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Abstract: The present study aimed to evaluate the potentiality of three seaweeds, which belong to
different algal taxa (green alga Ulva lactuca Linnaeus, brown alga Cystoseira spp., and red alga Gelidium
crinale (Hare ex Turner) Gaillon) as bio-fertilizers to improve the growth and yield of canola (Brassica
napus L.) plants under greenhouse conditions. Furthermore, the impact of seaweeds in alleviating
the effects of salt stress (75 and 150 mM NaCl) on canola plants was also investigated. The three
examined seaweeds (applied as soil amendments) successfully alleviated the harmful effects of
salinity on canola plants by significantly reducing the inhibition of chlorophyll a, b, total carbohydrate
accumulation, and growth promoting hormones, while increasing antioxidative compounds, such as
phenols, flavonoids, anthocyanin, and osmoprotectants, including total carbohydrates and proline.
Phytochemical analysis of the three examined seaweeds suggests that their stimulatory effect on
growth and productivity under normal and salinity growth conditions may be linked to their
constituents of a wide variety of growth promotive hormones, including indole acetic acid, indole
butyric acid, gibberellic acid, cytokinins, total carbohydrates, and phenolic compounds. U. lactuca
was found to be the best candidate to be used as a bio-fertilizer to improve canola growth, yield,
and salt stress tolerance.

Keywords: bio-stimulant; Brassica napus; carbohydrates; phytohormones; salinity; seaweeds;
secondary metabolites; yield

1. Introduction

Seaweeds are thallophytic, macro- aquatic algae belonging to the plant kingdom [1]. Seaweeds
have the ability to flourish within a large range of extreme environmental habitats. However,
when adapting to new environmental surroundings, they produce a wide variety of hygienic primary
and secondary metabolites [2]. Therefore, seaweeds are regarded as a treasure trove of untapped
natural biologically active compounds [3]. They have been used as renewable quality and quantitative
bio-resources in sustainable botanical applications [4]. Chemical fertilizers, pesticides, fungicides,
and herbicides give immediate results; however, their continuous use has an adverse impact on the
quality of the soil, the beneficial soil microbial communities, the soil’s fertility, and on the plants
cultivated in these soils.

Seaweeds are effectively used as bio-fertilizers because they include high levels of organic
matter, which leads to soil nutrient enrichment [5,6]. In addition, they were found to be a better
and more suitable alternative to chemical and mineral fertilizers when used in adequate quantities [7].
Many recent studies have discovered wide applications of these marine macro algae (in the form of
finely powdered or aqueous extracts) as eco-friendly fertilizers in modern agriculture and horticulture
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crops improvements [8]. The application of seaweeds as a soil drench was found to be more effective
on plant vigor than the foliar spray application [9].

Salinity stress is a major abiotic stress that has significant negative effects on plant growth
and yield by causing osmotic and ionic stresses that affect various primary metabolic processes in
plants [10]. These negative effects include interference with the root function in absorbing water,
as well as detrimental effects on physiological and biochemical processes, such as nutrient uptake and
assimilation [11]. Unfortunately, soil salinity is a current growing issue in a number of areas around
the world. It is estimated that at least 0.3 million hectares of farmland are becoming unusable annually,
and another 20–46 million hectares are suffering decreases in production potential each year [12].
The development of strategies to alleviate the adverse effects of salinity stress on plants has received
considerable attention.

Rapeseed (Brassica napus L.), which is also known as rapeseed oil or canola, is the third largest
source of vegetable oil in the world. Its seeds contain about 40%–45% oil and about 25% protein,
and the oil is edible [13]. Canola is frequently grown in arid and semiarid regions of the world where
salinity is or will be a huge issue. Therefore, studies on improving the salt tolerance of canola are
necessary. The objectives of the current study are to: (i) Investigate the possible effect of seaweeds
as a potentially promising technique to mitigate the harmful effect of salt stress on the canola plants’
growth and yield; (ii) make a comparative performance evaluation between three seaweeds of different
algal taxa; and (iii) highlight the possible mechanisms underlying the beneficial effect of seaweed
treatment. The novelty of the current study is in the comparison between the efficiency of three
different algal taxa not only as bio-fertilizers, but also as protective agents against environmental stress.
This is the first study that uses seaweeds to improve canola plants’ salt stress tolerance.

2. Materials and Methods

2.1. Plant Materials

Brassica napus ‘Pactole’, a French cultivar, was obtained from Oil Crops Council, Ministry of
Agriculture, Giza, Egypt.

2.2. Algae Collection

In the current study, seaweeds of green alga Ulva lactuca Linnaeus (family: Ulvaceae), brown alga
Cystoseira spp. (family: Fucaceae), and red alga Gelidium crinale (Hare ex Turner) Gaillon (family:
Gelidiaceae) were selected and harvested by hand during low tide from Al- Agamy (31◦5′55” N and
29◦45′59” E), Alexandria, Mediterranean coast. These were identified in accordance with Aleem [14].
The collected algal samples were washed thoroughly with sea-water and hard brushed to remove
macroscopic epiphytes and sand particles. Then, they were washed with tap water to remove adhering
salt. Some of the algal samples were preserved in a freezer for fresh weight evaluations, while the others
were blotted and air-dried in room temperature for 6 d to remove excess water. The dried seaweed samples
were ground into a fine powder by a mechanic grinder and kept in plastic tubes for further analyses.

2.3. Application of the Powdered Seaweeds in Planting Soils

About 15 g of each examined powdered seaweed was amended in five kg of soil, at a rate of 7 d
before planting. During this week, the amended soils with algae were watered twice daily.

