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Abstract

Synthetic fertilizers are widely employed in agriculture relative to biofertilizers. Long-term use affects soil fertility,
plant vigor, human and livestock health, and the soil microbial community. Seaweeds were employed as biofertilizers
in sustainable agriculture to overcome this issue and boost the agricultural productivity. Therefore, the current study
investigates the effect of wheat seeds priming with the aqueous extracts of Ulva linza or Corallina officinalis seaweeds
at various concentrations (5, 10, 15, 20, and 30%). Wheat grains were primed with seaweed extracts and grown in petri
dishes, and the germination rate, growth attributes, physiological parameters, cytological traits, and molecular analyses
were evaluated. The physico-chemical characterization revealed that U. linza possessed higher levels of ash, soluble pro-
teins, and sugars, as well as essential macronutrients and amino acids, than C. officinalis. Seedling growth parameters,
physiological characteristics, and mitotic index all showed a substantial increase in low concentrations of both extracts
when compared to the control. Higher concentrations, on the other hand, exhibited an inhibitory effect as well as certain
chromosomal abnormalities. In the treated seedlings, new proteins were expressed, which could be owing to the activity
of bioactive components in the extracts. As compared to untreated seedlings, PCR-RAPD analysis utilizing five mark-
ers revealed that both seaweed extracts triggered low and high molecular weight DNA fragments, as well as fragments
specific to each extract. Seaweed extracts could be employed as an environmentally friendly and soil-safe alternative to
typical chemical fertilizers.
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1 Introduction

The use of conventional chemical fertilizers has risen
substantially as a result of the world’s rapidly growing
population and ever-increasing food demand. The use of
these chemical fertilizers and their effects, particularly
on the environment, has become a major concern (Eissa
etal. 2017). As a result, farmers began to switch to organic
farming rather than using synthetic agricultural fertiliz-
ers. Seaweeds are abundant and sustainable resources
found throughout coastlines worldwide and are consid-
ered primary producers of food, feed, biofuels, cosmetics,
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fertilizers, nutraceuticals, and pharmaceuticals (Bixler and
Porse 2011). Due to their commercial value and prospec-
tive applications, seaweeds are employed as fodder, human
food, cosmetics, biorefineries, and biofertilizers (Pefa-
Rodriguez et al. 2011). Macroalgae extracts are currently
being utilized as foliar sprays or presoaking for stimulating
the growth and production of a range of plants, notably
crops, due to the availability of several growth regulators,
trace elements, vitamins, and amino acids (Abdel Khalik
and Osman 2017). Annually, more than 15 million tons of
seaweeds are produced, with a significant amount of that
being used as biofertilizers in agricultural and horticultural
sectors (Anisimov et al. 2013).

The use of seaweeds as plant bio-stimulants is now
one of the most promising applications. This effect can
be explained by the presence of plant growth—promoting
molecules like indoleacetic acid (IAA), gibberellic acid
(GA), abscisic acid (ABA), cytokinins, and polyamines, in
algal extracts (Prasad et al. 2010). Also, other important
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phytochemicals were identified in seaweed extracts includ-
ing phenols, betaines, lipids, proteins, sugar alcohols, algi-
nates, and laminarins (Shukla et al. 2018). Such chemical
compounds provide a variety of positive physiological reac-
tions in a variety of crops, resulting in enhanced growth
and production as well as stress tolerance (Hussain et al.
2021). In addition to delaying senescence, the biologically
active phytochemicals in seaweed extracts promote root and
shoot growth, chlorophyll content, and antioxidant activity
(Battacharyya et al. 2015). Furthermore, seaweed extract
was found to boost the activity of antioxidative and nitrogen
metabolizing enzymes (such as glutamine synthetase) (Fan
et al. 2013). Also, Jannin et al. (2013) reported that seaweed
extracts significantly upregulated the genes involved in car-
bon fixation resulting in enhanced photosynthetic efficiency.
Consequently, seaweeds have been recognized as a major
source of macro- and micronutrients necessary for regular
metabolism and proper plant growth. The mineral compo-
sition of Ulva linza revealed the presence of several nutri-
ents such as Na*t, k*, Ca®*, Mg?*, CI~, and NO;, implying
that this green seaweed might be explored for future use in
medicine, nutritional supplements, cosmetics, or the food
industry (Jiang et al. 2013).

Earlier studies revealed that seaweed extracts have a consid-
erable impact on wheat development and yield components.
Spraying wheat plants with seaweed extracts resulted in a sig-
nificant increase in grain weight and yield/plant. These extracts
had a stimulating effect because they were high in bioactive
components like macro- and micronutrients, essential fatty
acids, amino acids, vitamins, cytokinins, and auxins, which
boosted cellular metabolism in treated plants, resulting in
improved growth and productivity (Stirk et al. 2003; Chernane
et al. 2015). Kasim et al. (2015) also found that employing
Ulva seaweed extract reduced the oxidative damage caused
by drought not only by activating the antioxidative system but
also by providing essential hormones and minerals for wheat
growth.

Wheat (Triticum aestivum L.) is a grass family (Poaceae)
member that is grown for cereal grain in both spring and
winter habit forms. In terms of production and consump-
tion for human food and animal feed, it is among the most
important grains on the planet. Every year, Egypt produces
ten million tons of wheat and imports another ten million
tons (Asseng et al. 2018). The core objective of stakehold-
ers is to increase wheat production in order to close the
massive gap between availability and demand (Ali et al.
2008). The objective of this study is to see how pre-sowing
seed priming with different concentrations of the seaweed
liquid fertilizers (SLFs) derived from the chlorophyte Ulva
linza and the rhodophyte Corallina officinalis affect wheat
germination, seedlings growth, physiological and molecular
aspects.

