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Abstract: Since climate changes have caused water restrictions, safflower stands out as an alternative
crop due to its adaptability to restrictive soil and climate conditions. Thus, this research aimed to
evaluate the physiological and yield performance of four safflower lines (IMA 02, IMA 04, IMA 14,
and IMA 21) under two water regimes [without water deficiency—around 22% soil moisture content—
100% of field capacity (FC); and with water deficiency—50% of FC]. The water regimes were imposed
for 30 days during the flowering phase, followed by rehydration for 20 days. Water deficiency
decreased relative water content, water potential, photosynthetic pigment contents, photosynthetic
performance, maximum variable and potential quantum yield of PSII, electron transport rate, and
photochemical quenching. In contrast, it increased electrolyte leakage, water use efficiency, and non-
photochemical quenching. The decreases in photochemical efficiency and photosynthetic performance
as a function of water deficiency caused reductions in the number of capitula, 100-grain mass, and
harvest index, with more significant reductions in IMA 02, which was considered susceptible to soil
water changes. IMA 04, IMA 14, and IMA 21 were considered tolerant because their physiological
variables and yield components were less affected by water restriction, and they also showed recovery
after rehydration compared to IMA 02. Thus, these lines can be recommended for commercial use,
and safflower breeding programs aiming to select superior genotypes under drought conditions.

Keywords: Carthamus tinctorius L.; water restriction; gas exchange; chlorophyll a fluorescence;
yield components

1. Introduction

Water scarcity due to climate variations limits agricultural production. Safflower
(Carthamus tinctorius L.) emerges as a planting alternative due to its adaptability to several
edaphoclimatics conditions and ensured productivity in adverse environments [1]. Its
cultivation has increased due to its potential for development and growth under semi-arid
conditions during the Brazilian off-season and use in biofuel production [2].

Due to recent safflower breeding in Brazil, research has been conducted to character-
ize the accessions for morphological and nutritional characteristics, yield potential, and
selection of promising materials [3-5]. Identifying cultivars with high yields is essential for
establishing this crop compared to other oilseeds [6].

When exposed to adverse agricultural environments, safflower plants show changes
in their morphology and physiology [7]. Despite its tolerance to drought, studies have
shown decreased safflower grain yield under water restriction [8-12], which may be related
to physiological changes [13], by inducing less photoassimilate allocation in grains, which
leads to reduced crop yields [14,15].
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Plant responses to water deficit and recovery from this stress differ among crops [3,16,17]
and vary with plant age, species, and stress intensity, attributed to morphological, physiologi-
cal, and biochemical aspects [18-20].

Abiotic stresses significantly and negatively impact plants’ photosynthetic rate by
altering the organelles’ structure and the concentration of pigments and metabolites, which
prevents carbon assimilation and damages the photosynthetic apparatus [21].

Stomatal closure is one of the first steps in the plant’s adaptation to water deficit,
allowing the maintenance of water status [22]. Thus, by adjusting stomatal openings, plants
can control water loss by reducing transpiration flux and limiting CO, diffusion. The
decline in intercellular CO,; after stomata closure and lower light use efficiency under water
stress decrease the functioning of the photosynthetic apparatus to match the available
carbon substrate [23].

Gas exchange assessments help determine the effects of stress on plant-water rela-
tions. Analysis of chlorophyll contents and chlorophyll a fluorescence also help evaluate
the stress level induced by damage to photosynthetic structures [24]. Water deficiency
causes changes in safflower plant functioning, such as decreased leaf water potential [3],
relative water content [3,25-28], stomatal closure [28], photosynthetic rate [28-30], and
chloroplast pigments [3,27,28,30,31] due to shoot decrease [28,29,32,33], as well as changes
in chlorophyll a fluorescence, and anatomical modifications leading to reduced produc-
tivity [34-36]. Therefore, it is ideal to consider more than one physiological parameter
in water-deficient plants, being essential to determine the different responses of plants
and their genotypes [37,38]. Thus, understanding these responses, mechanisms, and traits
related to the tolerance of safflower lines to water deficiency is essential. However, studies
in the flowering phase, which is the most critical for loss of production, still need to be
made available.

In this context, this research was based on the hypothesis that there is genetic variability
in the safflower crop regarding tolerance to stress caused by water deficiency and its
respective recovery, which is expressed through the physiology of the plant, resulting
in differences in productivity. Thus, this research aimed to evaluate the physiological
and yield variables of four safflower lines in response to water deficit and rehydration
capacity in the flowering phase to assist in selecting lines that best adapt to arid and
semi-arid regions.

2. Material and Methods
2.1. Description of the Experimental Area

The experiment was conducted for five months in a protected environment in the
Department of Crop Production of the School of Agricultural Sciences—FCA /UNESP,
located in Botucatu (22°51'01” S, 48°25'55"” W, 786 m asl), Sao Paulo, Brazil. The protected
environment was a steel structure with galvanized steel arches. It had a high ceiling of
3 m and a total area of 63 m?, with anti-aphid fabric (2 mm diameter) on the sides and a
transparent plastic roof (150 um diameter).

The temperature data and air humidity inside the protected environment during the
experiment conduction were obtained with a datalogger (Instrutherm, HT-500, Sao Paulo,
SP, Brazil) (Figure 1).

The used soil is classified as medium-textured Red Latosol [39]. The physical and
chemical characteristics are described in Table 1. Liming and fertilizing were performed
based on the sunflower crop [40] since there has yet to be a fertilizer recommendation for
Brazil’s safflower crop. Eight seeds of the safflower genotypes were sown in 40-L plastic
pots with 64.0 kg of soil, and five plants were maintained during the experiment.
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Figure 1. Minimum, maximum, and average temperature (T) and relative humidity (RH) in the
protected environment during the experiment conduction.

