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Abstract

This study investigated the effect of Ulva fasciata and Sargassum lacerifolium seaweeds as heavy metal remediators for soil and
on the growth of radish (Raphanus sativus L.). The soil was inoculated by dry biomass of each seaweed alone and by their
mixture. Seaweeds inoculation increased the organic matter content, clay-size fraction, and nutrients in the soil. Seaweeds
mixture treatment caused a significant reduction in the contents of Pb, Cu, Zn and Ni in the soil samples and reduced them to
the tolerable limits (40.2,49.3,43.8 and 1.1 mg kg'l, respectively), while Cd, Cr, Fe, and Mn contents were closely decreased to
the tolerable limits. Biosorption of soil heavy metals by seaweeds decreased the bioaccumulated concentrations of metals in
radish plant roots and/or translocated to its shoots compared to control. For seaweeds mixture-treated soil, cultivated radish roots
were able to phyto-extract Cd, Cu, Cr, and Ni from the soil (bioaccumulation factor values > 1) of 7.45, 1.18, 3.13, and 26.6,
respectively. Seaweeds inoculation promoted the growth of cultivated radish and improved the germination percentage and the
morphological and biochemical growth parameters compared to control plants. The achieved soil remediation by dried seaweeds
might be due to their efficient metal biosorption capacity due to the existence of active functional groups on their cell wall
surfaces. Increased growth observed in radish was as a result of nutrients and growth hormones (gibberellins, indole acetic acid,
and cytokinins) present in dried seaweeds. This study shows the efficiency of seaweeds as eco-friendly bioremediators for
controlling soil pollution.
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Introduction

Heavy metal pollutants in the soil are very hazardous due to
their toxic effects and accumulation throughout the food chain
(Zhuo et al. 2019). Hence, they seriously affect human health
and ecosystem balance (Ayangbenro and Babalola 2017,
Zhang et al. 2018). Therefore, it is an urgent requirement to
apply an efficient, eco-friendly, and low-cost remediation
method for heavy metals in soil (Sud et al. 2008).

The adsorption by biomass is an important technique for
the removal of heavy metals from the environment. Marine
macroalgae (seaweeds) are one of the most promising types of
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biomasses suitable for their use as biosorbents (Das et al.
2016; Nasab et al. 2017). The potential of seaweeds as
biosorbents for removal of heavy metal has been discussed
in many research works, showing that seaweeds offer contin-
uous availability and reusability of sorbent in numerous cycles
(Abd-Elhady 2015; Fatemeh Faraji et al. 2016; Pandya et al.
2017).

Seaweeds possess efficient metal biosorption capabilities
due to the existence of active functional groups on the surface
of their cell walls such as polysaccharides, proteins, amino,
hydroxyl, carboxyl, and sulfate. These groups act as binding
sites for metals (Kang et al. 2012). The capacity of seaweeds
for biosorption of heavy metals depends on the number of
functional groups on their cell surface, the sorbed ion coordi-
nation number, availability, and affinity of the binding groups
for the metal ions as well as the chemical state of the formed
complexes. According to the composition of the cell wall in
different seaweeds, the metal biosorption capacity will differ
(Mehta and Gaur 2005). The green seaweed Ulva sp. is par-
ticularly useful in this respect because of its wide distribution
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and relatively simple structure. Ulva sp. has a sheet-like thal-
lus of two cells in thickness, resulting in a relatively high
surface area of structurally uniform and physiologically active
cells (Sarl and Tuzen 2007). Badescu et al. (2016) estimated
the biosorption capacity of Ulva lactuca and discovered it was
as much as 29.63 mg Zn (II)/g. The biosorption of different
metals by seaweed biomasses has shown that brown algae
exhibited a higher biosorption capacity. Metal biosorption
has been attributed to the presence of alginates in their cell
walls, which have a high affinity for divalent cations; besides
sulfated polysaccharides are responsible for the uptake of tri-
valent cations (Murphy et al. 2008; Kang et al. 2012). Abd-
Elhady and El-Zabalawy (2014) and Abd-Elhady (2015) re-
ported the efficient use of the mixture of Ulva sp. and
Gelidium sp. as dry biomass for remediation of contaminated
soil with Fe, Zn, Mn, and Pb heavy metals. Also, the authors
recommend using the dry biomass mixture of these seaweeds
as phyto-remediators for soil which cultivated with plants that
either the leaves and/or roots are eaten, such as radish and
lettuce.

Seaweeds do not only remediate soils but also serve as
biofertilizers and biostimulants for both soils and plants
(Melo et al. 2020). The fertilizer obtained from seaweed is
biodegradable, non-polluting, non-toxic, and non-hazardous
to humans and other animals, including birds (Raghunandan
et al. 2019). In addition, slow release of seaweeds in soils can
enhance plant efficiency and minimize environmental pollu-
tion (Wang et al. 2017). Furthermore, seaweeds are an excel-
lent source of micro- and macroelements required for plant
nutrition (Patel et al. 2017). They help to enhance the bio-
chemical constituents of carbohydrates, lipids, proteins, fibers,
ash, phenol, and dietary fiber in plants. Soil fertilization by
seaweeds improve seed germination, shoot and root elonga-
tion, water, and nutrient uptake, frost and saline resistance and
resistance toward phytopathogenic organisms (Kasim et al.
2015; Nabti et al. 2017, Silva et al. 2019).

Raphanus sativus L. (radish), one of the essential feeding
crops, belongs to the family Brassicaceae. It is grown all over
the world for its fleshy, edible tuberous root, which can be
eaten either raw or cooked. A wide variety of cultivars are
available, producing taproots that range from 2 cm up to 1
m long and from red to pink, white, purple, or black. It is an
ancient vegetable in both tropical and temperate regions
(Poudel et al. 2018). World production of radish roots was
estimated at 7 million tons per year, about 2% of the total
world production of vegetables (Schippers 2004). It is essen-
tial in Southeast Asia and North Africa: the total area cultivat-
ed with radish was 18,190 ha and total production of 9000
tons in Egypt (FAO 2014). Radish is grown in Egypt during
the winter season for local consumption and exportation. Itis a
good source of vitamin C and minerals like calcium, potassi-
um, and phosphorus. It also had medicinal uses as it stimulates
the appetite and digestion, having intestines tonic and laxative
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effect and indirectly stimulating the flow of bile (Schippers
2004).

Heavy metal accumulation in plants depends upon plant
species and the efficacy of different plants in absorbing
metals. This was assessed by either plant uptake or soil-to-
plant transfer factors of the metals, i.e., bioaccumulation fac-
tor. The bioaccumulation capability of heavy metals in the
underground organs acts as a defensive mechanism to protect
the plant shoots against the harmful effects of toxic metal
levels, which may affect photosynthetic processes (Bonanno
et al. 2017). Cultivation of crops for human or livestock con-
sumption on contaminated soil can lead to the uptake and
accumulation of heavy metals in the edible parts of plants with
a resulting danger to human and animal health (Shehata and
Galal 2020).