2 Material and methods
2.1 Collection of seaweeds

The two seaweed species used in this study, Ulva linza Lin-
naeus and Corallina officinalis Linnaeus, were collected
from the Eastern Harbour, Alexandria coast, Egypt, during
October 2019. The collected samples were washed thor-
oughly with seawater to remove all the unwanted impurities,
adhering sand particles, and epiphytes. The samples were
placed separately in polythene bags, kept inside an ice box,
and transported to the laboratory. Samples were thoroughly
rinsed with tap water to remove surface salt, then distilled
water and spread out on blotting paper to remove excess
water. Samples were air-dried for 15 days at 35 °C before
being thermally dried for 12 h at 60 °C.

2.2 Preparation of seaweed liquid extracts (SLEs)

The oven-dried seaweeds were crushed by hand before being
pulverized in a mixer-grinder. Seaweed powders were heated
for 45 min at 60 °C in sterile distilled water (1:100 w/v),
after which the extracts were filtered through filter paper
and stored at 4 °C for further experimental studies. The fil-
trate was considered as 100%, and different concentrations
of SLEs were generated by diluting this extract with distilled
water to concentrations of 3, 10, 15, 20, and 30%.

2.3 Physico-chemical characteristics of SLEs

The pH of SLEs was assessed using a pH meter, and their
color was observed visually. Soluble protein content was
determined according to the method described by Bradford
(1976). The lipid content was determined using Northcote
et al. (1958) technique. Soluble carbohydrate fraction was
measured according to Dubois et al. (1965). The individual
free amino acids in SLEs were estimated by the method of
Moore et al. (1958). Ash analysis and estimation of macro-
nutrients (N, P, Ca, Mg, and K) and micronutrients (Na, Fe,
Zn, Cd, Cu, and Pb) in SLEs were performed according to
the AOAC (1995) method.

2.4 Treatments and experimental design

Kernels of Triticum aestivum L., cv. Sakha 93 were sup-
plied by the Agricultural Research Center, Giza, Egypt,
and selected for apparent size and shape uniformity. The
grains were surface-sterilized for 8 min with 5% NaOCl,
rinsed multiple times with tap water, and then rinsed with
distilled water. The sterilized grains were primed by soak-
ing them for 12 h in various concentrations of U. linza
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or C. officinalis (SLFs) aqueous extracts (5, 10, 15, 20,
and 30%), whereas control grains were primed in distilled
water for the same period. To remove the excess solutions,
the priming solutions were drained and the grains were
spread out on a paper tissue. In 9-cm-diameter Petri dishes
with a double layer of filter papers, 10 grains of each treat-
ment were placed. Petri dishes were saturated with dis-
tilled water and grown in controlled conditions (12:12 day/
night, 23/14 °C £ 2, and 65% relative humidity). Each
treatment included three replicates in a completely ran-
domized design. On the fourth day following sowing, the
germination rate was calculated and some cytological
data (mitotic index and abnormality index) were recorded
on the developing root tips. Seedlings were moistened as
needed, and on the 15th day following sowing, seedlings
were collected to assess growth criteria (length, fresh
mass, and dry mass of both shoots and roots), as well as
physiological and molecular examinations.

2.5 Phytochemical analyses

According to the procedures of Arnon (1949), total chlo-
rophyll was quantified in fresh wheat leaves. The approach
outlined by Kirk and Allen (1965) was employed to evalu-
ate carotenoids. The total soluble protein content of wheat
leaves was measured quantitatively using Bradford (1976)
method based on BSA as a standard protein. The free pro-
line content was determined using a calibration curve cre-
ated using proline, as described by Bates et al. (1973).
The concentration of soluble sugars in wheat leaves was
quantified using the method outlined by Dubois et al.
(1965). Total lipids were extracted from wheat leaves and
assayed using the technique implemented by Northcote
et al. (1958). Using a standard curve generated from atro-
pine, the total alkaloid content was measured spectropho-
tometrically according to Shamsa et al. (2010).

2.6 Cytological studies

A parallel germination experiment on Petri plates was
conducted until radicles acquired a length of 1-2 cm to
explore the impact of seaweed extracts on cell division rate
and chromosome morphology. Roots from each treatment
were fixed in a mixture of absolute ethanol and glacial
acetic acid (3:1 v/v) for 24 h before being stored in 70%
ethanol at 4 °C until usage. Roots were then hydrolyzed,
stained, and squeezed before being inspected under a
microscope (100 %), and mitotic index was calculated by
analyzing at least 1500 cells and chromosomal abnormali-
ties were recorded per SLF concentration.
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2.7 Protein pattern analysis via electrophoresis

SDS-PAGE was used to identify protein electrophoretic pat-
terns using the technique implemented by Laemmli (1970).
Protein extracts from 15-day-old wheat seedlings were
electrophoresed, stained, and photographed, and then the
molecular weight of protein bands was determined using
protein molecular weight marker of 10-200 kDa.

