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Abstract: Biological effects of extracts obtained from the seaweeds Hormophysa cuneiformis
(J.F.Gmelin) P.C.Silva (1987) and Actinotrichia fragilis (Forsskal) Burgesen (1932) were investigated
using wheat for the improvement of growth and amelioration of the negative effects of soil salinity.
Exposure of plants to salt stress resulted in an overall decrease in growth, chlorophyll a and b, ca-
rotenoids and soluble sugars, as well as nutrient uptake (i.e. K, Ca and Mg) and K*/Na* ratio. At the
same time, increases were found in proline, total free amino acids, phenolic compounds, malondial-
dehyde (MDA), Na* ions, as well as the activities of peroxidase (POD), catalase (CAT), and super-
oxide dismutase (SOD). Priming wheat seeds with H. cuneiformis and A. fragilis extracts mitigated
the negative impacts of salinity by enhancing growth and all the above attributes except MDA and
Na*. Treatments with H. cuneiformis or A. fragilis extracts resulted in an increased intensity of the
polypeptide bands with 200, 159, 120, 40, and 22 KDa which were already apparent in the control.
A. fragilis showed higher effectiveness than H. cuneiformis extracts under both control and stressed
regimes. Our results highlight “biofertilizer” properties of two seaweeds and furnish mechanistic
insight into their salinity-improvement action, which is pertinent for both applied and basic re-
search.

Keywords: Actinotrichia fragilis; antioxidant enzymes; growth; Hormophysa cuneiformis; protein pat-
terns; salt stress; seaweed liquid fertilizers; Triticum aestivum

1. Introduction

Environmental stresses, including the spread of soil and water salinity, have a dev-
astating effect on agricultural production [1-3]. Unfortunately, many regions around the
world are facing a rapid increase in soil salinity. More than one-third of the world’s arable
land, or 950 million hectares of farmland, suffers from various levels of salinization [4,5].
It is estimated that over 50% of global arable land will be salinized by 2050 [6-9]. Wheat
(Triticum aestivum L.) is amongst the major cereals which are cultivated and consumed,
with a global production of about 635 million metric tons, the plant provides the calories
needed by 4.5 billion people worldwide [10]. However, the production of wheat world-
wide is affected by salinity stress [11]. Damage caused by salinity stress is reported to be
more than 50% in different crop plants including wheat as reported by several researchers
[12-14]. The response of plants to salinity is controlled by multiple genes and is therefore
a very complex process [2]. Due to the genetic and physiological complexities of the salt
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tolerance trait, and lack of reliable and rapid screening assays, the production of salinity-
resistant plant crops through genetic engineering has not been very successful [15-17].

The use of macroalgae as a commercial source of different bio-stimulants has at-
tracted a lot of attention today in improving plant growth [18]. Seaweed extract is a well-
known bio-stimulant, which improves the growth and function of various plants by im-
proving nutrient uptake, enhancing root growth, and increasing foliage levels by improv-
ing the chlorophyll content. The positive effects of seaweed extracts are due to the pres-
ence of phytohormones and polysaccharides degraded to oligosaccharides which im-
prove plant growth and development [19]. Varied applications of seaweed extracts
showed significant improvement in plant tolerance against environmental stresses when
compared to control plants [20]. The application of seaweed extracts has been reported to
enhance the salt tolerance of some plants such as alfalfa [21] and chickpea [22].

The brown and red seaweeds Hormophysa cuneiformis and Actinotrichia fragilis belong-
ing to Phaeophyceae and Rhodophyceae families, respectively, are amongst the most im-
portant algal flora along the Egyptian Red Sea coast, particularly associated with the cities
of Hurghada and Safaga [23,24]. H. cuneiformis and A. fragilis are both environmentally
friendly and promising sources for bioactive compounds, which can be very useful in ag-
ricultural management to improve agricultural products and control plant diseases
[25,26]. However, more phytochemical studies on these interesting and rarely investi-
gated seaweeds are still required to expand the little findings on their bioactive com-
pounds. Accordingly, part of this research was devoted to detecting the bioactive sub-
stances of H. cuneiformis and A. fragilis using a gas chromatography-mass spectrometry
(GC-MS) approach. On the other hand, there are numerous reports which showed the
promising role of seaweeds in the abiotic stress tolerance of several crops. But until now
there are no reports on the effect of H. cuneiformis and A. fragilis liquid extract on salt stress
alleviation of wheat plants. Therefore, this study will give experimental evidence on the
positive role of these seaweeds on the resistance of salt-stressed wheat plants.

2. Materials and methods
2.1. Sampling and Extract Preparation

H. cuneiformis (J.LF.Gmelin) P.C.Silva (1987) and A. fragilis (Forsskal) Burgesen (1932)
seaweeds (Figure 1) were collected from the Red Sea at Hurghada in July 2017. Harvested
seaweeds were thoroughly washed with running tap water to remove all impurities, ad-
hering sand particles, and epiphytes. They were placed in new polyethylene bags in an
icebox containing slush ice. After this, the seaweeds were spread on blotting paper to re-
move excess water. The samples were dried in the sun for 7 days and then further dried
at 80 °C for 24 h. The dried seaweeds were then powdered by an electric mill. The powder
of seaweed was boiled with water at 1:1 (w/v) for 2 h. The homogenized solution was
filtered with Whatman filter paper No. 2 and the extracts were kept in amber-colored bot-
tles at 4 °C for the treatment of the wheat plants.



