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Zinc and iron are vital elements for plant growth and development. This study aimed to
evaluate the impact of seed priming with zinc and iron sulfate on enhancing yield and yield
components in three quinoa cultivars-Q12, Giza, and Q29-under varying levels of drought
stress during the 2020 and 2021 crop seasons. The experiment was conducted as a split plot
design, included three levels of drought stress (100%, 75%, and 50% of field capacity) as
the main plot, with the subfactors being the quinoa cultivar and two priming treatments (no
priming and priming). The results revealed a significant influence of priming and drought
stress on all traits across both seasons. The plant growth parameters, seed yield, seed protein
content, and oil content notably decreased under drought stress in both 2020 and 2021. The
greatest improvements were observed in the 100% field capacity treatment, in which the
grain weight (274.2 and 298.6 gr m'?), protein concentration (15.20 and 17.10%), and per-
centage of oil (3.33 and 3.54) increased in the seeds during both seasons. The proline (56
and 60%), superoxide dismutase (SOD) (52 and 26%), ascorbate peroxidase (APX) (70 and
67%), and catalase (CAT) (38 and 28%) activities significantly increased in 2020 and 2021,
respectively. However, priming treatment effectively enhanced yield and growth attributes
by mitigating oxidative damage in both seasons. The study showed that the Q12 cultivar
displayed superior trait values, and priming with zinc sulfate + iron sulfate successfully
sustained quinoa growth and seed yield under drought stress, even at 75% of field capacity.
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INTRODUCTION

The impact of climate change will undoubtedly be felt globally,
with increasing temperatures and changing precipitation patterns
expected to exacerbate water-related issues [1]. Among these
challenges, drought stress is acknowledged as one of the most
harmful abiotic stresses worldwide, resulting from fluctuations in
temperature, light intensity, and decreased rainfall. It significantly
impacts crop production, influencing the morphological, physio-
logical, biochemical, and molecular traits of plants [2]. Plants have
evolved an enzymatic antioxidant system, including total superox-
ide dismutase (SOD), catalase (CAT), and ascorbate peroxidase
(APD), to eliminate ROS and sustain individual growth and grain
production, which is a common mechanism for plants to manage

various abiotic stresses [3].

Quinoa (Chenopodium quinoa Willd.) belongs to the Chenopodi-
aceae family and is categorized as a pseudocereal. Quinoa grains
are rich in high-quality protein and all essential amino acids, along
with vitamins, minerals, and antioxidants (such as flavonoids and
polyphenols) that contribute to the health benefits of this crop [4].
Additionally, quinoa seeds have a high content of unsaturated fatty
acids (such as oleic, linoleic, and linolenic acids) and exhibit an
optimal omega-6/omega-3 fatty acid ratio, supporting the oil qual-

ity of this crop [5].

Water shortages primarily affect the initial growth stages of per-
ennial species, as water acts as the primary trigger for germination,
marking the beginning of this process [6]. Improving germination,
plant growth, and yield under drought stress has become a sought-
after goal in plant breeding [7], and seed priming treatments offer
a partial solution in this regard [8]. Seed priming is a widely used
technique aimed at enhancing seed germination and subsequent
plant growth and development [9]. Improving and accelerating
seed germination is a cost-effective and feasible approach for en-
hancing drought stress tolerance [2]. Several studies have shown
that priming has a positive impact on the seed germination rate,
uniformity, seedling emergence, and physiological traits of crops.
In particular, priming with nutrient-enriched water, such as zinc
and iron, has emerged as a promising and evolving approach [10].
Although plants require these elements in small amounts, they
play a crucial role in plant growth and development [11].

In plants, Fe and Zn are essential for various biological processes
because they are needed for key metabolic reactions and biologi-
cal functions [11]. Fe aids in chlorophyll formation, acts as an ox-
ygen transporter, is essential for cell division and growth [12], par-
ticipates in enzyme formation (catalase, peroxidase, cytochrome
oxidase, and xanthine oxidase), and is crucial for respiration, pho-
tosynthesis, nitrogen (N2) fixation, and electron transfer through
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cycling between Fe2+ and Fe3+ [13]. Zn is a component of more
than 300 plant enzymes and vital proteins, such as Zn-finger DNA
binding proteins [14]. In plant cells, it is involved in important bi-
ochemical functions, such as protein folding, catalytic activities,
and regulatory functions [15].

Plants require low amounts of Fe and Zn for their physiological
and metabolic processes. An excess or deficiency of these micro-
nutrients can have negative effects on leaves, root systems, plant
weight, overall biomass, photosynthesis, and DNA damage and
can directly impact the cell cycle and chromosomes [16]. There-
fore, one of the most cost-effective methods for enhancing micro-
nutrient levels in crops is agronomic biofortification through foliar
spraying, soil application, and/or seed priming [17].

Seed priming is a presowing technique that can be carried out us-
ing water (hydropriming) [18], aqueous solutions [19], solid ma-
trices [20], nanoparticles [17, 21], or osmotic solutions (os-
mopriming) [22]. This method regulates the moisture level within
the seeds and activates enzymatic and metabolic processes that en-
hance germination, seedling emergence and vigor, abiotic stress
tolerance, initial plant growth, shoot weight and height, root
length, and grain yield [20, 23].

Our current study aimed to enhance quinoa yield and yield com-
ponents under drought stress conditions by priming three quinoa
cultivars with the micronutrients Fe and Zn and to offer recom-
mendations on the most suitable quinoa cultivars for cultivation in
drought-affected regions.

MATERIALS AND METHODS

Site Trial Management

The experiment was conducted at the Kashmar Agricultural and
Natural Resources Research Station, located in Razavi Khorasan
Province, Iran (10° 10' 35" N, 50° 23' 58" E). The meteorological
data for Kashmar in 2020/2021 crop seasons can be found in Table
S1. The soils in Kashmar are predominantly silty. A composite
soil sample was collected from the site at a depth of 0-30 cm, and
standard laboratory procedures [24] were used to analyze the
physical and chemical properties of the soil (Kavendish soil labor-
atory, Neyshaboor, Iran). The results of the soil and water analyses
conducted in Kashmar are presented in Table S2.

Experimental Treatments

The experiment was conducted in a split plot design during the
2020 and 2021 crop seasons. The main plot included three levels
of drought: 11 (100% of field capacity), 12 (75% of field capacity),
and 13 (50% of field capacity). Field capacity and net irrigation
water requirement was estimated using CROPWAT 8.0 software
[25].

