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Abstract

Here, the impact of irrigation using untreated wastewater (WW) on carrots (Daucus carota L.) was examined. We hypoth-
esized that the addition of ethylenediaminetetraacetic acid (EDTA), dry algal powder (Spirulina platensis or Chlorella
vulgaris), and Salix alba leaves powder would function as chelators for harmful contaminants in wastewater. The findings
showed that irrigation of carrot plants with the sampled untreated wastewater led to significant decreases in the shoot lengths,
fresh, dry weights of shoots and roots at stage I, the diameter of roots, pigment content, carotenoids, total soluble carbohydrate
content, and soluble protein content. Furthermore, a significantly increased level of proline, total phenols, and the activities
of polyphenol oxidase (PPO), peroxidase (POX), superoxide dismutase (SOD), and catalase (CAT) was identified in stage
I samples. In contrast to the stage I, the length of the roots, the number of leaves on each plant, wet and dry weights of the
stage Il roots were all greatly enhanced. In spite of the increased yield due to the wastewater irrigation, carrot roots irrigated
with wastewater had significantly more cadmium (Cd), nickel (Ni), cobalt (Co), and lead (Pb) than is considered safe. Our
data clearly show that the application of Spirulina platensis, Chlorella vulgaris, EDTA, and leaves powder of salix was able
to alleviate the toxicity of wastewater on carrot plants. For example, we recorded a significant decrease in the accumulation
of carrot’s Cd, Ni, Co, and Pb contents. We conclude that the treatments with Spirulina platensis and Chlorella vulgaris can
be utilized as eco-friendly tools to lessen the damaging effects of wastewater irrigation on carrot plants.
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Introduction

Carrot (Daucus carota) is the most common root vegetable
in the Apiaceae family, and it is one of the top ten veg-
etable crops worldwide. Carrot roots are commonly used
in cooking owing to their high content of carotenoid pig-
ments, dietary fiber, vitamin A, vitamin C, and a variety
of other vitamins and minerals (El-Batal et al. 2023; Que
et al. 2019). Egyptian farmers usually encounter a short-
age of irrigation water. Moreover, many sewage stations
are located very close to agricultural lands, which forces
farmers to use that water that is not treated at all for irriga-
tion whenever they have a deficiency in water supply (Al-
Zou'by et al. 2017; Fouda et al. 2021b; Selim et al. 2021).
Africa has experienced long-term variations in rainfall of
various lengths and intensities (Amarteifio et al. 2006).
Non-traditional supplies are frequently employed to meet
the rising demand for irrigation water (El-Sersawy et al.
2021; Mapanda et al. 2005). In addition, because of urban-
ization and increased population, there is a greater water
demand, which makes these resources exceedingly limited.
On the other hand, large amounts of wastewater provide
an issue along with the tremendous water use (Amarteifio
et al. 2006; Fouda et al. 2022). Wastewater has a wide
range of elements that are affected by various factors
including the municipal water supply’s composition, the
type of added water, and the level of received treatment. In
Egypt, many farmers were forced to use wastewater to irri-
gate their crops, due to a lack of freshwater (Nowwar et al.
2023). Some authors reported that at least 240,500 feddans
in the North Delta are irrigated using effluent from the
Al-Gharbiyyah Al-Raisi drain (Antar et al. 2012). Also,
wastewater from the Bahr El-Baqar drain, which is situ-
ated in the eastern portion of Egypt’s Nile Delta, is used
to irrigate roughly 800,000 feddans (Abdelrazek 2019).
Salts, algae, pathogenic bacteria, viruses, oxygen-
demanding items, sediments, grease, oil, scum, pesticides,
and heavy metals are common components of domestic
wastewater (Hamza et al. 2021). Turbidity, suspended par-
ticles, total dissolved solids, acidity, and dissolved oxygen
are some of the properties used to describe wastewater
(Farid et al. 1993). Uncontrolled wastewater irrigation can
lead to the buildup of heavy metals in the soil and may
negatively impact plant growth (Malik et al. 2004). As a
result, through plants’ absorption, contamination of the
food chain may occur. Also, the plants have the potential to
accumulate these metals in hazardous amounts in a variety
of edible plant components, which is dangerous for human
health (Nzediegwu et al. 2019; Saied et al. 2021).
Therefore, a lot of work should be directed toward
developing new environment-friendly, inexpensive, and
user-friendly techniques to minimize the accumulation of
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these toxic pollutants in crops. Hence, we can assure safe
crops and the environment. In this regard, both living and
dead algal biomass can be employed as heavy metal adsor-
bents (Alharbi et al. 2022). Nevertheless, many studies
have indicated that chelating metals using dead algae may
be more successful and more cost-efficient than employing
live cells (Pham et al. 2021). Moreover, the chelation of
heavy metals during wastewater treatment was frequently
accomplished using dried plant materials (Albdaiwi et al.
2022). Many bioactive and biostimulant substances can be
found in the dried salix (Salix alba) materials. The major
and most important compound of salix is the plant hor-
mone salicylic acid (SA). Plants that live in challenging
environments are thought to benefit physiologically from
SA (Gupta et al. 2017). EDTA as a synthetic chemical is
the most efficient for heavy metal removal (Nowwar et al.
2022, Oh and Yoon 2014).