2.8 PCR-RAPD analysis

DNA was extracted from 15-day-old wheat seedlings using
the JET™ Plant Genomic DNA Purification Kit according to
the manufacturer’s instructions. To amplify genomic DNA,
five primers were utilized (Table 1). The RAPD-PCR proce-
dures were performed as described in Sambrook and Russell
(2001). The PCR reaction mixture (25 pL.) was made up of
1 uL DNA, 1 pL MgCl,, 2 pL primer, 12.5 pL Bio-Mix Red,
and 8.5 pL of nuclease-free water. PCR amplification pro-
gram began with an initial denaturation at 94 °C for 5 min,
39 cycles of denaturation at 94 °C for 60 s, primer anneal-
ing at 36 °C for 45 s, and 1 min extension at 72 °C. The last
extension was then performed at 72 °C for 10 min before
cooling for 3 min at 4 °C. Electrophoresis on a 1.2% agarose
gel with ethidium bromide stain was used to examine the
products of amplified DNA. Finally, photos of the gels were
taken with a digital camera, and the presence or absence
of bands was assigned a score of 1 or 0, respectively. The
molecular weights of the RAPD bands were estimated using
Kapelan GmbH’s Lab Image software version 2.7.

2.9 Statistical analysis

To assess the effect of both seaweed extracts and concentra-
tions, as well as their interactions on the measured param-
eters, the acquired experimental findings were statistically
analyzed using the two-way analysis of v(ANOVA). One-
way ANOVA was also performed to determine the degree of
significance between various treatments and to separate the
means. CoStat software was used to conduct the whole sta-
tistical analysis. The data presented as the average of three
replicates + the standard deviation.

Table 1 Sequence of primers

R § Primer Sequence
used in PCR-RAPD analysis
(6'—3) OPG-03 GAGCCCTCCA
OPP-01 GTAGCACTCC
OPP-10 TCCCGCCTAC
OPC-17 TTCCCCCCAG
OPG-01 CTACGGAGGA
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Table 2 Physico-chemical characters of Ulva linza and Corallina
officinalis seaweed extracts

Table 3 Amino acids analysis of U. linza and C. officinalis (mg g~"
DM)

Parameters U. linza C. officinalis Amino acid U. linza C. officinalis
Color Green Red Aspartic acid 5.27+0.25 10.21+0.59
pH 6.64+0.02 6.70+0.05 Glutamic acid 7.08+0.32 15.47+1.02
Ash (%) 36.15+0.81 31.06+0.53 Serine 4.42+0.12 7.24+0.64
Protein (%) 5.36+0.07 4.51+0.04 Glycine 5.19+0.20 7.11+0.38
Lipid (%) 1.05+0.04 1.28+0.05 Histidine 1.32+0.02 1.46+0.03
Carbohydrate (%) 5.38+0.08 4.61+0.05 Arginine 3.88+0.18 5.71+0.34
N (mgL™") 249.0+10.21 142.0+6.03 Threonine 4.60+0.17 5.84+0.18
P (mgL™h 8.30+£0.35 6.60+0.28 Proline 2.55+0.09 2.29+0.08
Ca(mg L™ 0.38+0.01 0.63+0.12 Tyrosine 1.26+0.02 1.31+0.02
Mg (mg L™ 0.48+0.03 0.58+0.02 Methionine 8.12+0.31 2.41+0.10
K (mg L™ 118.75+0.11 112.35+0.86 Leucine 5.52+0.33 7.89+0.64
Na (mg L™") 47.49+0.44 36.21+0.82 Lysine 7.32+0.41 2.22+0.06
Fe (mg L) 3.86+1.38 2.75+1.88 Phenylalanine 27.32+1.94 15.23+1.06
Zn (mg LY 0.56+0.01 0.27+0.01 Essential 54.20 35.05
Cd (mg LY 0.026+0.00 0.012+0.00 Non-essential 29.65 49.34
Cu (mg LY 0.56+0.02 0.32+0.08 Total amino acids 83.85 84.39
Pb (mg L) 0.59+0.03 0.39+0.01

in the two seaweeds. The essential amino acids in U. linza
3 Results (54.20 mg g_l DM) were higher than those of C. officinalis

The results reported in Table 2 display the physico-chemical
characteristics of SLFs from U. linza and C. officinalis. SLFs
were green or red in color, with pH values of 6.62 and 6.67
for U. linza and C. officinalis, respectively. The ash content
of U. linza was higher (36.15%) than that of C. officinalis
(31.06%). U. linza had higher percentages of soluble proteins
and carbohydrates (5.36 and 5.38%, respectively) than C.
officinalis (4.51 and 44.61%, respectively). C. officinalis, on
the other hand, had a slightly greater lipid content (1.28%)
than U. linza (1.05%). Regarding the content of macronutri-
ents in both algal species, U. linza possessed higher amounts
of N, P, and K (249.0, 8.3, and 118.7 mg L, respectively)
compared to their counterparts in C. officinalis (142.0, 6.6,
and 112.3 mg L™, respectively). Ca and Mg, on the other
hand, revealed a reversal of trend, with 0.63 and 0.58 mg
L~"in C. officinalis and 0.38 and 0.48 mg L~! in U. linza,
respectively. The amount of micronutrients represented in
Na, Fe, Zn, Cd, Cu, and Pb were higher in U. linza (47.49,
3.86, 0.56, 0.026, 0.56, and 0.59 mg L, respectively) than
in C. officinalis (36.21, 2.75, 0.27, 0.012, 0.32, and 0.39 mg
L~! respectively).