2.4. Growth Conditions

The study was performed in the growth seasons (2016–2017) in a greenhouse located in Botany
Department, Faculty of Science, Ain Shams University, Egypt. Canola seeds were surface-sterilized
with 0.1% mercuric chloride for 5 min and washed thoroughly with sterile distilled water. Homogenous
quantities of canola seeds were then sown in pots. Pots were divided into 4 groups, each included 5 kg
of soil (2 clay: 1 sand w/w) untreated (to serve as a control) or amended with 15 g of one of the seaweeds
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under study (Ulva lactuca Linnaeus, brown alga Cystoseira spp., and red alga Gelidium crinale (Hare ex
Turner) Gaillon. After emergence, seedlings (15 days old) were thinned to 10 uniform seedlings per
pot. Plants were grown inside a growth chamber under these conditions: 15 h photoperiod, 70%–75%
relative humidity, and the day/night temperature ranged between 18 ◦C and 25 ◦C. One month after
sowing, each group of pots was divided into 3 subgroups; each subgroup was treated with one of the
following NaCl concentrations (0, 75, and 150 mM). Each pot received 750 mL of the salt treatment
(equal to 80% of the water holding capacity of the soil). Afterward, pots were irrigated with tap water
to attain 80% of the filled capacity till the end of the experiment.

Samples from each approach were assembled at the vegetative stage (65 days old plants) to
measure several growth parameters, including: Shoot length (cm plant−1), root length (cm plant−1),
number of leaves per plant, mean leaf area per plant (cm2 plant−1) along with the fresh and dry
weights of shoots and roots (g plant−1). In addition, photosynthetic pigment elements (chlorophyll a, b,
chlorophyll a/b ratio, carotenoids, and photosynthetic pigments) were determined as well as selected
biochemical compounds, including: Total carbohydrates, proline, phenols, flavonoids, and anthocyanin.
Furthermore, 10 g of shoot apex were collected to estimate endogenous phytohormone components,
including: Indole acetic acid (IAA), indole butyric acid (IBA), gibberellic acid (GA3), jasmonic acid
(JA), abscisic acid (ABA), and cytokinins (CKs; zeatin (Z) and benzyl adenine (BA)). In addition,
one gram of fresh leaves was used to determine the total antioxidant activity as a 2.2 diphenyl to
1 picrylhydrazyl. At harvest (140 day old plants), samples were collected to determine the yield
characteristics and the seed oil’s percentage. The yield characteristics included the shoot and root
length, stem circumference, number of siliqua plant−1, number of seeds siliqua−1, seed index (dry
weight of 1000 seeds), straw yield plant−1 (dry matter of a plant without seeds), and biological yield
plant−1 (the total dry matter accumulation of a plant). Five replicates, 10 plants each, were used
to determine the growth parameters and yield components while three replicates, five plants each,
were used for the biochemical analyses.

2.5. Methods

2.5.1. Extraction, Separation, and Estimation of Growth Regulating Substances by Gas
Chromatography (GC) and High-Performance Liquid Chromatography (HPLC)

The extraction procedure was according to the one used by Shindy and Smith [15]. Identification
and determination of acidic hormones (IAA, IBA, GA3, and ABA) were performed using a Helwett
Packered Gas Chromatograph 5890 (Helwett-Packered, Orlando, FL, USA). The chromatography was
fitted and equipped with a HP-130 m × 0.32 mm × 0.25 µm capillary column coated with methyl
silicone. Gases flow rates were 30, 30, and 300 cm s−1 for N2, H2, and air, respectively. While the flow
rate within the column was regulated at 2 mL min−1. JA was measured according to Kramell [16]
using a NUCLEODEX beta-PM (Macherey-Nagel, Düren, Germany), 200 mm, and 4 mm ID column.
The flow rate was tuned at 1 mL min−1, and observed at UV 210 nm. Cytokinin fractions (zeatin and
benzyl adenine) were detected by a HPLC system equipped with a variable wave length detector
(Agilent, Waldbronn, Germany) 1100, analyses were performed on a C18 reverse phase (BDS 5 µm,
Labio, Prague, Czech Republic) packed stainless-steel column (4×250 mm, i.d.), 20 min gradient
from 0.1 N acetic acid pH 2.8 to 0.1 N acetic acid in 95% aqueous ethanol; pH 4. The flow rate was:
1 mL min−1, whereas the detection was: UV 254 nm [17].

2.5.2. Phytochemical Analyses

Glycerol extraction and determination were done according to the methods of Lambert and
Neish [18]. Photosynthetic pigments chlorophyll a (chl a), chlorophyll b (chl b), and carotenoids in the
fresh leaves of canola plants were calculated as explained by Metzner et al. [19]. The total carbohydrate
accumulation was determined by the phenol sulfuric acid method [20]. In this method, the concentrated
sulfuric acid breaks down polysaccharides, oligosaccharides, and disaccharides to monosaccharides,
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which are then dehydrated to furfural and hydroxymethyl furfural. These compounds reacted with
phenol to produce a yellow color and the absorption was then measured at 490 nm. The methodology
of Bates et al. [21] was followed during the evaluation of proline based on proline’s reaction with
ninhydrin while phenol was evaluated using the methodology of Malik and Singh [22]. The absorbance
was measured at 765 nm using a spectrophotometer (Spectronic 601, Milton Roy Company, Ivyland PA,
United States). Flavonoids were determined spectrophotometrically (at 425 nm) using Christ-Muller’s
method [23]. Total anthocyanin content (TAC) was determined by the pH-differential method [24].
The technique of Tailor and Goyal [25] was used to identify the total antioxidant activities using
a DPPH scavenging assay. These were evaluated spectrophotometrically (at 517 nm) against the
absorbance of the indicator, 2.2 diphenyl and 1 picrylhydrazyl (DPPH).

2.6. Statistical Analyses

The experiment utilized a completely randomized design. Statistical analyses of data were done
using SAS Windows (SAS Institute Inc., Cary, NC, USA), version 9.3 [26]. The data were subjected
to analyses of variance [27] and the significance of the different sources of variation was tested by
Duncan’s multiple range test to discriminate significance (defined as p < 0.05).

