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Abstract: The effects of three mulch types (vermicompost, plastic, and straw) plus an untreated
control, in factorial combination with three irrigation regimes (RFD: rainfed condition; SIF: one
supplemental irrigation at the flowering stage; SIVF: two supplemental irrigations at the vegetative
and flowering stages) on linseed growth, seed yield and oil composition, and biochemical status were
investigated. Linseed plants under two irrigations and straw mulch showed the highest seed yield
(300 g and 222.4 g m?, respectively), biological yield (887.9 g m?), and concentration of oleic and
linoleic acids. The plastic mulch application under rainfed conditions or one irrigation increased
stearic and palmitic acid concentrations, respectively. Water deficit stress encouraged the
accumulation of proline (10.1 pmol g fresh weight (FW)), total phenols (6.68 mg g FW), and DPPH
radical scavenging capacity (56.5%). Plants grown in straw mulched soil showed the highest total
phenol content and DPPH radical scavenging capacity, while control plants displayed the highest
proline concentration. Enzyme activities, including catalase and superoxide dismutase, were
enhanced under straw and plastic mulch compared to control plants under rainfed conditions. Our
findings suggest that straw mulch represents an effective, sustainable strategy to successfully manage
linseed crops, mitigating the adverse effects of water deficit stress on plant performance.

Keywords: Linum usitatissimum L.; soil cover; irrigation regime; antioxidant enzymes; phenolics;
soluble sugars

1. Introduction

Oilseed crops are cultivated primarily for their seed oil content, catering to various industries
and diets. Key oilseed crops include soybean, sunflower, rapeseed, cotton, and peanut. [1]. Linseed
(Linum usitatissimum L.) is one of the oldest cultivated oilseeds, prized for its versatile applications in
foods, paints, varnishes, and linoleum flooring [2].

Linseed is rich in bioactive compounds like unsaturated fatty acids, fiber, proteins, antioxidants,
and lignans, offering potential health benefits, including cancer prevention [3] and, in this respect, its
a-linolenic acid content is the highest among plant sources [4]. The 18-carbon alpha-linolenic acid, is
a plant-based source of essential omega-3 polyunsaturated fatty acids that are beneficial for
maintaining a healthy diet [4], with positive effects on heart health, nervous system function, and
inflammatory regulation [3]. Linseeds are also rich in protein and B-group vitamins [5].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Environmental changes, including decreased rainfall, pose challenges to crop cultivation, with
water scarcity significantly impacting crop growth and productivity, especially during critical
growth phases [6]. Insufficient moisture disrupts metabolic pathways crucial for water relations,
photosynthesis, antioxidant function, and mineral uptake, affecting crop quality and yield [7]. Like
other crops, linseed suffers from impaired gas exchange and leaf water relations under water stress
[5]. Moisture deficits impede growth by inhibiting cell expansion, cell wall division, and
differentiation [7] and photosynthesis by closing stomata [8] and destroying chlorophyll due to the
excessive release of reactive oxygen species compounds (ROS) [9], leading to decreased productivity
[10].

Mulch offers a practical solution to mitigate the metioned effects by enhancing soil water
retention [11,12], reducing evapotranspiration [13], decreasing weed growth, and improving soil
health and fertility [7]; notably, plastic mulch can effectively conserve soil moisture and enhance
water use efficiency [12]. Moreover, vermicompost and straw mulch increase soil microorganism
activity and water retention, especially in water-deficient conditions [9,14].

Understanding the interaction between different irrigation regimes and mulches on linseed
morphological and physiological traits is crucial for optimizing crop productivity under varying
moisture conditions. Therefore, this study aimed to evaluate the efficacy of plastic and straw mulch,
and vermicompost in enhancing linseed seed yield, quality and oil content performances under two
irrigation regimes and rainfed conditions.

2. Materials and Methods

Growing Conditions and Experimental Design

Research was conducted in 2022 at a farm located in Urmia city in Western Azerbaijan province,
Iran (37° 3' 24.82" N, 44° 58' 12.42" E, 1,32 m a. s. 1.), characterized by a semi-arid climate, with an
average annual temperature of 13.4°C and annual precipitation of 261 mm, in a loam-clay soil (at 0-
0.3 m depth), with 0.12% N, 395 mg kg-' K, 10 mg kg P, and pH 7.9. The meteorological data (Table
4) were obtained from the Iran Meteorological Organization, and the average annual temperature
and precipitation over the last ten years were 12°C and 390 mm, respectively, at the research site.

