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Introduction. The increasing salinity of soils and water resources in various regions of Iran, particularly in the central and southern parts
of Khorasan Razavi Province, has restricted agricultural expansion and reduced the economic performance of crops. Quinoa (Chenopodium
quinoa Willd.), a pseudo-cereal with remarkable salt tolerance, has recently attracted considerable attention in breeding and crop
development programs due to its high protein content, essential amino acids, and exceptional nutritional value. Previous studies have
demonstrated that salinity stress can significantly reduce water and nutrient uptake, photosynthetic efficiency, chlorophyll synthesis, and
grain yield. Therefore, identifying physiological compounds that enhance stress resistance, such as melatonin and crucial micronutrients
like zinc, can offer effective strategies for improving plant responses under salinity stress conditions. Melatonin, beyond its regulatory
function in plant growth under normal conditions, plays a critical role in activating plant defense systems and scavenging reactive oxygen
species (ROS). This compound mitigates oxidative damage and improves photosynthetic efficiency in plants exposed to salinity stress. On
the other hand, zinc is one of the most important micronutrients involved in over 300 enzymatic processes, playing a vital role in stabilizing
chlorophyll structure, promoting protein synthesis, and reducing the uptake of Na* and CI" ions. Hence, the simultaneous use of melatonin
and zinc sulfate could physiologically and biochemically alleviate the adverse effects of salinity stress and ultimately enhance crop
performance.

Materials and Methods. Given the growing need to expand crop cultivation in saline lands, the present study was conducted to evaluate
the effects of seed priming and foliar application of melatonin and zinc sulfate on agronomic, physiological, and yield traits of two quinoa
(Chenopodium quinoa Willd.) cultivars under contrasting ecological conditions (saline and non-saline). The experiment was carried out
during the 2023-2024 cropping season in two locations—Kashmar (non-saline) and Bardaskan (saline)—as a factorial arrangement based
on a randomized complete block design (RCBD) with three replications. Experimental treatments consisted of two quinoa cultivars (Red
Carina and Titicaca), three levels of seed priming (control, 100 pM melatonin, and 40 mM zinc sulfate), and three levels of foliar application
(control, 0.2 mM melatonin, and 0.5% zinc sulfate). Seed priming was performed by soaking the seeds in the respective solutions for six
hours, while foliar spraying was applied at the beginning of the flowering stage under favorable environmental conditions. Soil and water
analyses revealed that Bardaskan had a considerably higher electrical conductivity (EC = 16,880 uS cm™) compared with Kashmar (EC =
538 uScm™), confirming the saline nature of the former site. Following the application of treatments, various traits were measured,
including final field emergence percentage, stem height, panicle length, collar diameter, shoot dry weight, forage index (percentage of
digestible dry matter), concentrations of chlorophyll @ and b, protein yield, and grain yield. Data were analyzed using SAS statistical
software. Bartlett’s test was applied to examine error homogeneity, and based on its significance, either separate or combined analyses of
variance were performed accordingly.

Results and Discussion. The results revealed that in the Bardaskan region, salinity stress caused a significant reduction in seed protein
yield in the Red Carina cultivar (by approximately 30.02%) and in the Titicaca cultivar (by about 35.39%) compared with the same cultivars
grown in the Kashmar non-saline area. Furthermore, grain yield of the Titicaca cultivar was 23.25% higher in Bardaskan and 25.81% higher
in Kashmar than that of Red Carina, indicating the relatively greater salt tolerance of Titicaca. In the non-saline condition (Kashmar),
combined seed priming and foliar spraying with melatonin increased grain yield by 17.85%, and zinc sulfate by 18.04%. Under saline
conditions (Bardaskan), simultaneous application of melatonin and zinc sulfate resulted in even greater yield improvements of 36.91% and
35.70%, respectively. These findings demonstrate that the regulatory role of melatonin and zinc is strengthened under salt stress conditions,
and their synergistic effects are more pronounced compared with non-stress environments. Evaluation of physiological traits showed that
salt resistance in melatonin and zinc treatments was associated with increased concentrations of chlorophyll a and b, higher stem height,
and an improved forage index. Analysis of variance (ANOVA) indicated that all main factors (cultivar, seed priming, and foliar application),
as well as their two-way and three-way interactions, had significant effects (p < 0.01) on most measured traits. In saline conditions, the
greatest responses were observed for shoot dry weight and chlorophyll content, which were directly related to enhanced photosynthetic
activity and accumulation of energetic compounds. Protein determination using the Kjeldahl method indicated that quinoa plants under
saline stress could maintain acceptable seed protein levels when micronutrients were supplied, highlighting the nutritional and economic
importance of these treatments. According to the results, combined seed priming and foliar application of melatonin and zinc sulfate were
more effective in the Titicaca cultivar than in Red Carina. This superiority is likely attributed to the genetic characteristics of Titicaca,
including a shorter growth cycle and better adaptation to ionic and osmotic stresses. The primary mechanism of action for these compounds
involves activation of the antioxidative defense system, maintenance of ionic balance, enhancement of chlorophyll efficiency, and
mitigation of oxidative cellular damage.