3. Results

3.1. Phytochemical and Hormonal Analyses of Seaweeds

Phytochemical analyses of the three examined seaweeds revealed that U. lactuca had the highest
glycerol and proline content in comparison to those detected in Cystoseira spp. and G. crinale. Whereas,
the highest percentage of phenols was detected in Cystoseira spp., and when calculated, its percentage
was 152.9% and 287% higher than those of G. crinale and U. lactuca, respectively. The highest amounts
of total carbohydrates were found in U. lactuca and G. crinale compared with Cystoseira spp., which had
the lowest amount. Total antioxidant activities were the highest in U. lactuca tissues; the ratio was
calculated as 74.45% and 179.2% higher than the antioxidant activities of Cystoseira spp. and G. crinale,
respectively (Table 1). Regarding phytohormonal content, the three examined seaweeds had detectable
amounts of all the determined hormones. U. lactuca had significantly high (p < 0.05) IAA, zeatin,
and benzyl adenine when compared with Cystoseira spp. and G. crinale, while the highest IBA and
ABA were detected in G. crinale and the highest GA3 was found in Cystoseira spp. Endogenous JA in
Cystoseira spp. and G. crinale was significantly higher (p < 0.05) than in U. lactuca.

3.2. Growth Parameters of Canola Plant

Canola growth parameters were significantly (p < 0.05) inhibited in response to salt treatment.
The inhibitory effect was proportional to the applied concentration of NaCl, except for the root length,
which significantly increased by 13.6% in the canola plant treated with 75 mM NaCl over the control
value. The inhibition in response to 150 mM NaCl was calculated as 32.35%, 52.37%, 58.6%, 68.94%,
50.9%, and 75.22% in the shoot length, mean leaf area per plant, fresh weights of shoot and root, and the
dry weight of shoot and root, respectively (Table 2). Soil amendment with U. lactuca, Cystoseira spp.,
or G. crinale had a significant stimulatory effect on all the measured growth parameters of the canola
under both normal and salt stress conditions compared with the corresponding controls. Treatment
with seaweeds completely alleviated the harmful effect of up to 150 mM NaCl on the shoot and root
length, number of leaves per plants, fresh, and dry weights of root of canola plants. It was found that
at low concentration of NaCl (75 mM), canola plants grown in the soil amended with U. lactuca had
significantly higher growth parameters compared to those treated with Cystoseira spp. or G. crinale.
Under high salt concentration (150 mM NaCl), the highest values of the root length, number of leaves
per plant, fresh weight of shoot, and dry weight of shoot and root were obtained in plants grown in
soil treated with U. lactuca, whereas the Cystoseira spp. treated plant had the highest values of shoot
length, mean leaf area per plant, and fresh weight of root compared to other algal treatments (Table 2).
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Table 1. Phytochemical analyses of the studied marine macro-algae. Data are presented as the mean ± SD (n = 15).

Phytochemical Contents of Algae Algal Taxa
L.S.D. at 5%

Ulva lactuca Linnaeus Cystoseira spp. Gelidium crinale (Hare ex Turner) Gaillon

Total carbohydrate content (µg.g−1 FW) 292.05 ± 1.93a 177.90 ± 1.1b 288.50 ± 1.62a 2.24
Total phenols µg g−1 FW) 9.07 ± 0.53c 26.03 ± 0.73a 17.02 ± 0.85b 1.02
Glycerol (µmole g−1 FW) 127.53 ± 0.12a 93.07 ± 0.15c 103.67 ± 1.1b 0.92

Proline (µg g−1 FW) 5.01 ± 0.06a 3.82 ± 0.1b 2.47 ± 0.02c 0.1
Total antioxidant activity (µg g−1 FW) 612.74 ± 0.5a 351.08 ± 1.04b 219.44 ± 0.71c 1.11

Algal growth hormones (µg g−1 DW)
Indole acetic acid (IAA) 14.16 ± 0.32a 2.90 ± 0.05c 3.86 ± 0.08b 0.28

Indole butyric acid (IBA) 3.52 ± 0.22b 1.21 ± 0.07c 4.90 ± 0.08a 0.2
Gibberellic acid (GA3) 66.37 ± 1.3c 139.38 ± 0.93a 73.45 ± 2.04b 2.12

Zeatin 5.58 ± 0.02a 1.69 ± 0.01b 1.78 ± 0.05b 0.46
Benzyl adenine 3.45 ± 0.06a 1.72 ± 0.04c 2.39 ± 0.14b 0.13
Jasmonic acid 53.21 ± 1.6b 96.89 ± 1.2a 92.83 ± 1.3a 1.94

ABA 1.12 ± 0.02b 0.63 ± 0.01c 2.62 ± 0.09a 0.18

Different letters indicate significant differences based on a comparison of means with Duncan’s multiple range test at p < 0.05. FW: Fresh weight. DW: Dry weight.L.S.D.:
Least significant difference.
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Table 2. The impact of Ulva lactuca L., Cystoseria sp., and Gelidium crinale soil treatment on growth parameters of canola plants (at the vegetative stage) grown under
different levels of salinity. Data are presented as the mean ± SD (n = 50).