The experimental protocol was based on the factorial combination of three mulch types (plastic,
straw, and vermicompost) plus an untreated control (bare soil), and three irrigation regimes (RFD:
rainfed condition; SIF: one supplemental irrigation at the flowering stage; SIVF: two supplemental
irrigations at the vegetative and flowering stages). A randomized complete block design was used
for the treatment distribution in the field, with three replicates.

Linseed seeds were sourced from the Agriculture and Natural Resources Research and
Education Centre of Urmia, Iran. Each plot measured 3 x 4 m, with 10 cm spacing between the plants
along the rows 50 cm apart. Seeds were sown manually at a 4 cm depth on 17 March 2022. Before
sowing, a fertilization with 80 kg ha-1 urea and 100 kg ha-! triple superphosphate was practiced. Each
mulch type was applied in a 4-6 cm thick layer, covering the surface area of the plot and surrounding
the linseed plants. Plant thinning occurred at the 3—4-leaf leaf stage, manual weeding was done
throughout the growth period as required, and no pesticides were used during the growing season.

Table 1. Weather data from October 2021 to September 2022 at the research site in Urmia.

Oct Nov Dec Jan Feb Mar Apr May June July Aug Sep

Monthly average
temperature (°C)
Monthly average

33 306 489 19.6 134 209 181 584 12 14 01 0.1

o 163 91 54 -1.7 05 53 107 164 224 256 28.0 253
precipitation (mm)

Irrigation was applied during the vegetative and flowering stages. The amount of water applied
(6400 m? ha! per irrigation cycle) was determined based on the soil moisture deficit required to reach
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field capacity using Walker’s [15] method. Supplemental irrigation accounted for 20% of the average
annual long-term rainfall in the area.

Representative leaf samples were collected at the full flowering stage, flash-frozen in liquid
nitrogen, and stored at —-80°C for subsequent analysis. Plants were harvested from 5 m? within each
plot, excluding the edges, at the end of the growing season on 29 June 2022.

Measurements
Growth Parameters

At maturity, ten harvested linseed plants per plot were assessed for growth parameters,
including plant height, branch number, follicle number, seed number per follicle, and 100-seed
weight. A 2 m? area in the center of each plot was harvested to estimate linseed seed yield and
biological yield. Plant samples were oven-dried at 72°C for 48 h before recording dry weights as
biological yield. Seeds were separated from follicles and weighed after oven-drying at 72°C to adjust
the moisture content to 14-15%.

Oil Content and Oilseed Yield

Linseed oil content was extracted from dried seeds using the American Oil Chemists” Society
[16] method. In summary, 5 g ground seed was subjected to a six-hour extraction using 300 mL n-
hexane in a Soxhlet extractor before removing the solvent using a rotavapor (Heidolph, Schwabach,
Germany). The resulting oil was collected in a dedicated glass container to facilitate further
compound isolation and identification [17].

Seed oil content and oil yield were determined as follows [18]:

Oil content (%) = (Extracted oil content (%))/(5 g of linseed seed)x100 (1)

Oil content yield (kg ha™) = Oil content (%) x Seed yield (g m2) (2)

Fatty Acids

Fatty acids were converted into fatty acid methyl esters (FAMEs) to enhance their volatility for
GC-FID analysis by mixing 0.1 g oil with 1.5 mL hexane and 0.2 mL of 2 N methanolic KOH. The
mixture was vortexed for 5 s and then centrifuged at 2,500 rpm for 1 minute. The upper layer
containing the FAMEs was carefully separated and stored at 4°C for further analysis. GC-FID analysis
was conducted using an Agilent 6890 N GC instrument (Wilmington, DE, USA) with an FID detector.
FAME separations were carried out on an HP-88 capillary column (88% cyanopropyl aryl-
polysiloxane, 100 m length, 0.25 mm inner diameter, 0.2 um film thickness) (Agilent) as follows: initial
hold at 140°C for 5 minutes, followed by ramping of 4°C min! to 240°C, and a final hold at 240°C for
15 minutes. Nitrogen was the carrier gas at a 1.0 mL min~ flow rate. The injection port and detector
temperatures were set at 260°C and 280°C, respectively. The injector operated in split mode with a 1
30 split ratio. Data acquisition and processing were performed using ChemStation software. A
commercially available FAME mixture (Supelco 37 Component FAME Mix, Bellefonte, PA, USA) was
used as a reference standard to identify fatty acids.