The subplot treatment consisted of three quinoa cultivars, Q12,
Giza, and Q29, sourced from the Karaj Seed and Plant Breeding
Research Institute (Alborz Province, Iran). These cultivars were
subjected to two priming treatments: no priming and priming (1
hour) with a solution of zinc sulfate (ZnS04.7H20 @ 0.03%) +
iron sulfate (FeSO4.7H20 @ 0.04%) [26]. The experiment was
set up in a split plot factorial design within a completely random-
ized block design (RCBD) with three replications, resulting in 18
treatment combinations and 54 experimental units.

Crop Management

Tillage and seedbed preparation operations, including plowing,
disking, and levelling, were carried out in late February and early
March in both seasons. Recommended rates of N, P, and K ferti-
lizers (120, 90, and 30 kg ha—1, respectively) were applied to each
plot, following Razzaghi et al. [27]. The quinoa cultivar seeds
were sown on March 7, 2020, in the first season, and on March 5,

2021, in the second season. The seeds were sown in subplots
measuring 8 m x 3 m, with a sowing depth of 2 cm, row spacing
of 45 cm, and on-row spacing of 8 cm to achieve a planting density
of 280,000 plants/hectare. A nonplanted plot was included be-
tween treatments, maintaining a three-meter distance between rep-
lications.

For all treatments, irrigation was conducted every five days using
specific volumetric flow meters. The amount of irrigation water
applied was based on the water requirements determined for each
treatment.

Initial irrigation was performed after seed planting, ensuring that
the plants received full irrigation until they reached the 5-leaf
stage. From that stage onward until the end of the growth period,
irrigation treatments were applied according to their respective
levels. The plants and seeds were harvested on July 27, 2020, in
the first season and on July 29, 2021, in the second season.
Observations

The plants were collected at seed physiological rippening stage,
and the plants of the three middle rows with an area of 12 square
meters were harvested after removing the plot margins. The fol-
lowing data were recorded:

Growth Variables
Measurements included plant height, number of panicles, grain
weight, and shoot weight.

Plant Physiological Measurements
The relative water content (RWC) was calculated using the for-
mula developed by Smart and Bingham [28], which takes into ac-

count the fresh weight, turgid weight, and dry weight of the leaves:
FW-DW.

RWC(%) = G * 100 1)
FW: Fresh weight; DW: dry weight; TW turgid weight.

To assess cell membrane stability (CMS), leaf samples were col-
lected from fully developed leaves and immediately transported to
the laboratory on ice. A 0.3 g leaf sample was taken and washed
three times with distilled water. Subsequently, the leaf pieces were
placed in test tubes containing 25 ml of distilled water (control)
and 25 ml of polyethylene glycol 6000 (PEG6000). These tubes
were then incubated at a temperature of 10 °C for 24 hours. After
the incubation period, the contents of the tubes were removed, and
the samples were washed. Next, both the PEG-treated and control
samples were placed in 25 ml of distilled water for another 24
hours. At the end of this period, the electrical conductivity was
measured, and the samples were autoclaved at a pressure of one
atmosphere for 15 minutes. After autoclaving, the electrical con-
ductivity was measured again. The following equation was used
to calculate the CMS [8]:

T1
Damage percentage =1 — i:g * 100 (2)
C2
CMS =100 — (Damage percentage) 3)
Here, CMS represents cell membrane stability, C and T denote the
electrical conductivity of the control and polyethylene glycol
treatment, respectively, and indices 1 and 2 refer to the initial and
final electrical conductivity values, respectively (5).

Biological Yield and Yield Components
The harvest index, biological yield, and seed yield were recorded
at the time of harvest.

Enzyme Extractions and Assays

Fully expanded young leaves (0.5 g) from quinoa plants were sam-
pled and immediately frozen in liquid nitrogen. The frozen sam-
ples were ground in 5 mL of Tris buffer solution containing 0.25
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M sucrose, 10 mM Tris, and 1 mM EDTA at pH 7.4. The homog-
enate was then subjected to centrifugation at 4800 rpm for 15
minutes at 4 °C. The resulting supernatant was collected for en-
Zyme assays.
The activity of superoxide dismutase (SOD) was determined using
the SOD Assay Kit-WST following the method described in [29].
The reaction plate was incubated in a microplate reader at 37 °C
for 20 minutes, and the absorbance of each reaction mixture was
measured at 450 nm.
For the ascorbate peroxide activity (APX) assay, leaf tissues (0.5
g) were ground in liquid nitrogen and homogenized in 5 mL of
Tris extraction buffer. The homogenate was then centrifuged at
10,000x g for 10 minutes at 4 °C. The APX activity was measured
at 290 nm for 15 seconds (A1), followed by incubation of the re-
action solution at 37 °C and measurement for 135 seconds (A2)
using a spectrophotometer [30].
CAT activity assay: The supernatant was mixed with sodium
phosphate buffer (100 mM, pH 7.0) and H202 (1 M), and the CAT
activity was measured at 240 nm. One unit of CAT activity was
defined as the amount of CAT required to decompose 1 mole of
H202 per minute [30].

Analysis of Proline and Protein Content

Proline assay: The sample was ground in 5 mL of sulfosalicylic
acid (3%, w/v), followed by centrifugation at 5000 g at room tem-
perature for 20 minutes. One milliliter of the supernatant was
mixed with 1 mL of ninhydrin and acetic acid. The mixture was
then incubated in a water bath at 100 °C for 60 minutes. After-
ward, 4 mL of toluene was added, and the mixture was shaken for
15 seconds. The final mixture was allowed to stand for 10 minutes,
after which the absorbance was measured at a wavelength of 520
nm [31].

The protein content of the grains was determined using the
Kjeldahl method. This internationally recognized method is
widely used for measuring protein and nitrogen derivatives due to
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its high accuracy. The Kjeldahl method involves three steps: dis-
tillation, titration, and digestion. The oil content was also meas-
ured using a suction device [32].

Statistical Analysis

The data were analyzed using SAS 9.1 (SAS Inc., Cary, NC, USA)
and Xlstat 2018 software to perform analysis of variance
(ANOVA) to evaluate the effects of the factors and their interac-
tions. Treatment means were compared using Duncan's new mul-
tiple-range test at a significance level of 5%.

RESULTS
Plant Growth
The impact of drought stress and priming on all traits was deemed

statistically significant (p < 0.01), while the interaction between

the treatments was not significant for some traits in either season.
Quinoa plants irrigated at field capacity showed notably greater

heights (p < 0.01) than those grown at 75% and 50% of field ca-

pacity in the 2020 and 2021 seasons, respectively (Table 1). Com-
pared with no priming, applying priming to plants led to signifi-

cantly greater heights (p < 0.01) in both seasons. Among the cul-

tivars, Q29 exhibited significantly greater heights (p < 0.01) in

both seasons, while the heights of the Q12 and Giza cultivars did
not significantly differ. The interaction effects of priming and
drought stress suggested that there was no significant difference
between 11 + no priming (114.7 and 124.4 cm in the 2020 and
2021 seasons, respectively) and 12 + priming (111.2 and 119.1 cm
in the 2020 and 2021 seasons, respectively) in both seasons or be-
tween I3 + priming (81.6 cm) and 12 + no priming (85.1 cm) in
the first season, indicating that priming countered the negative im-
pact of mild drought stress (Table 5).