Treatment Shoot Length
(cm)

Root Length
(cm)

Number of
Leaves/Plant

Mean Leaf
Area/Plant (cm2)

Fresh Weight
of Shoot (g)

Fresh Weight
of Root (g)

Dry Weight
of Shoot (g)

Dry Weight
of Root (g)NaCl Concentration (mM) Algal Taxa

0

Control 13.60 ± 0.32e 6.6 ± 0.4gh 3.4 ± 0.22d 35.9 ± 2.1d 3.26 ± 0.4g 0.66 ± 0.03h 0.55 ± 0.04e 0.09 ± 0.03fg

Ulva lactuca L. 24.63 ± 1.4b 8.30 ± 0.6e 4.88 ± 0.12a 45.07 ± 0.07b 5.7 ± 0.1b 1.58 ± 0.03b 1.23 ± 0.03b 0.46 ± 0.18b

Cystoseria spp. 20.23 ± 0.59cd 6.8 ± 0.81fgh 4.2 ± 0.08c 36.73 ± 0.59d 3.62 ± 0.1f 0.99 ± 0.05f 0.7 ± 0.1d 0.37 ± 0.05cd

Gelidium crinale 19.94 ± 0.64cd 7.32 ± 0.32fg 4.2 ± 0.05c 51.79 ± 0.89a 3.58 ± 0.23f 1.11 ± 0.1e 0.86 ± 0.1c 0.27 ± 0.08e

75

Control 17 ± 0.47de 7.5 ± 0.06f 4.2 ± 0.1c 27.34 ± 0.1fg 3.83 ± 0.02e 0.8 ± 0.1g 0.42 ± 0.02f 0.11 ± 0.02f

Ulva lactuca L. 29.3 ± 0.92a 11.3 ± 0.7c 4.8 ± 0.03a 39.4 ± 0.26c 6.35 ± 0.18a 1.7 ± 0.01a 1.45 ± 0.16a 0.53 ± 0.02a

Cystoseria spp. 23.2 ± 1.21bc 10.2 ± 0.34d 4.5 ± 0.39b 30.12 ± 0.34e 4.14 ± 0.1e 1.41 ± 0.01c 0.59 ± 0.03e 0.16 ± 0.03f

Gelidium crinale 26.82 ± 0.72ab 11 ± 0.15c 4.8 ± 0.2a 40.78±0.78c 5.08 ± 0.08c 1.57 ± 0.07b 0.58 ± 0.04e 0.39 ± 0.01c

150

Control 9.2 ± 0.34f 6.3 ± 0.08h 3.2 ± 0.54d 17.11 ± 0.24h 1.35 ± 0.06i 0.21 ± 0.02i 0.27 ± 0.03g 0.02 ± 0.01g

Ulva lactuca L. 19.63 ± 0.5c 14 ± 0.71a 4.75 ± 0.3a 27.46 ± 1.7fg 4.7 ± 0.11d 1.3 ± 0.02c 1.14 ± 0.2b 0.32 ± 0.04de

Cystoseria spp. 17.20 ± 1.35de 11.3 ± 0.15c 4.2 ± 0.13c 28.24 ± 0.22ef 3.88 ± 0.1e 1.48 ± 0.03b 0.49 ± 0.01ef 0.12 ± 0.01f

Gelidium crinale 16.54 ± 0.65de 12.8 ± 0.34b 4.4 ± 0.48bc 25.7 ± 1.9g 2.72 ± 0.2h 1.24 ± 0.07d 0.45 ± 0.09f 0.06 ± 0.01g

L.S.D. at 5% 4.19 0.38 0.22 0.86 0.19 0.054 0.09 0.06

Different letters indicate significant differences based on a comparison of means with Duncan’s multiple range test at p < 0.05.
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3.3. Yield Characteristics

All the measured yield characteristics were significantly (p < 0.05) reduced in canola plants grown
under different levels of salinity as compared with the control. The reduction was calculated as 30.2%,
46.17%, 49.1%, and 22.9% below the control values in the seed index, straw yield per plant, biological
yield per plant, and the seed oil percentage, respectively (Table 3 and Figure 1). All the measured yield
characteristics of the canola plant were significantly (p < 0.05) raised after the seaweed soil treatments
regardless of whether the plants were grown under normal or salt stress conditions. Under the normal
growth condition, the maximum shoot length, number of siliqua per plant, straw yield, and biological
yield were measured after the treatment with U. lactuca, next by G. crinale, then Cystoseira spp., followed
by the untreated control. The increases were calculated as 32.6%, 40%, 117.8%, and 123.9% more in
response to green alga U. lactuca as compared to the control value in shoot length, number of siliqua
per plant, straw yield, and biological yield, respectively. Whereas red alga (G. crinale) had the most
promotive effect on the root length and stem circumference, brown alga (Cystoseira spp.) treatment
caused the highest increase in the seed index in the canola plant grown under normal conditions as
compared to other seaweeds treatments.

Seaweeds treatments significantly (p < 0.05) improved the canola yield grown under salinity stress
compared to the untreated plants growing under the same salt levels. Interestingly, the treatment with
U. lactuca alleviated the inhibitory effect of 150 mM NaCl on the shoot length, number of seeds per
siliqua, straw yield, biological yield, and the seed oil percentage of the canola plants. Whereas G. crinale
treatment ameliorated the inhibitory effect of 150 mM NaCl on the shoot length, stem circumference,
and the seed oil percentage. Brown alga (Cystoseira spp.) was able to overcome the negative effect of
150 mM on the seed index.

3.4. Photosynthetic Pigments

Salt treatment significantly decreased chlorophyll a, chlorophyll b, and the total amount of
pigments in canola leaves, and this decrease was directly related to the applied salt level. In contrast,
carotenoids increased by 5.67% and 62.89% over the control when the canola plant was treated with
75 and 150 mM NaCl, respectively (Table 4). Under normal conditions, soil treatment with seaweeds
significantly (p < 0.05) increased chlorophyll a, b, carotenoids, and the total photosynthetic pigments
over the control value. The most promotive treatment was U. lactuca followed by G. crinale, and then
Cystoseira spp. All the seaweed treatments enabled the canola plants to totally overcome the inhibitory
effect of up to 150 mM NaCl on chlorophyll b and the photosynthetic pigments, while only green and
red algae could alleviate the harmful effect of the same concentration on chlorophyll a.
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Table 3. The impact of Ulva lactuca L., Cystoseria sp., and Gelidium crinale soil treatment on the yield characteristics of canola plants grown under different levels of
salinity. Data are presented as the mean ± SD (n = 50).

