahanmardi and Ehsanzadeh 2016). In our study, carote-
noids concentration was decreased under water deficit stress. 
Numerous studies have reported damage to carotenoids as 
a result of water deficit (Hammad and Ali 2014; Mirjahan-
mardi and Ehsanzadeh 2016; Gholami-Zali and Ehsanzadeh 
2018b). Mirjahanmardi and Ehsanzadeh (2016) stated that 
the decrease of carotenoids could be described by the pres-
ence of other photoprotective mechanisms in plant species.

Plants increase production of ROS under stress conditions 
that could cause severe oxidative damage and membrane 
destruction in plant cells, unless ROS level is controlled by 
the antioxidant protective enzymes activity (Fazeli et al. 2007). 
In this study, antioxidative enzymes activities (CAT, APX and 
POX) were enhanced under water deficit irrigation condition, 
in both years and these results are in agreement with those 
reported by Sajedi et al. (2012), Yousefzadeh-Najafabadi and 
Ehsanzadeh (2017), Chen et al. (2018) and Cheng et al. (2018). 
In addition, the results indicated that the activities of these anti-
oxidative enzymes were significantly correlated with drought 
tolerance in safflower (Table 6). In other studies, a positive cor-
relation between drought stress tolerance and the level of SOD, 
CAT, POX and APX activities in the tissues of different plant 
species was also found (Askari and Ehsanzadeh 2015; Sheikh-
Mohammadi et al. 2017). Catalase is the most important H2O2 
scavenging enzyme that eliminates H2O2 through conversion 
to water and oxygen molecules (Mitler 2002). APX quench 
cellular H2O2 through the ascorbate-glutation cycle (Bowler 
et al. 1992). Thus, in tolerant plants, increase in enzymes activ-
ities may be an adoptive mechanism that help to overcome the 
ROS-derived damages. In this research, CAT activity also had 
a high positive correlation with RWC and similar results have 
been reported by Mercado et al. (2004) in Nicotiana tabacum, 
Khanna-Chopra and Selote (2007) in wheat (Triticum aestivum 
L.) and Merwad et al. (2018) in cowpea (Vigna unguiculata 
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L.), indicating that higher antioxidant enzyme activities were 
associated with higher water retention ability in leaves. There-
fore, genotypes maintaining higher antioxidant enzymes activ-
ity in leaves under water deficit stress may also have higher 
water retention and subsequently stress tolerance capacity. In 
this study, drought tolerant group tended to indicate higher 
proline accumulation, enzymes activity, and RWC, compared 
to the susceptible genotypic group.

Conclusion

In this study, water deficit stress significantly affected on phys-
iological traits of safflower genotypes and seed yield. Moreo-
ver, our finding revealed that RWC, proline accumulation and 
enzymes activity correlated with drought tolerance and seed 
yield and could be used as appropriate selection indicators to 
distinguish drought tolerant genotypes and to increase seed 
yield of safflower under water deficit condition. Genotypes 
M420, A2, S149, E2428, E2417, K21 and K12 with more 
drought tolerance than the others can be used in breeding pro-
grams for development of drought-tolerant cultivars. Also, 
hybridization between drought tolerant and susceptible geno-
types would be useful to develop segregating populations for 
future genetic studies and breeding programs.
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