Amino acid analysis of U. linza and C. officinalis
(Table 3) resulted in the detection of 13 amino acids with
reasonably resolved separations. C. officinalis had a slightly
greater total amino acid content (84.39 mg g~! DM (dry
mass)) than U. linza (83.85 mg g_1 DM). Six essential
amino acids (histidine, threonine, methionine, leucine,
lysine, and phenylalanine) were present in varying amounts

(35.05 mg g~! DM). Phenylalanine was the most abundant
essential amino acid in both species’ extracts (27.32 and
15.32 mg ¢! DM in U. linza and C. officinalis, respec-
tively). The order of essential amino acids in U. linza was
phenylalanine ~ methionine ~ lysine ~ leucine ~ threonine ~
histidine, but in C. officinalis their order was phenylalanine
” leucine ” threonine ~ methionine ~ lysine ~ histidine. Thus,
histidine was the least abundant essential amino acid in both
seaweed species. Nonetheless, C. officinalis’ non-essential
amino acids (49.34 mg g~! DM) outperformed those of U.
linza (29.65 mg g~' DM). The most abundant non-essential
amino acids of C. officinalis and U. linza were glutamic
(15.47 and 7.08 mg g~! DM, respectively) and aspartic acid
(10.21 and 5.27 mg g~! DM, respectively). However, the
least dominant non-essential amino acids were tyrosine fol-
lowed by histidine in both seaweed species.

The influence of U. linza and C. officinalis extracts on
wheat germination percentage and growth parameters are
reported in Fig. 1. The data showed that increasing SLF
concentrations up to 20% boosted germination rate (1a), total
plant length (1b), total fresh mass (1c), and total dry mass
(1d) of wheat seedlings, but the highest concentration (30%)
declined it, as compared to the control treatment. In compar-
ison to the control, U. linza 20% extract effectively increased
germination rate, total plant length, total fresh mass, and
total dry mass of wheat seedlings by18.07, 33.04, 55.35,
and 75.82%, respectively. In the case of C. officinalis, a 20%
extract increased germination rate by17.23%, but a 15% con-
centration increased total plant length, total fresh mass, and
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Fig. 1 Effect of seed priming
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total dry mass by 28.63, 34.52, and 37.91%, respectively, as
compared to the control. As a result, the extract of U. linza
was more efficacious than the extract of C. officinalis in pro-
moting wheat germination and growth rates.

The physiological parameters of 15-day-old wheat
seedlings primed with two seaweed extracts are reported
in Table 4. The chlorophyll content of wheat leaves was
affectedly increased by U. linza and C. officinalis seaweed
extracts in a concentration-dependent manner. While the
15% concentration of the two seaweed extracts provoked
the maximum chlorophyll content (20.3 and 18.1 mg g~
FM (fresh mass), respectively), higher concentrations non-
significantly lowered chlorophyll content as compared to
the control. Carotenoids in wheat leaves followed the same
trend, with 4.0 and 3.8 mg g~! FM in the case of U. linza and
C. officinalis, respectively, attributable to 15% concentration
seaweed extract. In comparison to the control value, higher
seaweed extracts had a non-significant increase in carote-
noids. Herein, a 15% concentration of the two seaweeds was
found to be the most effective in enhancing photosynthetic
pigments in wheat leaves with the superiority of U. linza
extract over that of C. officinalis.

Seed priming with U. linza and C. officinalis seaweed
extracts had a substantial impact on the primary metabolites
(sugars, proteins, and lipids) of wheat seedlings (Table 4).
When compared to the control, the extract of U. linza
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increased all of the primary metabolites. The increment was
proportional to the extract concentration up to 15%, which
produced the highest levels of sugars, proteins, and lipids
(35.5,16.3, and 7.1 mg g~! DM, respectively) when com-
pared to other treatments, but the trend slowed at higher
concentrations. Similarly, C. officinalis extract induced an
increase in primary metabolites, with a concentration of 15%
stimulatory effect over other concentrations. Similarly, when
compared to other doses, the stimulatory effect of 15% C.
officinalis extract on primary metabolites was greater. This
concentration yielded the largest levels of sugars, proteins,
and lipids (32.0, 15.3, and 6.8 mg g~ DM, respectively) in
wheat seedlings. In general, U. linza stimulated the accu-
mulation of primary metabolites in wheat seedlings more
than C. officinalis.

Priming with SLFs had a significant impact on proline
and alkaloid accumulation in wheat seedlings (Table 4).
Priming with U. linza extract resulted in reduced concen-
trations of proline and alkaloids in wheat leaves, with a
sequential drop until 15% concentration, which produced
the least proline and alkaloids (18.2 and 6.16 mg g~! DM,
respectively) compared to control levels. Higher concen-
trations, on the other hand, increased proline and alkaloid
accumulation. The reduction in proline concentration with
C. officinalis extract was sustained up to 15% concentration,
after which it increased again to achieve the maximum level
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Table 4 Effect of seed priming with different concentrations of U.
linza and C. officinalis seaweed extracts on the physiological param-
eter (chlorophyll, carotenoids, sugars, proteins, lipids, proline, and

alkaloids) of wheat seedlings. Results are mean of 3 replicates +SD.
Different letters in the same column denote significant differences at
0.05 level