Conclusion. From an agronomic perspective, this study confirmed that the simultaneous application of melatonin and zinc sulfate not only
improves plant growth and yield attributes but also enhances physiological stability under saline conditions. Thus, this integrated approach
can be regarded as a cost-effective biotechnological strategy for improving the productivity of saline and semi-saline lands in Iran. In
conclusion, the combined use of two bio-regulatory compounds—melatonin and zinc—exhibited synergistic effects in improving salinity
tolerance, resulting in significant increases in grain yield and protein yield. The Titicaca cultivar showed overall better responses compared
with Red Carina across both experimental sites, with the highest mean yield obtained under concurrent seed priming and foliar application
of these two compounds. Accordingly, within the scope of this study, cultivation of the Tificaca cultivar together with simultaneous
melatonin and zinc sulfate application is recommended as an effective salinity management strategy to enhance grain yield and protein
productivity in quinoa.
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Table 1. Meteorological parameters for the field sites during the experiment in 2023 (Khorasan Razavi, Province Meteorological Office).
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Table 2. Physicochemical properties of the experimental field soil.
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Table 3. Properties of water used in the experimental field.
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Table 4. Analysis of variance (mean squares) for some quinoa traits as affected by cultivar, priming, and foliar application
under non-saline conditions (Kashmar).
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Table 5. Analysis of variance (mean squares) of some quinoa traits as affected by cultivar, seed priming, and foliar
application under saline conditions (Bardaskan).

S.0.V af OB gy ags OO adde S buds,ls
sl : Sladsle * *

S5 2 036 593.90 2072 0.0021 7.03 3.83
(A) Suely 2 11334 347124™ 8150 014" 99937 47.64"
(B) Liblsbe 2 9774™  141946™  4116™ 021 64413 1334
©) 5, 1 8.54™ 62.29 1157 0.06” 14.45 1.31
A*B 4 8921 83346”1416 0277 599.79" 939"
A*C 2 370" 185.12" 1.24 0.07" 6.79 0.17
B*C 2 105 79.46 0.57 0.01° 1451 0.29
A*B*C 4 0480 110.29" 1.57" 0.03" 12.29 1.02
Error 34 039 3141 0.58 0.004 8.61 0.58
ov (%) 5.80 7.89 8.55 2072 10.18 12,18
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Table 6. Combined analysis of variance (mean squares) for field emergence percentage of quinoa as affected
by location, cultivar, and seed priming.

S.0.V df Final emergence percentage
Place (P) 1 4970.25
R(P) 4 118.66
Priming (A) 2 362.58""
Cultivar (C) 1 354.69™
A*B 2 20.36
P*A 2 7.58
P*B 1 26.69
P*A*B 2 6.36
Error 20 10.13
c.v (%) 4.14
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Table 7. Combined analysis of variance (mean squares) of some quinoa traits as affected by location, cultivar, seed priming,
and foliar application.

S.0.v df adgd Job Adgd dlaxi 93 Ol aild 5 Shas
P) 1 352.08™ 0.03 5425636620.0" 8897000.03"
R(P) 4 23.79 0.09 262612866.0 580455.98
(A) Soulys 2 1603.06™ 0.17 142386888.0" 325284.70
(B) ik Jsloxe 2 891.45™ 0.06 517447814.0° 6776806.03"
(c) o3, 1 114.08™ 0.14 115354805.0 134408.33
A*B 4 71.13™ 0.35 200978165.0* 424205.41™
A*C 2 33.58" 0.45 39760886.0 79948.77
B*C 2 9.52™ 0.009 376933803.0 727325.44™
A*B*C 4 22.98" 0.85 180272045.0" 451311.51™
P*A 2 91.58™ 0.06 49105090.0 105261.14
P*B 2 25.69™ 0.009 13797466.0 31478.25
P*C 1 24.08" 0.59 601742.0 181.48
P*A*B 4 101.31™ 0.16 23473907.0 42940.82
P*A*C 2 0.25 0.12 126824531.0 297905.59
P*B*C 2 60.25" 0.06 146354071.0 289895.25
P*A*B*C 4 23.04%* 0.05 121742567.0 306834.74"
Error 68 0.72 0.25 40924626.0 105815.30
cv (%) 4.02 7.92 16.34 16.54
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Table 8. Mean comparison of shoot dry weight, stem height, forage index, and chlorophyll a and b as affected by the three-way interaction of seed priming, foliar application, and
cultivar under non-saline conditions.