Table 1. Physical-chemical attributes of the soil.

pH OM P Resin Na H+ Al K Ca Mg SB CEC v
CaCl? g dm™ mg dm™ mmol.dm™ %
6.5 29 88 0.1 10 0.7 110 28 138 148 93

B Cu Fe Mn Zn

mg dm™3
0.19 0.7 30 0.8 2.2
Sand Silt Clay
dm-3 Soil Texture
& Medium
682 61 257

pH (hydrogen potential); OM (organic matter); P resin (phosphorus by resin method); SB (sum of bases); CEC
(cation-exchange capacity); V% (base saturation).

2.2. Soil Water Retention Curve, Irrigation Management, and Soil Water Content Monitoring

Through soil chemical and physical characterization, the soil-water retention curve
was obtained (Figure 2) using the model described by Van Genutchen [41].

Irrigation was performed by an automatic system, using drippers (Netafim, PCJ-CNL
21/h, Ribeirao Preto, SP, Brazil), controlling the flow with registers.

The soil moisture control was performed through puncture tensiometers installed
close to the plant in all the pots at 20 cm of soil depth, and the tension was measured by
a digital tensimeter (SondaTerra, Piracicaba, SP, Brazil). The plants were inspected and
irrigated daily between 8 and 9 am, and soil moisture was maintained at field capacity until
the beginning of the water regimes.
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Figure 2. Soil-water retention curve.

The estimation of the irrigation layer was carried out based on the available water
capacity (AWC), aiming to maintain the water tension in the soil according to each stage
through Equation (1):

AWC = (FC — PWP) x R 1)

where AWC is the available water capacity in the soil (mm), FC is the volumetric water
content in the field capacity (cm® cm~%), PWP is the volumetric water content at the
permanent wilting point (cm3® cm~3), and R is the effective depth of the root system
(mm) [42].

2.3. Experimental Design, Treatments, and Plant Material

The experimental design used was a completely randomized 4 x 2 factorial scheme
consisting of four safflower lines (IMA 02, IMA 04, IMA 14, and IMA 21) and two water
regimes (without and with water deficiency), with six replicates. The plants were main-
tained under field capacity (FC) until 60 days after sowing (DAS). The water regimes
were imposed when the lines reached 90% of the floral bud burst. In the regime “without
deficiency (—D)”, plants were hydrated with 100% of FC (around 22% soil moisture content)
during the entire cycle. In contrast, in the regime “moderate deficiency (+D)”, plants were
maintained for 30 days under 50% of FC. Soon after, plants were rehydrated for 20 days.

The lines used are in the breeding process and came from the Western Regional Plant
Introduction Station (WRPIS) germplasm bank in the United States, obtained through the
Germplasm Resources Information Network (GRIN), from which the Instituto Matogrossense
do Algodao (imported them IMA-MT), and subsequently transferred to the Safflower Breeding
Program of the School of Agricultural Sciences of Botucatu.

2.4. Physiological Traits

Leaf water potential (Y}e.¢) was evaluated between 11:30 am and 1:00 pm using a
Scholander pressure chamber (SoilMoisture Equipment, Santa Barbara, CA, USA). The
reading was taken on the second leaf expanded from the plant’s apex.

The relative water content (RWC) was determined in six leaf discs of 1.1671 cm?, taken
from the middle third leaf of plants. The mass of fresh matter (FM), the mass of turgid
matter (TM) after hydration in deionized water for 24 h, and the mass of dry matter (DM)
after drying for 48 h at 80 °C in a forced air circulation oven were determined on a precision
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analytical balance (Shimadzu, BL-3200H, Piracicaba, SP, Brazil). The RWC was calculated
according to Equation (2) [43]:

RWC = (FM — DM)/(TM — DM) x 100 @)

The electrolyte leakage (EL) was evaluated by indirect determination. Ten leaf discs of
0.5 cm? in diameter were collected from the middle third leaf of each plant, placed in test
tubes containing 10 mL of deionized water, and immersed for 24 h. The initial conductivity
(Ci) was obtained after 24 h of incubation, and the final conductivity (Cf) was obtained after
the discs remained in a water bath at 60 °C for three hours. The calculation was performed
using Equation (3) proposed by Campos e Thi [44]:

EL = (Ci/Cf) x 100 (©)]
where EL is represented in % and Ci and Cf in uS cem L

The photosynthetic pigment contents (chlorophylls a and b—Chl a and b, and carotenoids)
were determined in two leaf discs of 1.1671 cm? from the plants’ middle third leaf. The discs
were immersed for 48 h in dimethylformamide solution (DMF), protected from light. Then,
1 mL of the chlorophyll extract was diluted in 1 mL of deionized water, and the absorbance
of the samples was determined in a spectrophotometer (Shimadzu, UV-2700, Kyoto, Japan)
at wavelengths of 480, 647, and 664 nm. The chlorophyll 4, b, and carotenoid concentrations
were calculated based on the methodology described by Wellburn [45], and the results were
expressed in pg cm 2.

From the evaluation of gas exchange, we obtained the net CO, assimilation rate (A),
stomatal conductance (gs), transpiration rate (E), and intercellular CO, concentration (C;).
The measurements were obtained on plants’ fully expanded middle third leaves with
an infrared gas analyzer (IRGA) (LI-COR Biosciences Inc., LI-6400XT, Lincoln, Nebraska,
EUA). Measurements were performed between 09:00 and 11:30 am, using constant pho-
tosynthetic photon flux density of 1500 pmol m~2 s~! in the leaf chamber, atmospheric
CO, concentration (400.12 ppm =£ 20 ppm), ambient temperature (27.47 °C &+ 3 °C), and
humidity (61.94% =+ 10%). The instantaneous water use efficiency (WUE) was calculated
by the ratio A/E, and the instantaneous carboxylation efficiency (CE) by the ratio A/C;.

