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Abstract: The application of superabsorbents to soils and seed coatings is a pre-sowing seed treatment
method that is commonly used to improve early vigor and establish stability and uniformity under
water deficit conditions. To evaluate the interaction of seed coating and superabsorbent on Calotropis-
procera L. (milkweed) under water deficit conditions, a greenhouse experiment was conducted. The
experiment was conducted with four coating material levels (non-coated seeds and seeds coated with
peat moss, vermicompost, and canola residue), four growth medium levels (soil, sand + soil, soil +
2 g superabsorbent, and soil + 4 g superabsorbent), and three field capacity regimes (25, 50%, and
100%) in a completely randomized design factorial arrangement with four replications. Reducing
the field capacity from 100 to 25% led to decreased growth (shoot and root dry weights and leaf
area) and chlorophyll content. The activities of SOD, CAT, APX antioxidant enzymes, and proline
increased under drought stress. The use of superabsorbent polymers in growth media enhanced
growth indices and chlorophyll content and decreased the activity of antioxidant enzymes and proline
under water deficit conditions. The highest chlorophyll and growth indices were observed when 4 g
of superabsorbent was added to the growth medium under drought stress. The application of 4 g
of superabsorbent to the growth medium reduced the activity of antioxidant enzymes and proline.
The use of seed coatings improved the growth indices, antioxidant enzyme activity, and chlorophyll
content under drought stress. The most adaptive morphological and physiological responses to water
stress were observed in the vermicompost-coated seeds. The vermicompost coating containing a
superabsorbent polymer (4 g/kg soil) proved to be the best for establishing milkweed under mild
(50% FC) and severe water deficits (25% FC).

Keywords: drought stress; antioxidant enzymes; drought; rangeland; superabsorbent

1. Introduction

The significance of the rehabilitation and development of rangelands has recently
been highlighted because of the increasing trend of their degradation under the effects of
human factors and climate change, such as reduced rainfall [1–4]. In this regard, seeding
projects and the application of superabsorbent polymers are of paramount importance for
regenerating rangelands. Therefore, a great deal of time and money are spent on rangeland
seeding projects [5,6]. Nevertheless, various factors, such as soil erosion and climate change,
including increased average temperature and environmental stresses, particularly drought,
can decrease seed emergence percentage in rangelands [7,8]. Iran is located in the Northern
Hemisphere, between 46◦ and 64◦ E [2]. The geographical location, rainfall regime, and
temperature conditions, as well as the annual rainfall of approximately 250 to 300 mm [1],
make our country (Iran) one of the arid and semi-arid regions in the world.
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Drought and water deficit are among the most significant factors limiting crop pro-
duction worldwide. The most sensitive stages of plant development to drought stress are
the germination and seedling stages [9–14]. In this context, decreased seed emergence
percentage and seedling establishment in lentils (Lens culinaris Medik.), walnut (Juglansre-
gia L.), and maize (Zeamays L.) under drought stress conditions have been reported [15–17].
Dryland soils are characterized by low organic matter content, low water-holding capacity,
low infiltration, and low fertility, which lowers the percentage of seedling establishment
due to low water maintenance. One way to improve seedling emergence and early seedling
development is to use seed coating fillers [18] to increase the water stored in the soil for a
longer period [19]. Organic materials, such as peat moss and vermicompost, can be used as
soil water stores to increase the moisture around planted seeds.

Hence, it is of paramount importance to apply methods such as seed coating with
organic material to reduce the effects of water stress and enhance the seed emergence
percentage [20]. Some studies have reported increased seed germination uniformity and
speed, as well as seedling establishment, under salinity and drought stress conditions using
the seed coating method in rice, barley, rye, and wheat [21,22].

In addition, the use of superabsorbent polymers for soil amendment may improve
moisture availability for germinating seeds and during later growth stages under water
deficit conditions. Superabsorbent polymers are hydrophilic polymer gels that can absorb
an amount of water many times their size [23]. After absorption, owing to the drying envi-
ronment, water inside the polymer is gradually released, and the rhizosphere soil is kept
wet for a long time without re-watering [24,25]. In this context, the use of superabsorbent
polymers in soil significantly improved the germination of corn (Zea mays L.), pearl millet
(Pennisetum glaucum), and oat (Avena sativa L.) seeds under drought stress [26–28].

Calotropisprocera L. (milkweed), which belongs to the family Apocynaceae, is an ev-
ergreen and perennial plant. This species is mostly distributed from the hot and desert
areas of Southwest Asia and the Mediterranean region to the shores of Africa and southern
Iran [29]. Milkweed is a unique species that plays an important role in the restoration of
degraded land in arid and desert regions. Milkweed also has industrial and medicinal
properties and is used as an anti-rheumatic, anti-diarrheal, and anti-fungal anticancer
agent [30]. Milkweed plants are very important in revitalizing pastures and the pharmaceu-
tical industry. This plant is propagated only by seeds. Milkweed produces many seeds, but
its density is very low in arid regions. Its seeds are exposed to drought stress during the
germination stage in spring, leading to a very low percentage of germination and seedling
establishment because its seeds are sensitive to water stress during germination [31]. Little
information is available regarding the use of a growing medium with superabsorbents
or the use of organic fillers to reduce water stress and increase the percentage of plant
establishment in arid lands. Our hypothesis is that the decrease in green percentage in the
pasture is due to the type of growing medium or soil; that is, the percentage of silt is high,
and the percentage of organic matter is very low, which cannot absorb a significant amount
of water from accidental spring rain. Furthermore, the use of superabsorbent and organic
matter can increase the absorption of spring rain; that is, the application of superabsorbent
material can help the soil absorb a significant amount of rainwater, thus allowing it to
provide water to the plant for a longer period of time, thereby reducing water stress during
the emergence stage.