Treatment Shoot Length (cm) Root Length (cm) Stem Circumference (cm) Number of Siliqua/Plant Number of Seeds/Siliqua Weight of 1000 Seed (g)

NaCl Concentration (mM) Algal Taxa

0

Control 62 ± 1.9e 10.4 ± 0.4i 1.8 ± 0.2e 55 ± 1.0d 12.04 ± 0.47ef 2.15 ± 0.45e

Ulva lactuca L. 82.21 ± 1.6a 12.25 ± 0.75h 3.1 ± 0.3b 77 ± 1.0a 17.02 ± 0.22a 2.8 ± 0.05b

Cystoseria spp. 73.4 ± 0.63c 12 ± 0.8h 2.7 ± 0.37c 63 ± 0.2c 15.87 ± 0.87b 3.15 ± 0.15a

Gelidium crinale 76.34 ± 0.00b 16.1 ± 0.01f 3.4 ± 0.28a 69 ± 0.66b 13.99 ± 0.31d 2.75 ± 0.25b

75

Control 42.62 ± 0.2h 13 ± 0.12g 1.1 ± 0.1g 38 ± 2.0h 9.98 ± 1.02h 2 ± 0.14f

Ulva lactuca L. 76.5 ± 2.2b 17.56 ± 0.54d 2.3 ± 0.2d 55 ± 1.0d 15.19 ± 0.32bc 2.75 ± 0.14b

Cystoseria spp. 59.64 ± 0.36f 20.8 ± 0.8b 1.7 ± 0.05e 47 ± 0.68ef 14.8 ± 0.3c 2.8 ± 0.08b

Gelidium crinale 71.5 ± 0.5d 22.2 ± 0.3a 2.4 ± 0.44d 48 ± 0.24e 11.76 ± 0.14f 2.5 ± 0.06d

150

Control 38.12 ± 0.43i 9 ± 0.8j 1.0 ± 0.04g 26 ± 0.4i 7.61 ± 0.39i 1.5 ± 0.05g

Ulva lactuca L. 63 ± 1.2d 19 ± 1.1c 1.5 ± 0.26f 46 ± 1.32f 12.69 ± 0.41e 2.6 ± 0.13c

Cystoseria spp. 43.5 ± 0.28g 15.2 ± 0.2f 1.1 ± 0.03g 38 ± 1.88h 10.87 ± 0.07g 2.75 ± 0.05b

Gelidium crinale 61.4 ± 0.17e 16.86 ± 0.14e 1.65 ± 0.1ef 42 ± 1.1g 10.31 ± 0.39gh 2 ± 0.2f

L.S.D. at 5% 0.88 0.49 0.2 1.06 0.4 0.15

Different letters indicate significant differences based on a comparison of means with Duncan’s multiple range test at p < 0.05.
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Figure 1. The impact of Ulva lactuca L., Cystoseria sp., and Gelidium crinale soil treatment on the yield and seed oil percentage of canola plants grown under different
levels of salinity. Data are presented as the mean ± SD (n = 50). Straw yield/plant = dry matter of a plant without seeds. The biological yield refers to the total dry
matter accumulation of a plant (straw yield + weight of seeds). Different letters indicate significant differences based on a comparison of means with Duncan’s
multiple range test at p < 0.05.
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Table 4. The impact of Ulva lactuca L., Cystoseria sp., and Gelidium crinale soil treatment on the photosynthetic pigment content of canola plants (at the vegetative stage)
grown under different levels of salinity. Values expressed as µg g−1 fresh weight (FW) of leaves. Data are presented as the mean ± SD (n = 15).

Treatment
Chlorophyll a Chlorophyll b Chl a/Chl b Ratio Carotenoids Total Photosynthetic Pigments

NaCl Concentration (mM) Algal Taxa

0

Control 580.01 ± 10.3h 203.05 ± 1.06j 2.87 ± 0.11a 101.81 ± 1.1k 884.87 ± 1.31j

Ulva lactuca L. 943.96 ± 1.7a 395.34 ± 5.16c 2.39 ± 0.11d 193.33 ± 1.97c 1532.63 ± 0.47a

Cystoseria spp. 864.95 ± 1.7d 353.41 ± 2.01e 2.45 ± 0.16cd 173.39 ± 0.32e 1391.75 ± 1.15e

Gelidium crinale 909.50 ± 1.25b 363.77 ± 1.34d 2.50 ± 0.21c 178.98 ± 1.13d 1452.25 ± 3.95d

75

Control 527.62 ± 2.38j 219.83 ± 0.67i 2.40 ± 0.08cd 107.58 ± 1.84j 855.00 ± 1.2k

Ulva lactuca L. 912.21 ± 3.59b 416.94 ± 2.17b 2.18 ± 0.05e 195.93 ± 0.52b 1525.1 ± 1.07b

Cystoseria spp. 814.41 ± 6.29e 341.43 ± 0.87f 2.39 ± 0.03d 166.95 ± 0.49f 1322.79 ± 0.1f

Gelidium crinale 876.16 ± 14.18c 403.39 ± 1.26a 2.17 ± 0.01e 200.75 ± 2.14a 1480.30 ± 6.35c

150

Control 320.34 ± 2.16k 157.95 ± 2.39k 2.03 ± 0.04f 165.83 ± 3.27f 644.13 ± 0.93l

Ulva lactuca L. 666.33 ± 4.17f 305.13 ± 0.97g 2.18 ± 0.01e 147.58 ± 0.08g 1119.04 ± 1.34g

Cystoseria spp. 573.01 ± 12.8i 233.74 ± 1.46h 2.45 ± 0.11cd 114.70 ± 0.5h 921.46 ± 0.85i