The parameters of chlorophyll a fluorescence, the maximum variable quantum yield
of photosystem II (PSII) (Fy/F;), PSII effective quantum yield (@PSII), apparent electron
transport rate (ETR), photochemical quenching (qP), quantum yield of regulated energy
dissipation (Y(NPQ)), and unregulated energy dissipation ((Y(NO)) were obtained on
the same leaf used for the gas exchange measurements, using a 6400-40 leaf chamber
fluorometer coupled to the IRGA. The measurements were performed in the morning
period, after acclimatization of the leaves in the dark with specific clips for one hour. The
photochemical quenching (qP) [46] was calculated from fluorescence in a light-adapted
sample before the saturation pulse (F) and maximum fluorescence in a light-adapted sample
(Fm'). @PSII, Y(INPQ), and Y(NO) were calculated according to Genty et al. [47], and @PSII
was also used to estimate ETR [48].

2.5. Yield Components

For the analysis of the yield components, three plants were collected from each pot.
The number of capitula per plant (NC) was obtained by direct counting. After threshing,
the grains were weighed, and the 100-grain mass (100 GM) was obtained in precision
analytical balance (Shimadzu, BL-3200H, Piracicaba, SP, Brazil). The yield was obtained
after correcting the moisture content of the grains to 10%, and the results were expressed in
g plant~!. The harvest index (HI) was obtained by dividing the mass of grains by the shoot
fresh matter mass (stem + branches + leaves + grains).
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2.6. Statistical Analysis

The data were submitted to the Shapiro-Wilk normality test. Once this assumption
was met, we proceeded with the two-factor analysis of variance (ANOVA). The means
were compared by Tukey test (p < 0.05) using the AgroEstat statistical software (AgroEstat,
version 2015, Jaboticabal, SP, Brazil).

3. Results
3.1. Physiological Traits

Yieat and EL were affected by the factors water regime (Wr) and lines (L) under
adequate water regime; on the other hand, Wr, L, and Wr x L affected ¥}e,¢ and EL under
water deficiency and at rehydration (Table 2). RWC was only affected by the L factor under
adequate water regime, the two factors, and the interaction between them under water
deficiency, and by L and Wr x L at rehydration. Chl a, Chl b, Chl a + b, and carotenoids
were affected by the L factor under adequate water regime and by Wr, L, and Wr x L under
water deficiency and at rehydration. Additionally, Chl a/Chl b was only affected by the
L factor under adequate water regime and at rehydration, and by the two factors and the
interaction between them under water deficiency (Table 2).

Table 2. Analysis of variance of leaf water potential, relative water content, electrolyte leakage (EL),
chlorophyll a content (Chl a), chlorophyll b content (Chl b), total chlorophyll content (Chl a + b),
chlorophyll a/b ratio (Chl a/Chl b), and carotenoids of four safflower lines without water deficiency,
30 days after the imposition of water regimes, and 20 days after rehydration.

Sources of F Values
Variation P leat RWC EL Chla Chl b Chla+b Chla/Chlb Carotenoids
Without Wate(wre)glme 0.03 ns 0.29 ns 0.15ns 0.14 ns 0.00 ns 0.15 ns 0.08 ns 1.19 ns
devf‘i’;teeic Lines (L) 2.53 ns 57.70 ** 1.82 ns 51.09 ** 2422 % 49,18 ** 8.97 * 39.31 *
Y Wr x L 0.01 ns 0.63 ns 0.06 ns 0.34 ns 0.65 ns 0.25 ns 1.04 ns 0.57 ns
Water Wate(rv\r,f)glme 137.12 % 69.06 ** 244.65 ** 564.42 ** 131.51 * 544.92 ** 34.69 ** 127.67 **
deficiency Lines (L) 3.69 % 8.84 % 19.03 * 18.50 ** 117.08 ** 69.75 ** 42,81 28.67 **
Wr x L 3.16* 3.64% 12.90 ** 66.83 ** 16.67 ** 52.02 13.21 12.03 **
Wate&éf)glme 20.80 ** 0.14ns 10.63 * 100.33 ** 57.68 ** 97.03 ** 0.59 ns 78.84 **
Rehydration 5 1) 18.64 ** 3.55% 9.54 * 9.05 ** 9.38 ** 7.20 % 8.46 * 6.78%
Wr x L 414 472 9,05 ** 14.69 ** 10.83 ** 14.98 ** 0.28 ns 14.04

ns (not significant); ** significant (p < 0.01); * significant (p < 0.05) according to Tukey’s test.

The initial evaluation recorded an average Yo, value of —0.75 MPa (Figure 3A). The
water deficiency decreased the ¥qo¢ of lines IMA 02, IMA 04, IMA 14, and IMA 21 by 48.5%,
43.1%, 48.4%, and 24.6%, respectively (Figure 3B). After rehydration, lines IMA 02 and IMA
04 still showed reductions in Yie,¢ of 28.3% and 46.7%, respectively. The strains IMA 14
and IMA 21 showed less pronounced declines in ¥}e,s and matched the adequate water
regime (—D) (Figure 3C).

Under an adequate water regime, average RWC values between 78.7% and 88.7% were
recorded (Figure 3D). After the water deficiency period, the RWC of the lines was reduced
by approximately 68.9%. The IMA 04 line showed the most significant reduction (34.8%),
followed by lines IMA 21 (19.0%) and IMA 14 (16.4%), while the IMA 02 showed the lowest
reduction in RWC (7.6%) (Figure 3E). After rehydration, the RWC of IMA 04, IMA 14, and
IMA 21 lines equaled —D, contrary to what was observed for IMA 02 (Figure 3F).
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Figure 3. Leaf water potential (Ye,¢) (A-C), relative water content (RWC) (D-F), and electrolyte
leakage (EL) (G-I) of four safflower lines without water deficiency 30 days after the imposition of
water regimes, and 20 days after rehydration. Means followed by the same letter in each evaluation
period, lower case between lines and within water regime, and upper case within each line and
between water regimes, do not differ by the Tukey test (p < 0.05).