Seaweed species Conc  Chlorophyll  Carotenoids  Sugars Proteins Lipids Proline Alkaloids
(%) (mgg™'FM) (mgg™'FM) (mgg™'DM) (mgg™'DM) (mgg™'DM) (mgg'DM) (mgg™' DM)
U. linza 0 11.8+0.20fc 2.5+0.21d 144+1.51df 10.5+0.35ed 3.7+0.13d,e 26.1+2.13a,d 12.0+0.47ad
5 154+040d 2.7+£0.15cd 22.1+1.24c 12.5+0.19c 6.1+0.31c 232+1.63b 10.1+0.81b
10 144+042e 2.8+0.11c 21.1+251c 11.3+090d 6.0+0.26c 22.1+1.74c 8.1+0.35d
15 17240250 34+031b 31.3+2.05b 144+026b 6.5+043b  20.1+0.95d 8.7+0.71c
20 16.3+0.10c  3.3+0.16b 30.1+3.01b 12.5+043c  6.2+0.56¢c 19.0+1.03e 7.3+0.3le
30 20.3+0.76a  4.0+029a  35.5+2.15a 163+0.62a 7.1+0.27a 18.2+1.70f 6.2+0.27f
C. officinalis 5 18.1+£0.20a 3.8+0.14a 32.0+£2.59a 153+0.54a 6.8+0.48a 16.1+0.81e 6.8+0.36f
10 123+0.25b 3.4+0.16b 225+1.62b 11.2+0.34c 54+0.63b  282+1.57bc 13.0+0.19¢
15 11.3+0.10d  3.2+0.24b  21.0+2.07c 132+046b 52+0.19d 27.1+1.08cd 10.1+0.24e
20 11.7+£029¢  29+0.19c  199+0.79d 11.0£0.95cd 4.8+0.30c 30.2+2.63a 15.1+0.37a
30 109+0.15¢  2.7+021cd 18.1x1.5le 10.8+0.07cd 4.2+0.25d 29.0+2.7lab 14.1+0.40b
Significance
Seaweed extract (SE) skekk ns seskesk skesksk skeksk skeksk seskesk
Concentration (C) skekk seskesk sk skeskesk skesksk skesksk seskesk
SE X C Hoksk skokosk Hsksk otk koksk koksk skekok

ns =non-significant; ***=P <0.001

(29.0 mg g~! DM) at 30% concentration. Also, alkaloids
were steadily reduced in wheat seedlings following priming
with C. officinalis extract to a concentration of 20%, but the
higher extract concentration increased alkaloid accumulation
in wheat seedlings when compared to the control.

Seed priming with the extracts from two seaweeds, U.
linza and C. officinalis, significantly affected the mitotic
index and chromosomal abnormalities in the root cells of
wheat seedlings (Table 5). The increase in the mitotic index
was proportional to the concentration of seaweed extracts up
to 15%; this concentration resulted in the maximum index
(34.0 and 35.3%, in the case of U. linza and C. officinalis,
respectively), after which the rate of increment decreased as
the concentration of seaweed extracts increased. In the case
of the control treatment or seaweed extracts up to 15% con-
centration, no chromosomal abnormalities were identified.
However, at 20 and 30% concentrations, several chromo-
somal abnormalities were detected in the dividing cells. The
highest concentration (30%) of U. linza extract induced 7.5%
chromosomal abnormalities in wheat root cells, whereas this
treatment resulted in 8.6% abnormalities in the case of C.
officinalis extract (Fig. 2). Chromosomal bridge with lagging
chromosome (2a), chromatin bridge (2b), micronuclei (2c),
multipolar cell with chromosomal bridge (2d), multinucle-
ated cell (2e), and chromosomal stickiness (2f) were among
the abnormalities detected.

After seed priming with various concentrations (5-30%)
of U. linza and C. officinalis seaweed extracts, total proteins
extracted from the leaves of wheat seedling were analyzed
using SDS-PAGE (Fig. 3). Under all study treatments, 33

bands with molecular weights ranging from 10 to 223 kDa
were identified, 20 of which were monomorphic and 13
of which were polymorphic. The experimental treatment
affected the number and intensity of protein bands. Mono-
morphic bands (present in all treatments) have a range of
molecular sizes, from low to high molecular weight proteins,
ie., 12, 18, 20, 21, 23, 30, 40, 43, 46, 49, 57, 62, 68, 79,
88,94, 107, 119, 148, and 223 kDa. In comparison to the
control and higher concentrations, the low concentrations
(5-15%) of both seaweed extracts induced the appearance
of three peptides with low molecular weight (16, 28, and
53 kDa) and two peptides with high molecular weight (170
and 184 kDa). However, following seed priming with high
concentrations (20 and 30%) of both seaweed extracts, five
low molecular weight distinct bands with molecular sizes
of 10, 14, 24, 25, and 26 kDa appeared in wheat seedlings.
At various concentrations, each seaweed extract displayed a
distinct band: a band with a molecular weight of 73 kDa for
U. linza and a band with a molecular weight of 133 kDa for
C. officinalis. Both seaweed extracts triggered the produc-
tion of a novel peptide with a molecular weight of 83 kDa
at all doses tested.