S0 Sl £l | EEL ; b
Koy b gl 5 lopalal et ¥ a‘_‘f’s”s ‘f@”"s
(& plant™) (cm) Sladgle (mg g! Fw leaf) (mg g Fw leaf)

Sl 9 il slxe ey Ly 8, 40.56+2.42 110.66+1.52 41.27+0.60 43.56+1.00 8.28+0.20
KK 5 42274238 111.33+1.51 43.24+0.42 45.58+2.00 9.720.40

(0.2 mM) gsgde Ly S, 52.2742.77 117.33+2.08 44.02+0.74 52.90+1.51 10.17+0.30

K 5 50.39+3.05 118.66+1.51 45.26+0.57 48.91+1.51 12.39+0.30

(0.5%) (55, lilges L5, 47.3342.94 115.66+2.05 46.64+0.38 48.58+2.00 9.28+0.40

K 5 46.22+2.34 116.33+2.51 42.79+1.24 48.58+1.00 9.97+0.20

(100 uM) 35 ol Jgbre g Ly, 53, 52.42+2.64 117.33£2.03 43.74£0.18 43.57+1.00 9.10+0.20
K 5 63.92+2.24 117.66+3.05 47.0120.56 45.38+1.60 9.89::0.32
(0.2 mM) gsgdhe LS, 76.43+3.18 126.00+0.57 45.63+0.82 47.61£1.00 10.1440.20
KK S 86.04+3.07 125.66+2.51 50.58+0.14 48.98+1.50 10.41+0.30

(0.5%) 55yl g L5, 43.18+3.04 117.001.00 44.1142.07 47.82+0.60 9.1240.12

KK S 48.65+2.82 116.33+2.51 46.91+0.81 45.22+1.54 9.60+0.31

(40 MM) (5, il sl sy LS5, 44.10+3.28 118.66+2.55 43.95+1.74 43.54+1.00 9.05+0.20
K 5 46.55+2.71 114.66+2.04 44.45+1.30 45.47+1.52 9.58+0.30

(0.2 mM) gsgdhe Ly, 48.57+2.70 115.33£1.52 46.90+0.63 46.84+2.08 9.120.42

S S 50.40+2.96 114.00+2.58 47.71£0.81 48.22+1.54 9.61+0.31

(0.5%) (59, lidgus Ly, 47.75+2.41 117.00:£2.00 47.29+0.78 47.24+1.55 9.99+0.31

K 55 45.99+1.91 115.00£2.29 51.6020.91 48.54+1.00 9.65+0.40

LSD 5% 3.806 2.112 1.484 0.829 0.165

All values represent mean+SD.
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Table 9. Mean comparison of shoot dry weight, stem height, collar diameter, and forage index as affected by the three-way interaction of seed priming, foliar application, and
cultivar under saline conditions.

Sl IR 3, ol Siiogy Bl (MM glable pasls
(g plant?) ols» (cm)
Sl pie TN S 40.56+2.42 65.66+1.52 6.33£0.57 30.25+0.03
5K 5.5 42.27+2.38 62.33+£2.08 6.33+0.57 32.47+0.07
(0.2 mM) sigle LS5, 52.2742.77 66.3342.51 11.00+1.00 44.14+0.01
5K 5.5 50.39+3.05 64.66+2.51 10.00+1.00 45.254+0.02
(0.5%) (s9,ldgu Ly,8%s, 47.33+2.94 64.00+2.00 6.66+£0.57 41.34+0.02
KK S5 46.22+2.34 63.00+2.00 7.33+1.52 42.54+0.17
(100 tM) gl il s o 1,55, 52.4242.64 71.66=1.52 10.00+1.00 37.410.06
K 55 63.92+2.24 73.00£2.00 10.00+1.73 35.89+0.02
(0.2 mM) gagdle L5, 76.4343.18 74.00-2.00 15.0042.00 48.5120.07
5K 5.5 86.04+3.07 76.66+3.14 13.00+£2.64 45.68+0.06
(0.5%) (s9,c\dlgus L,8s, 43.1843.04 65.00+£2.93 9.33+1.51 39.43+0.13
5K 5.5 48.65+2.82 67.66+3.14 8.33+1.52 36.89+0.01
(40 mM) 55,y 5L o oy 5,55, 44.103.28 69.3313.57 7.33+1.52 38.44=0.01
5K 5.5 46.55+2.71 67.33£3.45 7.00£1.00 36.71+£0.02
(0.2 mM) gagdle L5, 48.57+2.70 68.0043.57 7.001.00 38.2520.01
KK 5 50.40+2.96 64.66+3.23 7.00+1.00 32.24+0.08
(0.5%) wsyclilge L3, 47.75+2.41 66.3343.57 9.00+1.10 38.77+0.07
5K 5. 45.99+1.91 68.66+4.54 9.33+1.15 36.36+0.09
LSD 5% 3.806 4.300 1.264 0.104