Table 1 Main and interaction effects of drought stress, cultivar and priming on plant height, peduncle number (PN), grain (SHW), biological yield, harvest index and relative
water content CMS, Proline, SOD, CAT, APX, seed protein and oil weight (GW), shoot weight of quinoa.

SOV df H PN GW SHW BY HI RWC
Block 2 1052 " 20.67 " 12007 = 2509 ™ 15437 169.4 ™ 13.16 ™
Drought stress 2 16806 ™ 981.5™ 168970 ™ 278949 ™ 881352 ™ 597.2™ 4298.64 ™
Error A 4 590.2 8.22 3021.8 59.11 2498 22.55 99.00
Cultivar 2 2282 71.05™ 2578 " 5978 ™ 7751 3145™ 95.42 "
Priming 1 9801 ™ 308.17 ™ 46875 ™ 49081 ™ 191888 ™ 375M™ 541.94™
DS*C 4 198.6 ™ 14.19" 7363 ™ 3692 9008 ™ 112.3™ 180.50 "
DS * P 2 1057.6 ™ 38.22™ 7662 »« 5992.5 ™ 27048 ™ 98.17 ™ 268.94"
C*P 2 250.4 ™ 7.39™ 899.9 " 190.3 ™ 1328 " 18.67 " 637.20 ™
DS*C*P 4 7436 ™ 1453~ 1815 551.9 ™ 2830 ™ 82.92 51.78 ™
Error B 30 | 514.7 4.84 515.4 26.15 505.3 17.72 60.16
CV% 11.97 10.02 13.12 6.97 6.52 8.09 11.95
SOV df CMS Proline SOD CAT APX Seed Protein Qil
Block 2 6.17" 1.78" 19.15 0.00006 " 0.005 " 1.185 ™ 0.089 ™
Drought stress 2 10229.28 ™ 67.33™ 5227 0.239 ™ 14.01™ 102.1™ 1.56 ™
Error A 4 79.40 0.39 0.47 0.00 0.015 0.217 0.05
Cultivar 2 239.95" 1.36"™ 1299 ™ 0.003 ~ 0.085 ™ 34.65™ 0.03m
Priming 1 1599.44 ™" 157"m™ 571.4™ 0.033™ 1.069 ™ 8.43™ 2.56 ™
DS*C 4 23117 0.92m 3.22m 0.00001 " 0.281™ 0.097 " 0.069 ™
DS *P 2 378.97 ™ 1.08 " 14.4 " 0.00001 " 0.984 ™ 0.162 " 0.1m
C*P 2 113.98 ™ 0.38 " 0.357 ™ 0.00001 " 0.003 " 0.097 " 1.092 ™
DS*C*P 4 82.70 ™ 0.49 ™ 0.004 " 0.00001 " 0.027 " 0.097 " 0.032
Error B 30 54.98 0.65 20.11 0.0007 0.008 0.452 0.059
CV% 12.36 16.73 9.85 8.94 5.19 5.34 7.99

*, ** and ns are significant at 5%, 1% probability and not significant, respectively. H: plant height, PN: peduncle number, GW: grain weight, SHW: shoot weight, BY: biological
yield, HI: harvest index, RWC: relative water content, CMS cell membrane stability, SOD: superoxide dismutase, CAT: catalyze, APX: ascorbate peroxidase.
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Panicle Length (PL), grain Weight (GW), Shoot Weight
(SHW), Biological Yield (BY), Harvest Index (HI), Protein
Content, and Percentage of Oil

Elevated levels of drought stress led to significant (p< 0.01) de-

creases in PL, GW, SHW, BY, and HI during both seasons (Table
1). The intensity of drought stress notably affected BY and Hl,
with more severe drought stress causing considerable decreases.
The most substantial enhancements in GW were observed in the
11 treatment (274.2 and 298.6 gr m2 in the 2020 and 2021 seasons,
respectively), which also displayed the highest protein concentra-
tions (15.20 and 17.10%, respectively) and oil percentages (3.33
and 3.54%, respectively) in the seeds in the 2020 and 2021 seasons
(Fig. 1). Among the different cultivar treatments, the Q12 cultivar

exhibited significantly (p < 0.01) greater values for PL, GW,

SHW, BY, and seed protein in the first season, while the Giza cul-
tivar showed greater values for PL, GW, and HI in the second sea-
son. The priming treatment led to increased values for all yield
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components in both seasons, except for seed protein in the second
season, where the increase was not significant (Fig. 1).

A significant interaction effect between priming and cultivar was
observed for all yield components. Priming had greater effects on
all cultivars in both seasons (Table 2, 3). Considering the interac-
tion effect of cultivar and priming, the Q12 treatment combined
with priming had the greatest effect on PL (27.1 cm), GW (217.3
g m?), SHW (217.3 cm), BY (419.9 g m?), and seed protein
(14.5%) in the first season. In the first season, the Q29 treatment
combined with priming had the highest HI value (58.8%), while
in the second season, the Giza cultivar had higher HI values in the
PL (34.7 cm), GW (190.8 g m), SHW (278.2 cm), BY (469.0 ¢
m2), HI (59.6%), SP (17.1%), and oil (3.35) treatments (Table 3,
4). A significant interaction effect was observed between drought
stress and cultivar for all traits, with the 11 treatment having
greater effects in the 2020 and 2021 seasons (Fig. 2).

Table 2. Response of plant height, panicle length, grain weight and shoot weight of quinoa to the interaction of cultivar and priming in the 2020 and 2021 seasons.

Treatments H (cm) PL (cm) GW (g m?) SHW (g m?)
2020 2021 2020 2021 2020 2021 2020 2021
G P 1114 ab 106.4 bc 23.4b 34.7a 197.0a 190.8a 201.1b 278.2a
No-P 77.52¢c 102.8 ¢ 19.9de 249¢c 1218¢c 1183 ¢ 139.1e 206.7 b
Q12 P 108.9 ab 110.2b 27.1a 22.4d 202.6 a 151.1b 2173 a 2745a
No-P 89.82 bc 101.7 ¢ 21.0cd 29.6b 152.7b 105.1cd 164.2d 2184b
Q29 P 1299 a 135.1a 22.4bc 256¢C 207.8a 158.4b 187.3¢ 258.0a
No-P 1019b 1128b 17.8e 22.3d 156.1b 99.9d 1216 f 200.1b

Mean pairs within acolumn with different letters are significantly different at the 5% probability level accordingto Duncan’s new multiple-range test. G: Giza cultivar, H: plant

height, PL: panicle length, GW: grain weight, SHW: shoot weight.