Relative water content (RWC)

The RWC was determined as follows [19]:

% RWC = [(FW-DW)/(TW-DW)] x 100 (3)

After determining the fresh weight (FW), leaves were soaked in distilled water for 16-18 h. The
turgid samples were then quickly blotted dry to remove excess surface water before determining the
turgid weight (TW). The leaves were oven-dried at 70°C for 24 h to determine dry weight (DW).

Chlorophyll and Carotenoid Content
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Fresh leaf samples (0.5 g) at the full flowering stage were pulverized in liquid nitrogen, mixed
with 10 mL of 80% acetone, and homogenized by centrifugation at 4,000 rpm for 15 minutes.
Subsequently, the extracted pigments were quantified using a spectrophotometer (Germany, N50-
Touch), enabling accurate measurement of chlorophyll 4, b, and carotenoid contents [20].

Total Soluble Sugar Content

The phenol-sulfuric acid method was used to estimate leaf total soluble sugar content. Leaf tissue
(0.5 g) was powdered in a mortar using liquid nitrogen, mixed with ethanol, and combined with 5%
phenol. Subsequently, 5 mL of 98% sulfuric acid was added to the mixture of solutions and incubated
for one hour before measuring the solution absorption at 485 nm using a spectrophotometer [21].

Proline Content

Leaf proline content was determined using the ninhydrin colorimetric method. Briefly, 0.5 g leaf
tissue was ground in a mortar using liquid nitrogen, homogenized in 10 mL of 3% sulfosalicylic acid
solution, and then centrifuged at 4,000 rpm for 15 minutes to obtain a clear supernatant. A glacial
acetic acid solution of proline ninhydrin acid was prepared in a 1: 1: 1 ratio for the colorimetric
evaluation of proline and equilibrated at 100°C for one hour to facilitate the reaction between proline
and ninhydrin, forming a chromophore. The reaction was terminated by rapidly cooling the solution
in anice bath. To develop the chromophore, 4 mL toluene was added to the reaction mixture, enabling
the extraction of the chromophore into the organic phase. The absorbance of the samples was
measured at 515 nm using a spectrophotometer [22].

Antioxidant Enzyme Extractions and Assays

Antioxidant enzyme activities were quantified by finely pulverized 100 mg fresh material in 2
mL of 0.1 M KH2POs buffer, including 5% polyvinylpyrrolidone (PVP) at pH 6. Extracts from the
plants were centrifuged for 30 minutes at 3°C at 15,000 rpm, with enzyme activity determined from
the clear supernatant [23].

Catalase (CAT) activity was measured at 240 nm using hydrogen peroxide (H20:) concentration
change. The reaction mixture contained 1.9 mL of 50 mM K3PO4, buffered at a pH of 7, 10 mM H:0,
and 0.2 mL enzyme extract. Enzymatic activity was measured in 60 s mg-' according to variations in
protein absorption [24].

Superoxide dismutase (SOD) activity was measured at 560 nm to minimize the photochemical
loss of nitroblue tetrazolium (NBT), as described by Beyer and Fridovich [25]. One unit of SOD was
defined as the enzyme amount required to inhibit a 50% decrease in NBT.

Total Polyphenol Content

Total phenolic content (TPC) was evaluated using the Folin-Ciocalteau method [26]. Briefly,
1,600 uL purified water and 10 uL extracts containing methanol were combined and incubated for 5
minutes at 25°C with 200 uL Folin-Ciocalteau reagent (10% v/v) prepared in distilled water. After
adding 200 uL NaCO:s (7.5%), the solution mixture was kept at 25°C in darkness for 30 minutes. The
absorbance of the samples was measured at 760 nm by a UV/visible spectrophotometer (DB-20/DB-
20S) for quantitative estimation of TPC. The results are presented in milligrams of equivalent gallic
acid (3,4,5 trihydroxybenzoic acid) per gram of sample dry weight (mg GAE g-! dry weight).

DPPH (2,2-Diphenyl-1-Picrylhydrazyl-Hydrate) Radical Scavenging Activity

DPPH radical scavenging activity was measured according to Brand-Williams et al. [27]. After
combining 2.0 mL DPPH solution with 15 pL methanolic extract, the mixture was left in the dark at
20°C for 30 minutes. The absorbance of the resulting solution was measured at 517 nm. Equation 4
was used to calculate DPPH inhibition.

Inhibition (%) = ((Abcontrol — Absample)/(Abcontrol)) x 100 4)
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where Abcontrol and Absample are the absorbances of the control and the sample, respectively.

Data Statistical Processing

Data were analyzed by analysis of variance, and Duncan’s multiple range test was used to assess
significant differences between treatments at p < 0.05 significance level, using the SAS 9.1 software.