The expression of particular genes is linked to the phe-
nology and physiology of wheat seedlings primed with two
seaweed extracts, which contribute to the plant’s improved
growth and development. Table 6 summarizes the results
of RAPD-PCR analysis of wheat seedlings treated with
different concentrations of U. linza and C. officinalis sea-
weed extracts. Five primers, OPG-03, OPP-01, OPP-10,
OPC-17, and OPG-01, were examined in this investigation
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Fig.2 Types of chromosomal abnormalities in the root meristems chromosome, b chromatin bridge, ¢ micronuclei, d multipolar with
of wheat following seed priming with different concentrations of bridge, e multinucleated cell, f stickiness
seaweed extract. Abnormal cell: a chromosome bridge with lagging

Fig. 3 Effect of different U. linza extract concentrations (%)  C. officinalis extract concentrations (%)

concentration of U. linza and
C. officinalis seaweed extracts Kos M__C 5 10 15 20 3 ¢ 5 10 15 20 30

on the protein profile of wheat 200
seedlings. kDa=Xkilo Dalton; 150
M =Marker protein; C = control

treatment 120

100
85
70

88 3
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Table 6 RAPD-PCR profile Mo.wt Ctrl

produced by five primers (bP)

(OPG-03, OPP-01, OPP-10,

OPC-17, and OPG-01) showing 5 10

15 20 30 5 10 15 20 30

the effect of seed priming with -
different concentrations of U. Primer OPG-03
linza and C. officinalis extracts 1100 0
on g;e DNA patterns of wheat 1015
seedlings 923

0

0

832 0
757 0
712 0
613 0
495 1
427 1
316 1
Primer OPP-01
1071 0
815 0
751 0
0

1

1

1

—_ =k O O = = = e
S T = T N G G

653

581

405

265
Primer OPP-10

729 0

604 0

491 0

400 1
Primer OPC-17

958

885

832

704

61

441

368
Primer OPG-

872

88

718

605

530

237

—__ O =, = O
—_—_-— O = = O

—_—
—_— = =

— o0 o002 ~—00o0 oo
[SE U = =)
N T S W

—_ e e m O
_ = m O =

1 1 1 0 0 0 0 0 P
1 1 1 1 1 1 1 1 P
1 1 1 1 1 1 1 1 P
1 1 1 0 0 0 0 0 P
0 1 1 0 0 0 1 1 P
0 1 1 0 0 0 1 1 P
1 1 1 1 1 1 1 1 P
1 1 1 1 1 1 1 1 M
1 1 1 1 1 1 1 1 M
1 1 1 1 1 1 1 1 M
0 0 0 1 1 1 1 1 P
1 1 1 1 1 1 1 1 P
1 1 1 1 1 1 1 1 P
0 1 1 0 0 0 1 1 P
1 1 1 1 1 1 1 1 M
1 1 1 1 1 1 1 1 M
1 1 1 1 1 1 1 1 M
1 1 1 1 1 1 1 1 P
1 1 1 1 1 1 1 1 P
1 1 1 1 1 1 1 1 P
1 1 1 1 1 1 1 1 M
0 1 1 0 0 0 1 1 P
0 1 1 0 0 0 1 1 P
1 1 1 1 1 1 1 1 P
1 1 1 1 1 1 1 1 P
1 1 1 1 1 1 1 1 P
1 1 1 1 1 1 1 1 M
1 1 1 1 1 1 1 1 M
1 1 1 1 1 1 1 1 P
0 0 0 1 1 1 1 1 P
1 1 1 1 1 1 1 1 P
1 1 1 0 0 0 0 0 P
1 1 1 1 1 1 1 1 P
1 1 1 1 1 1 1 1 M

Mo.wt marker molecular weight; bp base pair; Ctrl control; M monomorphic; P polymorphic

to determine which one best reflects the effect of varying
concentrations of seaweed extracts on wheat seedlings. The
amplified products obtained by the RAPD profiles utiliz-
ing all samples ranged from 1100 bp for primer OPG-03 to
237 bp for primer OPG-01. With the 5 primers, a total of 34
bands were reported in wheat seedlings, 10 of which were
monomorphic and 24 were polymorphic. Primer OPG-03

@ Springer

produced the most well-defined bands (10), whereas primer
OPP-10 produced the least (4 bands). The data revealed vast
variations in the size and number of bands between seed-
lings primed with various concentrations of seaweed extracts
and the control seedlings. In response to the two seaweed
extracts at all concentrations, bands with molecular sizes
of 1015, 923, and 613 bp have appeared, but the band of
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832 bp was specific for U. linza at all concentrations in the
case of OPG-3 primer. Higher concentrations of seaweed
extracts (20 and 30%) resulted in the development of two
bands with molecular sizes of 757 and 712 bp. In the case
of primer OPP-01, all extracts of both seaweeds elicited two
bands with molecular sizes of 815 and 751 bp. In addition,
higher doses (20 and 30%) of seaweed extracts resulted in
the appearance of a band with a molecular size of 653 bp.
C. officinalis extracts provoked the appearance of a specific
band of 1071 bp. Nonetheless, the presence of a specific
band of 1071 bp was elicited by C. officinalis extracts.

In the case of OPP-10 primer, seaweed extracts exerted
a considerable impact on the expression of specific DNA
fragments. The presence of three bands with molecular sizes
of 729, 604, and 431 bp, which were absolutely lacking in
the control seedlings, was promoted by these extracts. Fur-
thermore, all seaweed extracts promoted the synthesis of
three DNA fragments with molecular sizes of 8§32, 704, and
613 bp, but the bands of 958 and 885 bp were distinct to
the higher concentrations (20 and 30%) of both seaweeds
in the case of OPC-17 primer. The use of OPG-01 primer
revealed that seaweed extracts from both species induced the
synthesis of three DNA fragments with molecular sizes of
872,718, and 530 bp; however, C. officinalis extracts stimu-
lated the appearance of 88 bp fragment and U. linza extracts
stimulated the appearance of 605 bp fragment.