Table 3. Response of the biological yield, harvest index, seed protein content, seed oil content and relative water content of quinoa to interactions between cultivar and priming in

the 2020 and 2021 seasons.

Treatments BY (gm?) HI (%) SP (%) Oil (%) RWC (%)
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021
G P 398.1b 469.0 a 50.9 bc 59.6 a 12.7¢ 17.1a 3.19b 3.35a 66.20 a 64.6 a
No-P 260.9d 325.1¢c 49.7¢ 61l.2a 12.07 cd 15.1b 296 b 3.08b 67.46 a 63.4a
Q12 P 4199a 625.5b 49.0c 56.4 b 145a 16.4a 3.04b 3.35a 65.57 a 66.4 a
No-P 316.9c¢c 3235¢c 49.1c 59.3a 136b 16.3a 297b 3.34a 65.35a 63.2a
Q29 P 395.1b 416.4 b 58.8 a 59.6 a 11.76 d 14.6 bc 3.50a 3.17ab 72.36a 69.4 a
No-P 277.7d 300.0¢c 54.9 ab 60.0a 10.87 e 139c¢c 251¢c 279¢ 52.31b 50.8b

Mean pairs within acolumn with different letters are significantly different at the 5% probability level according to Duncan’s new multiple-range test. G: Giza cultivar,

biological yield, HI: harvest index, SP: seed protein, Oil: seed oil and RWC: relative water content.

Table 4 CMS, proline, SOD, CAT and APX of quinoa in response to interactions between cultivar and priming during the 2020 and 2021 seasons.

BY:

Treatments - SOD CAT APX
CMS (%) Proline (ng/g) (U/mg protein) (U/mg protein) (U/mg protein)
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021
G P 64.67 ab 59.2b 5.03a 458a 41.76 cd 32.7b 053a 0.38a 1.85b 251a
No-P 5294 ¢ 49.7d 520a 4.69a 48.22 ab 34.8b 0.48b 0.37a 1.57 cd 1.18b
Q12 P 71.80a 66.4 a 452 a 5.47a 45.02 be 33.4b 0.55a 0.39a 195a 157b
No-P 56.35¢C 543¢ 470a 522a 51.83a 34.3b 050b 0.36a 1.64c 145b
Q29 P 59.80 bc 52.8 cd 433a 473a 40.00d 31.7b 055a 04la 1.79b 1.80b
No-P 54.32¢ 49.5d 5.01a 5.21a 46.25 bc 43.6a 0.50b 0.39a 1.53d 1.59 b

Mean pairs within acolumn with different letters are significantly different at the 5% probability level accordingto Duncan’s new multiple-range test. G: Giza cultivar, CMS:
cell membrane stability, SOD: superoxide dismutase, CAT: catalyst, APX: ascorbate peroxidase.

Table 5 Response of plant height, panicle length, grain weight and shoot weight of quinoa to the interaction of priming and drought stress in the 2020 and 2021

seasons.
H (cm) PL (cm) GW (g m?) SHW (g m?)
Treatments 2020 2021 2020 2021 2020 2021 2020 2021
i P 1574 a 1453 a 34.0a 33.6a 324.8a 353.3a 355.3a 368.2a
No-P 1147 b 124.4 b 26.1b 31.0b 2235b 2438¢ 255.1b 2718 b
I P 111.2b 119.1b 21.2¢ 31.1b 192.1b 265.6 b 177.3¢ 280.5b
No-P 85.1c 105.3¢ 19.1cd 24.3c¢c 135.3¢c 207.4d 125.3d 189.1c
3 P 816¢ 87.33d 17.8d 20.6 d 90.4 d 281.3e 73.1e 162.0 d
No-P 69.5 ¢ 87.44d 134 18.9.d 71.7d 272.1e 44.4F 164.3 d

Mean pairs within acolumn with different letters are significantly different at the 5% probability level accordingto Duncan’s new multiple-range test. H: plant height, PL: panicle
length, GW: grain weight and SHW: shoot weight.
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Fig. 1 Plant height, panicle length, grain weight, shoot weight, biological yield, harvest index, seed protein, seed ail, relative water content, CMS, Proline, SOD, CAT and APX of
quinoa response to drought stress, cultivar and priming in 2020 and 2021 seasons.

Mean pairs with different letters are significantly different at the 5% probability level accordingto Duncan’s new multiple- range test. G: Giza cultivar, H:
plant height, PL: panicle length, GW: grain weight, SHW: shoot weight, BY: biological yield, HI: harvest index, SP: seed protein, RWC: relative water
content, CMS: cell membrane stability, SOD: superoxide dismutase, CAT: catalyze, APX: ascorbate peroxidase.

The Q12 cultivar under the 11 level of drought stress exhibited the
highest values among all variables in both seasons. In terms of the
interaction effect of drought stress and priming, the treatment with
priming under the 11 level of drought stress exhibited the highest
values for all variables in both seasons. For GW, HI, and seed oil
content, no significant difference was detected between treatments
without drought stress and those with no priming or between treat-
ments with priming and those with mild stress (Tables 5, 6). In the
three-way interaction, the Q12 cultivar displayed the highest val-
ues when subjected to priming and the 11 level of drought stress,
showing a significant difference from the other treatments (Table
S3, S4).

Relative Water Content and CMS

Table 1 shows the primary impacts of drought stress (p < 0.01),

cultivar (not significant), and priming (p < 0.01) on the relative
water content (RWC) in both seasons, with 11 and priming dis-
0.05) were noted

in the interactions between drought stress and priming on RWC
and 11, with priming showing higher values in both seasons (88.56
and 82.5%, respectively).

playing higher values. Significant effects (p <
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Fig. 2 Plant height, panicle length, grain weight, shoot weight biological yield, harvest index, seed protein, seed oil, relative water content CMS, Proline, SOD, CAT and APX of
quinoa response to interaction of cultivar and drought stress in 2020 and 2021 seasons.

Mean pairs with different letters are significantly different at the 5% probability level according to Duncan’s new multiple range test. G: Giza cultivar, H:
plant height, PL: panicle length, GW: grain weight, SHW: shoot weight, BY: biological yield, HI: harvest index, SP: seed protein, Qil: seed oil and RWC:
relative water content, CMS cell membrane stability, SOD: superoxide dismutase, CAT: catalyze, APX: ascorbate peroxidase.