On the other hand, the use of organic material as a filler or seed cover can improve the
amount of water absorption and retention time around the seed and increase the percentage
of this plant’s establishment in early spring. Hence, the aim of this study was to investigate
the effects of the addition of superabsorbent polymers to growth media and the use of
different types of organic matter seed coatings to help improve the early growth and
establishment of milkweed under water deficit conditions.
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2. Materials and Methods
2.1. Collection and Preparation of Seeds Coat

Five hundred fresh capsules of Calotropis procera L. were collected in August 2022 from
one of its natural habitats in the rangelands of Sarbaz (61◦25′ E and 26◦63′ N, 892 m asl),
Sistan, Iran. The environment consists of a degraded pasture with scattered cover of
Calotropis procera L. trees and silty clay loam soils. One hundred milkweed fruits were
dried, and the seeds were removed from the capsules and cleaned. Dried, uniform seeds
were selected and disinfected in a carboxin–thiram solution (2 g L−1) for 2 min.

After preparing the seeds, three organic compounds of peat moss, vermicompost, and
canola residue were dried and sterilized at 100 ◦C for 30 min in an oven and then ground
by a mill passed through a sieve with a 1 mm mesh (in this experiment, vermicompost
and peat moss were prepared by Kian Pars Company, Teheran, Iran, and Miracle-Gro
Company, Marysville, Ohio, USA, respectively, and canola residue was prepared by Shiraz
University, Iran).

Subsequently, 2 g of each seed coating material was injected into a plastic half-circle
(with a diameter of 5 cm), and the molds were dried at room temperature. They were
maintained in a sterile environment until the beginning of the experiment (Figure 1). It
should be noted that in the middle of one of the molds, there was a 4 mm deep hole for
placing seeds. At the time of planting, two seeds were placed between the two halves of
the molds and were planted in 5 L volume pots filled with growth medium “based on
experimental treatments” (with one hole drilled in the bottom of each pot for drainage)
(Figure 1), and one of them was removed. To apply the water stress, the field capacity of
the soil was determined.

Land 2023, 12, x FOR PEER REVIEW 4 of 16 
 

 
Figure 1. The steps of preparing seed coating. 

The physicochemical features of the soils used in this study are listed in Table 1. 

Table 1. Some of the physical and chemical properties of soil used in experiment. 

Permanent Wilting 
Point (%) 

Field Capacity 
(%) 

Silt (%) Clay (%) Sand (%) EC (d/Sm) pH Organic Matter 
(%) 

11 28 53 33 14 2.1 7.1 0.268 

After planting the seeds, the pots were placed in a greenhouse with 16/8 h day/night 
length at 25/15 °C day/night temperatures for a period of 20 days before the beginning of 
treatments. 

2.2. Experimental Detail 
This experiment was performed at the Research Greenhouse of the Department of 

Crop Production and Plant Breeding, School of Agriculture, Shiraz University, Shiraz, Iran 
(52°32′ E and 29°36′ N, 1810 m asl) in a completely randomized factorial design including 
four coating material levels (control, peat moss, vermicompost, and canola residue), four 
growth media levels (soil (S1), sand + soil 1:1 ratio (S2), 2 g superabsorbent per kg soil (S3), 
4 g superabsorbent per kg soil (S4)), and irrigation at three levels (25, 50, and 100% field 
capacity) with four replicates. F1 superabsorbent polymer (a cationic amphoteric 
surfactant, as white crystalline fine powder (potassium polyacrylate), produced by the 
German Stockosorb® company, Essen, Germany) ISO 14001:2005 [32] was used in this 
experiment. The chemical characteristics of vermicompost, peat moss, and canola residues 
are listed in Table 2. Seeds coated with organic matter (peat moss, vermicompost, and 
canola residue) were sown in culture media. After 15 days of sowing, water deficit 

Figure 1. The steps of preparing seed coating.



Land 2023, 12, 1987 4 of 15

The physicochemical features of the soils used in this study are listed in Table 1.

Table 1. Some of the physical and chemical properties of soil used in experiment.

Permanent Wilting
Point (%)

Field Capacity
(%) Silt (%) Clay (%) Sand (%) EC (d/Sm) pH Organic Matter

(%)

11 28 53 33 14 2.1 7.1 0.268

After planting the seeds, the pots were placed in a greenhouse with 16/8 h day/night
length at 25/15 ◦C day/night temperatures for a period of 20 days before the beginning
of treatments.

2.2. Experimental Detail

This experiment was performed at the Research Greenhouse of the Department of
Crop Production and Plant Breeding, School of Agriculture, Shiraz University, Shiraz,
Iran (52◦32′ E and 29◦36′ N, 1810 m asl) in a completely randomized factorial design
including four coating material levels (control, peat moss, vermicompost, and canola
residue), four growth media levels (soil (S1), sand + soil 1:1 ratio (S2), 2 g superabsorbent
per kg soil (S3), 4 g superabsorbent per kg soil (S4)), and irrigation at three levels (25,
50, and 100% field capacity) with four replicates. F1 superabsorbent polymer (a cationic
amphoteric surfactant, as white crystalline fine powder (potassium polyacrylate), produced by
the German Stockosorb® company, Essen, Germany) ISO 14001:2005 [32] was used in this
experiment. The chemical characteristics of vermicompost, peat moss, and canola residues
are listed in Table 2. Seeds coated with organic matter (peat moss, vermicompost, and canola
residue) were sown in culture media. After 15 days of sowing, water deficit treatments
(25, 50, and 100% of the field capacity) were carried out for three months and then the
plants were harvested to determine indices. Every alternate day, to apply the field capacity,
the pots were weighed, water treatments were applied to the weight base, and water was
added to achieve the target soil moisture. The plants were harvested three months after the
imposition of water deficit to record morphological and physiological parameters.

Table 2. Some chemical characteristics of vermicompost, peat moss, and canola residue used.