Agronomy 2021, 11, 545

30f18

(B)
Figure 1. Collected seaweeds from Red Sea (A), H. cuneiformis, and (B), A. fragilis.

2.2. Physico-Chemical and Biochemical Analysis of Seaweeds and Resulted Extracts

The color and pH of both seaweed extracts were measured in the laboratory before
preparation. Calcium, potassium, magnesium, and sodium were also estimated using a
flame photometer (CORN NG 400, Mateo, CA, USA). Total carbohydrates in liquid extracts
of both seaweeds were estimated by the anthrone sulphuric acid method [27]. Soluble
proteins were determined according to [28] protocol. Total lipid content was analyzed
following [29]. Physicochemical analysis of each seaweed extract is as shown below:

Parameters H. cuneiformis Extract A. fragilis Extract
Color Brown Red
PH 6.8 6.8
Magnesium 100.24 mg L 120.00 mg L
Calcium 110.00 mg L 180.22 mg L
Sodium 176.00 mg L 206.00 mg L
Potassium 150.00 mg L! 230.00 mg L!
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Chloride 200.50 mg L1 350.00 mg L1
Phosphorus 4342 mg L1 74.00 mg L1
Protein 221.11 mg L 146.74 mg L™
Carbohydrate content 352.77 mg L™ 305.82 mg L™
Lipid 53.00 mg L 32.55 mg L

2.3. Seaweed Liquid Fertilizers and GC-MS Conditions

H. cuneiformis and A. fragilis extracts were subjected to GC-MS analysis for their struc-
tural characterization. GC/MS analysis was accomplished using the GC instrument
equipped with an HP-5MS column (30 m x 250 pm x 0.25 pum film thickness) and coupled
with MS detector. The initial T of the device was kept at 90 °C for 1 min then risen to 300
°C for 30 min at a rate of 8 °C min!. Helium was used as a carrier gas. The volume of each
sample was 1 pL in the splitless mode per injection wherein the injector T was set at 290
°C. The mass spectrum was operated at 70 ev and the mass range from 60-600 amu. The
results of GC-MS were interpreted according to the database of the National Institute
Standard and Technology (NIST). The range of recognized compounds in the NIST library
was used to compare the spectrum of unknown compounds. The name, structure, and
molecular weight of the detected components are presented in Table 1.

Table 1. GC-MS profiles of phytochemical compounds of H. cuneiformis and A. fragilis extracts.

No. Compound Name Molecular Weight (M.W.) Formula Retention Time (R.T.)
H. cuneiformis A fragilis H. cuneiformis A fragilis H. cuneiformis A fragilis

1 Dodecanoic acid, methyl ester (CAS) 200 214 Ci12H2402 Ci3H2602 15.60 14.62
2 Heptadecane 240 - Ci7Has - 17.22 -

3 Tetradecanoic acid, methyl ester (CAS) 242 - Ci5H3002 - 17.77 -

4 Oleic acid 282 - CisHz402 - 18.26 -

5 octadecanoic acid 10 284 - CisH3602 - 18.88 -

6 Palmitic acid (n-hexadecanoic acid 1 256 - Ci1sH30:2 - 19.23 -

7 (E)-9-Octadecenoic acid ethyl ester 310 - C20H3802 - 19.75 -

3 2-Hexadecen 1[(1){1;’?{,2(1131),]1]15 ;tramethyl , [R 206 i CaoHwO i 19.82 i

9 Hexadecenoic acid, methyl ester 270 270 C17H3402 C17H3402 20.53 20.56
10 Phytol, acetate 338 - C2H20:2 - 22.22 -
11 Cholestan-3-ol, 2-methylene-, (3a,5a)- 400 - CasH1s0 - 27.03 -
12 Heptanoic acid, methyl ester (CAS) - 144 - CsHis0 - 5.99
13 Nonanoic acid, methyl ester (CAS) - 172 - Ci0H2002 - 9.48
14 2-Methyltetracosane - 352 - CasHs - 11.25
16 Tetradecanoic acid, methyl ester (CAS) - 242 - Ci5H3002 - 17.71
17 Tetraneurin-A-diol - 280 - C18H2005 - 19.18
18 2—[5—(2—Hydro>fypropy.1)—tetrahydrofuran—2—yl]— i 258 i CriFnOs i 1918

propionic acid, t-butyl ester

19 3,7,11,15-Tetramethyl-2-hexadecen-1-ol - 296 - C20H400 - 19.52
20 Phytol, acetate 338 C22H10:2 19.58
21 13-Heptadecyn-1-ol - 252 - CH=0 - 19.77
22 Ethanol, 2-(9,12-octadecadienyloxy)-, (Z,Z)- - 310 - C20H3302 - 20.08
o1 9,12,15—Octade'catrien0ic acid-2-phenyl-1,3- ) 440 ) CasHioOs ) 20.36

dioxan-5-yl ester

25 11-Hexadecenoic acid, methyl ester - 268 - C2H%0:2 - 20.22
26 Hexadecanoic acid, 14-methyl-, methyl ester - 284 - C18H3602 - 21.78
27 7,10,13-Eicosatrienoic acid, methyl ester (CAS) - 320 - C21H3602 - 24.83
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2.4. Plant Materials, Growth Conditions and Treatments