The EL showed an average value of 13.5% among treatments at initial evaluation
(Figure 3G). Imposition of water deficiency increased EL by 58.8%, 48.6%, and 39.6% in
IMA 04, IMA 02, and IMA 14 lines, respectively. The lowest extravasation of cell membranes
was observed in IMA 21 (31.1%) (Figure 3H). After rehydration, only line IMA 04 did not
show recovery, as, under +D, it still provided 36.1% of released electrolytes (Figure 3I).

Under —D, differences were observed among lines for Chl 4, Chl b, and total chloro-
phyll (Chl 4 + b) in which IMA 14 showed the lowest values (6.34, 2.79, and 9.13 pg cm—2,
respectively), while the highest values were observed in lines IMA 02 (8.66, 3.36, and
12.02 pg cm~2, respectively) and IMA 04 (9.02, 3.37, and 12.36 pg cm ™2, respectively)
(Figure 4A,D,]). Additionally, no differences existed between the lines for the Chl a/Chl b
ratio (Figure 4G).

However, the imposition of water deficiency provided reductions in Chl a, Chl b, and
Chl a + b in all the lines, with higher decreases verified in IMA 02 (64.4%, 51.4%, and 60.7%,
respectively). In contrast, the lowest declines were verified in lines IMA 14 and IMA 21
(Figure 4B,E K). Additionally, after rehydration, treatments under +D showed increases
in Chl g, Chl b, and Chl a + b, with the highest increases verified in IMA 21 and IMA 04
(Figure 4C,FL). Water deficiency decreases the Chl a/Chl b ratio in all the lines, but after
rehydration, all lines recovered, establishing an average of 2.76 (Figure 4H,1).

Under an adequate water regime, line IMA 14 showed the lowest average value
(2.00 ug cm~2), while the average value of the other lines was 2.55 pg cm~2 (Figure 4M).
Water deficiency negatively affected the carotenoid contents of the lines, with reductions
of 45.0%, 38.0%, 17.0%, and 12.8% in IMA 02, IMA 04, IMA 14, and IMA 21, respectively
(Figure 4N). After rehydration, carotenoid content was recovered in all lines, with an
average increase of 21.1% under +D compared to —D. There were highlights for lines IMA
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21 and IMA 04 under +D, which, after rehydration, showed increases of 41.8% and 25.3%
in carotenoid contents, respectively, compared to the same lines under —D (Figure 40).
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Figure 4. Chlorophyll a content (Chl a) (A-C), chlorophyll b content (Chl b) (D-F), chlorophyll a/b
ratio (Chl a/Chl b) (G-I), total chlorophyll content (Chl a + b) (J-L), and carotenoids content (M—O)
of four safflower lines without water deficiency, 30 days after the imposition of water regimes, and

20 days after rehydration. Means followed by the same letter in each evaluation period, lower case

between lines and within water regime, and upper case within each line and between water regimes,
do not differ by the Tukey test (p < 0.05).

At the first evaluation, A, E, gs, Ci, and WUE were affected only by the L factor, while
CE was unaffected by any of the factors (Table 3). Under water deficiency, the factors Wr,
L, and Wr x L affected A, E, gs, Ci, and CE, while WUE was affected by Wr and Wr x L.
Additionally, at rehydration, A, E, gs, and CE were affected by Wr, L, and Wr x L, while Ci
and WUE were affected only by Wr and L factor, respectively (Table 3).
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Table 3. Analysis of variance of CO, assimilation rate (A), transpiration rate (E), stomatal conductance
(gs), intercellular CO, concentration (Ci), water use efficiency (WUE), and carboxylation efficiency
(CE) of four safflower lines without water deficiency, 30 days after the imposition of water regimes,
and 20 days after rehydration.

Sources of F Values
Variation A E gs Ci WUE CE
Without Water regime (Wr) 0.00 ns 0.00 ns 0.00 ns 0.00 ns 0.00 ns 0.00 ns
water Lines (L) 3.49* 7.63 ** 16.81 ** 10.78 ** 12.81 ** 1.67 ns
deficiency Wr x L 0.00 ns 0.00 ns 0.00 ns 0.00 ns 0.00 ns 0.00 ns
Water Water regime (Wr) 126.80 ** 246.36 ** 455.09 ** 90.09 ** 29.68 ** 498 *
deficienc Lines (L) 16.09 ** 26.12 ** 8.78 ** 17.69 ** 0.51ns 27.14 **
Y Wr x L 3.69* 4.54 ** 6.36* 3.96* 3.05* 3.00 *
Water regime (Wr) 743 ** 1.57 ns 0.06 ns 3.48* 3.34ns 24.24 **
Rehydration Lines (L) 12.98 ** 441 7.86 ** 0.58 ns 342*% 17.56 **
Wr x L 5.68 ** 4.16* 3.05* 2.26 ns 1.87 ns 9.63 **

ns (not significant); ** significant (p < 0.01); * significant (p < 0.05) according to Tukey’s test.

2 1

Under adequate water regime, an average A value of 14.82 umol CO; m™* s~
was recorded (Figure 5A). After the imposition of water deficiency, A decreased 69.6%,
71.3%, and 65.5% for the lines IMA 02, IMA 14, and IMA 21, respectively. Despite a
reduction of 33.0% verified in IMA 04, this line maintained the highest A under +D
(15.35 umol CO, m~2 s~ 1) (Figure 5B). The rehydration of plants enabled the recovery
of A in all lines. However, the plants of IMA 04 and IMA 21 under +D showed A 37.8% and
61.5% higher than under —D, respectively (Figure 5C).

The highest E value, under an adequate water regime, was verified in IMA 04
(5.33 mmol H,O m~2 s~ 1) and the lowest in IMA 21 (3.70 mmol H,O m~2 s~ 1) (Figure 5D).
The imposition of water deficiency provided reductions in E of 90.1%, 81.3%, 78.5%, and
38.3% in the lines IMA 21, IMA 02, IMA 14, and IMA 04, respectively (Figure 5E). With
rehydration, there was the recovery of the safflower plants as far as E was concerned, with a
highlight to the IMA 21 under +D that outperformed the —D condition by 74.9%, followed
by the IMA 14 and IMA 04 lines under +D that showed increases of 11.2% and 8.3% in E
compared to the —D condition (Figure 5F).