3. Results

Mulch type and irrigation regime mainly affected linseed plant height, branch number, follicle
number, seed yield, biological yield, and oil content; their interaction was significant on follicle seed
number, 100-seed weight, and oil yield (Table 1).

Biometrical and Seed Yield Parameters

Plant height under irrigation exceeded that of rainfed conditions (Figure 1), with the tallest
plants (37 cm) upon two irrigations during the vegetative and flowering stages, not different from
those irrigated only during the flowering stage (Figure 1), while the rainfed ones were the shortest
(32.9 cm). Among the mulching treatments, straw produced the tallest plants (37.4 cm), not different
from those treated with vermicompost, while the control ones were the shortest (32.4 cm) (Figure 1).

Table 1. Analysis of variance of linseed biometrical and yield traits as influenced by mulch type and irrigation

regime.
Branc Follicl Oilsee
Follicl 100- Biologi il
Sourceof Plant h e otlicte 00 Seed 1ologt d Oilsee
. L. ) seed seed ) ca
variation heightnumb numb . yield | conte
number weight yield yield
er er nt
Mulch (M) *% X% X4 X4 *% 6% 6% *% *%
Irrigation
CODditiOl’l *% * *% * *% * * % %
(@)
MxIC n.s. ns. n.s. * o n.s. n.s. n.s. *

** and *: significant at p <0.01 and 0.05, respectively; n.s., not significant.
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Figure 1. Effect of mulch type and irrigation regime on linseed plant height, branch number, and follicle number.
RFD: rainfed condition; SIF: one irrigation at the flowering stage; SIVF: two irrigations at the vegetative and
flowering stages. Lowercase letters above the bars indicate significant differences between treatments at p <
0.05.Plants irrigated during the vegetative and flowering stages showed the highest number of branches (5.9),
those under rainfed conditions the lowest one (4.9) not significantly different from that recorded under one
irrigation during the flowering stage (Figure 1). Among the mulching treatments, straw elicited 5.5 branches

issue not significantly different from vermicompost but higher than the control (4.8) (Figure 1).

Plants irrigated twice during the vegetative and flowering stages produced the highest follicle
number (94.9) (Figure 1), and the rainfed ones the lowest (53.6) not significantly different from that
reached under irrigation at the flowering stage (Figure 1). As for mulching treatments, straw led to
the highest number of follicles (83.7), not significantly different from that elicited by vermicompost
or plastic mulch (Figure 1), and the control plants to the lowest (5.7) (Figure 1).

Plants mulched with straw and irrigated twice produced the highest number of follicle seeds
(7.9), not significantly different from that recorded under one irrigation, whereas the control plants
under rainfed conditions showed the fewest follicles (Figure 2).

The highest 100-seed weight was recorded with straw mulch and two irrigations (0.44 g), the
lowest in control plants under rainfed conditions (0.36 g) not significantly different from that
recorded upon one irrigation during the flowering stage (Figure 2).

The irrigated plants had significantly greater seed yield than those under rainfed conditions,
with the highest value corresponding to two irrigations during the vegetative and flowering stages
(300 g m=2) and the lowest in rainfed control plants (130.5 g m?) (Figure 3). Regarding the mulching
treatments, straw mulch elicited the highest seed yield (222.4 g m2) and the control plants the lowest
(187.3 g m2), whereas no significant differences were recorded differ between plants treated with
vermicompost and plastic mulch (Figure 3).

The highest value of biological yield was recorded under two irrigations at the vegetative and
flowering stages (887.9 g m=2) and the lowest in rainfed control plants (466.3 g m-2) (Figure 3). As for
the mulching treatments, straw led to the highest biological yield (703.0 g m-2) not significantly
different from plastic mulch, and the control the lowest (618.6 g m2) (Figure 3).
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Figure 2. Interaction between mulch type and irrigation regime on follicle seed number and 100-seed weight in
linseed. RFD: rainfed condition; SIF: one supplemental irrigation in the flowering stage; SIVF: two supplemental
irrigations in the vegetative and flowering stages. Lowercase letters above the bars indicate significant

differences between treatments at p < 0.05.