The trial was carried out on wheat (Triticum aestivum L.) using pot culture in the wire-
house experimental farm of South Valley University, Qena, Egypt. Uniform wheat seeds
were surface sterilized with 0.1% HgCl: for 5 min and then rinsed thrice with sterile dis-
tilled water. After washing and disinfection, the seeds were soaked for 12 h in the seaweed
extracts with a concentration of 1% (v/v). The equal number of seaweed extract-treated
and control seeds (i.e. 10 seed pot™) were sown in plastic pots (30 cm diameter) filled with
mixed, air-dried clay and sand (3:1). Seed germination and continued growth of seedlings
were allowed under prevailing conditions of T, light, and humidity. Ten days after seed-
ling growth, five healthy and uniform plants were selected in each pot and immediately
the salinity treatment began. Three replicates (three pots) were placed in each treatment.
The salinity treatments included control (irrigated with water) as well as the pots irrigated
with 100 and 150 mM NaCl. On day 30, plants were harvested for measuring various pa-
rameters.

2.5. Plant Growth Parameters and Pigment Contents

To assess growth characteristics, fresh root and shoot samples (3 replicates) were
weighed and then the specimens were placed in an oven at 80 °C for 2—4 days to achieve
a constant dry weight. The method described by [30] was used to measure pigments such
as chlorophyll a, chlorophyll b, and carotenoids in the wheat leaves.

2.6. Content Organic Solutes and Phenolic Compounds

The soluble sugars content was estimated by [27], soluble proteins [28], proline [31],
total free amino acids [32], and phenolic compounds [33] were measured in the wheat
shoot (3 replicates), based on previously reported standard methods.

2.7. Measurement of the Content of Na*, K*, Ca* and Mg*

The content of Na*, K*, Ca?*, and Mg?* was estimated from the dried wheat shoot (3
replicates) using a flame photometer (CORN NG 400, Mateo, CA, USA) according to the
method of [34].

2.8. Assay of Malondialdehyde and Activities of Enzymatic Antioxidants

Any oxidative damage present in fresh wheat leaves (3 replicates) was estimated by
measuring the content of malondialdehyde (MDA). This used the thiobarbituric acid
(TBA) method as described by [35]. For measuring the activities of antioxidant enzymes,
fresh leaf samples (3 replicates) were ground in liquid N2, and total proteins were ex-
tracted based on the previous experiment [36]. Peroxidase (POD; EC 1.11.1.7), superoxide
dismutase (SOD; EC 1.15.1.1) and catalase (CAT; EC 1.11.1.6) activities were measured
according to the protocols of [37-39], respectively.

2.9. Protein Extraction and SDS-PAGE Electrophoresis

Fresh leaf samples (3 replicates) were powdered and homogenated in an extraction
buffer to isolate proteins. The protein concentration was quantified using the [28] method.
The protein extracts were added to a buffer and the resulted mixture was heated at 100 °C
for 3 min. The supernatant was stored at —20 °C. For the preparation of vertical polyacryla-
mide gels, two glass plates (16.3 x 14.3) were fixed in a vertical position. The fractionation
procedure was carried out after [40] and modified [41] protocols. The final molecular
weight of proteins was determined by comparing it with the standard marker (Gene Direx
com).

2.10. Statistical Analyses
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The experiment was conducted according to the one-way analysis of variance
(ANOVA) with three replications. Mean comparisons were carried out by the least signif-
icant difference (LSD) test at the p < 0.05 probability level. All data are presented as the
means + standard deviation (+5D) from the replicates. ANOVA and LSD tests were per-
formed applying the statistical analysis system (SAS) software (Version 9.1; SAS Institute,
Cary, NC, USA).

3. Results
3.1. GC-MS Analysis of the Seaweed Extracts

The GC-MS analysis of the methanolic extract of H. cuneiformis and A. fragilis revealed
the presence of 11 and 16 compounds respectively (Table 1). The major compound present
in the H. cuneiformis extract was lauric acid at 15.60 retention time (Figure 2A) and in terms
of A. fragilis extract, the major compounds were hexadecanoic acid and methyl ester at
20.56 retention time (Figure 2B). Oleic acid (18.26 retention time) in H. cuneiformis extract
and tetradecanoic acid, methyl ester (17.71 retention time) as well as hexadecanoic acid,
14-methyl-, methyl ester (21.78 retention time) in the A. fragilis extract were found to be
the next compounds present at higher concentrations (Figure 2A,B).
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Figure 2. Gas chromatography-mass spectrometry (GC-MS) chromatogram of the methanolic ex-
tracts of H. cuneiformis (A) and A. fragilis (B).