Many studies discussed the removal of heavy metals by
seaweeds from polluted water, but studies based on seaweeds
for the removal of heavy metals from the contaminated soil are
still few. According to the cited literature, the two species of
U. fasciata and S. lacerifolium used in this study are employed
for heavy metal remediation of polluted soils for the first time.
In addition, they are common seaweeds in the Egyptian
coasts. Hence, the present study aimed at evaluating the effi-
ciency of the dry biomasses of two seaweeds: U. fasciata
(green seaweed) and S. lacerifolium (brown seaweed) as
remediators for contaminated soil. The study also assessed
the effect of the applied seaweeds on the growth parameters,
nutrients, pigments, and organic contents of the radish plants
cultivated in heavy metal contaminated soil and determining
its heavy metal bioaccumulation and translocation factors.

Materials and methods
Soil sampling and analyses

Three composite soil samples were collected in summer 2018
from the agricultural field at the industrial Fifteen of May city,
Egypt (29°51'N and 31° 23’ E) as a profile of 0-50 cm below
the soil surface. The sampled soil was brought to the labora-
tory in plastic bags directly after collection, spread over paper
sheets, air dried, and passed through a 2-mm sieve to remove
gravels and debris. Soil texture analysis was assessed by
Bouyoucos hydrometer method, whereby the percentages of
clay, silt, and sand were calculated. The content of organic
matter was determined using the loss-on-ignition method at
450 °C (Allen et al. 1986). Determination of calcium carbon-
ate was carried out using Bernard’s calcimeter of the type
described by Betremieux (1948). Soil water extract (1:5 w/v)
was prepared for determination of soil salinity by electrical
conductivity (EC) using electric conductivity meter and soil
pH by pH meter (914 pH/Conductometer-Metrohm AG).
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The soils were digested using the acid digestion method
adopted by Wade et al. (1993) for the determination of N,
P, and K mineral nutrients as well as the heavy metal (Cd,
Pb, Cu, Cr, Fe, Zn, Ni, and Mn) contents in the collected
samples. One gram of soil sample was digested in 20 ml of
a tri-acid mixture of HNO3/H,SO4/HCIO,4 (5:1:1, v/v/v)
for 8 h at 80 °C. The digestion was continued until the
solution became clear; then, the transparent digests were
filtered using a 0.45-pum pore size cellulose nitrate mem-
brane filter paper (Millipore) and diluted up to 50 ml with
distilled water before it was stored refrigerated for analysis.
The total soluble nitrogen (N) was assessed by the Kjeldahl
method; phosphorus (P) was assessed by the molybdenum
blue method using a spectrophotometer (U-3900/3900H/
Hitachi-VWR), while potassium (K) was assessed using
Flame Photometer (Sherwood Scientific M420).
Concentrations of total Cd, Pb, Cu, Cr, Fe, Zn, Ni, and
Mn in soil samples were determined using a Perkin-
Elmer 3100 Atomic Absorption Spectrophotometer. All
of these analyses were according to Allen (1989).

Seaweeds sampling

Two seaweed species were collected from different locali-
ties during summer 2018. S. lacerifolium seaweed
(Phaeophyta) was collected from Hurghada beach (Red
Sea), while the other seaweed species was U. fasciata
(Chlorophyta), collected from Ras Al Bar beach
(Mediterranean Sea). The gathered seaweeds were brought
immediately to the Phycology Laboratory in plastic bags
containing seawater to minimize vaporization. The taxo-
nomical identification of the seaweed samples was carried
out according to Aleem (1993) and confirmed by using
Algae Base https://www.algaebase.org/ website (Guiry
and Guiry 2019). The two seaweeds were identified to be
S. lacerifolium (Turner) C. Agardh and U. fasciata Delile.
The seaweeds were cleaned thoroughly using tap water for
removing sand, epiphytes, and debris. A portion was pre-
served in 5% formalin in seawater for the taxonomical
identification, and the remaining portion was dried in the
air on a retentive paper at room temperature (25-30 °C).
The dried samples were milled with an electrical grinder to
obtain a fine powder form. Finally, seaweed powdered
samples were kept until use in a clean sealed glass vials
in the refrigerator.

The taxonomic position of these seaweeds was confirmed
as following: U. fasciata (Delile); Kingdom, Plantae; Phylum:
Chlorophyta; Class: Ulvophyceae; Order: Ulvales; Family:
Ulvaceae; Genus: Ulva. and S. lacerifolium (Turner) C.
Agardh; Kingdom: Chromista; Phylum: Ochrophyta; Class:
Phaeophyceae; Order: Fucales; Family: Sargassaceae;
Genus: Sargassum.

Seaweeds inoculation and plant growth

A pot experiment was carried out at the experimental farm of
Botany Department, Faculty of Science, Tanta University,
Egypt, during winter 2018. Soil samples (500 g) were spread
in 12 plastic pots of 15 cm in diameter. Pots were prepared in a
complete randomized design, and each treatment was replicat-
ed three times. Pots were sown with 10 g dry weight of each
seaweed species, separately. Another treatment was sown
with 10 g dry weight of the mixture of both seaweeds (in equal
amounts). The dried seaweeds were inoculated in the wetted
soil 2 weeks before cultivating the plant seeds. All pots were
placed under 12-h photoperiod at 30 °C, and they were main-
tained wet by regular spraying with a constant volume of
distilled water. Radish (R. sativus) seeds (15 seeds) were sown
in each pot of the seaweed-inoculated soil for 45 days in a
growth chamber with a light intensity of 45 pEm * s~ under
12 h light/dark cycle. The germination percentage of the rad-
ish seedlings was recorded after 1 week of cultivation. The
other growth criteria were recorded after 45 days of cultivation
which include root lengths, shoot lengths, as well as the fresh
weight of the plants’ roots and shoots. The dry weights of
roots and shoots were also evaluated after drying at 40 °C
for 3 days until constant weight. Leaf area was recorded using
Ushikata x-plan 360d Planimeter (Featonby-Smith and Van
Staden 1983).

Plant analyses

Three composite samples of the radish roots and shoots were
prepared from each treatment and grounded into a powder
using a metal grinder for nutrient analysis (Galal 2016).
From each composite powder, 0.5-1 g was digested by a
mixed-acid digestion method. The concentration of N, P,
and K nutrients and the heavy metals (Cd, Pb, Cu, Cr, Fe,
Zn, Ni, and Mn) in plant samples were determined as previ-
ously mentioned for soil analysis (Allen et al. 1986). In addi-
tion, calcium (Ca) and magnesium (Mg) were determined by
titration against 0.01 N versenate solution using meroxide and
eriochrome black T as indicators and ammonium hydroxide
and ammonium chloride as buffers. Sodium was also deter-
mined using a flame photometer (Sherwood Scientific M420)
(Allen et al. 1986).