Under adequate water regime, lines IMA 02 and IMA 04 showed gs, on average,
57.1% higher than that verified in lines IMA 14 and IMA 21 (Figure 5G). Water deficiency
decreased gs in 85.3%, 82.6%, 82.2%, and 73.7% in lines IMA 21, IMA 02, IMA 14, and IMA
04, respectively (Figure 5H). After rehydration, all lines recovered gs (Figure 5I).

Under adequate water regime, the highest values of Ci were verified in lines IMA 02
and IMA 04 (Figure 5]). However, after the water deficiency period, a significant difference
was observed among water regimes within each line, with a decrease of 39% in IMA 21,
21.2% in IMA 02, 55.4% in IMA 14, and 39.1% in IMA 04, compared to —D condition
(Figure 5K). After rehydration, only line IMA 04 showed no Ci recovery, resulting in a
difference of 32.3% between —D and +D (Figure 5L).

IMA 02 showed the lowest WUE under adequate water regime, averaging 2.89,
while IMA 14 and IMA 21 provided the highest average value (3.76 mmol CO, HyO™!)
(Figure 5M). Under water deficiency, line IMA 14 was not influenced, resulting in an aver-
age of 3.59 mmol CO, H,O~!; on the other hand, the imposition of water deficiency raised
the WUE in other lines, causing increases of 50.6% in IMA 21, 28.0% in IMA 02, and 26.4%
in IMA 04 (Figure 5N). After rehydration, the WUE values of the lines under —D e +D were
similar, except for line IMA 02 under +D, which still maintained higher WUE than the —D
condition (Figure 50).
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Figure 5. CO; assimilation rate (A) (A-C), transpiration rate (E) (D-F), stomatal conductance (gs)
(G-I), intercellular CO, concentration (Ci) (J-L), water use efficiency (WUE) (M-0), carboxylation
efficiency (CE) (P-R) of four safflower lines without water deficiency, 30 days after the imposition of
water regimes, and 20 days after rehydration. Means followed by the same letter in each evaluation
period, lower case between lines and within water regime, and upper case within each line and
between water regimes, do not differ by the Tukey test (p < 0.05).

CE showed an average of 0.06 pmol CO, m2s! among treatments in the initial
evaluation (Figure 5P). The imposition of water deficiency provided reductions of, on
average, 33% and 12.5% in CE of the lines IMA 02 and IMA 21, respectively, compared to
the —D condition (Figure 5Q). After the rehydration period, the CE of IMA 02 and IMA 21
recovered, while there was an increase of 54.6% in the CE of IMA 04 conducted under +D,
compared to the —D condition (Figure 5R).

Under adequate water regime, F,/F;;, NQP, Y(NQP), and Y(NO) were affected only by
the L factor, while @PSII, ETR, and qP were unaffected by any of the factors (Table 4). Under
water deficiency, F,/F;;, PSIL ETR, and Y(NQP) were affected by Wr, L, and Wr x L; on
the other hand, qP was affected only by Wr x L, and NQP and Y(NO) were affected by Wr
and Wr x L. Additionally, at rehydration, ETR, NQP, and Y(NO) were affected only by the
L factor, while the other variables were affected by none of the factors (Table 4).
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Table 4. Analysis of variance of maximum variable quantum yield of photosystem II (PSII) (F,/F),
the effective quantum yield of the PSII (¢PSII), electron transport rate (ETR), photochemical quench-
ing (qP), non-photochemical quenching (NQP), the quantum yield of regulated dissipation (Y(NQP)),
and quantum yield of unregulated dissipation (Y(INO)) of four safflower lines without water defi-
ciency, 30 days after the imposition of water regimes, and 20 days after rehydration.

Sources of F Values

Variation E,/F,, @PSII ETR qP NQP Y(NQP) Y(NO)

Without Water regime (Wr) 0.00 ns 0.00 ns 0.00 ns 2.54 ns 0.00 ns 0.00 ns 0.00 ns
water Lines (L) 3.19* 0.99 ns 1.00 ns 0.00 ns 17.87 ** 8.74 ** 14.69 **
deficiency Wr x L 0.00 ns 0.00 ns 0.00 ns 0.00 ns 0.00 ns 0.00 ns 0.00 ns
Water Water regime (Wr) 32.10 ** 19.24 ** 38.57 ** 2.39 ns 12.89 ** 32.64 ** 4.78 *
deficienc Lines (L) 6.88 ** 11.55 ** 17.50 ** 1.28 ns 1.77 ns 12.68 ** 1.46 ns
y Wr x L 10.38 ** 4.53* 3.40* 5.16 ** 8.78 ** 7.16 ** 6.34 **

Water regime (Wr) 1.61ns 0.79 ns 0.01 ns 0.93 ns 0.04 ns 0.22 ns 0.22 ns

Rehydration Lines (L) 1.73ns 1.59 ns 3.05* 141 ns 16.70 ** 1.28 ns 291*%
Wr x L 0.61 ns 0.06 ns 1.40 ns 0.95 ns 1.95ns 0.08 ns 0.40 ns

ns (not significant); ** significant (p < 0.01); * significant (p < 0.05) according to Tukey’s test.

Under adequate water regime, the lowest average value of F,/F;, was verified in IMA
21 (0.79). At the same time, the other lines showed an average value of 0.84 (Figure 6A).
The imposition of water deficiency promoted a significant difference only in IMA 21 line,
causing a reduction of 24.2% compared to the —D condition (Figure 6B). After rehydration,
the F,/F), values were similar among lines and water regimes (Figure 6C).
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Figure 6. Maximum variable quantum yield of photosystem II (PSII) (F,/F;) (A-C), effective quan-
tum yield of the PSII (@PSII) (D-F), and electron transport rate (ETR) (G-I) of four safflower lines
without water deficiency, 30 days after the imposition of water regimes, and 20 days after rehydration.
Means followed by the same letter in each evaluation period, lower case between lines and within
water regime, and upper case within each line and between water regimes, do not differ by the Tukey
test (p < 0.05).