3.2. Plant Growth Parameters

Under non-saline conditions, shoot and root fresh weights were increased by 13.29%
and 15.65% in H. cuneiformis extract and 29.17% and 54.67% in A. fragilis extract-treated
plants, while shoot and root dry weights were increased by 32.56% and 47.27% in H. cu-
neiformis extract and 25% and 50% in A. fragilis extract-treated plants respectively, as com-
pared with that of the control. Exposure of wheat plants to salt stress resulted in an overall
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decrease in the fresh and dry weight of the roots and shoots. At 150 mM NaCl, shoot fresh
and dry weights were reduced by 88.31% and 72.41%, root fresh and dry weight declined
by 55.88% and 83.33%, respectively, as compared with those of non-salt stressed plants.
Priming with H. cuneiformis extract caused 32.67% and 48.21% increase in shoot fresh and
dry weights, while A. fragilis extract treatments resulted in 37.04% and 61.33% increase in

root fresh and dry weight, respectively, versus salinized plants (Figure 3).

T A LSD(0.05)=0.11
8§35 a a
= 3 |b : E
Z25 |1
)
o
2 1.5 c c
'%1 T e = d
£0.5 = f =
5 gggerEdgss
=22 gLy y
SSSTRYIIESSR
£ §Ef § == <=«
SS 3 2 L
SE=i ggg
= E = =
S © S
= S 3
s ~ o~
S
~ 0.0 © LSD (0.05)=0.04 _
L 08 1
s 0.7
= 0.6 b
2 05| I ¢ ¢
0.4 C
2 o3 |1 of 1] ¥ i
2 02 T f
§0.(1)
LH ..
SS3S:58% %
S S TR I &L
fFEEEEE S
S A0 S S + o+ o+
T T T 2 E0OT
T se 222
T = s s
= § & =
E S © S
S
s ~ o~
S

Figure 3. The effect of salinity stress on shoot fresh weight (A), shoot dry weight (B), root fresh weight (C) and root dry
weight (D) of wheat (Triticum aestivum L.) primed with H. cuneiformis and A. fragilis extracts. Treatments include 0 mM
NaCl, 100 mM NaCl, 150 mM NaCl, 0 mM NaCl + H. cuneiformis, 100 mM NaCl + H. cuneiformis, 150 mM NaCl + H.
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cuneiformis, 0 mM NaCl + A. fragilis, 100 mM NaCl + A. fragilis, 0 mM NaCl + A. fragilis. Different letters for each mean
show statistically significant differences according to the least significant difference (LSD) test (p < 0.05).
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3.3. Content of Pigments

Exposure to salinity stress caused a significant decrease in chlorophyll a, b and carot-
enoid contents, as compared to plants grown under normal conditions (Figure 4A-C). The
priming with both seaweed extracts caused significant improvement of these pigments
under salinity stress (Figure 4). At the highest NaCl level (150 mM), chlorophyll a was
increased by 13.79% and 20.21%, chlorophyll b by 35.19% and 51.39%, and carotenoids by
34.38% and 51.16% when treated by H. cuneiformis and A. fragilis extracts, respectively, as
compared to stressed plants (Figure 4). The results in Figure 4 showed that the effect of A.
fragilis extraction on improving the pigment contents of wheat leaves was much better
than that of H. cuneiformis extract.
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Figure 4. The effect of salinity stress on chlorophyll a (A), chlorophyll b (B) and carotenoids (C) in wheat (Triticum aestivum
L.) primed with H. cuneiformis and A. fragilis extracts. Treatments include 0 mM NaCl, 100 mM NaCl, 150 mM NaCl, 0 mM
NaCl + H. cuneiformis, 100 mM NaCl + H. cuneiformis, 150 mM NaCl + H. cuneiformis, 0 mM NaCl + A. fragilis, 100 mM NaCl
+ A. fragilis, 0 mM NaCl + A. fragilis. Different letters for each mean show statistically significant differences according to
the least significant difference (LSD) test (p < 0.05).

3.4. Osmolytes and Phenolic Contents

When no salinity stress was imposed, both H. cuneiformis and A. fragilis extract treat-
ments increased the contents of soluble sugars, soluble proteins, total free amino acid ac-
cumulation, and phenolic compounds (Table 2). In H. cuneiformis extract-treated plants,
soluble sugars, protein, total free amino acids, and phenolic compounds showed 22.82%,
9.26%, 65.68%, and 69.91% increases, while in A. fragilis extract-treated plants, these pa-
rameters were increased by 35.78%, 3.07%, 54.53%, and 95.87%, respectively, relative to
the control plants (Table 2). Under increased salt concentrations (i.e. 100 and 150 mM),
soluble proteins, proline accumulation, total free amino acid contents, and phenolic com-
pounds showed a significant increase in treated plant tissues, although soluble sugars de-
creased in response to salinity stress (Table 2). However, treating NaCl-stressed plants
with both H. cuneiformis and A. fragilis extracts ameliorated the negative effects of salinity
by preventing further reductions in the above-mentioned parameters. At 150 mM NaCl,
soluble sugars, soluble proteins, total free amino acids contents and phenolic compounds
showed 1.52%, 39.37%, 24.48%, and 13.08% increase in H. cuneiformis extract-treated plants
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and 4.32%, 61.67%, 8.30%, and 53.33% increase in A. fragilis extract-treated plants, as com-
pared to stressed plants (Table 2).
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Table 2. The effect of salinity stress on soluble sugars (SS, mg g DW), soluble proteins (SP, mg g FW), proline content
(Pro, ug g' FW), total free amino acids (TFAA, mg g' FW) and phenolic compounds (nmol g' FW) of wheat (Triticum
aestivum L.) primed with H. cuneiformis and A. fragilis extracts.