350
a
250 a ab ab b S 300 —
200 ED 250
‘*é‘ 150 = b
o o] 200
2 10 = =R
o]
> n
3 0 100
v
» « S >
<& & < & 50
% Q\ \C,e& 00
& 0

Q% RED SIF SIVF


https://doi.org/10.20944/preprints202502.0668.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2025 d0i:10.20944/preprints202502.0668.v1

8 of 20

1000
a
720 a _ -
700 a o 800
& 680 ab g b
£ 660 0 -
0 640 b s 600
< 620 9 c
T 600 =
> 580 g 400
s 560 S
& & > S 200
=] X o% ‘0 ot
S & & ) & o
E‘ © Q\ -Qo& CO
& 0
<@
RFD SIF SIVF

Figure 3. Main effects of mulch application and irrigation conditions on linseed seed and biological yields. RFD:
rainfed condition; SIF: one supplemental irrigation in the flowering stage; SIVF: two supplemental irrigations in
the vegetative and flowering stages. Lowercase letters above the bars indicate significant treatment differences
(p <0.05).

Oilseed Content, Yield and Fatty Acid Composition

Plants irrigated twice showed the highest oilseed content (38.5%), while the rainfed ones the
lowest (33.8%) (Figure 4). Regarding the mulching treatments, straw elicited the highest oil content
(37.8%) not significantly different from vermicompost or plastic mulch, while control plants had the
lowest yield (33.7%) (Figure 4).

Oilseed yield was the highest in twice irrigated plants with straw mulch (129.7 g m=2) and the
lowest in control under rainfed conditions (39.8 g m=2) not significantly different from that recorded
upon one irrigation (Figure 4).
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Figure 4. Main effects of mulch application and irrigation regime on oilseed content and yield in linseed. RFD:
rainfed condition; SIF: one supplemental irrigation in the flowering stage; SIVF: two supplemental irrigations in
the vegetative and flowering stages. Lowercase letters above the bars indicate significant differences between
treatments at p < 0.05.The GC-MS and GC-FID analysis allowed to identify the most significant fatty acid
components in linseed oil: oleic acid (23.7-21.5%), linoleic acid (12.9-10.7%), palmitic acid (7.4—4.7%), and stearic
acid (5.8-5.0%) (Table 2). Control plants showed the highest oleic acid content (23.7%) when irrigated only at the
flowering stage and the lowest (21.5%) under rainfed conditions (Table 2). Plants irrigated twice at the vegetative
and flowering stages had the highest linoleic acid content (12.9%) when grown in straw mulched soil and the
lowest (10.7%) in bare soil (Table 2). Plastic mulch and one irrigation at the flowering stage elicited the highest
palmitic acid content (7.4%), while the lowest value was recorded with straw mulch and two irrigations (4.7%)
(Table 2). Plants grown under plastic mulch and rainfed conditions had the highest stearic acid content (5.8%)

and those undergone straw mulch and two irrigations the lowest (5.0%) (Table 2).

Table 2. Composition of linseed oil fatty acids in mulch and stress modifier applications.

No.Component Treat
ment
RFD RFD RFD RFD SIF SIF SIF SIF SIVFE SIVE SIVF SIVF
C V PM SM C V PM SM C V PM SM
1 Pa;?;tlc 609 618 619 641 63 649 738 696 508 51 449 468
2 Stearicacid 508 529 578 553 561 567 55 566 515 509 497 545
3 Oleicacid 21.54 21.93 23.02 23.28 23.6524.22 24.12 24.78 23.11 25.02 24.96 25.99
4 Ll::il;lc 12.06 12.57 12.18 12.28 12.0512.1512.32 12.66 10.67 12.85 12.58 12.91
Luzlizmc 50.26 52.56 51.99 51.71 50.7350.86 49.05 51.46 41.09 41.3 38.31 40.46
Ari‘;?:ldlc 065 021 021 021 021 021 021 021 021 021 021 021

C, V, PM, and SM correspond to control, vermicompost, plastic, and straw mulch, respectively. RFD, SIF, and
SIVF correspond to rainfed, with one supplementary irrigation at the flowering stage and two supplementary

irrigations in the vegetative and flowering stages, respectively. The main components are bold.

Physiological Traits
Relative Water Content

Mulch type and irrigation regime had a significant effect on linseed RWC (Table 3). As shown
in Figure 5, two irrigations at the vegetative and flowering stages led to the highest RWC (54.8%), not
significantly different from that recorded under one irrigation at the flowering stage, with the rainfed
plants showing the lowest RWC (39.5%). Regarding the mulching treatments, straw mulch elicited
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the highest RWC (52.6%), not significantly different from plastic mulch, and the lowest RWC (44.7%)
was detected in plant grown in bare soil (Figure 5).
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Figure 5. Effect of mulch type and irrigation regime on relative water content in linseed. RFD: rainfed condition;
SIF: one supplemental irrigation in the flowering stage; SIVF: two supplemental irrigations in the vegetative and

flowering stages. Lowercase letters above the bars indicate significant differences between treatments at p < 0.05.