Photosynthetic pigments content of the plant

Photosynthetic pigments in the radish leaves were estimated
according to the method of Metzner et al. (1965). The pig-
ments in a known weight of fresh leaves were extracted with
85% cold acetone and allowed to extract overnight in the
refrigerator. Each extract was prepared in 3 replicates. The
absorbance of the pigment extracts was measured at 663,
644, and 452 nm by using a spectrophotometer for chlorophyll
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a, chlorophyll b, and carotenoids, respectively. To estimate the
pigment constituents (mg/g dry weight), the following equa-
tions were applied:

Chl.a=10.3 E663*O.918 E644; Chl.b
= 19.7 Eg44—3.87 E¢¢; and Carotenoids

= 4.2 B45—(0.0264 Chl.a + 0.426 ChLb).

Where E is the absorbance at each specified Wavelength
(nm).

The total soluble protein content of the plant

Total soluble protein was measured quantitatively in the bo-
rate buffer extract of the tested plant, according to Lowry et al.
(1951). A sample of 1 ml of borate extract was mixed with
1 ml of 0.2% sodium carbonate in 4% sodium hydroxide and
0.5% copper sulfate in 1% sodium tartrates. The mixture was
allowed to stand at room temperature for at least 10 min before
the addition of 0.1 ml phenol-folin reagent. After 30 min, the
absorbance was measured using a spectrophotometer at 700
nm. The protein content was calculated as mg/g dry weight
using a calibration curve of bovine serum albumin as a stan-
dard protein.

The total carbohydrate content of the plant

Total carbohydrate content was quantitatively determined
by the method of phenol-sulfuric acid described by Dubios
et al. (1956). One ml of 5% phenol was added to 0.5 ml of
the plant borate buffer extract, and then, 5 ml of conc.
H,SO4 solution was added directly on the surface of the
tube. The sample was allowed to stand at room temperature
for 30 min. The absorption was measured against the blank
at 490 nm. The carbohydrate concentration (mg/g dry
weight) was estimated after the preparation of a calibration
curve using glucose as a standard.

Seaweed analyses

Element analysis

The concentration of nutrients (N, P, K, Ca, Na, and Mg) was
determined as previously mentioned in the plant analyses sec-
tion (2.4).

Exopolysaccharides (EPS) content of the tested seaweeds
The exopolysaccharides (EPS) content of the two tested sea-
weed species were isolated from the culture medium, accord-

ing to Sudo et al. (1995). To precipitate proteins from the algal
culture, trichloroacetic acid was added to a final concentration
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of 4%, and the algal culture was stirred for 2 h. Cells and
precipitated proteins were removed by centrifugation at
6000 rpm for 30 min at 4 °C. The clear supernatant, which
contains EPS, was collected. The EPS was then precipitated
by adding 2 V of absolute cold ethanol to a known volume of
the clear culture supernatant under continuous stirring, and the
solution was allowed to stand overnight at 4 °C. The crude
EPS was then obtained by centrifugation at 6000 rpm for
15 min at 4 °C, and the white material was collected. The
crude EPS was then further purified by dialysis against cool
distilled H,O for 48 h and changed twice daily. The dialyzed
samples were then recovered by drying at 37 °C to get a
fibrous white powder which was weighed.

Plant growth hormones of the tested seaweeds

Spectrophotometric techniques were used to determine the
amounts of indole acetic acid (IAA), gibberellic acid (GA3),
and cytokinin according to the method of Unyayar et al.
(1996). One gram of each seaweed sample was taken and
combined with 60 ml of ethanol: chloroform: 2 N ammonium
hydroxide (12:5:3 v/v/v). Each combined extract (60 ml) was
kept in a bottle at — 20 °C in deep freeze for further analysis.
The combined extract was treated with 25 ml of distilled wa-
ter. The chloroform phase was discarded. The water-methanol
phase was evaporated. The water phase was adjusted to the
exact pH value of 2.5 or 7 or 11 with 1 N HCI or 1 N NaOH,
respectively, and 15 ml ethyl acetate was added at each of
three steps. This procedure provided the isolation of free-
form of IAA, GA3, and cytokinin from the extraction solvent.
After an incubation period of 1 h at 70 °C, evaporation of ethyl
acetate was performed at 45 °C using a rote-evaporator system
(B. chi Instruments). The spectrophotometric assay was done
using 222 and 280 nm wavelengths for IAA, 254 nm for GA3,
and 269 nm for cytokinin. The amounts of IAA, GA3, and
cytokinin in the samples were expressed as standard synthetic
IAA, GA3, and zeatin equivalent.

Statistical methodology

After testing the data for normality, the difference in soil and
plant parameters with and without algal treatments was
assessed by one-way ANOVA. Significant differences be-
tween means among control and treatments were identified
using Duncan’s multiple range test. The effects of soil algal
treatments and different plant organs on different available
nutrients (N, P, K, Na, Ca, and Mg), heavy metals, and growth
parameters were assessed using repeated measurement
ANOVAs (ANOVA-2). The difference between means of nu-
trients (N, P, K, Na, Ca, and Mg), hormones, and polysac-
charide contents in both algae was tested by using unpaired ¢
test. All values were expressed as a mean of three replicates =
standard deviation (SD). The statistical analyses were
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performed using SPSS (V. 23.0) software SPSS (2006). The
bioaccumulation factor (BF), measuring the plant’s ability to
accumulate a specific metal in relation to its concentration in
the soil, was calculated as follows: BF = C,,,/Csoi, Where
C,o0r and Cy,; represent the heavy metal concentrations in
the root and soil. The translocation factor (TF), indicate the
relative translocation of heavy metal from root to shoot of the
plant, was calculated as TF = Cgpo0¢/Croor, Where Cyjoor and
C,0; denote the heavy metal concentrations in the plant shoot
and root (Galal 2016).

Results
Soil characteristics

Soil characteristics show that treatment with seaweeds had a
positive effect on its physical and chemical characters
(Table 1). The percentage of clay and organic matter (OM)
was significantly increased in seaweed-treated soil (according
to the F value). The percentage of clay was significantly in-
creased from 32.5% in the control soil to 36.4% and 36.4% in
U. fasciata and S. lacerifolium treated soil, respectively, and
reached its maximum percentage (37.4%) in seaweeds
mixture-treated soil.

Nevertheless, the studied soil had a reasonable percentage
of OM (7.56%) and was slightly alkaline (pH = 8.1); the soil
pH decreased when it was remediated by U. fasciata (pH =
7.2) and seaweeds mixture (pH = 7.7), while an increased
alkalinity value (pH = 8.5) is recorded for S. lacerifolium
treated soil (Table 1).