Treatments SS SP Pro TFAA Phenolic
Compounds
0 mM NaCl 4315+£082d 2753+£325h 7.86+097bcd 9.15+1.12e 10.17+0.38 h
100 mM NaCl 29.54+159e 5519+483ef 11.02+252b 12.13+1.46de 20.54+0.24 e
150 mM NaCl 2931+3.45e 6241+1.84cd 14.83+358a 19.77+176b 25.07+1.10d
0 mM NaCl + H. cuneiformis ~ 53.00+2.66c  30.08+239h 441+145e 1516+2.28cd 17.28+0.25 £
100 mM NaCl + H. cuneiformis  50.26 +1.78 ¢~ 58.43+2.30de 844+1.19bcd 19.69+239Db 24.66+0.80 d
150 mM NaCl + H. cuneiformis 43.81+1.35d  65.90+4.61bc 10.07+1.67bc 20.54+1.67b 28.35+0.73 ¢
0 mM NaCl + A. fragilis 5859+1.65a 31.53+241h 392+187e 14.14+4.62d 19.92+0.95 £
100 mM NaCl + A. fragilis 5322 +2.68bc 68.04+2.82ab 6.78+222cde 20.16+2.08b 30.60+0.61 b
150 mM NaCl + A. fragilis 40.70£240d  72.04+4.09a 1045+146b 2821+227a 38.44+0.50 a

LSD 3.90 5.21 3.32 3.92 1.04

Results are means + SD (n = 3). Different letters for each mean show statistically significant differences at p < 0.05 according
to the least significant difference (LSD).

3.5. Na*, K+, Ca?*and Mg* Uptake

Salinity increased the accumulation of Na* ions in the treated wheat plants whilst
also reducing the absorption of K*, Ca?*, and Mg? compared to stress-free plants. Without
salinity stress, the uptake of Na* by wheat plants was reduced by 52.20% and 49.88% with
H. cuneiformis and A. fragilis extracts, respectively. The amount of K*, Ca?, and Mg?* ab-
sorbed by the plants also increased by 12.43%, 46.99%, and 71.89% with H. cuneiformis
extract and by 65.03%, 68.55%, and 55.17% with A. fragilis extract, respectively (Table 3).
At 150 mM NaCl, Na*accumulation in wheat plants was reduced by 11.85% with the H.
cuneiformis extract and by 25.93% with the A. fragilis extract. K*, Ca?, and Mg? uptake in
treated wheat increased by 70.16%, 88.80%, and 22.68% with application of the H. cunei-
formis extract and 33.54%, 87.46%, and 57.90% with the A. fragilis extract treatment (Table
3).

Table 3. The effect of salinity stress on leaf nutrient contents (mg g DW) of wheat (Triticum aestivum L.) primed with H.
cuneiformis and A. fragilis extracts.

Treatments Na* K+ K+/Na* Ca* Mg
0 mM NaCl 21.99+457de 23.65+354de 1.12+0.38de  13.96+056¢g 14.48+0.50 e
100 mM NaCl 3266+231b  14.74+186f 0.45+0.06 fg 1222+ 047 h 7.92+0.34f
150 mM NaCl 38.99+753a  12.67+246f 0.33+0.08 g 8.22+0.291 714 +0.65f
0 mM NaCl + H. cuneiformis  10.73+2.10g 26.59+422bcd  249+0.11b 20.52+0.50b 39.37+0.94 a
100 mM NaCl + H. cuneiformis 22.32+3.20 de 22.74+299de 1.04+0.23def 17.30+0.43d 29.00+1.0d
150 mM NaCl + H. cuneiformis 34.37 +2.73ab 21.56+146de 0.63+0.02efg  1552+046f  30.18+1.05cd
0 mM NaCl + A. fragilis 11.02+1.68g  39.03+2.53a 3.60 £ 0.68 a 2353+034a  36.95+6.04 ab
100 mM NaCl + A. fragilis ~ 19.69+1.85ef  31.39+2.61b 1.61+0.28 cd 16.51+049e  33.55+1.50 bc
150 mM NaCl + A. fragilis  28.88 +2.68 bc 2959 +4.07bc  1.06 +£0.11 def  15.41+0.52f 3248+0.17 ¢
LSD 5.99 5.47 0.65 0.77 3.46

Results are means + SD (1 = 3). Different letters for each mean show statistically significant differences at p < 0.05 according
to the least significant difference (LSD).