Vermicompost Properties Peat Moss Properties
Canola Residue Properties

(Above-Ground Plant
at Flowering)

pH 7.75 4.4 6.14
Electrical conductivity(EC) 3.8 (ds/m) 0.76 (ds/m) 3.27 (ds/m)

Organic matter 44.2 (%) 45.68 (%) 43.80 (%)
Organic carbon 113.48 (mg/kg) 192.19 (mg/kg) 46.46 (mg/kg)
Total nitrogen 21.7 (mg/kg) 12.21 (mg/kg) 3.7 (mg/kg)
Phosphorus 14,194 (mg/kg) 0.09 (mg/kg) 0.25 (%)
Potassium 10,000 (mg/kg) 0.03 (mg/kg) 1.4 (%)

Iron 3274 (mg/kg) 563 (mg/kg) 19 (mg/kg)
Zinc 112.3 (mg/kg) 104 (mg/kg) 15 (mg/kg)

Manganese 248.8 (mg/kg) 25 (mg/kg) 14 (mg/kg)
Copper 28.7 (mg/kg) 340 (mg/kg) 2.7 (mg/kg)

2.3. Measurements
2.3.1. Plant Morphology

At the end of the experiment, shoots and roots of the harvested plants were separated
and placed in an oven (model no. ODWF24-SD) at 70 ◦C until a constant weight was
recorded for shoot and dry weights. Leaves were separated from the harvested plants, and
leaf area was measured using a leaf area meter (LI-3000C, LI-COR, Lincoln, Nebraska).
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2.3.2. Leaf Free Proline Content

The leaf free proline content was determined as described by Bates et al. (1973) [33].
Fresh leaf samples (0.5 g) were mixed with 10 mL of a 3% sulfosalicylic acid solution. Two
milliliters of the extract was mixed with 2 mL ninhydrin acid reagent (2, 2- dihydroxyindane-
1,3-dione) and 2 mL acetic acid, and the mixture was incubated at 100 ◦C for 60 min. After
incubation, the mixture was placed in a water bath, 4 mL of toluene was added, and the
absorbance was read at 520 nm using a spectrophotometer (Biowave II model, UK). The
leaf free proline content was determined from the standard curve.

2.3.3. Leaf Chlorophyll Content

Fresh leaf samples (1 g) were crushed with 15 mL 80% acetone, and the supernatant
was collected after centrifugation at 3000 rpm for 15 min and diluted to 25 mL using 80%
acetone. The absorption was measured using a spectrophotometer (20–120-UV model,
Japan) at 645 and 663 nm. The chlorophyll content was calculated using the following
equation:

Chlorophyll content (mg g−1 FW) = [20.2 (A) + 8.02 (B) × V/(W × 1000)]

where A = absorption at 645 nm, B = absorption at 663 nm, V = final volume of the extract
and acetone, and W = fresh leaf weight.

2.3.4. Activity of Enzymatic Antioxidant

Briefly, fresh leaf (0.5 g) samples were ground with liquid nitrogen in a Chinese mortar;
1 mL of 50 mM phosphate buffer containing 0.5 M EDTA polyvinyl and 2% polypyrrolidone
was added to the extracted tissue and centrifuged at 14,000× g for 20 min at 4 ◦C [34].

The supernatant was used to measure ascorbate peroxidase (APX), catalase (CAT),
and superoxide dismutase (SOD). APX activity was estimated as described by Nakano
and Asada (1981) [35], CAT activity was determined following Beauchamp and Fridovich
(1971) [36], and SOD activity was estimated following McCord and Fridovitch (1969) [37].

2.4. Statistical Analysis

Prior to analysis, data population normality was verified using the Kolmogorov–
Smirnov and Shapiro–Wilk tests in SPSS (10.0) software (Table 3). For the kind of organic
mater and superabsorbent amount experiment, the collected data were analyzed by analysis
of variance using ‘SAS’ v. 9.4. The least significant difference (LSD) test was used for mean
separation at p ≤ 0.05.

Table 3. Data normality is determined by Kolmogorov–Smirnov and Shapiro–Wilk tests.

Variables
Kolmogorov–Smirnov Shapiro–Wilk

Statistic df Sig. Statistic df Sig.

EP 0.155 192 0.142 * 0.935 192 0.095 *
LA 0.197 192 0.151 * 0.912 192 0.123 *

LDW 0.135 192 0.091 * 0.937 192 0.071 *
SLA 0.090 192 0.161 * 0.957 192 0.008 *
SDW 0.067 192 0.200 * 0.987 192 0.568 *
RDW 0.095 192 0.066 * 0.965 192 0.066 *
R/S 0.078 192 0.200 * 0.969 192 0.044 *

* The lower limit of true significance; a Lilliefors Significance Correction; df = degree of freedom; Sig. = significance;
EP = emergence percentage; LA = leaf area; SDW = shoot dry weight; RDW = root dry weight; R/S = root dry
weight/shoot dry weight.

3. Results and Discussion

The ANOVA results (see table below) showed that the main effects of seed coating,
growth media, and irrigation significantly influenced the measured traits. In addition, the
interactions of seed coating × irrigation and growth media × irrigation had a significant
effect on the measured traits at the 1% probability level. The interactions of seed coating ×
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growth medium and seed coating × growth medium × irrigation had no significant effect
on the measured traits (Table 4).

Table 4. Analysis of variance of the effect of seed coating, growth media, and irrigation and their
interaction on the measured traits in milkweed.