Gelidium crinale 600.02 ± 2.42g 218.75 ± 1.35i 2.74 ± 0.08b 109.03 ± 1.57i 927.81 ± 1.99h

L.S.D. at 5% 5.61 1.69 0.1 1.26 1.96

Different letters indicate significant differences based on a comparison of means with Duncan’s multiple range test at p < 0.05.
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3.5. Phytohormones

The results showed a significant difference (p < 0.05) between the hormonal content of the canola
plants grown under normal conditions and those subjected to salinity stress (Figure 2). Growth
promoters, including IAA, IBA, GA3, zeatin, and BA, were significantly decreased in response to salt
stress. The decreases were directly proportional to the applied salt level, and were evaluated as 81.7%,
46.26%, 32.5%, 71%, and 68.46%, respectively, below the control value in a plant that received 150 mM
NaCl. On the other hand, JA and ABA were significantly increased in response to salt stress.

Under normal conditions, plants grown in the soil treated with seaweeds had significantly higher
amounts of all the detected hormones compared to the untreated plants. U. lactuca’s application had
the most promotive effect on IAA and cytokinins (zeatin and BA), whereas plants treated with G.
crinale had the highest IBA and ABA rate and those treated with Cystoseira spp. had higher amounts of
GA3 and JA compared to plants treated with other seaweeds. The detected amounts of these hormones
in canola plants after the treatment with the three examined algae are in good agreement with the
phytochemical analyses results of the three algae (Table 1). All the examined seaweeds completely
alleviated the inhibitory effect of 150 mM NaCl on GA3 and 75 mM NaCl on IBA and zeatin, whereas
only treatments with U. lactuca completely mitigated the inhibitory effect of up to 150 mM NaCl
on cytokinins.
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Figure 2. The impact of Ulva lactuca L., Cystoseria spp., and Gelidium crinale soil treatment on
endogenous phytohormones (IAA, IBA, GA3, Z, BA, ABA, and JA) of the canola shoot apex (at
the vegetative stage) grown under different levels of salinity. Data are presented as the mean ± SD
(n = 15). Different letters indicate significant differences based on a comparison of means with Duncan’s
multiple range test at p < 0.05.

3.6. Primary Metabolites

Total carbohydrate accumulation in canola plants was significantly reduced in response to salt
stress. The reduction was evaluated as 85.9% and 93.75% in plants treated with 75 and 150 mM NaCl,
respectively (Table 5). Canola plants treated with different seaweeds had significantly higher amounts
of total carbohydrates in comparison to the untreated plants. The highest carbohydrate level was
detected in the plants treated with U. lactuca, followed by those treated with G. crinale, then Cystoseira
spp. The treatment with U. lactuca and G. crinale completely alleviated the inhibitory effect of up to
150 mM NaCl on the total carbohydrate accumulation, with a 26.56% and 14.1% increase, respectively,
over the untreated plants grown under unstressed conditions. According to the present study, proline
levels significantly increased in the canola plant when subjected to salt stress. The increase was
calculated as 103.33% in response to 150 mM NaCl. All the applied seaweeds caused an additional
accumulation of proline in canola plants.

3.7. Secondary Metabolites

Phenols, flavonoids, and anthocyanin were significantly increased in the canola plants grown
under salt stress conditions compared to the control. The increase was much more pronounced in
response to 150 mM NaCl and was evaluated as 30.95%, 289.9%, and 58.8% in the case of phenols,
flavonoids, and anthocyanin, respectively, as compared to the control values (Table 5).

Under normal growth conditions, plants treated with U. lactuca and G. crinale had significantly
lower amounts of phenols and flavonoids compared to the control. Whereas, the brown alga (Cystoseira
spp.) significantly increased flavonoids (4-folds of the control), and non-significantly reduced phenols.
Anthocyanins content was higher in plants treated with Cystoseira spp. and G. crinale (15.6% and 8.4%,
respectively, more than the control value), followed by the control plants, and those treated with U.
lactuca had the lowest anthocyanin content (75.2% below the control value). Plants grown under salt
stress (75 or 150 mM) and treated with U. lactuca had higher amounts of phenols, and those treated
with Cystoseira spp. had the highest amounts of flavonoids and anthocyanins compared to the control
or other seaweed treatments.
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Table 5. The impact of Ulva lactuca L., Cystoseria spp., and Gelidium crinale soil treatment on total carbohydrates, proline, total phenols, total flavonoids, anthocyanins,
and total antioxidant activity of canola plants (at the vegetative stage) grown under different levels of salinity. Data are represented as the mean ± SD (n = 15).

Treatment Primary Metabolites Secondary Metabolites
Total Antioxidant
Activity DPPH %NaCl Concentration

(mM) Algal Taxa Total Carbohydrates
(µg g−1 DW)

Proline
(µg g−1 DW)

Total Phenols
(µg g−1 DW)

Total Flavonoids
(µg g−1 DW)

Anthocyanin
(µg g−1 DW)

0

Control 3.86 ± 0.06h 6.01 ± 0.12fg 67.65 ± 0.54h 7.59 ± 0.4h 2.5 ± 0.09g 52.7 ± 0.2j

Ulva lactuca L. 12.35 ± 0.22a 5.51 ± 0.29h 62.40 ± 0.2i 5.10 ± 0.13i 0.62 ± 0.04i 63.7 ± 0.8h

Cystoseria spp. 6.27 ± 0.24d 5.9 ± 0.11gh 66.41 ± 0.9h 31.1 ± 0.47e 2.89 ± 0.1f 76.6 ± 0.5e

Gelidium crinale 8.49 ± 0.17b 0.10 ± 0.02j 15.4 ± 0.2k 6.1 ± 0.01i 2.71 ± 0.01fg 72.6 ± 0.4f