3.6. Oxidative Damage and Antioxidant Enzyme Activities

Under non-stressed conditions, MDA accumulation was reduced by 33.12% and
29.53% with treatments by the H. cuneiformis and A. fragilis extracts, respectively, com-
pared to the control (Table 4). POD, CAT, and SOD activities were increased by 23.91%,
10.51%, and 9.68% with the H. cuneiformis extract and 82.91%, 41.14%, and 15.54% with
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the A. fragilis extract, respectively (Table 4). When wheat plants were exposed to salinity
stress, MDA accumulation was increased. At 150 mM NaCl, MDA accumulation was en-
hanced by 169.35%, as compared to the non-salt stressed controls (Table 4). At 150 mM
NaCl, POD, CAT, and SOD activities were also increased by 65.83%, 9.13%, and 9.07%
with application of H. cuneiformis extract, and 111.49%, 10.33%, and 10.13% with A. fragilis
extract. At the same time, the MDA content decreased by 160.53% with the H. cuneiformis
extract treatment and 143.03% with the A. fragilis extract, respectively. It is obvious from
the above results that there was a positive effect of A. fragilis on increasing enzyme activity
and decreasing MDA accumulation in response to all salinity concentrations and that this
performance was greater than that of wheat responses to the H. cuneiformis extract under
similar conditions (Table 4).

Table 4. The effect of salinity stress on malondialdehyde (nmole MDA g™ FW), peroxidase activity (1 mole POD min™!
mg™! protein), catalase activity (1 mole CAT min™ mg™ protein) and superoxide dismutase activity (1 mole SOD min-!
mg™! protein) of wheat (Triticum aestivum L.) primed with H. cuneiformis and A. fragilis extracts.

Treatments MDA POD CAT SOD
0 mM NaCl 41.25+054 f 322+022f 542 +0.521 444+051f
100 mM NaCl 81.26 £0.78 b 466+041d 720+0.27 fg 525+0.27e
150 mM NaCl 111.11+1.17 a 4.93 +0.06 cd 9.00+0.11d 6.17+0.21d
0 mM NaCl + H. cuneiformis 27.59+0.521 399+0.11e 599+0.11h 4.87 +0.14 ef
100 mM NaCl + H. cuneiformis 58.63+1.19d 520+0.26 c 8.45+0.45 de 726+031c
150 mM NaCl + H. cuneiformis 66.22 +0.70 c 534+0.15c 10.37+£0.39b 8.47+0.50b
0 mM NaCl + A. fragilis 29.07 £0.89 h 589+0.11b 7.65+0.27 f 513+0.23e
100 mM NaCl + A. fragilis 58.53+0.81d 6.55+0.29 a 9.67+0.29 c 741+0.09
150 mM NaCl + A. fragilis 59.00+0.00d 6.81+0.23 a 11.40+0.44 a 933+042a
LSD 1.37 0.41 0.56 0.53

Results are means + SD (1 = 3). Different letters for each mean show statistically significant differences at p < 0.05 according
to least significant difference (LSD).

3.7. Protein Patterns

In the present study, the distribution of protein bands in the SDS-PAGE profile (Fig-
ure 5) showed that the main polypeptide bands were scattered between 10-200 KDa. The
variations in protein electrophoretic patterns under salinity stress in combination with
seaweed extract in treated wheat plants and salinity in combination with seaweed extracts
were presented as the appearance of new polypeptide bands and disappearance of other
bands. Major polypeptide differences were observed between the control and other treat-
ments (salinity, seaweed extracts, and combined salinity and seaweed extracts treat-
ments). In particular, changes in two polypeptides bands with 200 and 40 KDa molecular
weights were identified. The polypeptide bands with 200, 159, 40, and 22 KDa molecular
weight were the most prominent in the control (first lane). The changes in NaCl-stressed
plants (indicated as lane 4), as compared with the non-stressed plants (control), showed a
substantial increase in the levels of polypeptide bands indicative of a molecular weight of
200 KDa and with a highly significant increase of 40 KD polypeptides. One polypeptide
band with 120 KDa molecular weight was observed in plants subjected to NaCl stress
which was not detectable in the control, while the 15 KDa polypeptide was slightly re-
duced. Treatments with H. cuneiformis or A. fragilis extracts (as indicated in lanes 2 and 3,
respectively) generally resulted in an increased intensity of most polypeptide bands
which were already apparent in the control (i.e. untreated plants with seaweed extracts).
The synthesis of one new protein with a molecular weight of 120 KDa was also observed,
in addition to another 40 KDa in the case of A. fragilis extract. In salt-stressed plants (lane
4), the polypeptide with a 15 KDa molecular weight became less obvious, and when those
plants were treated with H. cuneiformis or A. fragilis extracts (lanes 5 and 6), it completely
disappeared. The changes in protein-banding patterns, in response to wheat treatment
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with seaweed extracts, revealed the occurrence of 20 protein bands, ranging from 9-200
KDa in the control plants and 22 and 23 protein bands in response to H. cuneiformis or A.
fragilis extracts respectively (Figure 5).