Source of
Variability df EP LA SLA SDW RDW R/S CHO PRO SOD CAT APX

C 3 124.82 ** 13.92 ** 0.73 ** 17.91 ** 12.39 ** 0.005 ns 0.007 ** 1.89 ** 1230.18 ** 987.05 ** 2613.01 **
M 3 1470 ** 242.42 ** 0.017 ns 256.71 ** 127.30 ** 0.003 ns 0.06 ** 73.07 ** 35,186.41 ** 4277.51 ** 12,697.13 **
I 2 7376 ** 8360.86 ** 0.19 ** 22,391.5 ** 5204.56 ** 0.26 ** 18.25 ** 2994.02 ** 1,386,722.81 ** 38,578.42 ** 4,327,279.04 **

C ×M 9 4.6 ** 0.047 ns 0.010 ns 0.17 ns 0.07 ns 0.009 ns 0.0 ns 0.02 ns 8.27 ns 3.33 ns 3.10 ns

C × I 6 236.12 ** 1.307 ** 0.021 * 3.05 ** 2.56 ** 0.006 ns 0.002 ** 0.63 ** 318.65 ** 247.45 ** 42.22 **
M× I 6 2.98 * 53.76 ** 0.054 ** 74.09 ** 30.25 ** 0.043 ns 0.015 ** 21.02 ** 11,088.60 ** 1066.64 ** 246.09 **

C ×M × I 18 4.50 ** 0.063 ns 0.21 ns 0.14 ns 0.13 ns 0.023 ns 0.0 ns 0.04 ns 8.58 ns 1.42 ns 16.49 ns

Error 144 1.29 0.23 0.16 0.58 0.41 0.12 0 0.03 6.67 2.06 14.06
CV (%) - 1.68S 1.1 12.2 3.02 4.21 20.12 2.12 1.65 4.36 3.02 6.12

**, *, and ns: significant at the 1%, significant at the 5% probability level, and not significant, EP = emergence
percantage, LA = leaf area, SDW = shoot dry weight, RDW = root dry weight, R/S = root dry weight/shoot
dry weight, CHO = chlorophyll, PRO = proline, SOD = superoxide dismutase, CAT = catalase, APX = ascorbate
peroxidase, C = coat, M = media, I = irrigation.

3.1. Emergence Percentage, Leaf Area, Specific Leaf Weight, Shoot and Root Dry Weights, and
Root/Shoot Dry Weights

Drought is one of the most important growth-limiting factors that reduces plant growth.
Plant injury occurs under water shortages during any vegetative growth stage [38]. Impaired
mitotic division due to reduced turgor pressure has been reported to reduce growth indices
under drought stress. When there is a shortage of water in the soil, the water flow from
the roots to the cells declines, leading to reduced cell division and elongation, resulting in
decreased growth traits in the plant [39]. Another reason for the decreased growth indices
in plants is the closed stomata, which reduce water loss under drought stress. Under these
conditions, CO2 uptake by stomata and dry matter production are reduced [40–42].

Our findings showed that reducing the field capacity from 100 to 25% led to decreased
shoot and root dry weight, leaf area, specific leaf weight, and root/shoot dry weight in
milkweed compared to 100% FC, leaf area, root dry weight, and shoot dry weight, which,
respectively, decreased by 2.82-, 1.99-, and 2.27-fold at 25% of field capacity (Table 5).
Similarly, the effects of drought on morphological traits have been reported in many
experiments on crops such as apples and sour cherries [43,44].

Table 5. Effect of interaction of coat and media, coat and irrigation, media and irrigation on leaf area
and shoot and root dry weights of milkweed under drought stress. S1 = soil, S2 = sand + soil 1:1 ratio,
S3 = 2 g superabsorbent per kg soil, S4 = 4 g superabsorbent per kg soil (S3), and FC = field capacity.

100% FC 50% FC 25% FC

Emergence
Percentage

Control 87.11 ± 1.5 a 68 ± 0.71 b 62.5 ± 0.81 b 77.54 ± 10.55 A

Canola residue 90.48 ± 1.12 a 69.5 ± 1.12 b 66.75 ± 1.08 c 75.57 ± 10.60 B

Peat moss 78.64 ± 1.45 a 72.75 ± 1.92 b 67 ± 0.71 c 72.791 ± 4.75 AB

Vermicompost 97.45 ± 1.545 a 75 ± 1.41 b 70.75 ± 0.82 c 81.06 ± 11.71 A

Mean 88.42 ± 6.76 A 71.31 ± 2.74 B 66.75 ± 2.92 C

S1 86.94 ± 7.03 a 69.5 ± 2.29 b 65.75 ± 2.86 b 67.66 ± 2.05 B

S2 87.25 ± 6.45 a 71 ± 2.73 b 66.5 ± 3.57 b 61 ± 0.82 C

S3 89.5 ± 6.8 a 71.75 ± 2.86 b 66.75 ± 2.48 c 69.66 ± 1.24 B

S4 90 ± 6.81 73 ± 3.16 68 ± 2.82 77.66 ± 2.05 A

Mean 88.42 ± 1.35 A 71.31 ± 1.26 B 66.75 ± 0.82 C
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Table 5. Cont.

100% FC 50% FC 25% FC

Leaf area (cm2)