Agriculture 2023, 13, 558

12 of 21

Without water deficiency

@PSII showed an average of 0.28 among treatments in the initial evaluation (Figure 6D).
The imposition of water deficiency promoted significant reduction only in the IMA 02 line
(40.7%), reaching a value of 0.15, while hydrated plants showed an average value of @PSII
of 0.27 (Figure 6E). After rehydration, there was no difference between treatments for @PSII
(Figure 6F).

Under adequate water regime, an average ETR value of 184 umol m~2 s~! was
recorded (Figure 6G). On the other hand, the imposition of water deficiency promoted
reductions of 49.2% and 27.2% in ETR of the IMA 02 and IMA 14 lines, respectively, while
no significant decrease was observed in other lines (Figure 6H). After the rehydration
period, the ETR was similar between safflower plants under —D and +D (Figure 6I).

In the initial evaluation, gP showed an average of 0.49 among treatments (Figure 7A).
After the imposition of water deficiency, there was a reduction of 33.4% in qP of the IMA
02 line compared to the —D condition. In comparison, there was an increase of 64.1% in
qP of IMA 21, and no effect was verified in IMA 04 and IMA 14 lines (Figure 7B). After
rehydration, there was the recovery of IMA 02 as to qP, and the values were similar among
the lines, averaging 0.35 (Figure 7C).
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Figure 7. Photochemical quenching (qP) (A-C), non-photochemical quenching (NQP) (D-F), the
quantum yield of regulated dissipation Y(NQP)) (G-I), and quantum yield of unregulated dissipation
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((Y(NO)) (J-L) of four safflower lines without water deficiency, 30 days after the imposition of water
regimes, and 20 days after rehydration. Means followed by the same letter in each evaluation period,
lower case between lines and within water regime, and upper case within each line and between
water regimes, do not differ by the Tukey test (p < 0.05).

Under adequate water regime, the highest values of NPQ were verified in IMA 02
and IMA 21 (1.74), and the lowest average value was verified in IMA 04 (1.03) (Figure 7D).
Under water deficiency, there was a reduction of 30.7% in NPQ of IMA 04 and increases
of 87.1% and 75.6% in NPQ of IMA 02 and IMA 21 lines, respectively, compared to —D
(Figure 7E). After rehydration, the NPQ values were similar within lines between plants
under +D and —D (Figure 7F).

The lowest average value of Y(NQP) was verified in IMA 04 (0.36), while the lines IMA
02 and IMA 21 showed an average value of 0.45 under adequate water regime (Figure 7G).
After 30 days of water deficiency, there were increases of 21.2%, 29.9%, and 38.2% in Y(NQP)
of the lines IMA 14, IMA 02, and IMA 21 under +D, respectively, compared to the —D
condition (Figure 7H), which did not occur in IMA 04. Additionally, there was no difference
among treatments for Y(NQP) after rehydration, with an average value of 0.44 (Figure 71).

In the initial evaluation, there was a highlight to IMA 04 that showed the highest value
of Y(NO) (0.38) (Figure 7]). Water deficiency negatively impacted only IMA 21, causing a
decrease of 51.7% in Y(NO) (Figure 7K). After rehydration, there was the recovery of IMA
21, which equaled the other lines (Figure 7L).

3.2. Yield Components

NC, yield, and HI were affected by Wr, L, and Wr x L, while 100-grain mass was
affected only by Wr x L (Table 5).

Table 5. Analysis of variance of the number of capitula (NC), 100-grain mass (100 GM), yield and har-
vest index (HI) of four safflower lines under two water regimes (with and without water deficiency).

F Values
Sources of Variation
NC 100 GM (g) Yield (g plant~1) HI(gg™ )
Water regime (Wr) 89.18 ** 2.35ns 139.39 ** 34.35 **
Lines (L) 18.67 ** 2.59 ns 10.39 ** 46.98 **
Wr x L 7.38 ** 492 ** 4.89 ** 11.49 **

ns (not significant); ** significant (p < 0.01) according to Tukey’s test.

The imposition of water deficiency promoted reductions of 38.0%, 21.5%, 19.6%, and
16.0% in NC of the lines IMA 02, IMA 04, IMA 21, and IMA 14, respectively, resulting in
8.2 capitula plant~?, 7.3 capitula plant~!, 7.8 capitula plant~!, and 9.7 capitula plant~!,
respectively (Figure 8A).

Whereas, 100 GM was negatively affected by water deficiency in IMA 02 and IMA
04 lines, with reductions of 25.2% and 16.6%, resulting in 100 GM of 3.35 g and 4.15 g,
respectively (Figure 8B). The 100 GM of the IMA 14 and IMA 21 lines were unaffected by
water regimes, showing averages of 4.19 g and 4.41 g, respectively.

Water deficiency negatively affected the yield of safflower lines (Figure 8C). The IMA
02 line showed the highest yield among the lines under —D (7.96 g plant~!); however, the
highest reduction was verified under +D, 53.6%, resulting in 3.70 g plant~!. The second
highest yield under —D was verified in IMA 21 (7.62 g plant~!), which showed a decrease
of 41.9% in its yield under +D, resulting in 4.33 g plant~!. The lowest yield under —D
was verified in IMA 14 (5.49 g plant~!), which had its yield reduced by 41.5% under +D.
Additionally, the IMA 04 produced 6.19 g plant ! under —D and showed the lowest yield
reduction under +D (30.1%), resulting in 4.21 g plant~!. However, despite the observed
differences in yield magnitudes between the water regimes, the yield was not significantly
different among the lines under +D.
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Figure 8. Number of capitula (NC) (A), 100-grain mass (100 GM) (B), yield (C), and harvest index (HI)
(D) of four safflower lines as a function of two water regimes (with water deficiency—+D; without
water deficit——D). Means followed by the same letter in each evaluation period, lower case between
lines and within the water regime, and upper case within each line and between water regimes do
not differ by Tukey’s test.