1 2 3 4 5 6
KDa i

— = x s

2 g

AANANA

2

Figure 5. Analysis of protein patterns by one dimensional SDS-PAGE (13.5% gel) extracted from
wheat plants, showing the changes of protein bands, in response to salinity (150 mM NaCl) and
1% conc. (H. cuneiformis and A. fragilis extracts) treatments. Each lane contains equal amounts of
protein. Protein bands in the gel were visualized by a modified Coomassie Blue staining. Lane
(M): Protein markers, Lane (2): Plants treated with H. cuneiformis, Lane (3): Plants treated with A.
fragilis, Lane (4): Plants treated with NaCl, Lane (5): Plants treated with NaCl + H. cuneiformis and
Lane (6): Plants treated with NaCl + A fragilis.

4. Discussion

4.1. Both H. Cuneiformis and A. Fragilis Extracts Mediated Amelioration of Salt Stress in Wheat
Plants by Regulating Shoot and Root Growth

One of the growth reduction criteria in the present study was based on the negative
effect of salinity on fresh and dry weight loss of roots and shoots. This was not unexpected,
because the entry of toxic salt ions into the plant prevents cell division and elongation,
thereby reducing growth [42,43]. Our results demonstrated that the application of H. cu-
neiformis or A. fragilis extracts not only mitigated the negative effects of salinity on the
growth of wheat plants but also significantly improved the fresh and dry weight of the
shoots and roots in conditions without salinity stress (Figure 3). In confirmation of our
findings in wheat plants, various research studies have reported the positive effects of
seaweed extracts in improving the growth of plants under salinity stress conditions
[22,42,44,45]. Reference [46] similarly reported the positive effect of seed-priming with
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seaweed extract on wheat plants which further supported our results of the positive im-
pact of seaweed extracts on wheat plant growth.

4.2. H. cuneiformis and A. Fragilis Extracts Mediated Amelioration of Salt Stress in Wheat
Plants by Regulating Physiological and Biochemical Attributes

The positive effects of seaweed extracts on chlorophyll content in the leaves might be
attributed to the plant growth-promoting substances reportedly present in a variety of
seaweed liquid fertilizers [47]. References [22,48] also reported that seaweed extracts
caused improved chlorophyll and carotenoid contents which further confirm our results
on the positive impact of both tested seaweed extracts on chlorophyll and carotenoid con-
tents (Figure 4). The noticeable increase in the chlorophyll content observed in the present
study has also been reported in the observation made by [49,50]. The positive effects of
seaweed extracts on carotenoids result in protecting the macromolecules such as proteins,
DNA, and RNA from the destructive effects of oxidative stress [51]. These results were
supported by the results of [22,50] in which physiological attributes of the plants were
negatively influenced by salinity, whereas seaweed extract-treated plants showed im-
proved physiological attributes under salt stress conditions. Our study suggested that the
tested seaweed extracts provided salt stress tolerance in wheat plants and that the bioac-
tive substances derived from the seaweeds may impart stress tolerance and enhanced
plant performance. The results of the current study supported those of [22] who reported
an enhanced salt tolerance due to the accumulation in seaweed extract-treated plants of
phenolic compounds, thereby mediating scavenging of reactive oxygen species. The pro-
tective effects of seaweed extracts from lipid peroxidation and membrane leakage could
be attributed to the presence of phenolic compounds and other active metabolites within
the seaweeds [52]. H. cuneiformis and A. fragilis extracts had a protective mechanism under
saline conditions by the increased production of antioxidant enzymes. Although some re-
ports also show the beneficial anti-stress effects of seaweed extracts which may be related
to cytokinin activity [53], there is still little information available on the mechanism of
action of these compounds, and more studies are needed to diagnose them in the future.
Increasing phenolic compounds of several plant crops in response to salinity has been
previously reported [54] which further supports our results.

4.3. H. cuneiformis and A. Fragilis extracts Mediated Amelioration of Salt Stress in Wheat
Plants by Regulating Ionic Balance

Plants increase the ratio of K*/Na* as a strategy to increase salt tolerance [55]. Accord-
ing to this, induced salinity stress tolerance of wheat by seaweed extracts could be due to
improved K, Ca, and Mg? uptake and enhanced K*/Na* ratio (Table 2). Seaweed extract
increases the absorption of nutrients by changing the physical, biochemical, and biological
properties of the soil, as well as affecting root architecture [56]. The application of seaweed
extracts has been reported to enhance the K+, Ca*, and Mg? leaf content of the plants [57],
which conforms with our study on the positive effects of seaweed extracts on K* ions ac-
cumulation in leaf samples of wheat plants. In confirmation of the results of our experi-
ment, [20,22,58] similarly, reported the beneficial role of seaweed extracts in improving
plant mineral uptake by the roots.