Control 35.05 ± 0.11 a 21.77 ± 2.62 bc 11.86 ± 2.94 cd 22.89 ± 9.49 C

Canola residue 35.17 ± 0.11 a 22.22 ± 2.79 b 12.17 ± 3.02 dc 23.19 ± 9.41 B

Peat moss 35.44 ± 0.11 a 22.75 ± 2.76 b 12.63 ± 2.93 c 23.61 ± 9.32 B

Vermicompost 35.54 ± 0.13 a 23.55 ± 2.85 b 13.31 ± 2.96 c 24.13 ± 9.08 A

Mean 35.3 ± 0.197 A 22.58 ± 0.65 B 12.49 ± 0.54 C

S1 35.29 ± 0.19 a 22.99 ± 0.78 b 12.82 ± 0.44 c 23.70 ± 9.17 B

S2 35.14 ± 0.22 a 18.03 ± 0.52 bc 7.61 ± 0.57 d 20.26 ± 11.3 C

S3 35.34 ± 0.19 a 23.88 ± 0.62 b 13.13 ± 0.65 c 24.10 ± 9.08 A

S4 35.45 ± 0.21 a 25.37 ± 0.72 b 15.41 ± 0.51 c 25.41 ± 8.18 A

Mean 35.30 ± 0.11 A 22.56 ± 2.7 B 12.24 ± 2.8 C

Specific leaf area

Control 0.54 ± 0.001 a 0.488 ± 0.020 b 0.34 ± 0.154 c 0.45 ± 0.081 AB

Canola residue 0.53 ± 0.001 a 0.49 ± 0.017 b 0.43 ± 0.082 b 0.48 ± 0.035 AB

Peat moss 0.50 ± 0.001 a 0.49 ± 0.024 b 0.43 ± 0.072 b 0.49 ± 0.041 A

Vermicompost 0.53 ± 0.002 a 0.503 ± 0.012 a 0.451 ± 0.092 b 0.49 ± 0.035 A

Mean 0.53 ± 0.018 a 0.49 ± 0.004 a 0.45 ± 0.017 b

S1 0.53 ± 0.002 a 0.45 ± 0.13 b 0.48 ± 0.15 ab 0.48 ± 0.036 B

S2 0.5 ± 0.002 a 0.49 ± 0.005 b 0.32 ± 0.011 c 0.44 ± 0.092 AB

S3 0.45 ± 0.002 b 0.50 ± 0.003 a 0.46 ± 0.009 b 0.47 ± 0.022 B

S4 0.55 ± 0.002 a 0.53 ± 0.008 a 0.50 ± 0.025 ab 0.52 ± 0.021 A

Mean 0.51 ± 0.039 A 0.49 ± 0.028 A 0.44 ± 0.070 B

Shoot dry weight (g)

Control 66.55 ± 0.04 a 45.43 ± 3.7 b 28.45 ± 2.01 c 46.79 ± 15.5 AB

Canola residue 66.67 ± 0.04 a 45.84 ± 3.8 b 28.48 ± 3.00 c 46.99 ± 15.6 AB

Peat moss 66.75 ± 0.04 a 46.39 ± 3.5 b 29.41 ± 2.32 c 47.51 ± 15.2 A

Vermicompost 66.8 ± 0.51 a 47.30 ± 3.8 b 30.59 ± 2.40 c 48.24 ± 14.7 A

Mean 66.68 ± 0.12 A 47.25 ± 0.72 B 29.23 ± 0.87 C

S1 66.69 ± 0.09 a 47.30 ± 0.55 b 27.22 ± 4.07 cd 47.07 ± 16.1 B

S2 66.63 ± 0.10 a 39.90 ± 0.71 bc 25.66 ± 0.56 cd 44.06 ± 16.9 C

S3 66.72 ± 0.10 a 48.56 ± 0.72 b 30.78 ± 0.82 c 48.68 ± 14.6 A

S4 66.75 ± 0.10 a 49.23 ± 0.83 b 31.47 ± 0.92 c 49.15 ± 14.4 A

Mean 66.69 ± 0.044 A 46.27 ± 3.72 B 28.78 ± 2.41 C

Root dry weight (g)

Control 35.90 ± 0.04 a 27.75 ± 2.1 b 17.26 ± 1.96 c 26.97 ± 7.62 C

Canola residue 35.92 ± 0.04 a 28.17 ± 2.1 b 17.67 ± 1.97 c 27.25 ± 7.47 AB

Peat moss 35.95 ± 0.04 a 28.72 ± 2.1 b 18.25 ± 1.97 c 27.64 ± 7.26 AB

Vermicompost 36.03 ± 0.14 a 29.56 ± 2.2 b 18.84 ± 2.12 c 28.14 ± 7.08 A

Mean 35.95 ± 0.05 A 28.55 ± 0.67 A 18 ± 0.59 A

S1 35.93 ± 0.02 a 29.022 ± 0.80 b 17.73 ± 0.31 cd 27.56 ± 7.50 ABb

S2 35.86 ± 0.02 a 24.86 ± 0.58 bc 14.84 ± 0.62 c 25.18 ± 8.58 C

S3 35.96 ± 0.02 a 29.9 ± 0.74 b 14.07 ± 6.85 c 26.64 ± 9.22 AB

S4 36.05 ± 0.12 a 30.42 ± 0.61 b 19.87 ± 0.70 c 28.78 ± 6.70 A

Mean 35.95 ± 0.068 A 28.55 ± 2.18 B 16.62 ± 2.32 C

Root/shoot dry weight

Control 0.70 ± 0.0394 b 0.83 ± 0.006 a 0.835 ± 0.027 a 0.7.88 ± 0.062 B

Canola residue 0.72 ± 0.003 ab 0.82 ± 0.056 a 0.841 ± 0.02 b 0.793 ± 0.052 A

Peat moss 0.729 ± 0.001 b 0.82 ± 0.003 a 0.854 ± 0.02 a 0.801 ± 0.055 A

Vermicompost 0.729 ± 0.002 b 0.94 ± 0.01 a 0.854 ± 0.06 a 0.841 ± 0.052 A

Mean 0.722 ± 0.018 B 0.872 ± 0.01 A 0.846 ± 0.02 A
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Table 5. Cont.

100% FC 50% FC 25% FC

Root/shoot dry weight

S1 0.546 ± 0.0001 b 0.667 ± 0.06 a 0.623 ± 0.009 a 0.584 ± 0.046 B

S2 0.523 ± 0.03 b 0.637 ± 0.004 a 0.590 ± 0.017 ab 0.621 ± 0.052 A

S3 0.547 ± 0.001 b 0.659 ± 0.05 a 0.657 ± 0.008 a 0.622 ± 0.053 A

S4 0.548 ± 0.001 b 0.650 ± 0.04 a 0.669 ± 0.032 a 0.623 ± 0.053 A

Mean 0.542 ± 0.01 A 0.653 ± 0.011 A 0.634 ± 0.031 A

For each variable, the mean (± standard deviation) values followed by the same letters (small letters for interac-
tions and capital letters for means) are not significantly different using LSD at the 5% level.

According to our results, the highest emergence percentage, leaf area, specific leaf
weight, shoot and root dry weights, and root/shoot dry weights were observed in S4 media,
indicating that, in this study, the use of superabsorbent in growth medium enhanced
growth indices under drought stress (Table 5). In the S4 growth medium, leaf area and
shoot and root dry weights increased by 1.09-, 1.02-, and 1.04-fold compared to the control
(Table 5).