The HI differed among the water regimes, except for line IMA 14, which averaged
0.19 g g~!. The imposition of water deficiency negatively affected HI in lines IMA 02, IMA
21, and IMA 04, with reductions of 27.5%, 26.0%, and 14.5%, resulting in HI of 0.23 g g’l,
024 g g1, and 0.17 g g1, respectively (Figure 8D).

4. Discussion

Water deficiency decreased the Y., of safflower lines, with decreases in RWC and
increases in EL. Reduction of the plant water content results in cell contraction, decreased
turgescent pressure against cell walls, and increased solute concentration [49]. Several
studies have shown that Y., and relative water content are reduced by water deficit in
safflower [3,7,9,25,26,50], which are variables widely used as indicators of plant water status.
Thus, as it is an effective parameter in reflecting the effects of water deficit in safflower, the
relative water content can be used to select drought-tolerant genotypes [38,51].

Although the Y., and RWC were reduced in all lines due to water deficiency, IMA
14 and IMA 21 showed the highest recovery rates of these parameters after rehydration,
as they matched the plants conducted in the adequate water regime, indicating higher
resilience capacity. After rehydration, plant cultivars with high recovery capacity can be
considered water deficiency tolerant [52].

One of the major impacts of water stress is cell membrane modification, which reduces
its function or causes total dysfunction. Cell membrane dysfunction due to stress is
expressed by increased permeability and ion leakage, readily measured by electrolyte
leakage [53]. Thus, the increased EL suggests damage by oxidative stress on the cell
membrane. The stress caused by water deficit increases EL due to the increased fluidity of
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the cell membrane, which consequently leads to its disruption from the formation of reactive
oxygen species, which reduce enzyme activity and promote lipid peroxidation [54,55].
Maintaining membrane integrity after a water deficit is an essential indicator of stress
tolerance [53,56]. In the present study, the IMA 14 and IMA 21 lines showed the lowest EL
values under stress, evidencing an excellent ability to maintain plasma membrane stability
and indicating drought tolerance [57].

Photosynthetic efficiency is conditioned by the photosynthetic pigment concentration
and the water status of the plant [58]. Photosynthetic pigments are essential in absorbing,
concentrating, and storing light energy and producing reduced power [59]. Thus, pigments
are critical chloroplast components to photosynthesis; consequently, the relative chlorophyll
content positively relates to the photosynthetic rate.

The imposition of water deficiency usually promotes chlorophyll degradation, a typical
oxidative symptom that can result from photoinhibition [60,61]. This process reduces the
efficiency of light energy absorption, electron transfer, and ATP and NADPH production in
the photochemical phase of photosynthesis [62].

Despite being considered a water deficiency tolerant species, studies have already
reported reductions in the photosynthetic pigment contents of safflower plants under mod-
erate and severe stress conditions [3,27,30,63,64]. In our study, the water restriction reduced
the contents of Chl a, Chl b, Chl a + b, Chl a/Chl b, and carotenoids. However, after the
rehydration period, the lines were recovered, evidenced by the increase in photosynthetic
pigment levels.

Carotenoids are accessory pigments that play a crucial role in plant protection against
photosynthetic photoinhibition by preventing oxidative damage caused by stress [65-67].
The content of photosynthetic pigments in leaves is used as an index to show the plants’
photosynthetic capacity and physiological status [68,69]. Thus, pigment content may be a
valuable marker for selecting water-stress-tolerant varieties [7,70]. After rehydration, the
IMA 21 line increased photosynthetic pigment indices, so it can be considered drought
tolerant due to this.

Between 60 DAS and 140 DAS, there was an increase in air temperature, reaching
higher levels, which was associated with plant aging. This provided an increase in photo-
synthetic metabolism, increasing the content of photosynthetic pigments and gas exchange
activity to ensure the formation and filling of grains.

Water deficiency decreased the CO; assimilation rate in safflower plants, which may
have resulted from reduced chlorophyll synthesis or damage to its molecules [21,71,72].
Stomatal closure is one of the mechanisms to alleviate drought, being one of the first steps
in plant adaptation to water deficit, allowing the maintenance of water status [22]. The
adjustment of the stomatal aperture, evidenced by the considerable reduction in gs in plants
under +D, allows controlling water loss by reducing transpiration flux and limiting CO;-
diffusion [73,74], which explains the decreases in A, gs, and E associated with significant
increases in Ci.

Lower light use efficiency under water stress reduces the functioning of the photo-
synthetic machinery to match the available carbon substrate [23]. Research has already
demonstrated reduced photosynthetic capacity of safflower plants under water stress,
with the reduction in photosynthetic rate being genotype dependent, as observed in our
results [29,30,75], in which all lines were affected by the imposition of water deficiency,
with a highlight on IMA 04 that showed the best performance under water deficiency.
However, after rehydration, there was the recovery of lines IMA 04, IMA 14, and IMA 21,
which did not occur with IMA 02.

High values of WUE indicate an efficient relation between A and E in plants that can
maintain a balanced relationship between water saving and metabolism maintenance [76],
represented by the ratio of dry matter mass produced per gram of transpired water [77].
As observed in our study, water deficit usually promotes high values for this variable by
stomatal closure, which reduces critical metabolic processes for plant tissue functioning,
such as CO, assimilation and transpiration.
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This study demonstrated a reduction of CE in plants subjected to water stress due to
decreases in CO; assimilation rates and CO; levels in the leaf mesophyll after stomatal
closure, causing biochemical damage to the photosynthetic apparatus due to the low
regeneration of the RUBISCO enzyme, which hinders the carboxylation process [77-79].