Table 3. Analysis of variance of linseed physiological traits as influenced by mulch type and irrigation regime.

Relati Total Prolin Total DP.PH
phen radical

Source of . Chlorop Chlorop Caroten solubl e

. \o . CATSOD ol scavengin

variation hylla hyllb  oids e conte veng

conte conte g
sugars nt )
nt nt capacity
MulCh (M) ** % *3* * *% *% *% *% *% s
Irrigation * * n.s. % *3% *3% *3% * 3k 4%
regime (IR)

M X IR n.s. *% * *% *% *% *% *% *% 4%

** and *: significant at 1% and 5% probability levels, respectively; n.s., not significant.

Photosynthetic Pigments

The organic and synthetic mulches significantly increased chlorophyll a, chlorophyll b, and
carotenoids compared to the untreated control (Figure 6), with the highest levels recorded in plants
grown in straw mulched soil under two irrigations (1.5, 0.6 and 13.7 mg g-' FW, respectively). No
significant differences in chlorophyll b and carotenoids were recorded between the organic and
synthetic mulch treatments irrigated twice. Plants grown in bare soil under rainfed conditions
attained the lowest levels of chlorophyll a, b, and carotenoids (0.8, 0.3, and 7.1 mg g FW,
respectively) (Figure 6). Moreover, no significant differences in chlorophyll b arose between the
unmulched control and organic and synthetic mulches under rainfed conditions. Similarly, no
carotenoid differences were recorded between vermicompost-treated and control plants under
rainfed conditions (Figure 6).
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Figure 6. Interaction between mulch type and irrigation regime on linseed chlorophyll a, b, and carotenoid

contents. RFD: rainfed condition; SIF: one supplemental irrigation in the flowering stage; SIVF: two

supplemental irrigations in the vegetative and flowering stages. Lowercase letters above the bars indicate

significant differences between treatments at p < 0.05.

Total Soluble Sugars and Proline Content
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Straw mulch and two irrigations elicited the highest total soluble sugar content (18.8 mg g-' FW),
whereas plants grown in bare soil under rainfed conditions showed the lowest level (15.0 mg g-' FW)
not significantly different from those mulched with vermicompost under rainfed conditions (Figure
7).

Under rainfed conditions, plants grown in unmulched soil had the highest proline content (10.1
umol g-' FW) (Figure 7), whereas no significant differences were recorded between vermicompost
and plastic mulch.

Two irrigations at the vegetative and flowering stages resulted in the lowest proline content
under straw mulch (5.0 umol g-' FW) (Figure 7), while one irrigation at the flowering stage did not
lead to significant differences between vermicompost and bare soil grown plants.
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Figure 7. Interaction between mulch type and irrigation regime on total soluble sugars and proline content in
linseed. RFD: rainfed condition; SIF: one supplemental irrigation in the flowering stage; SIVF: two supplemental
irrigations in the vegetative and flowering stages. Lowercase letters above the bars indicate significant

differences between treatments at p < 0.05.

Antioxidant Enzyme Activity

Under rainfed and irrigation, organic and synthetic mulches increased antioxidant enzyme
activities (Figure 8). Rainfed plants treated with straw mulch had the highest CAT and SOD activities
(6.9 and 16.2 umol min-! g-' FW, respectively). No significant differences in CAT activity were
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recorded between straw and plastic mulch treatments under rainfed conditions (Figure 8). Similarly,
there was no significant difference in SOD activity between vermicompost and plastic mulch
treatments under rainfed conditions. Control plants irrigated twice during the vegetative and
flowering stages had the lowest CAT and SOD activities (0.7 and 4.8 pumol min-! g-! FW, respectively)

(Figure 8).
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Figure 8. Interaction between mulch type and irrigation regime on catalase (CAT) and superoxide dismutase
(SOD) activities in linseed. RFD: rainfed condition; SIF: one supplemental irrigation in the flowering stage; SIVF:
two supplemental irrigations in the vegetative and flowering stages. Lowercase letters above the bars indicate

significant differences between treatments at p < 0.05.