Generally, all nutrients exhibited a significant increase in
the soil treated with seaweeds compared to control soil.
Nitrogen concentrations increase from 217.5 mg kg ' in con-
trol to 220.7, 218.1, and 225.1 mg kg ', while phosphorus
concentrations increase from 178.9 mg kg ' in control to
180.2, 179.3, and 180.9 mg kg ' in U. fasciata,
S. lacerifolium, and seaweeds mixture-treated soils, respec-
tively (Table 1).

At the same time, the concentration of all studied heavy
metals was significantly reduced as a result of seaweed
treatment of soil. The percentages of decrement were as
follows: Cd: 84.5, 83.6, and 85.4%; Pb: 30.1, 25.4, and
37.8%; Cu: 22.5, 11.5, and 26.6%; Cr: 46.7, 51.0, and
53.5%; Fe: 39.3, 0.1, and 46.2%; Zn: 36.3, 16.1, and
44%; Ni: 46.2, 30.8, and 57.7%; and Mn: 53, 4.9, and
57.9% for U. fasciata, S. lacerifolium, and the seaweeds
mixture-treated soil, respectively. The order of reduction of
heavy metal concentrations was Cd > Mn > Ni > Cr > Fe >
Zn > Pb > Cu in the treated soil. Also, the concentration of
Pb, Cu, Zn, and Ni is reduced to the tolerable limits
(Table 1).

Plant analyses
Growth parameters

As shown in Table 2, seaweed treatments in soil induce
significant increase (P < 0.01) in all growth parameters
compared to control plants. The most pronounced increase
was detected in germination (%) and root fresh weight
(41.9% and 82.5% respectively) in plants cultivated in
the soil treated with the mixture of seaweeds. On the other
hand, U. fasciata treated soil recorded the highest increase
in root and shoot lengths and dry weight of shoot and leaf
area of radish plants which were amounted to be 1.02-fold,
52.22%, 87.5%, and 80.39%, respectively, whereas
S. lacerifolium treated soil caused the highest increase in
the root dry weight (1.83-fold) and the shoot fresh weight
(63.64%) compared to control plants.

Inorganic nutrients

The results listed in Table 3 show that, generally, all seaweed
treatments caused significant (P < 0.001) increase in the con-
tent of the inorganic nutrients in the root and shoot of radish
plants. The highest increase content was recorded in plants
cultivated in the soil treated with seaweeds mixture compared
to plants cultivated in the control soil and the soil treated with
each seaweed alone as well.

In roots of radish, the seaweed mixture treatment recorded
the highest increase in all studied nutrients followed by
S. lacerifolium then U. fasciata except for K, seaweeds mix-
ture followed by U. fasciata then S. lacerifolium compared to
plants cultivated in the control soil. On the other hand, in
shoots of radish, the highest increase in N and Na contents
was recorded in the seaweed mixture treatment followed by
U. fasciata and then S. lacerifolium. The other nutrients (P, K,
Ca, and Mg) are also increased in plants cultivated in soil
treated with seaweeds according to the following order: the
seaweeds mixture followed by S. lacerifolium and then
U. fasciata compared to their values estimated in the control
plant shoots (Table 3).

Heavy metals

Generally, all treatments of soil with seaweeds caused a highly
significant decrease (P < 0.001) in all tested heavy metal con-
centrations in radish roots and shoots compared to control.
The highest decrease is recorded in plants cultivated in the
soil treated with seaweeds mixture compared to plants culti-
vated in the control soil and soil treated with each seaweed
alone (Table 3).

Compared to root of the radish plants harvested from the
control, a reduction in the concentrations of Cd (91.4, 13.1,
and 12.6%), Fe (91.3, 33.2, and 18.9%), Zn (76.1, 35.1, and
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Table 1 Soil characteristics (mean + SD) with and without seaweed treatment
Soil characters Control Ulva fasciata Sargassum lacerifolium Seaweeds Mixture F value Tolerable limits
Sand (%) 424+042a 355+19b 414+032a 349+1.10¢ 315™
Silt 251+ 1.1d 281+12a 26.1£1.00¢ 27.8+0.09 b 29.8"
gag/[. 3254062 ¢ 364+19b 3254062 ¢ 374+120a 87.6*
CaCO, 7.56+0.82 ¢ 89+09a 7.7+0.54b 9.1+087a 123.9%%*

281+043b 26+02c 29+03a 295+0.6a 1.73™
pH 8.1+0.03b 72+052d 85+£023a 7.7+£0.08 ¢ 19.9%*
E.C (mSem ) 26+0.07a 22+0.12¢ 24+0.05b 21+£087c 2.6™
N (mgkg™) 2175+025¢  2207+275b  218.1+14c 2251+17a 97.6%%%
P 1789 +£0.89 ¢ 180.2+3.12a 1793+1.1b 1809 +2.1a 15.2%%*
K* 4452+ 1.76 ¢ 4452 +354 ¢ 4472+23b 4492+28a 2.3%
Cd 11.2+0.01 a 1.74+0.05 ¢ 1.84+0.06 b 1.64+0.03d 35.1%%* 0.02-0.7
Pb 64.6+0.76 a 451+095¢ 482+1.1b 40.2+1.09d 173.7%%* 0.01-50
Cu 672+24a 52.1+1.65¢ 59.5+095b 493+1.7d 134.8%%* 0.27-100
Cr 76.5+1.67 a 40.8+2.12b 37.5+1.6¢ 35.6+097 ¢ 607.0%%* 5-30
Fe 201.1+£0.23 a 122.1+1.7b 2009+19a 108.1 £1.76 ¢ 213.0%%* 0.15-7
Zn 782 +0.55a 49.8+0.07 ¢ 65.6 +0.65b 438+ 1.32d 165.8%%* 10-50
Ni 2.6 +£0.93 ab 14+0.01c 1.8+0.01b 1.1 £0.04d 86.1#%* 5.0
Mn 75.8+0.84 a 35.6+1.6¢c 72.1+198b 31.9+1.77d 267.0%%* 20.0

O.M. organic matter, tolerable limits according to World Health Organization (1996); seaweeds mixture, mixture of the two tested seaweeds in equal

amounts

F values represent the one-way ANOVA, df' =3

Means with the same letters (a, b, ¢, and d) are not significant according to Duncan’s multiple range test

ns: not significant (i.e., P > 0.05)

*P <0.05
**P <0.01
P < 0.001

24.4%), and Mn (92.8, 21.1, and 20.7%) was recorded in roots
of radish plants cultivated in soil treated with seaweeds mix-
ture, S. lacerifolium and U. fasciata, respectively. On the other
hand, a reduction in the concentrations of Pb (89.1, 32.2, and
35.1%), Cu (67.7, 27.2, and 27.1%), Cr (74.7, 34.1, and