While priming had a minimal impact on RWC at the 11 drought
stress level, as drought stress levels increased, RWC notably de-
creased (Table 6).

The primary and interaction effects of drought stress, cultivar, and
priming on CMS are illustrated in Figure 1. The greatest CMS
value was recorded at the I1 drought stress level (78.95 and
64.35%), with the Q12 cultivar demonstrating the highest CMS
value (64.07 and 55.70%, respectively) in both seasons. In the first
season, the Q12 cultivar did not display a significant difference
between the 11 and 12 drought stress levels, while Q29 exhibited
the greatest difference (Fig. 2).

Antioxidant Enzymes

Table 1 shows the primary impacts of drought stress, cultivar, and
priming on antioxidant enzyme production. Exposure to drought
stress led to a notable (p < 0.01) increase in proline (56 and

60%), superoxide dismutase (SOD) (52 and 26%), ascorbate pe-
roxidase (APX) (70 and 67%), and catalase (CAT) (38 and 28%)
activity during the 2020 and 2021 seasons, respectively. The prim-
ing treatment resulted in increased SOD, CAT, and APX activity,
while proline activity remained unaffected in both seasons.

Among the cultivars, Q12 displayed the highest (p < 0.01) levels
of SOD, CAT, and APX activity in the 2020 and 2021 seasons
(Fig. 1).
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Table 6 Response of the biological yield, harvest index, seed protein content, seed oil content and relative water content of quinoa to interactions between priming and drought stress
in the 2020 and 2021 seasons.

Treatments BY (g m? HI (%) SP (%) Oil (%) RWC (%)
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021
11 P 680.1a 6215a 6l4a 62.0a 1549 a 17.2a 350a 3.58a 88.56 a 825a
No-P 478.7b 4156b 545b 63.8a 14.92 a 170a 3.15b 351la 74.20b 72.3b
2 P 369.4 ¢ 446.0b 51.8 bc 62.4a 12.49b 155b 3.20b 3.35ab 61.97¢c 62.4c
No-P 260.7d 296.5¢ 51.5bc 55.2b 1159¢ 155b 2.86¢ 3.25b 63.04 ¢ 61.2¢c
I3 P 163.6 e 243.3d 45.4d 55.1b 10.99¢ 146¢ 3.04 bc 293¢ 53.60d 55.6 d
No-P 116.1 f 236.4d 47.5cd 56.7b 10.09d 13.7d 2.43d 2.46d 47.89d 50.3d

Mean pairs within acolumn with different letters are significantly different at the 5% probability level accordingto Duncan’s new multiple-range test. BY: biological yield, HI:
harvest index, SP: seed protein, Oil, seed oil and RWC: relative water content.

Table 7 CMS, proline, SOD, CAT, and APX of quinoa in response to the interaction of priming and drought stress in the 2020 and 2021 seasons.

Treatments CMS (%) Proline (ug/g) SOD CAT APX
(U mg* protein) (U mg ! protein) (mg™* protein)
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021
11 P 78.55a 72.1a 291d 3.62d 28.12 f 27.9d 0435¢e 0.33d 112e 110c
No-P 79.37a 56.0 b 3.08d 5.52 bc 33.02e 34.2bc 0.385 f 0.39 be 041f 0.54d
12 P 74.29 a 39.7¢ 458 c¢c 4.74 cd 38.8d 3l.lcd 0.535¢ 0.35cd 2.09c¢c 2.18a
No-P 61.23b 32.5d 454 ¢ 5.23 bc 44.99 ¢ 33.8 bc 0.485d 041b 1.74d 164b
13 P 23.83d 28.7d 7.29a 6.32a 68.29 a 44.7a 0.615b 0.50a 2.39b 249a
No-P 42.61c 240e 6.39b 6.36a 59.8b 388D 0.665 a 041b 26la 250a

Mean pairs within acolumn with different letters are significantly different at the 5% probability level accordingto Duncan’s new multiple-range test. CMS, cell membrane

stability; SOD, superoxide dismutase; CAT, catalysis; APX, ascorbate peroxidase.
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Fig. 3 Principal component analysis of different response variables of qui-
noa grown under drought stress and priming.

Pearson's correlation and principal component analysis (PCA)
were performed to investigate the associations between response
variables and treatments during drought stress (Fig. 3, Table S7).
PCA identified 13 factors (F1 to F13), with three components ex-
plaining 55.71%, 11.68%, and 8.48% of the total variance, respec-
tively. The variables were categorized into three clusters: (1)
CAT, proline, SOD, and CMS; (2) APX and Hi; and (3) other
growth and physiological traits (Fig. 3).

The Pearson's correlation matrix illustrated the connections
among all response variables (Table S7). The plant growth and
physiological traits were negatively correlated with CAT, proline,
SOD, and CMS.

DISCUSSION

Despite similar studies in crop species such as maize, rice, wheat,
pearl millet, and quinoa [17, 22, 26, among others], this study fo-
cused on the impact of seed priming with Fe and Zn and drought
stress on the grain yield and yield components of three quinoa cul-
tivars. Seed priming, an economical method to increase Zn and Fe
levels in seeds before sowing, enhances seedling growth. Plants
exhibit increased biomass and grain yield [33].

Seed priming, an affordable agronomic biofortification method,
offers various benefits to plants by hastening germination and im-
proving germination rate and uniformity [17]. While some argue
that the efficacy of seed priming depends on the agents used and
varies among crops [20], others note its role in reducing the time
to seedling emergence, enhancing initial plant growth, uniformity,
vigor, accelerating flowering, and improving crop yield [21]. Pre-
vious studies in quinoa and other species used methods such as
hydropriming, potassium nitrate, ascorbic acid, calcium chloride,
and PEG, among others, to enhance resistance to abiotic stresses
and induce antioxidative defense [17, 21, 34]. The authors high-
lighted the benefits of seed priming for germination, seedling
emergence, plant establishment, grain yield, and stress resistance.
Drought stress is a significant challenge for quinoa growth in arid
regions. The implementation of drought resistance strategies such
as priming at various growth stages could increase yields under
stress [34]. The resilience of quinoa to abiotic stresses, including
drought, salinity, low soil fertility, and frost, positions it as a
promising crop for future food security amidst climate change [35,
36]. Studies have shown yield reductions under conditions such as
low soil water availability, high vapor pressure deficit, elevated
temperatures, and nitrogen deficiency [27, 37]. The inability of
quinoa to reach full yield potential is linked to imitations in sink
capacity, suggesting that enhancing reproductive partitioning
could increase yields [38].