4 Discussion

The findings of this study established that seed priming
with Ulva linza or Corallina officinalis seaweeds could be
employed as bio-fertilizers supporting wheat growth. Seed
priming allows seeds to function better in both normal and
stressful situations. Seed priming boosts pre-germination
metabolic activities, boosts antioxidant system activity, and
speeds up membrane mending (Masondo et al. 2018). Phyto-
hormones, amino acids, polyamines, polyphenols, carbohy-
drates, alginates, amino acids, essential macro- and micronu-
trients, betaines, and vitamins are among the physiologically
active compounds found in seaweed extracts that stimulate
plant growth and development (Mahmoud et al. 2019). Prim-
ing wheat seeds with low concentrations of seaweed extracts
resulted in high percentages of germination and seedling
growth, whereas morphological measurements were sup-
pressed at higher concentrations of the seaweed extracts.
These findings might be due to the presence of growth-
promoting substances such as indole-3-acetic acid, indole
butyric acid, gibberellins, cytokinins, micronutrients (Fe,
Cu, Co, Zn, Mn, Mo, and Ni), vitamins, and amino acids
(Shahbazi et al. 2015). Our findings are consistent with the
earlier research on radish (Kasim et al. 2016), wheat (Mohy
El-Din 2015), and maize (Al-Shakankery et al. 2014). The

uptake of Mg, K, N, and Fe from the seaweed extracts of
U. linza and C. officinalis could explain the rise in growth
criteria of wheat seedlings as a result of seed priming with
low concentrations of SLFs (Yusuf et al. 2012). The concen-
tration of nutrients, as well as the quantity of photosynthetic
products produced by the plant, had an impact on seedling
biomass. The use of seaweed extracts is thought to be capa-
ble of enhancing nutrient concentrations in the plant leaves
by integrating growth hormones in the absorption and move-
ment of these nutrients in the plant, as well as increasing the
level of other growth activating compounds, resulting in an
increase in plant biomass (Gupta et al. 2021). Nonetheless,
the inhibitory effect of increased seaweed concentrations on
wheat growth is consistent with the findings of Finnie and
van Staden (1985), who attributed this effect to the high
cytokinin concentration in these extracts.

Priming wheat seeds with the extracts of U. linza or C.
officinalis promoted almost physiological parameters like
chlorophyll, carotenoids, sugars, proteins, and lipids, with
the exception of higher concentrations of C. officinalis with
chlorophyll, as compared to the corresponding controls.
These results could be explained by the fact that seaweed
extracts with high magnesium and mineral content tended to
increase leaf total chlorophyll and carotenoids concentration
(Mohy El-Din 2015). As a result, the capacity and efficiency
of the photosynthetic process, as well as nutrient availability
and absorption, have improved, resulting in enhanced carbo-
hydrate production (Fan et al. 2013; Kulkarni et al. 2019).
The increased protein and sugar contents due to seaweed
priming could be attributed to absorption of majority of the
major elements in these extracts, particularly magnesium,
which could have activated chlorophyll synthesis and, as a
result, improved photosynthetic rates (Castellanos-Barriga
et al. 2017). Higher de novo protein synthesis and lower
protein oxidation are the sources of increased protein content
in seaweed-treated plants, according to Abd-Elmoniem and
Abd-Allah (2008), and may be due to its effect in increas-
ing the uptake of nitrogen to the plant that is a precursor of
amino acids. The increased lipid accumulation in seaweed-
treated seedlings in this study might be due to the extracts’
higher stabilizing effect on membrane lipids and increased
activity of lipid-synthesizing enzymes, as well as decreased
ROS generation, which causes lipid peroxidation and dis-
rupts enzyme activity (Kasim et al. 2016).

The decrease in proline concentration in wheat seedlings
caused by U. linza extract priming was linked to the increase
in total soluble proteins, which could indicate that proline
was integrated into protein synthesis. These findings show
that the plants primed with seaweed extracts were subjected
to less stress than the control plants, resulting in healthy
growth. The results of the current study are consistent with
those of Almaroai and Eissa (2020) and Campobenedetto
et al. (2021). The fact that most of the plant’s energy is
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directed to the biosynthetic route of macromolecules like
carbohydrates and proteins may explain the lower proline
accumulation in wheat seedlings. Another explanation for
proline reduction following priming with seaweed extracts
could be the existence of a connection between the chloro-
phyll and proline biosynthesis pathways, resulting in com-
petition for glutamate as a common precursor for the two
molecules (Tahri et al. 1997). The increased proline concen-
tration in wheat seedlings after C. officinalis priming, on the
other hand, was consistent with the findings of De Saeger
et al. (2020), who explained this as a result of activation of
proline synthesizing genes and reduced expression of proline
degrading genes after seaweed priming.

Except for 20 and 30% C. officinalis, all concentrations
of both seaweed extracts decreased alkaloid accumulation in
wheat seedlings. To cope with environmental stress, plants
have developed metabolic adaptability. In addition to their
protective activities against biotic and abiotic stress, alka-
loids serve as nitrogen reservoirs (Bhambhani et al. 2021).
According to Kasim et al. (2016), the decrease in alkaloids
as a result of seaweed priming could be ascribed to the sea-
weeds’ potent antioxidant capacity, which protects the plant
from the detrimental effects of ROS generated during cel-
lular metabolism. Also, alkaloids as a nitrogen reservoir may
be diverted into other metabolic pathways to make structural
nitrogenous compounds, such as proteins and amino acids,
because plants can dispense the protective role of alkaloids
in this situation. High concentrations of seaweed extracts
had negative effects on both morphological and physiologi-
cal parameters of wheat seedlings in some cases, which
could be due to the toxicity of seaweed extracts in high con-
centrations as a result of increased micronutrients like Zn,
Cd, Cu, and Pb, that reduce metabolic activity and aggravate
morphological and physiological parameters (Papenfus et al.
2013).