Total Phenol Content and DPPH Radical Scavenging Capacity

The organic and synthetic mulches significantly increased total phenol content and DPPH
radical scavenging capacity, compared to the control (Figure 9).


https://doi.org/10.20944/preprints202502.0668.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 February 2025 d0i:10.20944/preprints202502.0668.v1

14 of 20

ORFD OSIF [[&ESIVF

3 70
: . )
‘g 60 a
& —I_ = od
S 50 c d cd d
=
z = ¢ I
2 a0 %7 <
: %
g 30 e
2 %2
< e
= b
5 20 b
& b
= :‘A
T 10 <A
= %%
A 0 b
Straw Plastic Vermicompost Control
ORFD OSIF ESIVF
~ 8
E 7 a
‘E'D = b c
d ——

g ° = f de ] ef ¢
- 5 ] —
]
3
c 4
S
° 3
=
£ 2
o
E 1
o
=

0

Straw Plastic Vermicompost Control

Figure 9. Interaction between mulch type and irrigation regime on total phenol content and DPPH radical
scavenging capacity of linseed. RFD: rainfed condition; SIF: one irrigation at the flowering stage; SIVF: two
irrigations at the vegetative and flowering stages. Lowercase letters above the bars indicate significant

differences between treatments at p < 0.05.

Rainfed conditions and straw mulch had the highest total phenol content (6.7 mg g-' FW) and
DPPH radical scavenging capacity (56.5%), whereas no significant differences were recorded
between organic and synthetic mulch in twice irrigated plants (Figure 9). Similarly, vermicompost
and plastic mulch did not significantly differ in DPPH radical scavenging capacity under rainfed
conditions, while no significant differences in DPPH radical scavenging capacity were recorded
between organic and synthetic mulch in plants irrigated once at the flowering stage. Plants grown in
bare soil irrigated twice at the vegetative and flowering stages had the lowest total phenol content
(4.3 mg g' FW) and DPPH radical scavenging capacity (21.3%) (Figure 9).

4. Discussion

Water shortage stress impairs plant growth by reducing cell viability, development, division,
and elongation, which diminishes vegetative and reproductive growth [28], and also decreases
stomatal conductance due to inhibited Rubisco activity, raising crop water potential [29]. Stress-
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induced decline in agronomic traits and seed yield is linked to prioritized root resource allocation
under low soil moisture or reduced chlorophyll content, limiting photosynthesis [30]. Stomatal
closure during moisture stress reduces gas exchange, CO: intake, and Rubisco activity, decreasing
dry matter production [31]. Supplemental irrigation enhances water and nutrient availability,
boosting photosynthetic capacity, growth traits, and seed yield.

In our research, organic and synthetic mulches enhanced linseed agronomic traits and seed yield
under rainfed and supplemental irrigation conditions (Figures 1-3), due to increased leaf surface area
and durability, encouraging light use efficiency [32]. Mulch supports crop growth and production
under moisture stress by promoting nutrient availability and absorption [33].

Oil yield depends on oil percentage and oilseed yield, both influenced by various factors.
Reduced oil percentage under water stress in linseed was recorded by Zare et al. [34]. On the contrary,
organic and synthetic mulches reportedly increase oil percentage by fostering leaf water potential,
transpiration, CO, assimilation, hormone synthesis, root development, and water uptake under stress
[35]. Hasanvand et al. [36] noted similar benefits in sunflowers, with mulches enhancing nutrient and
water absorption, and photosynthetic products, thus boosting oil percentage and yield [37].
Carbohydrates are crucial for fatty acid biosynthesis and, therefore, may increase oil percentage and
quality by translocation from leaves to seeds [38]. Organic and synthetic mulches enhance beneficial
microorganisms, improve soil structure, water retention, and nutrient uptake, plant growth
regulators, enzyme activity, and boosting growth and photosynthesis under drought stress
increasing fatty acid quantity and quality, and oil percentage and seed yield in linseed [33,39].

In our research, applying mulches under rainfed and supplemental irrigation enhanced linseed
oil yield by fostering soil and plant growth conditions. In this respect, straw mulch under two
irrigations at vegetative and flowering stages increased linseed oil percentage as well as fatty acids
like linoleic and oleic acids, compared to rainfed conditions, considered that efficient use of water,
nutrients, and radiation is vital for optimizing growth and oil production. [33,39].

In the present study, mulch, particularly with straw, significantly improved RWC (Figure 5) by
enhancing root development, reducing evaporation/transpiration, and increasing leaf water potential
and water uptake [6]. Indeed, water stress reduces RWC by limiting root water absorption and
increasing leaf transpiration, causing stomatal closure [40] and, in addition, declining turgor and
RWC signal stress affect cell division and size [9].