The plant height, panicle length, grain weight, shoot weight, bio-
logical yield, and harvest index were negatively affected by
drought stress, especially under severe conditions. The I1 treat-
ment had the greatest improvement in grain weight (274.2 and
298.6 gr m-2) and the greatest increase in protein concentration
(15.20 and 17.10%) and percentage of oil (3.33 and 3.54%) in the
seeds in the 2020 and 2021 seasons, respectively. Among the cul-
tivars, Q12 had significantly greater values for panicle length,
grain weight, shoot weight, biological yield, and seed protein in
the first season, while the Giza cultivar exhibited greater values
for panicle length, grain weight, and harvest index in the second
season. The priming treatment increased all yield components in
both seasons except for seed protein in the second season, which
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was not significant. The inhibition of physiological and biochem-
ical processes due to restricted cell elongation and division in
plants has adverse effects on growth [39]. The harvest index and
biological yield decreased significantly with increasing drought
stress levels, leading to a decline in economic yield due to the neg-
ative impact on yield components such as the number of pods and
seeds per plant. Similar reductions in the harvest index due to
drought stress have been previously reported in leguminous plants
[40]. Garrido et al. [41] observed a significant interaction between
quinoa genotypes and the environment (drought stress) in terms of
grain yield and harvest index. Drought stress has a negative impact
on total grain yield and water use efficiency [42].

Pearson's correlation matrix revealed positive relationships be-
tween plant growth, physiological characteristics, grain weight,
and quinoa yield. Selecting for traits such as panicle number and
branching characteristics could result in more productive geno-
types. A study by Spehar and Santos [43] revealed a significant
positive correlation between panicle number and grain yield,
which aligns with the findings of this study (Table S6). This sug-
gests that selecting for these traits could result in more productive
genotypes [44]. Quinoa plants with robust branching characteris-
tics tend to develop larger inflorescences. Additionally, inflo-
rescence length showed a positive association with plant height,
indicating that lines with taller plants exhibited longer panicles
[45]. Compared with those under the control conditions, plant
height and shoot weight under drought stress were significantly
lower [45, 46].

Drought stress and priming interactions significantly affected the
relative water content, with priming showing higher values in both
seasons. Priming had a minimal effect on RWC at the 11 drought
stress level. However, as the drought stress level increased, the
RWC significantly decreased. Similar findings have been reported
in previous studies [47], where drought-induced osmotic stress re-
sulted in reduced RWC and increased proline content in tomato
plants. Quinoa possesses a distinctive ability to mitigate water up-
take deficits by enhancing membrane stability and activating
physiological mechanisms that enable plants to endure drought-
induced stress [48].

Drought stress led to increased activities of antioxidant enzymes
such as proline, superoxide dismutase (SOD), ascorbate peroxi-
dase (APX), and catalase (CAT). The ability of quinoa to mitigate
water uptake deficits by enhancing membrane stability and acti-
vating physiological mechanisms helps the plants endure drought-
induced stress. This study highlighted the importance of antioxi-
dant enzymes in reducing oxidative stress under stress conditions.
Proline accumulation plays a crucial role in protecting proteins
and stabilizing the cellular redox status under drought stress. The
findings suggest that quinoa cultivars exhibited increased activi-
ties of CAT, SOD, and APX under drought conditions, aiding in
stress mitigation. Stress conditions trigger the generation of reac-
tive oxygen species (ROS) in plants. Various antioxidant nonen-
zymes and enzymes, including SOD, CAT, and POD [49], can re-
duce ROS-induced oxidative stress [50]. ROS detoxification un-
der different environmental stresses occurs in a synchronized
manner [2, 31]. According to Iftikhar et al. [51], SOD is critical
for detoxifying superoxide (O2) radicals to H202 and Oz. In all the
genotypes, drought stress increased SOD activity. Drought stress
increases SOD activity in various plant species, including quinoa
[50, 51]. In the case of the C. quinoa variety Real Blanca, there
was no significant difference in CAT activity between the drought
treatment and control groups, while APX activity increased sig-
nificantly under drought treatment [52]. Another study also

demonstrated that under drought conditions, C. quinoa exhibited
a significant increase in SOD and APX activities compared to
those in the control group [51]. In the present study, the quinoa
cultivars displayed significantly increased activities of CAT,
SOD, and APX, consistent with the findings mentioned earlier.
Antioxidant metabolism, solute accumulation, and osmotic adjust-
ment for sustained photosynthesis are key contributing factors to
the tolerance mechanism. Drought stress induces structural
changes in the photosynthetic machinery and causes a decreased
concentration of photosynthetic pigments, as observed in the pre-
sent study, which ultimately results in reduced photosynthesis.
Previously, several studies have reported decreased concentra-
tions of photosynthetic pigments due to overproduction of ROS
under drought stress in different crops, including quinoa [53].
Proline plays a vital role in protecting proteins from dehydration-
induced denaturation by binding to proteins under drought stress
while also contributing to the stabilization of the cellular redox
status [54]. Consequently, proline accumulates rapidly under
stress and serves as an important osmoregulatory substance in
plants. Gonzélez et al. (2009) [55] demonstrated that the proline
content of the C. quinoa variety Sajama increased by 21% when
exposed to a soil water potential of 0.20 MPa compared to that of
the control group (soil water potential of 0.05 MPa). Moreover,
Sadak et al. (2019) [56] reported a significant increase in proline
content in C. quinoa under insufficient irrigation. In the present
study, the proline content of quinoa increased by 1.28-fold under
the 50% water content treatment (Fig. 2), indicating a more pro-
nounced increase in proline content under drought conditions, thus
mitigating the damage caused by stress [20].

Adequate nitrogen (N) uptake is crucial for plant mobilization and
growth, particularly in the context of the significance of protein in
quinoa seeds. However, this study revealed that as drought levels
increase, the protein content in quinoa seeds decreases. This con-
sistent decrease in seed protein concentration under drought stress
is likely due to reduced nitrate absorption [57]. Insufficient nitro-
gen availability may also stem from disruptions in the intracellular
ion balance, hindering the plant's ability to absorb nitrogen ions
for transport to the leaves, as well as disturbances in carbon me-
tabolism due to protein breakdown [58].