All values represent mean+SD.
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Figure 1. Comparison of mean collar diameter as affected by the interaction between seed priming and foliar application under non-saline
conditions. Error bar represents the standard error of 3 replications (n=3).
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Figure 2. Comparison of mean chlorophyll a content as affected by Figure 3. Comparison of mean chlorophyll b content as affected by
the interaction between seed priming and foliar application under the interaction between seed priming and foliar application under
saline conditions. Error bar represents the standard error of three saline conditions. Error bar represents the standard error of three
replications (n=3). replications (n=3).
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Figure 4. Comparison of mean final field germination percentage as Figure 5. Comparison of mean final field emergence percentage
affected by seed priming. Error bar represents the standard error of as affected by cultivar. Error bar represents the standard error of

three replications (n=3). three replications (n=3).
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Table 10. Interaction of cultivar, priming, foliar spray on root length, panicle length, protein yield and seed yield. Data are means+SD.

Sigosl ol gl ) adgs Job O 9y 3 Ndes @l 3,Slos
(cm) (kg ha™) (kg ha)

il Sy il Sy ol Swwd
e b e g 5,55, 22.00£2.00  15.001.00 35408 447698 247780053096 1791.00257.31 1333.33£145.20
KK 5 25.66+1.52 16.00+1.00 48020.66+11825 31023.23+£3110 2253.33+276.09 1643.33+93.97
(0.2 mM) (Mo Ly, 30.33+£2.51 19.00+1.00 48723.33+6075 38500.06+7778 2363.33+159.38 2020.00+134.54
8BS 5 27.00+2.00 21.33+2.08 45759.83+1335 23911.66+6137 2333.33+133.11 2183.33+160.91
(0.5%) 59yl gus by, 29.66+1.52 21.00+1.00 52094.13£7679 39045.06+£7773 2526.66+134.18 2016.66+131.32
KK 5. 27.00+1.73 18.00+1.00 55462.86+5934 33906.00+7415 2645.66+£92.65 2030.00+120.33
e b e oo L85, 2233:152  15.00£1.00 35781.83+4894 26046.03£6098 1860.00+185.78 1553.33£119.23
(100 uM) KBS 5 25.66+1.52 16.00+1.00 42296.43+6803 22763.86+£3057 2093.33+196.56 1713.33492.18
(0.2 mM) Mo by, 33.33+£2.08 16.66+1.52 48985.66+6472 30183.23+£1618 2398.00+187.45 1983.33+63.58
KK s 31.00+2.00 15.66+1.52 39907.46+£7854 45067.40+1641 2655.66+149.24 2250.00+145.35
(0.5%) (59 \dgus Ly, 26.00+1.00 16.00+1.00 42015.49+2535 32112.46+3256 1996.33+118.80 1706.66+124.52
K s 28.66+2.51 18.33+1.15 47067.03+8826 30951.73+£8324 2206.66+135.10 1694.00+183.23
(40 (59,ldlgus - N ESSRENY Ly, 27.66+1.52 15.00+1.00 41458.77+3359 30583.23+3809 2171.00+66.74 1700.00+114.53
mM) KK s 25.00+1.00 15.66+1.00 54653.00+4934 34293.20+£7022 2200.00£114.20 1800.00+174.42
(0.2 mM) oMo by, 27.66+1.52 18.33+0.57 51265.20+£5529 30649.83+6988 2186.66+63.58 1660.00+103.45
KK 5. 27.33+1.52 19.66+0.57 35877.60+£3098 25656.12+7228 2160.00+156.97 1894.00+89.07
(0.5%) (s9y\dgu Ly, 26.33+0.57 19.33+0.57 50384.60+£7913 27982.13+6689 2356.66+109.28 1903.33+140.35
K s 26.00+1.00 19.33+0.57 57018.96+3243 49596.06+3154 2660.00+123.41 2230.00+108.41

LSD 5% 0.977 0.977 7370.00 7370.00 530.00 530.00
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