In our research, water deficit during growth reduced chlorophyll 4, b, and carotenoids (Figure
6), considered that water is essential for active chloroplasts and chlorophyll functions like energy
absorption and transfer [41]. Drought-induced chlorophyll reduction is linked to water deficiency,
impacting chlorophyll decomposition and oxidative damage, causing lipid, protein, and pigment
breakdown [42]. Decreased chlorophyll under water stress is the consequence of reduced chloroplast
membrane stability and enzyme activity, lowering assimilation and performance [7,39].

In the present investigation, supplemental irrigation in mulched soil conditions at flowering and
vegetative stages increased chlorophyll content, enhancing photosynthesis (Figure 6), consistently
with Gholami and Zahedi [43] reports. Straw mulch improves chlorophyll content and
photosynthesis by enhancing soil properties like water content, energy, bulk density, and nutrients,
supporting crop growth [7].

Soluble sugars, derived from carbon reserve hydrolysis, accumulate under water shortage which
impacts growth and then photosynthesis, leading to a buildup of photosynthetic products [41,44],
with sucrose acting as a signaling molecule, reducing ROS levels [42]. Soluble sugars regulate
osmosis, lower water potential, retain cellular water, and maintain turgor, enhancing drought
resistance [9]. Higher soluble sugar levels in plants grown in organically and synthetically mulched
soils promote vegetative growth, improve osmotic adjustment, and maintain carbon balance under
dehydration stress [8,43]. Sugar increase under stress also aids osmotic potential and cell membrane
integrity [41].

Proline, a key organic osmolyte, accumulates under water stress, protecting cytosolic enzymes
and cell structures [44] and, indeed, it is a primary osmotic adjustment mechanism, enhancing stress
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tolerance [9]. Its accumulation depends on factors such as ABA regulation of light-dependent proline
synthesis processes and the influence of energy-rich photosynthetic compounds [45].

In the present study, plants grown in mulched soil and irrigated twice at vegetative stages and
flowering managed nutrients and water more efficiently, reducing proline accumulation under stress
(Figure 7) [8]. Organic and synthetic mulches improve root branching, soil organic matter, microbial
activity, and cation exchange capacity, lowering proline levels [6].

In our research, CAT and SOD enzyme activity increased in linseed under water stress, reflecting
an antioxidant defense response (Figure 8). In this respect, water shortage triggers antioxidant
activation, which is strongly correlated with stress tolerance [40,45]. Enhanced antioxidant activity
protects plants against biotic and abiotic stress by detoxifying ROS, which can damage lipids, nucleic
acids, and membranes [6,8]. SOD initiates ROS defense by converting Oz into H202 and Oz, while
CAT neutralizes H20: into H2O excess, preventing cellular damage [46,47]. Organic and synthetic
mulches reportedly boosts CAT and SOD activity in linseed by reducing soil moisture content,
mitigating oxidative stress, maintaining ROS balance, and protecting cell membranes under severe
water deficit [6,8].

In our study, organic and synthetic mulches increased total phenol content and DPPH radical
scavenging capacity in both irrigation systems (Figure 9). Phenolic compounds, secondary
metabolites, scavenge free radicals and protect cellular structures from lipid oxidation [17]. Mulches
enhance antioxidant activity against ROS, boosting phenolic synthesis, which is beneficial under
water deficit conditions [48,49]. They also improve photosynthesis, starch biosynthesis, enzyme
activity, and secondary metabolite production [50]. Increased hydrocarbon concentrations support
phenolic accumulation, likely due to greater carbon allocation to the shikimate pathway [51]. The
mentioned compounds protect against ROS damage caused by environmental stress [52,53], under
safety and health perspective [54,55].

5. Conclusions

Water deficit stress adversely affected various agronomic and physiological traits in linseed
plants, including seed yield, biological yield, RWC, chlorophyll a, chlorophyll b, and carotenoid
content; however, it increased proline and total phenol concentrations, antioxidant capacity, and CAT
and SOD activity. Straw mulch effectively mitigated the adverse impacts of moisture shortage stress
on linseed plants by increasing seed yield, biological yield, RWC, chlorophyll a, chlorophyll b, and
carotenoid contents, osmotic adjustment, and antioxidant activity, and stimulating oilseed
production, though also synthetic mulch had positive effects. The positive responses observed under
organic and synthetic mulches indicate their potential to help linseed plants withstand water stress.
The plastic and straw mulch applications under rainfed conditions or with one irrigation at the
flowering stage improved linseed fixed oil quality and enzymatic and non-enzymatic activities.
Within the examined mulch treatments, straw is recommended as a valuable source of beneficial
substances for successful L. usitatissimum management, also reducing the harmful consequences of
moisture shortage stress and providing a sustainable solution for linseed production, even under
rainfed conditions.
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