In summary, drought stress has a negative impact on plant growth,
panicle length, seed and shoot weight, biological yield, the harvest
index, and other physiological traits and on the seed yield of qui-
noa. Nevertheless, the introduction of exogenous Fe and Zn prim-
ing has demonstrated encouraging results in mitigating these ad-
verse effects by preserving a favorable ionic equilibrium, boosting
antioxidative enzyme functions, and enhancing seed yield. There-
fore, seed priming could serve as a viable strategy to alleviate the
harmful consequences of drought on quinoa production. Moreo-
ver, priming treatments also elevated the activities of antioxidant
enzymes, thereby reducing the accumulation of reactive oxygen
species (ROS) and malondialdehyde (MDA) levels in three quinoa
varieties exposed to drought stress. Nonetheless, further investi-
gation is necessary to confirm the efficacy of optimal priming
methods under real field conditions.
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APPENDIX

Table S1 Meteorological data of Kashmar in in 2019 and 2020 seasons

Shadmehri and Abbas dokht

Month Average monthly tem-  Average monthly maxi-  Average monthly mini- Maximum monthly wind Total monthly rain-
perature (°C) mum temperature (°C) mum temperature (°C) speed (Km/h) fall (mm)
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021
March 10.9 71 16.5 143 5.3 -0.1 15 17 15.7 49.1
April 18.6 15.1 25.0 23.2 12.2 71 15 21 1 5.1
May 235 20.1 29.9 28.2 17.2 121 10 20 56.8 16.4
June 30.4 26.6 37.2 355 23.6 17.8 12 17 0 0.1
Table S2 The results of the water and soil analysis of Kashmar
Soil
Parameter Sand Silt Clay N Fe Zn Organic car-  Salinity pH
(%) (%) (%) (%) (ppm) (ppm) bon (%) (ds/m)
Value 30 52 18 0.07 113 0.3 0.74 1.603 7.58
Water
Parameter (Sr:sgpl)le)nded solutes in - water Sodium absorption ratio E:nleq ) (Srgéq ) Salinity (Sp)  pH
Value 1035.12 2.46 7.2 47 1625 7.29

Table S3 Response of plant height, panicle length, grain weightand shootweight to the interaction of cultivar, priming and drought stress in the 2020 and 2021 seasons.

Treatments H (cm) PL (cm) GW (g m?) SHW (g m?)
2020 2021 2020 2021 2020 2021 2020 2021
11 G P 162.6 ab 130.0 be 31.33 cde 37.0b 292.3b 362.0a 356.7b 362.3ab
No-P 98.4 cde 125.0 b-e 26.33b 26.0 cde 145.3 de 233.7d 2440¢€ 265.3 cd
Q12 P 129.0 bc 152.7a 40.67 a 46.0a 338.3a 347.0 ab 366.7 a 355.4 ab
No-P 121.3 bc 118.0 c-f 27.67 bed 27.0cd 262.0 be 2727¢ 298.0d 325.1b
Q29 P 180.6 a 153.3a 30.00 be 29.0c 343.7a 351.0ab 342.7¢ 386.8a
No-P 124.4 b 130.3 b 24.33 def 28.7cd 263.3 bc 225.0de 2233f 225.1 def
12 G P 100.0 cde 116.7 def 21.00 fgh 42.3a 233.7¢ 327.7b 176.0 h 32240
No-P 74.4 de 95.33 gh 19.00 ghi 24.0 de 1443 de 215.7 def 129.3k 210.1 efg
Q12 P 111.6 cd 116.3 def 22.67 efg 24.7 cde 170.7d 236.0d 20209 276.8¢
No-P 89.0 cde 106.0 fg 20.00 gh 24.7 cde 130.7def  191.3 fgh 138.7 170.2 gh
Q29 P 1219 bc 124.3 b-e 20.00 gh 26.3cd 172.0d 233.0d 154.0i 242.3 cde
No-P 91.9 cde 114.7 ef 18.33 hij 24.3 cde 131.0def  215.3 def 108.0 | 187.0 fgh
13 G P 71.6de 72.67j 18.00 hij 24.7 cde 65.0h 182.7 ghi 70.7n 149.9h
No-P 59.8 e 88.0 hi 14.33 jk 247cde  75.7gh 205.7 efg 44.0p 144.9 h
Q12 P 86.0 cde 61.67 k 18.00 hij 15.7¢g 98.7 fgh 170.0 hij 83.3m 191.2 fgh
No-P 59.2e 81.00 ij 15.33j 18.0 fg 65.3h 151.3j 56.00 159.8 h
Q29 P 87.2 cde 127.7 bed 17.33 hij 21.3 ef 107.7 efg 191.3 fgh 65.3n 1449h
No-P 89.6 cde 93.33h 10.67 k 14.0g 74.0 gh 159.3 ij 333¢q 188.2 fgh

Mean pairs within acolumn with different letters are significantly different at the 5% probability level accordingto Duncan’s new multiple-range test. G: Giza cultivar, H: plant
height, PN: panicle number, GW: grain weight, SHW: shoot weight, BY: biological yield, HI: harvest index, RWC: relative water content.

Table S4 Plant height, panicle length, grain weight and shoot weight quinoa response to interaction of cultivar, priming and drought stress in 2020 and 2021 seasons.

Treatments BY (g m? HI (%) SP (%) Oil (%) RWC (%)
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021
11 G P 649.0b 624.3a 63.33ab  56.1f-i 1520bc 18.1ab 351ab 351bcd 89.58ab 79.8b
No-P 389.3e 398.9d 4733d-g 55.7f-i 15.13bc  156d-h  3.28a-d 3.71ab 78.06a-d 57.7d
Q12 P 705.0a 602.4 ab 53.00c-f 557 f-i 17.00a 19.0a 3.34abc 399a 84.06abc  81.7ab
No-P 560.0 ¢ 497.7¢ 54.00cde 53.4i 16.23ab  17.5bc 336abc 359abc  77.03bcd 60.2c
Q29 P 686.3ab 637.8a 68.00 a 53.7 hi 1427cd 16.1cf 365a 3.65abc 92.04a 87.9 ab
No-P 486.7d 350.1 def  62.33ab 59.1c-g 13.39de  16.3c-f 282d-g 283gh 67.51d-g 57.9d
12 G P 409.7 e 550.1 be 52.67c-g 57.0e-i 12.20 ef 17.2bcd 3.21ad 3.28 b-f 54.05 gh 89.8a
No-P 273.7¢g 325.7 ef 57.00 bc 60.1 c-f 11.30fg 15.2fgh  2.98c-f 321c-g 70.24 c-f 62.5 cd
Q12 P 372.7e¢ 412.8d 48.00d-g 54.9 ghi 14.00cd 16.1cf 3.05b-e 339b-e 57.30fgh 61.6cd
No-P 269.3¢ 261.5gh 45.33 fg 63.2 bc 13.10de 17.0b-e  3.07b-e 3.14d-g 6223e-h 553de
Q29 P 326.0f 375.3de 54.67cd  58.2e-h 11.27fg  13.3]j 335abc 340b-e 7457cde  60.6 cde
No-P 23909 302.4 fg 52.33¢c-g  62.8 bed 10.37gh  14.3hi 252fgh  3.40b-e 56.65fgh  53.6 def
3 G P 135.7if  2325h 36.67h 65.9 ab 10.70gh  16.0c-g 286d-g 326c-g 5498gh  51.2ef
No-P 119.7 j 250.6 gh 44.67 g 679a 9.80 hi 145ghi  2.63efg 2.34i 54.08 gh 45.6 fgh
Q12 P 182.0h 261.2 gh 46.00efg  58.5d-g 12.50ef  15.4e-h 2.74efg  3.06 efg 55.34 gh 48.6 fg
No-P 121.3j 211.1h 4800d-g 6l2cde  11.60fg  13.3ij 249gh  2.89fg 56.79 fgh  43.6 ghi
Q29 P 173.0hi  236.2¢gh 53.67cde 66.9ab 9.77 hi 12.4] 3.52ab 2.48 hi 50.48 h 44.3 ghi
No-P 107.3j 2475 gh 50.00c-g  58.0 e-i 8.87i 13.3j 2.18h 2.13i 32.79i 35.2i