The mitotic index of wheat root cells increased gradually
up to 15% concentration of both seaweed extracts, then fell
again at higher concentrations. Seaweed extracts have been
shown to contain a variety of bioactive compounds includ-
ing vitamins, proteins, antioxidants, unsaturated fatty acids,
and carotenoids, among several others, that stimulate root
growth and mineral uptake besides inducing cell division
and cell enlargement, resulting in increased overall plant
growth (Aziz et al. 2011). Higher concentrations of seaweed
liquid fertilizer slowed the mitotic index rate, which could
be owing to high levels of minerals like Fe, Zn, Cd, Cu,
and Mn. These minerals impact some enzymatic activities
and promptly depolarize the root cell membrane, increasing
membrane permeability and inhibiting plant nutrient uptake,
resulting in a reduction in cell division and inability to give
all of the nutrients required by a plant in sufficient concentra-
tions (El-sheekh et al. 2016; Kocira et al. 2019). Wheat root
cells treated with higher concentrations of seaweed extracts
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of U. linza and C. officinalis showed certain chromosomal
abnormalities. According to Jesus et al. (2016), both algal
species possess high levels of phenols and alkaloids, which
promote an overproduction of ROS, causing cell damage and
DNA breakage. Higher concentrations of seaweed extracts
can cause chromosomal abnormalities by disrupting DNA
and protein synthesis, as well as preventing RNA translation
and chromosome re-establishment (Qian 2004).

The electrophoretic profile of wheat seedling proteins
revealed that seed priming with seaweed extracts resulted
in the appearance of additional protein bands: three with
low molecular weight (Mo.wt) and two with high Mo.wt.
The existence of these proteins can be linked to the fact
that seaweed extracts, as biostimulants, are a rich source
of growth-promoting substance, lipids, amino acids, and
minerals that trigger the expression of specific genes while
also modifying critical gene products and induced proteins
(Kasim et al. 2016). Also, by influencing the production of
transcription factors and cell-type-specific genes, Johri and
Mitra (2001) proposed that seaweed-based hormones play
a crucial role in cell expansion, cell proliferation, and cell
differentiation. Low molecular weight proteins elicited by
seaweed extract priming could be prompted by hormones
found in these extracts, and such proteins could represent
phytohormone receptors, according to the study of Abdel-
Latif et al. (2018). Additionally, the high mineral content of
these extracts, which has a significant role in controlling the
production of several enzymes in addition to its vital role as
a signaling molecule, could explain the induction of novel
polypeptides by seeds priming in the algal extract (Saad-
Allah and Nessim 2016).

RAPD-PCR of wheat seedlings revealed the induction
of new bands with a molecular size of 654 bp using OPP-
01 primer, 858 and 885 bp using OPC-17 primer, and 757
and 712 bp using OPG-03 primer, all of which were linked
with higher concentrations of U. linza and C. officinalis.
This could be owing to the large level of phenol, which has
antioxidant characteristics at greater concentrations. These
antioxidants can damage important biomolecules, and
nucleotide sequence alterations could occur (Al-Zubaidy
and Al-Hamzawi 2020). Heavy metals found in higher con-
centrations of seaweed extracts may have an adverse effect
on cell physiological processes and biomolecules such as
membrane lipids, proteins, enzymes, and nucleic acids, as
well as triggering oxidative damage directly or indirectly
by stimulating ROS generation leading to DNA fragmenta-
tion (Mahmoud et al. 2019). The existence or absence of the
different bands in specific locations could be attributed to
alterations in nitrogen base sequences that make up the DNA
strand, as well as changes in the metabolic activities linked
with nucleic acids in plants (Kunert et al. 2003). Because the
number of DNA-binding sites relies on the type of genome
that corresponds to the utilized seaweed and the extent to
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which the enzyme is specified to those sites, the RAPD-PCR
profile revealed that each seaweed extract produced distinct
bands in wheat seedlings in this investigation (Mahmoud
et al. 2019). As a result, numerous factors such as primer
structure and the number of annealing sites in the genome
determine the number of bands amplified by different prim-
ers (Tahir 2014).

5 Conclusion

The current study is a significant step toward promoting
wheat growth using extracts from the seaweeds U. linza and
C. officinalis. Because they include macronutrients such as
N, P, K, Ca, Mg, and some trace elements, as well as growth
regulators, amino acids, and antioxidants, seaweeds are
excellent natural fertilizers. According to the current study,
using low concentrations of seaweed extract as a priming
treatment improves plant growth, physiological features, and
molecular traits, as well as having a considerably greater
capacity to boost bioavailable macro- and micronutrients to
the plant. Nonetheless, U. linza seaweed extract surpassed C.
officinalis on wheat seedlings throughout all morphological,
physiological, and molecular parameters. As a result, this
research encourages breeders to utilize seaweed extracts as a
partial replacement for chemical fertilizers in order to boost
wheat germination, growth, and productivity. However, in
order to expand their use as soil conditioners and growth
stimulants, more research on the exact mechanism of sea-
weeds’ growth-promoting action on field crops is needed in
the future.
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