Table 2 Growth parameters of radish plants (Raphanus sativus L.) with and without seaweed treatments in soil

32.3%), and Ni (55.27, 26.3, and 23.5%) is recorded in root
of the radish plants cultivated in soil treated with seaweeds
mixture followed by U. fasciata and then S. lacerifolium
(Table 3). Based on the maximum reduction percentage re-
corded in the radish roots cultivated in soil treated with

Treatments Growth parameter
Germination (%) Root Shoot Leaf Area (cm?)
Length (cm) Fresh wt. (g) Dry wt. (g) Length (cm) Fresh wt. (g) Dry wt. (g)
Control 68.9 +0.020 44+04 0.120 £0.02 0.012 +0.002 9.0 +0.5 1.1+£0.020 0.08+0.02 10.66 +1.20
Ulva fasciata 86.7+0.016 89+0.6 0207 £0.01 0.022+£0.001 13.7+£0.8 14+0.023 0.15£0.01 19.23+2.43
Sargassum lacerifolium 84.4 £0.030 50+0.3 0.179 £0.02 0.034+£0.012 12704 1.8+0.010 0.11+0.01 17.03+1.95
Seaweeds mixture 97.8 £0.012 83+0.6 0219+0.03 0.024+£0.003 13.5£0.6 1.4+0.040 0.14+0.04 1547+2.71

Each value is the mean of three replicates + standard deviation
Falgal treatment — 143. 1 ’
Fplant organ = 94.6™

Falgal treatment x plant organ — 28551
*P < 0.05 and **P < 0.01; ns, not significant (i.e., P > 0.05)
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seaweeds mixture, the heavy metals were mitigated in the
following order: Mn > Cd > Fe > Pb > Zn > Cr > Cu > Ni.

Compared to shoot of the radish plant harvested from the
control, the reduction concentrations of Cd (85.9, 41.3, and
36.3%),Pb (82.1,40.7, and 21.4%), Cr (81.9, 49.4, and 45.2),
Fe (84.8, 41.7, and 30.3), and Zn ( 92.5, 60.5, and 54.0%)
were recorded in radish shoots cultivated in soil treated with
seaweeds mixture, S. lacerifolium and U. fasciata, respective-
ly. On the other hand, reduction concentrations of Cu (84.1,
53.1, and 50.9%), Ni (72.8, 18.6, and 6.0%), and Mn (90.9,
47.2, and 40.8%) are recorded in shoots of the radish plants
cultivated in soil treated with seaweeds mixture followed by
U. fasciata and then S. lacerifolium (Table 3). The order of
reduction in heavy metal concentrations was Zn > Mn > Cd >
Fe > Cu > Pb > Cr > Ni for the radish shoots cultivated in
seaweeds mixture-treated soil.

Protein and carbohydrate contents

As shown in the results presented in Fig. 1, the roots and
shoots of radish plants cultivated in the seaweed-treated soil
were observed to contain significant amounts of carbohy-
drates compared to the control plants. The carbohydrate con-
tent in radish roots was increased by 40.8, 32.9, and 23.4% in
plants cultivated in the soil treated with seaweeds mixture,
U. fasciata and S. lacerifolium, respectively, compared to
the carbohydrate content of control plant roots. Likewise, the
carbohydrate content was increased by 16.2, 5.7, and 0.7% in
the shoot of radish plants cultivated in the soil with
U. fasciata, seaweeds mixture, and S. lacerifolium, respective-
ly compared to the carbohydrate content in the shoots of con-
trol plants.

In contrast, the protein content recorded significantly lower
values than carbohydrates. The protein content was increased
by 73.4% in the roots of plants cultivated in soil treated with
the seaweeds mixture, followed by S. lacerifolium 55.5% and

then U. fasciata 38.1%, compared to protein in the roots of the
control plants. However, the protein content in the shoots of
the treated plants was not substantially affected by the pres-
ence of seaweeds. The protein contents in the shoots were
increased by 25.9, 10.8, and 7.1% in plants cultivated in soil
treated with seaweeds mixture, U. fasciata and S. lacerifolium,
respectively, compared to its content in the shoots of the con-
trol plants (Fig. 1).

Pigments content

As a general trend, seaweed treatment in soil induces an in-
crease in the pigment contents (chlorophyll a, chlorophyll b,
and carotenoids) of the radish leaves compared to the control
plant leaves (Fig. 2). Chlorophyll a content was increased by
97.5, 72.9, and 53.2% in the plant leaves cultivated in soil
treated with U. fasciata, seaweeds mixture, and
S. lacerifolium, respectively. On the other hand, chlorophyll
b and carotenoid concentrations are increased by 92.7, 56.4,
and 44.5% and 2.14-, 1.80-, and 1.33-folds in the plant leaves
cultivated in seaweeds mixture, U. fasciata and S. lacerifolium
treated soil, respectively (Fig. 2).

Heavy metal bioaccumulation and translocation

The BF and TF of the radish plants for heavy metals are listed
in Table 4. It was found that Cd had the highest BF values
(71.5 and 67.2) followed by Ni (34.5 and 27.8) in plants cul-
tivated in the soil treated with U. fasciata and S. lacerifolium,
respectively. Seaweeds mixture treatment caused a significant
decrease in all tested bioaccumulated heavy metals in the roots
of radish (except for Ni of 26.6 as BF value) compared to
control plants. The bioaccumulation of heavy metals in plants
roots were of the following descending order: Ni > Cd > Cr >
Cu>Pb>Zn> Mn > Fe.

Fig. 1 Carbohydrate and protein - 140
contents (mg/g dry wt.) in roots g 120 | e El 8 Protein @ Carbohydrate
and shoots of radish (Raphanus E S
sativus L.) plant with and without z 100 r T
seaweed treatments Fagal treatment e
=165.2", Fyjant organ = 69.3™, and £z S0
Falgal treatment x plant organ = =198. 9 = % 60
where *P < 0.05 and **P < 0.01. R
ns, not significant (i.e., P > 0.05) % g 40
S
<
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Fig. 2 Pigment contents (mg/g 5

dry wt.) in leaves of radish 45
(Raphanus sativus L.) plants with

and without seaweed treatments 4

35

3

Pigment contents (mg/g dry wt.)

While, the highest TF was found for Ni (1.4 and 1.56),
followed by Cd (1.35 and 1.25) and then Cr (1.2 and 1.1) in
plants cultivated in soil treated with the U. fasciata and
S. lacerifolium, respectively, in addition, for plants grown in
the soil treated with seaweeds mixture, Cd records the highest
TF value (3.04), followed by Fe (1.52), and finally Cr (1.03)
(Table 4).