Mean pairs within acolumn with different letters are significantly different at the 5% probability level accordingto Duncan’s new multiple- range test. G: Giza cultivar, H: plant
height, PN: panicle number, GW: grain weight, SHW: shoot weight, BY: biological yield, HI: harvest index, RWC: relative water content.
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Table S5 Mean comparison the interaction effects of drought stress, cultivar and priming on CMS, Proline, SOD, CAT, APX, seed protein and oil.

Treatments CMS (%) Proline (ug/g) SOD CAT APX
(U mg ! protein) (U mg ! protein) (mg* protein)
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021
11 G P 79.49abc  49.3e 2.68i 3.20e 27.74 j 27.81g 0.42 hi 0.34 g-j 1.06i 0.68d
No-P 71.39b-e 68.6¢C 2.93 hi 3.30e 32.60 hij 31.6b-g 0.37] 0.37 f-i 0.40 0.76 d
Q12 P 81.75abc  88.6a 3.05 ghi 3.80de 30.19 hij 29.0efg  0.44gh 0.30 i 1.35h 0.58d
No-P 73.20b-e  80.6h 298ghi  350de  3535ghi  30.7c-g  0.39ij 0.29i]  044j  049d
Q29 P 91.05a  38.0f 299ghi 3.80de  26.42] 2709  0.44fg 034gj 095§  045d
No-P 76.86 bcd 59.2d 3.33f-i 8.70a 31.12 hij 40.4 bc 0.39gh 0.51bcd 0.38] 0.39d
12 G P 62.00 efg 27.3 ghi 5.61 cde 4.32cde  38.34 fgh 29.6d-g 0.52ef 0.27] 2.03d 158¢c
No-P 72.78b-e  37.2f 4.67 def 5.28 b-e 44.46 ef 33.6b-g 0.47de 0.32 hij 1.67f 151c
Q12 P 65.19def  374f 422 e-i 5.27 b-e 41.43 efg 32.7b-g 0.54d 0.38 f-i 2.36¢C 157¢c
No-P 82.28 ab 475e 4.52 efg 5.18 b-e 47.90e 34.7b-g 049ef 0.34 g-j 2.03d 1.71bc
Q29 P 56.51 fg 32.8 fgh 3.93f-i 4.63 b-e 36.67 fgh 31.0b-g 054d 040e-h 187e 2.38a
No-P 67.81 c-f 34.21g 4.44 e-h 5.23 b-e 42.60 efg 33.0b-g 0.49ef 0.58 ab 1529 1.70 bc
13 G P 25.43 jk 25.4 hi 7.99 a 5.50 b-e 67.59 ab 39.2bcd 0.60cC 042d-g 266a 2.68 a
No-P 41.74 hi 20.81i 6.80 abc 6.23bcd  59.21 cd 40.8b 0.65 ab 0.53 bc 245bc 2.26ab
Q12 P 30.67 ij 26.9 ghi 6.61 abc 7.33b 72.24a 38.7b-e 0.67a 045cf 246bc 2.20ab
No-P 51.36 gh 229i 6.29 bc 6.97 bc 63.44 bed 37.6 b-f 0.62 bc 049b-e 215d 254 a
Q29 P 15.40 k 33.9fg 6.09 bed 6.62 bc 65.05 abc 57.1a 0.67 a 0.65a 2.70a 2.60 a
No-P 34.74j 28.3 ghi 7.27 ab 5.70 b-e 56.91d 37.0b-f 0.62bc 048cde 256ab 2.70a

Mean pairs within acolumn with different letters are significantly different at the 5% probability level accordingto Duncan’s new multiple- range test. G: Giza cultivar, CMS cell
membrane stability, SOD: superoxide dismutase, CAT: catalyze, APX: ascorbate peroxidase.

Table S6 Pearson’s correlation matrix of response variables of quinoa genotypes grown under drought stress and priming. Values in bold indicate a

significant correlation at alpha = 0.05.

H PL __GW _SHW BY  HI P Ol __RWC CMS Pro-  SOD CAT _ APX
Variables line
H 1
PL 046 1
GW 064 088 1
SHW 071 075 083 1
BY 070 086 096 095 1
HI 035 040 054 027 043 1
SP 043 084 079 079 083 030 1
Gil 046 051 048 062 057 008 053 1
RWC 047 015 011 048 030 -017 023 040 1
CMS 072 -073 076 -079 -081 037 -066 -052 039 1
Proline 023 -014 015 -029 -023 -003 -015 -026 -016 018 1
SOD 063 -071 078 -081 -083 048 -071 -059 028 072 029 1
CAT 048 -073 072 -073 -076 032 -071 -049 016 064 028 078 1
APX 012 011 017 022 020 039 016 -003 -013 -011 -024 -039 -017 1

Values in bold are different from 0 with a significance level alpha=0.95. H: plant height, PL: panicle length, GW: grain weight, SHW: shoot weight, BY:

biological yield, HI: harvest index, SP: seed protein, RWC: relative water content, CMS cell membrane stability, SOD: superoxide dismutase, CAT:

catalyze, APX: ascorbate peroxidase.

Table S7 Eigen value in factor analysis by principal component

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13
Eigenvalue 7.80 1.64 119 09 0.61 051 035 0.34 0.24 015 013 012 004
Variability (%) 55.7 117 8.5 6.4 434 360 253 2.39 171 110 093 085 0.27
Cumulative % 55.7 67.4 759 823 86.6 90.2 927 95.1 96.9 979 989 99.7 100