75

Control 0.54 ± 0.06e 6.44 ± 0.16f 72.15 ± 0.12g 23.09 ± 0.82g 3.69 ± 0.02e 57.9 ± 1.47i

Ulva lactuca L. 7.35 ± 0.1c 9.01 ± 0.33d 99.16 ± 0.84d 32.58 ± 0.42d 2.2 ± 0.21h 71.7 ± 1.34g

Cystoseria spp. 5.60 ± 0.1e 8.75 ± 0.25de 96.40 ± 1.0e 35.1 ± 0.61c 4.66 ± 0.01c 80.6 ± 0.4c

Gelidium crinale 5.96 ± 0.14d 4.8 ± 0.2i 54.90 ± 0.19j 24.60 ± 0.2f 3.86 ± 0.04de 79.90.2cd

150

Control 0.24 ± 0.02j 12.23 ± 0.25b 132.91 ± 0.2b 29.6 ± 0.71e 3.97±0.24d 58.3 ± 0.7i

Ulva lactuca L. 4.88 ± 0.78f 21.37 ± 0.13a 228.9 ± 1.1a 35.1 ± 0.73c 2.66 ± 0.14g 79.4 ± 0.6d

Cystoseria spp. 1.51 ± 0.16i 10.66 ± 0.39c 116.5 ± 1.8c 66.09 ± 1.2a 9.16 ± 0.24a 86.8 ± 0.3a

Gelidium crinale 4.4 ± 0.1g 8.35 ± 0.1e 92.15 ± 0.83f 40.6 ± 0.63b 5.32 ± 0.18b 84.8 ± 0.2b

L.S.D. at 5% 0.31 0.21 1.3 0.9 0.21 0.79

Different letters indicate significant differences based on a comparison of means with Duncan’s multiple range test at p < 0.05.
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3.8. Total Antioxidant Activity

Canola plants grown under salt stress (75 and 150 mM) had significantly higher total antioxidant
activity compared to the control value (with no significant difference between low and high NaCl
concentrations). All the used seaweed treatments significantly increased the total antioxidant activity
over those of the corresponding control values. The maximum antioxidant activity was detected in the
canola plants treated with Cystoseira spp., and the increase was calculated as 45.35%, 39.2%, and 48.9%
more than the untreated plants under 0, 75, and 150 mM NaCl, respectively.

4. Discussion

The present phytochemical analyses results indicate that the three studied marine algae have
considerable amounts of proline, total carbohydrates, and phytohormones, but with significantly
different amounts. Marine macroalgae are considered valuable resources for plant improvement
due to their high content of polysaccharides, glycerol, and plant growth regulators, including auxins,
cytokinins, and gibberellins, that have a broad range of biological activities [28]. Khan et al. [4] indicated
that the fertilizing efficiency of seaweed liquid extract was due to the existence of micro and macro
nutrients, and growth hormones at preferential levels. However, under salt stress conditions, the algal
production of additional amounts of metabolites beyond those detected should also be considered.

Salt stress had harmful effects on all the measured growth parameters of canola plants.
This reduction may be attributed to a direct inhibition of cell division and expansion [29]. Treatment
with marine algae (U. lactuca, Cystoseira spp., and G. crinale) overcame the NaCl-induced growth
inhibition. Our findings are consistent with those of past research performed on Salvia officinalis [30],
Glycine max [31], and Vigna sinensis L. [32]. In this respect, Hernandez-Herrera et al. [9] proposed that
seaweed treatment can stimulate root proliferation, thereby making plants more able to mine adequate
nutrients from the deeper soil layer, which leads to improvements in the plants’ sprouting and growth.

The promotive effect of the three examined seaweeds on canola growth under both normal
and stress conditions compared with the untreated plants could be attributed to the presence of
growth-promoting substances, total carbohydrates, proline, and phenolic compounds. This indicated
that seaweeds are efficient bio-fertilizers under normal growth conditions and noticeably increased
their plant tolerance under stressful conditions. Khan et al. [4] and Mattner et al. [33] reported positive
outcomes when seaweeds were used. These outcomes included root development, leaf quality, general
plant vigor, and resistance to pathogens. Moreover, Rao and Chatterjee [34] found that the growth
rate (in all parameters) was increased in some vegetable crops (brinjal, tomato, and chili) when treated
with seaweed liquid fertilizer (SLF) from red algae Gracilaria verrucose. Generally, U. lactuca was the
most effective seaweed treatment, causing the maximum stimulation in canola growth under normal
or stress condition. The observed benefit of U. lactuca over the other used seaweeds could be explained
by its higher level of total carbohydrates, proline, IAA, and cytokinins. Whereas, the distinctive effect
of Cystoseira spp., at high salt concentrations (150 mM), could be attributed to its significantly higher
phenols compared to the other examined seaweeds.

It was reported that salt stress has a significant negative impact on canola yield and seed oil
percentage. Our results confirmed the data of Musyimi et al. [35], who reported that the impact of
salinity on plants is a complicated condition that comprises osmotic stress, ion toxicity, and mineral
deficiencies, leading to the reduction of crop yields. Seaweed treatment tended to alleviate the
inhibitory effect of up to 150 mM NaCl on canola yield. High productivity in response to the treatment
with seaweeds was indicated in many plants, such as tomato, chili [34], maize [36], and brinjal [37].