Seaweed analyses

Data illustrated in Fig. 3 show that the concentrations of gib-
berellin hormone (92.16 and 88.62 mg/g dry) was higher than
the concentration of indole acetic acid (IAA) (11.85 and 5.9
mg/g dry wt.) and cytokinin (4.8 and 3.0 mg/g dry wt.) for
S. lacerifolium and U. fasciata, respectively. On the other
hand, U. fasciata had a higher concentration of extracellular
polysaccharides (149.9 mg/g dry wt.) than S. lacerifolium

BChlorophylla B Chlorophyllb @ Carotenoids
F=19.7*

F=20.6% F=31.3*

U. fasciata S.lacerifolium Seaweeds mixture

Seaweed treatments

(80.7 mg/g dry wt.). For the inorganic nutrients,
S. lacerifolium seaweed had higher concentrations of P (96.5
mg/100 g), Ca (67 mg/100gm), and Mg (43 mg/100 g), while
U. fasciata recorded maximum concentrations of N (7.5 mg/
100 g), K (46.7 mg/100gm), and Na (36.4 mg/100 g) (Fig. 4).

Discussion
Soil analyses

Soil remediation is necessary to abolish a threat to the envi-
ronment and human beings from toxic metals. Several studies
reported overexcited metal accumulation by plants, and thus,
phyto-extraction of metals emerged as a feasible technology
for remediation of metal-polluted soils (Garg and Kataria
2010). In the present study, the beneficial effect of seaweed

Table 4 Bioaccumulation (BF) and translocation (TF) factors of heavy metals in radish plants (Raphanus sativus L.) with and without seaweed

treatments of soil

Heavy metals Bioaccumulation (BF) and translocation (TF)

Control Ulva fasciata Sargassum lacerifolium Seaweeds mixture

BF TF BF TF BF TF BF TF
Cd 12.7 1.85 71.5 1.35 67.2 1.25 7.45 3.04
Pb 5.74 043 533 0.52 5.22 0.37 1.00 0.70
Cu 2.68 0.42 2.51 0.27 221 0.28 1.18 0.21
Cr 5.75 1.44 7.12 1.20 8.00 1.10 3.13 1.03
Fe 0.77 0.87 1.02 0.75 0.51 0.76 0.12 1.52
Zn 1.51 248 1.80 0.84 1.17 0.84 0.65 043
Ni 25.20 1.27 34.50 1.40 27.80 1.56 26.60 0.77
Mn 1.62 0.73 2.74 0.48 1.34 0.55 0.28 091

BF = C 00/Csoi1, Where C,,,, and C,,; represent heavy metal concentrations in the root and soil The translocation factor (TF) indicates the relative
translocation of a metal from root to shoot of the plant, and was calculated as TF = Cgp0/Croors Where Cyjo; and C,,, denote a heavy metal concentration

in the plant shoot and root, respectively
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treatments was markedly manifested on soil characteristics.
Seaweed treatments slightly decrease the pH and the EC
values (Table 1). On the other side, a significant increase in
the soil organic matter content and clay percentage was no-
ticed, especially in the treatment with the seaweeds mixture.
These findings were in agreement with Gheda and Ahmed
(2015), Nabti et al. (2017), and Silva et al. (2019) who report-
ed that seaweed extracts slightly decreased the EC values in a
manner not harmful to the plants because they include many
bioactive organic molecules that could help plants to tolerate
stress caused by elevated EC values. However, the recorded
decrease in the pH values for U. fasciata and treatment with
the mixture of seaweeds may be attributed to the increased
solubility of the polysaccharides content of these treatments,
which released more anions in the soil. This explanation could
be related to the increased percentage of the aggregated clay
particles of the soil for both treatments rather than that treated
with S. lacerifolium (Table 1).

Concerning the organic matter percentage estimated in the
soil samples, many studies reported the superior ability of
seaweeds than chemical fertilizer to increase the organic mat-
ter in the soil and thus recover soil fertility and plant yield
(Raghunandan et al. 2019) and improve the uptake of water

Hormones and Extracellular polysaccharide (EPS)

and minerals in the upper soil layers (Abdel-Raouf et al.
2012). In addition, major polymeric carbon compounds of
seaweeds, like carrageenans, laminarins, and ulvans as well
as alginate, are used to fertilize the soil as being less readily
degradable as organic matter by soil microbes (Thirumaran
et al. 2009) and so to stimulate overall plant growth (Davari
etal. 2012).

The addition of different seaweeds in adequate quantities
improves the physical, chemical, and biological properties of
the soil and expands the level of soil nutrients like N, P, and K
and other minerals necessary for plant growth (Thirumaran
et al. 2009). In this connection, the results of the present study
(Table 1) show that the nutrient content (K, N, and P, respec-
tively) was amended in the soil samples with different sea-
weed treatments, especially with seaweeds mixture.
According to Abdel-Raouf et al. (2012), seaweeds, when used
as biofertilizers, could mitigate the runoff of nitrogen and
phosphorus after the application of livestock manure.
Seaweeds content of K, N, P, micronutrients, humic acid,
and polysaccharides (e.g., laminarin, alginates, and carra-
geenans), besides growth-promoting phyto-hormones, point-
ed them admirable biofertilizers for crop plants (Nabti et al.
2017). In addition, these polysaccharide molecules could act

Fig. 4 Inorganic nutrients 110
t=279.32%* . v

concentration (mg/100 g) in Ulva 100 QU. fasciata  BS.lacerifolium
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as a water-holding complex, and so affect water distribution
within the soil, and its particles aggregate stability (Khan et al.
2009). This seaweed-induced soil microbial community might
boost nutrient turnover in the soil, which eventually could
benefit both the plant growth and soil health (Nabti et al.
2017).