4.4. H. cuneiformis and A. Fragilis Extracts Mediated the Amelioration of Salt Stress in Wheat
by Preventing Oxidative Damage and Accelerating Antioxidant Enzyme Activities

The increased accumulation of MDA in leaves of wheat plants, in response to salinity
stress, agreed with the findings of [3] who reported the negative effect of salinity on en-
hanced MDA accumulation. Reference [22] similarly reported the ameliorative effects of
seaweed extracts on reducing MDA accumulation caused by salinity. Similarly, [22,59]
reported that seaweed extracts enhanced the tolerance of salt stress by activating the an-
tioxidant enzymes such as SOD, CAT and also by increasing the total phenolic compounds
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which contribute to the protection of plants against oxidative stress. The results of this
study demonstrated that wheat plants treated with both tested seaweed extracts moni-
tored better response in terms of all enzyme activities tested. These results coincide with
the studies on Helianthus annuus [50]. Our results regarding the positive effect of seaweed
extracts on increasing SOD activity of wheat plants are in accordance with the findings of
[60]. Applications of seaweed extracts mitigate the oxidative stress caused by abiotic
stresses via activating the antioxidant enzymes such as CAT and POD. References
[22,54,61] also reported that the treatment of wheat plants with seaweed extracts increased
the activities of SOD and CAT. Similarly, [62] reported that the application of seaweed
extracts resulted in enhanced SOD activity, and alleviation of the declined photochemical
efficiency of turfgrass. These increments in enzyme activities might be attributed to the
antioxidant compounds presented in the tested seaweed extracts in our study which is
confirmed by [63]. The results of this study suggest that both tested seaweed extracts sup-
plementation further activates the antioxidant enzymes of salt-stressed wheat plants.

4.5. Differential Changes Were Observed in the Expression Patterns of Proteins in Wheat Plants
Grown under Salinity Stress and Seaweed Extract Treatments

References [3,13,64] reported specific proteins in response to salinity stress. This find-
ing is in agreement with those obtained by [64,65], who detected an increase in protein
content in plants treated with seaweeds and moringa extracts. The appearance of new
protein bands in response to the A. fragilis extract could be considered as treatment-spe-
cific proteins [66] or may indicate a changed pattern of gene expression [67]. On the other
hand, induction of 10-15 KDa protein, with treatment by H. cuneiformis and A. fragilis ex-
tracts could also be triggered by the production of various phytohormones that are pre-
sent in the seaweed extracts [68]. Moreover, the lower molecular weight proteins are
known to have a profound role in the stress tolerance process [69]. Increased intensity of
polypeptide bands due to applications of specific seaweed extracts used in this study
might contribute to the stress tolerance of wheat plants by modulating the tolerance re-
sponse. Fluctuations in the intensification of polypeptides by salinity and various seaweed
extract applications might play a key role in the signaling mechanisms of the adaptive
responses of wheat plants to salinity. However, the effects of seaweed extracts on protein
expression are still in a state of ambiguity and further proteomic studies can provide dis-
coveries on the influence of a wide diversity of seaweed extracts on plant metabolism un-
der salt stress.

4.6. Possibility of Correlation between the Bioactive Compounds Detected in Extracts and
Elevated Salinity Tolerance in Wheat Plants Based on GC-MS Analysis

During our GC-MS-based analyses, interestingly, each of the bioactive compounds
detected in both seaweed extracts, especially those identified as the dominant compo-
nents, may act as a signal pathway responsible for increasing salinity tolerance of wheat
plants. In confirmation of this interpretation, some GC-MS-based detected bioactive com-
pounds in plants have been reported to be considered as mediators of plant responses to
biotic and abiotic stresses [70]. Our GC-MS studies identified the presence of important
fatty acids, such as lauric acid and oleic acid in H. cuneiformis extracts and hexadecanoic
acid, methyl ester, tetradecanoic acid, hexadecanoic acid, and 14-methyl-, methyl ester in
A. fragilis extracts (Table 1). Accumulation of fatty acids has been reported to play a posi-
tive role against ROS and regulate the fluctuation in the signaling events of abiotic stress
in plants [66,71]. The antioxidant and antibacterial properties of all the compounds de-
tected in both seaweed extracts tested in this study have been previously reported [72-
75]. Reference [76] reported the enhanced fatty acids generation of salt-tolerant plants
demonstrating their positive role in confronting stress. Accordingly, our study regarding
the GC-MS analysis of both seaweed extracts implies the possible role of all detected lipids
in mediating salt stress tolerance of wheat plants. However, the possible underlying
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mechanisms or their intermediates as signaling molecules under salt stress needs to be
addressed in the future.

5. Conclusions

This study revealed that extracts of H. cuneiformis and A. fragilis applied to wheat
seeds under salinity stress improved growth performance and enhanced the tolerance of
salt stress by improving photosynthetic pigments, osmolytes, phenolic compounds, K*,
Ca? and Mg?" uptakes as well as activating antioxidant enzymes (CAT, POD, and SOD)
which contributed to the protection of plants against oxidative damage by reducing MDA
accumulation and preventing the accumulation of toxic Na* ions. Interestingly, the differ-
ential expression of proteins in the response of salt-stressed wheat plants to priming with
H. cuneiformis and A. fragilis extracts justified the positive role of both seaweed extracts in
stress mitigation. Besides, GC-MS-based detected bioactive compounds were assumed to
be the key fatty acids in wheat plants responsible for H. cuneiformis and A. fragilis extracts—
mediating salinity stress amelioration. However, under both salt stress and non-stressed
conditions, A. fragilis extract rendered better efficacy than H. cuneiformis. As far as our
knowledge allows, this is the first report on the application of H. cuneiformis and A. fragilis
extracts in salt stress alleviation of wheat. However, the underlying mechanisms of action
of bioactive compounds in these seaweeds remain unclear and need to be addressed in
the future.
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