It has been reported that superabsorbents may absorb water several times their own
weight, providing water to plants under drought stress [45]. The consequences of soil
moisture variability during plant establishment might be reduced by increasing the soil
water-holding capacity (Patra et al., 2019). The use of hydrogel “superabsorbent polymers”
(SAPs) to increase topsoil water-holding capacity (WHC) is a suitable management tool that
absorbs a significant amount of water and improves the ability of the topsoil to store water.
Therefore, plants exhibit a better growth performance under drought stress conditions.
Patra et al. (2022) stated that superabsorbents reduced drought stress and enhanced dry
matter production in bean [46].

Our findings showed that using a seed coat (peat moss, vermicompost, and canola
residue) improved leaf area and shoot and root dry weights under drought stress, and
the highest leaf area and shoot and root dry weights were achieved in the seeds coated
with vermicompost, peat moss, and canola residue (Table 5). Compared to uncoated seeds,
leaf area and shoot and root dry weights increased by 1.05-, 1.03-, and 1.04-fold in the
vermicompost seed coating (Table 5).

Organic materials such as vermicompost have a strong water-holding capacity and
ensure long-term plant water availability, in addition to increasing nutrient absorption
by plants. Therefore, the use of organic matter as a seed coat helps plants to access water
and nutrients under drought stress [47]. In agreement with our results, using seeds coated
with organic matter enhanced the germination percentage and growth indices of wheat
seedlings under drought stress [48].

3.2. Free Leaf Proline Content

One of the common responses of plants to mitigating drought stress is the production
and accumulation of organic solutes, known as compatible solutes, such as proline [49].
Proline is believed to be one of the most important compatible solutes that plays a vital role
in osmotic adjustment in plants subjected to drought stress [50]. Proline protects plants
from drought by contributing to cellular osmotic adjustment, protection of membrane
integrity, enzyme or protein stabilization, and reactive oxygen species [51].

Our results showed that reduced field capacity led to the accumulation of proline
content in plants, with the highest proline content observed in 25% FC, i.e., 4.36-fold higher
than that in the control plants (Table 6). Proline accumulation under drought stress has
been reported in rose and coffee plants, consistent with our results. Previous studies have
shown that proline accumulation is necessary to reduce the destructive effects of drought
stress [50,51].
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Table 6. Effect of different seed coating materials and growth media and their interaction on chloro-
phyll and proline contents of milkweed under drought stress.

Leaf Chlorophyll Content (mg Chl g−1 FW)

100% FC 50% FC 25% FC

Control 1.62 ± 0.002 a 0.93 ± 0.039 bc 0.607 ± 0.055 cd 1.071 ± 0.44 AB

Canola residue 1.67 ± 0.002 a 0.94 ± 0.037 b 0.6205 ± 0.05 c 1.078 ± 0.43 AB

Peat moss 1.672 ± 0.002 a 0.95 ± 0.037 b 0.64075 ± 0.049 c 1.088 ± 0.43 A

Vermicompost 1.673 ± 0.003 a 0.96 ± 0.037 b 0.65425 ± 0.048 c 1.098 ± 0.42 A

Mean 1.67 ± 0.00 A 0.95 ± 0.012 B 0.63 ± 0.018 C

S1 1.66 ± 0.0005 a 0.95 ± 0.01 b 0.63 ± 0.012 c 1.086 ± 0.43 AB

S2 1.67 ± 0.0004 a 0.87 ± 0.05 bc 0.56 ± 0.025 cd 1.024 ± 0.47 AB

S3 1.67 ± 0.0004 a 0.96 ± 0.01 b 0.68 ± 0.021 c 1.104 ± 0.42 A

S4 1.67 ± 0.0012 a 0.97 ± 0.01 b 0.68 ± 0.013 c 1.112 ± 0.41 A

Mean 1.67 ± 0.00 A 0.97 ± 0.04 B 0.63 ± 0.05 C

Free leaf proline content (µmol g−1 FW)

Control 4.04 ± 0.012 c 9.54 ± 1.34 b 18.04 ± 1.81 a 10.55 ± 5.7 A

Canola residue 4.03 ± 0.007 c 9.4175 ± 1.34 b 17.7825 ± 1.89 a 10.44 ± 5.6 A

Peat moss 4.02 ± 0.011 c 9.2625 ± 1.32 b 17.4925 ± 1.94 a 10.22 ± 5.5 A

Vermicompost 3.92 ± 0.15 c 9.145 ± 1.31 b 17.0875 ± 1.97 a 10.01 ± 5.4 A

Mean 4 ± 0.04 C 9.34 ± 0.15 B 17.08 ± 0.35 A

S1 4.03 ± 0.007 d 8.91 ± 0.19 d 17.95 ± 0.16 b 10.29 ± 5.76 B

S2 4.04 ± 0.010 d 11.6 ± 0.16 b 20.45 ± 0.34 a 12.04 ± 6.72 A

S3 4.02 ± 0.007 d 8.62 ± 0.12 b 16.65 ± 0.42 b 9.755 ± 5.20 C

S4 4.01 ± 0.021 d 8.22 ± 0.12 b 15.35 ± 0.47 bc 9.186 ± 4.66 C

Mean 4.02 ± 0.011 C 9.34 ± 1.33 B 17.59 ± 1.91 A

S1 = soil, S2 = sand + soil 1:1 ratio, S3 = 2 g superabsorbent per kg soil, S4 = 4 g superabsorbent per kg soil (S3),
chl = chlorophyll, FC = field capacity. For each variable, the mean (± standard deviation) values followed by the
same letters (small letters for interactions and capital letters for means) are not significantly different using LSD at
the 5% level.

The results showed that the highest proline accumulation was observed in the S2, S1,
S3, and S4 growth media (Table 6). Proline accumulation in S2 media increased by 1.16-fold
compared to that in the control (Table 6). Compared to other media, the S2 growth medium
had a lighter texture owing to its sand. Thus, this condition had a lower ability to maintain
water, and its plants experienced drought stress earlier than those in other growth media [52].