The reductions in CE observed in IMA 02, IMA 14, and IMA 21 under +D indicate
non-stomatal limitation mechanisms of photosynthesis, which can directly interfere with
productive yield. The rehydration period favored the recovery and maintenance of the
stability of IMA 04 as a function of CE.

Water stress inhibits photosynthetic activity in tissues due to an imbalance between
light uptake and its use. In general, water deficiency directly affects the photochemical
efficiency of PSII in safflower lines, the phase responsible for light energy absorption and
electron transfer by the photosystems I and II to produce ATP and NADPH [80-82]. The
reductions verified in the parameters @PSII, ETR, and F,/F;, indicate impairment of the
photosynthetic apparatus by reducing its efficiency.

The PSII is highly light-sensitive, and the negative regulation of photosynthesis under
water stress causes an energy imbalance in the PSII reaction center, leading to photoinhibi-
tion [83]. Mechanisms have evolved in the plant to protect it from photoinhibition, such as
non-photochemical quenching, electron (e™) transport to molecules other than CO,, such
as to oxygen, which leads to photorespiration and Mehler reaction [84,85], non-radiative en-
ergy dissipation mechanisms [80,86], and chlorophyll concentration changes [81]. However,
these processes ultimately lead to a lower quantum yield of PSII [85].

The reduction in @PSII and increase in NQP implies a decrease in the rate of capture
and conversion of excitation energy by the PSII reaction center. Thus, reductions in ETR
and PSII photochemical efficiency indicate the disorganization of PSII reaction centers
under water stress conditions [87,88].

The P can indicate physiological differences between crop genotypes [89]. Addition-
ally, the NQP is a mechanism that plants use to protect themselves against the harmful
impacts of high light intensity [90]. Thus, the excess energy absorbed reduces the impair-
ment of the functioning of the photosynthetic apparatus [91]. Our results show an increase
in NQP in the lines under +D, except IMA 04, which did not have its NPQ affected by water
deficiency, maintaining the lowest values under this condition, which indicates higher
efficiency of this line in using the energy absorbed by the antenna complex of PSII [92].

Under +D, the leaves of safflower lines increased the (Y(NQP)), indicating the efficiency
of this mechanism in the photosynthetic apparatus photoprotection of these plants. These
results evidence the activation of the dissipation of excess energy, being part of the energy
used in the photosynthetic process, lost in the form of heat, a process associated with
thermal dissipation through the xanthophyll cycle [93].

The quantum yield of unregulated non-photochemical energy dissipation in PSII,
Y(NO), represents constitutive energy loss [88]. IMA 02 and IMA 04 were unchanged in
Y(NO) under +D, suggesting that these lines have an effective system for dissipating energy
in the unregulated form, i.e., energy lost constitutively in the antennae of PSII and by
fluorescence, which is dissipated to non-photochemical processes [94]. On the other hand,
decreases in Y(NO) were observed in IMA 21, indicating susceptibility to withstanding
excess light energy.

As expected, water restriction caused decreases in the number of capitula and mass of
100 grains, which resulted in lower yield and harvest index. However, the minor reductions
in yield components were verified in the IMA 04, IMA 14, and IMA 21 lines. Thus, these
can be considered tolerant.

According to Shahrokhnia and Sepaskhah [11], the decrease in seed yield in safflower
occurs mainly through the reduction in the number of capitula per plant and the number of
seeds per capitula. Moreover, other authors have found a positive correlation between the
number of capitula, number of seeds per capitula, 100-grain mass, and productivity [12,95].

Our results corroborate those of Silva et al. [64], who also found a reduction in capitula
number, 100-grains mass, and productivity of safflower under moderate water deficit



Agriculture 2023, 13, 558

17 of 21

(=50 kPa), and Loghmani et al. [96] and Joshan et al. [97], who also reported that water
stress negatively affected the 100-grain mass and grain yield in different safflower cultivars.

Reduced safflower seed yield under water deficiency conditions has also been reported
by Santos et al. [10], Mohammadi et al. [12], Yeloojeh et al. [13], Eslam [51], and Movahhedy-
Dehnavy et al. [98]. In addition, Amini et al. [30] evaluated safflower genotypes under
water deficit and observed that cultivars with low yields were characterized by presenting
low chlorophyll values, results like those found in the present work.

The harvest index demonstrates the efficiency of photoassimilate transport to the
grains through the source—drain relationship. Except for IMA 14, the other lines had the
HI reduced as a function of water deficiency. Silva et al. [64] and Heydarian et al. [99] also
reported reduced HI in safflower plants after the imposition of water deficiency.

Rehydration of plants regulates the metabolism of stressed plant tissue and is as-
sociated with the repair of possible damage caused by water stress [100]. In this study,
the recovery observed through the equalization between the +D and —D conditions in
most of the analyzed variables evidences the reestablishment of plant metabolism, which
indicates that the 20-day rehydration period was sufficient for the recovery of safflower
plants physiologically. However, the imposition of water deficiency during flowering for
30 days negatively affected the yield components of the lines, with reduced impact on
IMA 04, IMA 14, and IMA 21.

5. Conclusions

In the present research, the safflower lines responded differently to water restriction
in the flowering period, indicating genetic variability. IMA 02 was the most affected line
by the imposition of water deficiency, with less recovery of the parameters evaluated
after rehydration, indicating susceptibility to drought. All lines showed reductions in
physiological and yield traits under water deficiency; however, IMA 04, IMA 14, and
IMA 21 showed smaller reductions in water potential, relative water content, net CO,
assimilation, stomatal conductance, transpiration rate, and, consequently, in water use
efficiency and carboxylation efficiency, in addition to greater efficiency of photochemistry.
It showed better recovery after the rehydration period, which evidences the ability to
tolerate drought, even if this occurs in the flowering phase, which is one of the most
critical to production; therefore, these lines” superior physiological performance allowed a
smaller yield component decrease. Thus, they can be recommended for commercial use
and safflower breeding programs to obtain germplasm and for the selection of superior
genotypes under water deficiency conditions.
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