According to the obtained data, chlorophyll a, b and total photosynthetic pigments were very
sensitive to salt stress. Smirnoff [38] declared that the reduction in chlorophyll levels in salt-stressed
plants is a conventional indication of oxidative stress; this was associated with the inhibition of
chlorophyll synthesis, along with the activation of its degradation by the enzyme, chlorophyllase [39].
Soil amendment with U. lactuca or G. crinale protects chlorophylls from the harmful effect of salinity.
The observed enhancement effect of algal treatments on chlorophyll, under normal and salt stress
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conditions, indicated that these treatments resulted in the maintenance of higher photosynthetic
activities over the control. Similar results were recorded by Ramarajan et al. [40], who found that
soybean plants treated with SLF had higher amounts of chlorophyll a and b than the untreated
control. Mastafa and Skeekh [41] reported that the plant growth substances present in SLF enhance
the chlorophyll in plant leaves. Carotenoids were increased in salt stressed canola leaves compared
to the control and additional amounts of carotenoids were accumulated when plants were treated
with marine algae. Christaki et al. [42] suggested that carotenoids could protect plant cells from
deleterious oxidative stresses by reducing the harm induced by reactive oxygen species (ROS) as
a result of different defense mechanisms.

Plant hormones are active members of the signal compounds involved in the induction of plants’
salt stress response [43]. Canola plants grown in soil amendments with seaweeds had significantly
elevated levels of endogenous phytohormones compared to the control. This indicated that the detected
stimulatory effect of seaweed treatments on canola plant growth could be related to their hormonal
contents, which positively affect the endogenous hormonal level of the treated plants, hence promoting
their growth and development. Generally, all the used seaweed treatments significantly increased
the growth-promoting hormone in canola plants subjected to salt stress compared to untreated plants
growing under the same stressful conditions. Only U. Lactuca completely alleviated the inhibitory effect
of high salt levels on canola plants’ endogenous cytokinins content. Cytokinin is a fundamental growth
boosting element in chlorophyll biosynthesis and it plays a role in plant growth enhancement [37].
This could explain the higher efficiency of U. lactuca treatment as a bio-stimulant of growth and
the chlorophylls’ content in canola plants under normal and stress conditions compared to other
algal treatments.

Total carbohydrate accumulation at all NaCl concentrations used in this study were found to
be significantly lower than that of the control. Meanwhile, canola plants treated with different
seaweeds had significantly higher amounts of total carbohydrates compared to untreated plants.
This finding agrees with the detected reduction in the chlorophyll a and b amounts, which follow
the same order, in response to the seaweed treatments. This implies that seaweeds increased the
total carbohydrates by stimulating chlorophylls’ biosynthesis and/or inhibiting their degradation,
which promotes photosynthesis and increases the amount of carbohydrates. Similar results were
obtained by Haroun and Hussein [44], who tested Lupinus termis, and Lozano et al. [45], who examined
potatoes. U. lactuca and G. crinale treatments were the most efficient treatments in alleviating the
inhibitory effect of high salt concentrations on carbohydrate content. The growth enhancing potential
of seaweeds may be attributed to the increased amounts of carbohydrates that are known to play
an important role in osmoregulation and also improve the plant growth in a way that is similar to that
of hormones [46].

The observed increase in the proline content of canola plants grown under salt stress compared to
the control indicates that proline is one of the defense mechanisms exhibited by the canola plant to cope
with oxidative and osmotic stresses resulting from high salt levels. Osmoprotectants, such as amino
acids—proline—, are able to stabilize proteins and cellular structures and/or maintain cell turgor by
osmotic adjustment, and use redox metabolism to scavenge excess levels of ROS and re-establish the
cellular redox balance under salt stress [47]. Additional amounts of proline were accumulated in plants
grown in soil supplemented with seaweeds. It is well known that a high accumulation of proline is
correlated with an increased tolerance of stress [48]. Canola plants also accumulated higher amounts
of phenols, flavonoids, and anthocyanin when subjected to salt stress compared to those detected in
unstressed control plants, which are thought to increase the ability of the plant to tolerate high salt
levels. Phenolic compounds perform a vital function in plant growth and development, particularly in
defense mechanisms. Most phenolic compounds have potent antioxidant properties, neutralizing the
effects of oxidative stress [49]. Marine algae were found to increase the amounts of phenols, flavonoids,
and anthocyanins in salt stressed canola plants.
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Seaweeds have lately been examined intensively for their ability to work as natural
antioxidants [50]. A correlation between the antioxidants’ capacity and NaCl tolerance was
demonstrated in several plant species. Similarly, we found that canola plants treated with seaweeds had
significantly elevated levels of antioxidant activity compared with the control. Maximum antioxidant
activity was detected in response to Cystoseira spp., even though the phytochemical analysis showed
that U. lactuca had significantly higher antioxidant activity. This suggested that the application of algae
as a bio-fertilizer not only added nutrients to the soil, directly transmitting nutrients to the plant for
better growth and development, but also caused significant changes to the plants’ metabolism for
better adaptation to adverse environmental conditions.

5. Conclusions

All the applied algal treatments (U. lactuca, Cystoseira spp., and G. crinale) caused significant
changes in the morphological, biochemical, and physiological parameters of the canola plants. They all
had a significant promotive effect on the canola plants’ growth and yield, and their use as bio-fertilizers
is thus recommended. The three examined seaweeds successfully alleviated the harmful effects of salt
stress (up to 150 mM NaCl) on canola plants by significantly reducing the inhibition of the affected
parameters, namely chlorophyll a, b, total carbohydrate accumulation, as well as growth promoting
hormones, and reinforced the natural defense mechanisms exhibited by canola plants, such as proline,
phenolics, and anthocyanin accumulation. Different seaweeds accelerated the canola growth and
alleviated the effect of high salt levels to different degrees. Trends were observed, such as that U.
lactuca treated canola had increased IAA, cytokinins, chlorophyll a, b, and carbohydrates. Meanwhile,
treatment with Cystoseira spp. was associated with increased JA, GA3, flavonoids, and antioxidant
activity while treatment with G. crinale was associated with effects on the canola IBA and ABA content.
After comparing the growth and yield of differently treated canola plants, the application of U. lactuca
was the most effective treatment under normal or salt stress conditions.
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