Accordingly, in this media (S2), proline accumulation in plants was higher. Proline
accumulation in Hammada salicornica in sandy soils has been reported [53,54]. Our results
showed the highest proline content in the control and in seeds coated with canola residue,
peat moss, and vermicompost (Table 6). Hence, in the present study, seeds coated with three
types of organic matter showed the lowest proline accumulation. It seems that, because of
their ability to maintain water, coating seeds with organic matter causes them to experience
less drought stress; hence, they have less proline accumulation [55].

3.3. Leaf Chlorophyll Content

Chlorophyll is one of the major chloroplast components for photosynthesis, and the rela-
tive chlorophyll content has a positive relationship with the photosynthetic rate. The decline
in chlorophyll content under drought stress is considered a typical symptom of oxidative
stress and may result from pigment photooxidation and chlorophyll degradation [39].

Our results showed that the reduction in field capacity from 100% to 25% resulted in
decreased chlorophyll content in the milkweed, such that the lowest chlorophyll content
was observed at 25% FC, i.e., a 2.65-fold decrease compared to the control (Table 6). In
this regard, the chlorophyll content decreased significantly at higher water deficits in
Catharanthusroseus L. [56], Helianthusannuus L. [57], and Vacciniummyrtillus L. [58].
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According to the results, the highest chlorophyll content was obtained in S4, S3, S1,
and S2 growth media, indicating an increase of 1.02-fold in chlorophyll content in S4 growth
media compared to the control (Table 6). Furthermore, the S2 growth medium showed the
lowest chlorophyll content, a 1.07-fold decline compared to the control (Table 6).

Our results showed that the application of a superabsorbent could help preserve chloro-
phyll under drought stress. It has been reported that because of its water retention, adding a
superabsorbent to soil may prevent chlorophyll degradation under drought stress [23]. In
media containing superabsorbents, increased chlorophyll accumulation has been reported in
Acaciavictoriae L. and Cynodondactylon L. plants under drought stress [23,59,60]. In addition,
the lowest chlorophyll content was observed in S2 growth media (Table 6). The amount
of sand in this medium is the reason for this phenomenon, as the plant is exposed to less
stress than in other growth media [52].

Our results showed the highest chlorophyll content in seeds coated with vermicom-
post, peat moss, and canola residue and the control (Table 6). The chlorophyll content in
seeds coated with vermicompost, peat moss, and canola residue increased by 1.02-, 1.01-,
and 1.006-fold, respectively, compared with the control plants (Table 6). In the present
study, coating seeds with the three types of organic matter appeared to prevent chlorophyll
degradation under drought stress. Enhanced chlorophyll content under drought stress has
been reported in indica rice and bread wheat plants [21,61].

3.4. Activity of Enzymatic Antioxidant

Exposure of plants to water deficit conditions increases the production of reactive oxy-
gen species (ROS), such as hydroxyl radicals and superoxide [62]. These ROS may initiate
destructive oxidative processes such as lipid peroxidation, chlorophyll bleaching, protein
oxidation, and damage to nucleic acids. Therefore, according to [61], ROS scavenging is the
most important defense mechanism for plants to cope with stressful conditions. However,
antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and ascorbate
peroxidase (APX) play key roles in scavenging activated species [63]. Modulation of the
activity of these enzymes may be an important factor in the tolerance of various plants to
drought stress [64].

The results indicated that reducing the field capacity from 100% to 25% enhanced the
activity of SOD, CAT, and APX enzymes in milkweed; in 25% FC, the activity of SOD, CAT,
and APX enzymes increased 4.55-, 2.99-, and 1.57-fold compared to the control (Table 7).
Increased activity of antioxidant enzymes in different plants under drought stress has been
reported in many studies. Sales et al. (2013) reported increased activity of APX and SOD
enzymes in sugarcane under water-shortage conditions [65]. Increased activities of SOD,
CAT, and APX enzymes under drought stress have been shown in Amaranthustricolor L.
and Pyruscommunis L. plants [66,67].

Table 7. Effect of different seed coating materials and growth media and their interaction on activity of
superoxide dismutase, catalase, and ascorbate peroxidase enzymes of milkweed under drought stress.

Superoxide Dismutase Activity (Ug−1 FW)

100% FC 50% FC 25% FC Mean

Control 80.44 ± 0.040 c 156.32 ± 25.36 bc 369.125 ± 42.45 a 201.98 ± 122.19 B

Canola residue 80.45 ± 0.041 c 160.42 ± 25.21 b 361.9375 ± 43.88 a 200.98 ± 118.43 B

Peat moss 80.45 ± 0.047 c 166.32 ± 26.04 b 367.125 ± 43.28 a 204.68 ± 120.12 A

Vermicompost 80.46 ± 0.053 c 171.82 ± 25.53 b 375.88 ± 41.31 a 209.48 ± 123.48 A

Mean 80.45 ± 0.00 C 163.73 ± 5.89 B 368.51 ± 4.99 A

S1 80.46 ± 0.014 e 179.19 ± 5.29 c 377.44 ± 5.72 ab 212.36 ± 123.48 AB

S2 80.43 ± 0.11 e 199.03 ± 5.70 bc 429.14 ± 5.37 a 236.23 ± 144.78 A

S3 80.42 ± 0.008 e 149.125 ± 5.61 d 341.64 ± 9.75 b 190.39 ± 110.55 B

S4 80.41 ± 0.007 e 130.63 ± 6.01 d 313.34 ± 7.63 b 174.78 ± 100.07 C

Mean 80.43 ± 0.021 C 164.50 ± 26.43 B 365.39 ± 43.27 A
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Table 7. Cont.