Heavy metal removal

Many studies endorsed seaweeds (either fresh or dry biomass)
ability for heavy metal biosorption since their macroscopic
structure affords the production of biosorbent particles
(Michalak et al. 2016; Ismail and Ismail 2017). As reported
by many studies, non-living (dead) seaweed biomass might be
more efficient than active (living) seaweeds for heavy metal
removal by biosorption, mainly due to the increased surface
area of the biomass biding sites. (Kang et al. 2012; Abd-
Elhady 2015). (Kang et al. 2012). Commonly, physical treat-
ments of seaweeds by boiling, drying, freezing, and grounding
derived an enhanced metal ion biosorption capacity by releas-
ing cell components that probably bind to the heavy metal
ions (Lopez Errasquin and Vazquez 2003). In this context,
the results of this study revealed an efficient role of dried
seaweeds as heavy metal biosorbents from polluted soils.
Analysis of the soil samples before and after applying dif-
ferent seaweed treatments showed a significant reduction in
the assessed heavy metal content, especially when using the
mixture of seaweeds. Besides, the concentration of Pb, Cu,
Zn, and Ni metals is apparently reduced to the tolerable limits
(Table 1). This is might be due to the ability of these seaweeds
to retain heavy metals in soil by the formation of stable com-
pounds with the cationic-ion contaminants or by immobiliza-
tion of these heavy metals as oxide, hydroxide, or phosphate
(Chen 2012; Abd-Elhady and El-Zabalawy 2014). The ad-
sorption of such metals by these chemical groups may employ
several mechanisms such as adsorption, electrostatic attrac-
tion, ion-exchange complexation, covalent binding, and
microprecipitation (Raize et al. 2004). The inherent functional
groups (e.g., carboxyl, hydroxyl, sulfate, phosphate, and
amine groups) present in the cell walls of brown and green
seaweeds play a key role in the metal binding by biosorption
(Gupta and Rastogi 2008). Furthermore, the presence of pro-
tein and polysaccharide molecules with wealthy content of
such active reacted groups could also act as binding sites for
heavy metals by an ion-exchange mechanism between these
heavy metals and the basic light ions (such as Ca** and Mg**
and Na* and K*) (Ahmady-Asbchin et al. 2009), thus render-
ing these ions unavailable in the soil solution when analyzed.
Furthermore, the presence of protein and polysaccharide mol-
ecules of actively reacted groups such as amino, hydroxyl,
carboxyl, and sulfate groups could act as binding sites for such
metals and thus mitigating its absorption by the plant roots
(Abirami et al. 2013; Abd-Elhady 2015). The capture of the

metals by these chemical groups includes several mechanisms
such as adsorption, electrostatic attraction, ion exchange,
complexation, covalent binding, and microprecipitation
(Raize et al. 2004). However, metal uptake is triggered mainly
by their availability, either in the external (soil associated) or
in the internal (plant-associated) boundaries. Besides, a por-
tion of these heavy metal ions may be leached down with
irrigating water to the lower layers of the soil. This could
explain the recorded decrement in the content of metals in
the seaweed-treated soils. In the same connection, many stud-
ies recommended seaweeds as bioremediating agents for pol-
luted soils. Brown seaweed species Kappaphycus alvarezii
and Eucheuma denticulatum were efficiently utilized for
Cd** biosorption (Kang et al. 2012). A mixture of brown,
red, and green algae (Padina tetrastromatica, Gracilaria
edulis, and U. reticulate) was applied to remove Cr pollution
by biosorption. As revealed from the analysis of these sea-
weed materials, Cr was adsorbed by functional groups of pro-
tein and polysaccharide at the seaweeds surface (Abirami et al.
2013).

Plants analyses

It has been reported that soil pH affects not only metal bio-
availability but also the metal uptake by the plant roots (Galal
and Shehata 2015a). Metal solubility in soils is predominantly
controlled by pH and the oxidation state of the system (Galal
and Shehata 2015b). The solubility of heavy metals is greater
within the pH range of normal agricultural soil. Low pH was
found to be optimal for metal availability but was adverse to
the plants since the solubility of heavy metal cations, e.g., Cd,
Cu, Ni, Pb, and Zn, increased with decreasing pH (Galal and
Shehata 2015a). Neutral and high soil pH could stabilize toxic
metals in soil, resulting in reduced leaching effects (Badr et al.
2012).

Some metals such as Cd, Cr, and Ni are very toxic even in
minute amounts (Ahmed and Slima 2018). In the nutrient
medium of the plant, elevated heavy metal concentration has
a damaging effect on the roots, which reduces the uptake of
most other nutrients (Eltaher et al. 2019). In the present study,
Pb, Cu, Zn, and Ni elements were found in higher concentra-
tions in the radish plant roots than their shoots; this was in a
match with many studies and recordings that trace metals are
mostly reserved in the underground organs (Bonanno 2013).
Moreover, in this study, the pH was slightly above neutral for
U. fasciata and seaweeds mixture-treated soil or even in-
creased in the soil treated with S. lacerifolium, implying an
increased mobility of metal ions and better availability of them
for plant uptake (Ahmed and Slima 2018; Slima and Ahmed
2020). In this study, the nutrients N, P, and K contents in
radish plants (shoot and root) are found to be increased as
the concentration of the studied heavy metals decreases
(Table 3).
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The increase in germination percentage, especially with
seaweed mixture treatment (Table 2), might be attributed to
the presence of growth regulatory substances such as auxins
(indole acetic acid), cytokinins, and gibberellins in the supple-
mented seaweed biomasses which exhibited phyto-active
properties (Osman et al. 2010; Arioli et al. 2015; Silva et al.
2019). Hormones or hormone-like compounds have been iso-
lated from different seaweeds, green seaweed, e.g., Ulva
lactuca (El-Naggar et al. 2005), and brown species, e.g.,
Ascophyllum, Fucus, Sargassum, and Laminaria (Breure
2014; Silva et al. 2019), and may modulate inborn phyto-
hormone biosynthesis pathways in the treated plants (Wally
et al. 2012; Divya et al. 2015a, b). It has been reported that
gibberellic acid (GA3) could stimulate seed germination of
different plants by inducing the hydrolytic enzymes around
the endosperm and activating the amylase genes in the aleu-
rone layer cells (Sun and Gubler 2004). Since green, brown,
and red algae are very rich in gibberellic acid (Jennings 1968),
they could boost a faster seed germination process. It has been
reported that S. latifolium or U. lactuca and the mixture of
their extracts provoked the oxidative damaging on Triticum
aestivum L. plants under drought stress by either directly ac-
tivating the antioxidative enzyme system as well as by pro-
viding phyto-hormones and micro-nutrients supply for wheat
plants growth (Kasim et al. 2015). Seaweed extracts could
antagonize environmental stresses due to the presence of cy-
tokinins and gibberellic and abscisic acids, which represented
a recovery route to support plant growth under stress condi-
tions (Kasim et al. 2015; El Shoubaky and Salem 2016). In
addition to the presence of soluble carbohydrates, proteins,
fiber, fat, several mineral nutrients and bioactive molecules
of antioxidant and osmoprotectant properties which are essen-
tial parts of the seaweeds composition, enhance plant
growth (Hernandez-Herrera et al. 2014; Ismail and El-
Shafay 2015; Ismail 2017). According to Erulan et al.
(2009); Patel et al. (2017), and Melo et al. (2020), these or-
ganic compounds enclosed in seaweeds are cheap, abundant,
and eco-friendly for sustainable farming, besides being valu-
able to maintaining P soil fertility. The same explanation was
also applied to the recorded high increase in the radish plant
morphological criteria of the root and shoot as well as their
leaf area measurements, which indicated a better tolerance of
the plants to the stress of the heavy metal in the soil compared
to control plants.