Catalase activity (U g−1 FW)

Control 24.20 ± 0.014 d 48.44 ± 12.59 c 65.12 ± 12.26 ab 45.92 ± 16.79 B

Canola residue 24.20 ± 0.014 d 52.25 ± 12.06 bc 69.75 ± 12.05 ab 49.11 ± 18.83 AB

Peat moss 24.21 ± 0.015 d 58.44 ± 12.62 bc 74.68 ± 12.41 a 52.50 ± 21.05 A

Vermicompost 24.22 ± 0.012 d 65.25 ± 12.10 bc 80.31 ± 12.04 a 56.40 ± 23.63 A

Mean 24.21 ± 0.00 C 56.28 ± 60.04 B 72.49 ± 5.65 A

S1 23.45 ± 1.293 d 54.95 ± 5.86 bc 71.93 ± 5.37 ab 50.11 ± 20.08 AB

S2 24.235 ± 0.005 d 76.31 ± 5.63 ab 92.31 ± 5.57 a 64.28 ± 29.06 A

S3 24.205 ± 0.005 d 49.12 ± 6.67 c 65.37 ± 6.57 b 46.23 ± 16.93 B

S4 24.21 ± 0.007 d 43.81 ± 5.45 c 60.25 ± 5.17 b 42.75 ± 14.73 BC

Mean 24.025 ± 0.33 C 56.048 ± 12.34 B 72.46 ± 72.49 A

Ascorbate peroxidase activity (U g−1 FW)

Control 897.37 ± 0.96 d 1184.93 ± 15.29 c 1403.44 ± 27.34 ab 1161.917 ± 207.23 A

Canola residue 897 ± 0.82 d 1190.43 ± 16.09 c 1411.44 ± 26.34 a 1166.207 ± 210.61 A

Peat moss 898.18 ± 0.73 d 1198.5 ± 17.1 c 1420.44 ± 24.34 a 1172.227 ± 213.83 A

Vermicompost 898 ± 0.83 d 1209.5 ± 17.93 c 1435.44 ± 18.34 a 1181 ± 220.35 A

Mean 897.64 ± 0.47 C 1195.84 ± 9.24 B 1417.53 ± 11.91 A

S1 898.93 ± 0.48 c 1198.12 ± 8.7 b 1413.06 ± 9.8 a 1170.04 ± 210.82 A

S2 872.93 ± 43.4 c 1221.56 ± 11.13 b 1456.62 ± 6.8 a 1183.70 ± 239.78 A

S3 896.93 ± 0.48 c 1188.75 ± 6.7 b 1405.93 ± 10 a 1163.87 ± 208.54 A

S4 896.81 ± 0.56 c 1177.43 ± 6.2 b 1387.31 ± 11 a 1153.85 ± 200.93 A

Mean 891.41 ± 10.69 B 1196.49 ± 16.23 AB 1415.73 ± 25.41 A

S1 = soil, S2 = sand + soil 1:1 ratio, S3 = 2 g superabsorbent per kg soil, S4 = 4 g superabsorbent per kg soil (S3),
FC = field capacity. For each variable, the mean (± standard deviation) values followed by the same letters (small
letters for interactions and capital letters for means) are not significantly different using LSD at the 5% level.

In our study, the accumulation of antioxidant enzymes appeared to reduce damage
caused by ROS production under drought stress [65]. The highest activities of SOD, CAT,
and APX enzymes were observed in S2, S1, S3, and S4 growth media (Table 7). Compared
with the control, the highest activities of SOD, CAT, and APX enzymes in the S2 growth
media were 1.11-, 1.27-, and 1.01-fold greater, respectively (Table 7). Based on these results,
the higher ratio of sand in S2 growth media was the reason for the increased activity of
enzymes in this media; thus, in this media, the plants experienced drought stress earlier
than in other media employed in the experiment [68].

The results showed that, compared to the control, the application of superabsorbent
in soil reduced the activity of SOD, CAT, and APX enzymes (Table 7). This phenomenon
is due to the ability of a superabsorbent to maintain water in the environment, providing
more water to plants and reducing the severity of drought stress [69]. In line with our
results, reduced activity of POD and CAT enzymes in Acaciavictoriae L. and SOD, CAT,
POD, and APX enzymes in Avenasativa L. under the application of superabsorbents in soil
has been reported under drought stress [28,59,60].

Our findings indicate that, compared to the control, the highest activities of SOD, CAT,
and APX enzymes were observed in seeds coated with vermicompost, peat moss, and
canola residue, respectively (Table 7). In addition, compared with the control, the activities
of SOD, CAT, and APX enzymes in seeds coated with vermicompost increased 1.05-, 1.23-,
and 1.01-fold, respectively (Table 7).

In this study, seed coating enhanced enzyme activity. Seed coating increases plant
access to nutrients and water, contributing to increased enzyme activity to eliminate free
radicals under drought stress. Enhanced antioxidant enzyme activity in rice and wheat
plants has been reported under stress conditions [61,70].

4. Conclusions

Our findings showed that drought led to reduced growth indices in milkweed. During
the emergence stage, the plant faces a lack of moisture because the soil in which it grows
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cannot absorb a significant amount of spring rain and store it for a long time. The use
of superabsorbents increases soil moisture and improves seedling growth in the emer-
gence stage. In contrast, proline and antioxidant enzyme activities increase as defence
mechanisms to reduce the destructive effects of drought stress. The application of organic
seed carriers improved the growth indices under drought stress, especially leaf surface,
leaf specific weight, and root-to-shoot ratio. The application of superabsorbents with
coatings made with organic seed carriers decreased proline accumulation and enzyme
activity under drought stress owing to improved plant access to water. Among the growth
media treatments, the application of 4 g of superabsorbent to coatings made with vermi-
compost exhibited the best physiological and morphological performance under drought
conditions. Seed coating with organic carriers improved growth indices and enhanced
enzyme activity and chlorophyll content under drought stress. Among the seed coatings
employed in the experiment, the vermicompost coating was superior to other coatings
under drought conditions. Generally, seed coating with vermicompost, together with the
use of a superabsorbent polymer (4 g per kg soil), was the best to establish milkweed under
mild (50% FC) and severe water deficits (25% FC). Therefore, to increase the success rate in
the establishment of this plant, instead of directly planting the seeds, the farmer can put
the seeds of this plant inside seed balls made of vermicompost and superabsorbent and
then plant them in the soil.
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