Many studies have reported a wide range of beneficial ef-
fects due to seaweeds application on plants, either as a liquid
extract, foliar spray, small pieces, or powder soil fertilizer
(Thirumaran et al. 2009; Nabti et al. 2017; Silva et al. 2019).
Seaweeds and their compounds also stimulate early seed ger-
mination, general plant growth, and its resistance to biotic
stress conditions (Safinaz and Ragaa 2013; Silva et al.
2019). Similarly, the overall increase in radish plant growth
might result from a higher chlorophyll content, a better

@ Springer

photosynthetic capacity, and a larger leaf area (Akila and
Jeyadoss 2010) which might enhance crop yield and quality
as well. Furthermore, organic compounds in seaweeds can
chelate and/or correct marginal shortages of some minerals
since seaweeds normally contain essential amounts of trace
elements such as Mg, Zn, Mn, Fe, Cu, Co, Ni, Mo, and B
(Khan et al. 2009; Craigie 2011; Nabti et al. 2017) which are
essential for plant growth.

These organic and inorganic composites of the studied sea-
weed species promotionally affected the mineral content (K,
N, Ca, P, Mg, and Na) of the cultivated radish plant roots and
shoots. However, the obtained results showed a significant
stimulation effect for the same previous parameters in radish
plants cultivated in soils pretreated with seaweeds mixture,
implying the feasibility of the mixture treatment over the in-
dividual ones, probably due to the mixing of both seaweed
components. Similar previous studies conformed with our re-
sults. Hernandez-Herrera et al. (2014) found that K content in
the seaweed extracts positively enhanced photosynthesis,
meristematic growth, and water status in the treated plants.
Also, P content enabled root proliferation and increased the
root/shoot ratio. The Ca present in seaweed extracts assisted
cell elongation, cell stability, and enzyme activation in the
treated plants (Zheng et al. 2016), while the growth rate of
the plants was linked to N supply (Zheng et al. 2016). Sridhar
and Rengasamy (2002) recommended using the mixture of
Sargassum wightii (brown seaweed) with U. lactuca (green
seaweed) to increase the growth of peanut (Arachis hypogaea)
plants. Also, Mathur et al. (2015) reported the enhancement in
seed germination, general growth, and biochemical structures
of legume plant (Glycine max) when treated with a mixture of
liquid fertilizer of S. wightii, U. lactuca, and Enteromorpha
intestinalis seaweeds. Silva et al. (2019) stated that rice and
lettuce plants are grown at different concentrations of
Ascophyllum nodosum and S. muticum seaweeds liquid ex-
tracts absorbed almost half amount of P, K, Ca, and Mg nu-
trients compared with the nutrients from the control soil (with-
out seaweeds).

Heavy metals bioaccumulation and translocation

The plant’s ability to accumulate metals from soils can be
estimated using the BF, while its ability to translocate metals
from the roots to the shoots is measured using the TF. Both BF
and TF can be used to estimate a plant’s potential for phyto-
remediation purposes. According to Zhao et al. (2007), TF > 1
indicates a very efficient ability to transport nutrients from
roots to shoots, likely due to an efficient metal transport sys-
tem. It is worth noting that radish plants showed BFs values
(for Cd, Pb, Cu, Cr, and Ni) as well as TFs values (for Cd, Cr,
and Fe) more than unity; therefore, it is a suitable plant for
phyto-extraction of these metals from the soil. According to
Eltaher et al. (2019), plants exhibiting TF and particularly BF
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values > 1 are improper for phyto-extraction. Furthermore, the
TF values < 1 estimated for Cu, Zn, Ni, and Mn agreed with
several studies (e.g., Eid et al. 2012; Galal and Shehata 2015a;
Galal et al. 2018; Slima and Ahmed 2020) according to which
heavy metal concentrations in the underground organs are
generally higher than the above-ground organs. In addition,
BF values < 1 reflect the ability of seaweeds to chelate and
stabilize these metals in the soil. But for TF values > 1 reflect
the ability of the root to translocate these metals to its shoot
and the sequestration of such metals in tissues or cellular bar-
riers of the plants (e.g., central vacuoles). Translocation of the
excess metals into old leaves (sooner before they fell) could be
tolerance machinery by these plants (Weis and Weis 2004). In
this connection, both BF and TF values were significantly
lower than unity for the most studied metals, indicating its
beneficial role for heavy metal decontamination from the soil.
In a recent study, Abd-Elhady (2015) endorsed using a mix-
ture of green (Ulva sp.) and red algae (Gelidium sp.) dry bio-
mass for lettuce plant cultivation in contaminated soil to ame-
liorate the existed heavy metal content. The same study rec-
ommended avoiding eating leaves or roots of such plants
which have been grown in the heavy metal contaminated soil.
In the same direction, radish plants have been endorsed with a
phyto-extraction ability of different heavy metals from soils
including Cd, Cr, Cu, Ni, Zn (Marchiol et al. 2004), Pb
(Kapourchal et al. 2009), and As (Gutierrez et al. 2010).
Recently research trends are mainly focusing on the enhanced
technologies for heavy metal phyto-remediation by using, for
example, field crops, microbes/plants genetically engineered
technologies, and agromining (Li et al. 2019). In the present
study, applying different seaweed groups as treatments along
with radish plants in the polluted soil not only decreased the
concentration of the heavy metals in the soil but also
transported lower concentrations of these metals to the organs
of the plant. This may in turn, upon repeated practicing, de-
liver a dynamic in situ technique for removing heavy metals
from polluted soils as well as mitigating its existence in the
edible plants.

Conclusion

This study presented a promising approach by using
U. fasciata and S. lacerifolium seaweeds (as dry matter) to
remediate heavy metal polluted soil and improved the growth
of cultivated radish plants, especially when applying a mixture
of both seaweeds. For soil chemical properties, seaweeds in-
oculation caused a slight increment in the inorganic nutrients
(N, P, and K) and decreased the alkaline soil pH toward neu-
tral soil conditions (pH = 7.2). It is worth noting that the
application of the seaweeds mixture reduced the content of
Pb, Cu, Zn, and Ni metals in soil and reached them to the safe
limits. At the same time, the soil content of Cd, Cr, Fe, and Mn

metals was conveyed closely to the tolerable limits.
Furthermore, these treatments decreased the concentration of
heavy metals bioaccumulated in root and/or translocated to its
shoot compared to control, thus boosting the plant tolerance to
the heavy metal stress. In the case of seaweeds mixture treat-
ment, radish roots showed phyto-extraction ability for Cd, Cu,
Cr, and Ni from the soil. These findings implied that
biosorption of heavy metals by the studied seaweeds relief
the stress on the radish plants and enhance their growth as
they can play a dual role as heavy metal bioremediators of
soil and as plant biofertilizers. Seaweeds richness content of
hormones, organic matter, and minerals strongly potentiate
these functions. Further studies are still needed using different
seaweed concentrations to determine the safe concentration
which can be used for soil treatment and to detect the critical
toxic concentration of seaweeds to be avoided to get healthy
plants for human consumption is appreciable to a certain ex-
tent in the current climate of pandemics.
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