This study was carried out to evaluate whether apply-
ing dry algae powder (Spirulina platensis or Chlorella
vulgaris), Salix alba leaf powder, and ethylenediamine-
tetraacetic acid (EDTA) might lessen the harmful effect
of wastewater on carrot plants. Following wastewater irri-
gation and the application of different treatments, mor-
phological, physiological, biochemical, and yield param-
eters were measured, as well as the estimated heavy metal
uptake and accumulation in carrot root (edible part).

Materials and methods
Materials

Daucus carota L. seeds (Chantenay cultivar) and Salix
alba leaves were supplied by the Agricultural Research
Centre, Ministry of Agriculture, Giza, Egypt. We bought
algae from the National Research Centre in Giza, Egypt.
The leaves of S. alba were air-dried (32 °C) till a constant
dry weight and were crushed to a fine powder.

Sampling of wastewater

For irrigation of carrot plants with contaminated water,
samples from the El-Rahawy drainage station in Giza,
Egypt (30°11'12.3" N, 31°02'53.3" E) were used. This
station takes the sewage from the governorate of El-Giza
as well as household and agricultural waste from the com-
munity of El-Rahway. Without any post-collection treat-
ment, wastewater samples were utilized for irrigation. The
positive control was fresh tap water.
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Planting, treatments, and plant sampling

The pot experiment was conducted in the botanical gar-
den of Al-Azhar University, Faculty of Science, Botany
and Microbiology Department. This study was crumbled
block a completely randomized design replicates. Carrot
seeds were sown in pots that contained clay soil. While we
were investigating the stress-relieving potential of various
soil additions, we decided the optimal dose would be 3 g/
kg of additive soil. Pots were then divided into six different
groups (each group has five replicates) as follows: In the
first group, seeds were grown using fresh tap water (control)
and the soil has no supplements. In the second one, seeds
were grown using wastewater (WW) with no soil supple-
ment. Third, seeds were grown using wastewater while the
soil was supplemented with dried Spirulina platensis pow-
der (WW + Sp). Fourth, seeds were treated with wastewater
while the dried Chlorella vulgaris powder was added to the
soil (WW + Ch). Fifth, wastewater was used while the Salix
alba leaves powder was added to the soil (WW +SA). In
the sixth group, a combination of wastewater and ethylen-
ediaminetetraacetic acid (WW +EDTA) was applied. For a
period of 6 weeks, the developed plants were irrigated with
fresh tap water (control) and wastewater collected at a rate of
1000 mL per pot every 5 days. Until the experiment’s conclu-
sion, the watering intervals were then raised to occur every
8 days. During the trial, three fertilizations were carried out
14, 28, and 35 days following planting. Each pot received
240 mg dm~> of MgNO, and 250 mg dm~> of KNO, during
the first two fertilizations. Per pot, 100 mg dm™ of urea was
sprayed at the most recent fertilization. The equal amount of
fertilizer in the form of nutrient solution was applied to each
pot. When the plants were 90 (stage I) and 110 (stage II)
days old, samples were taken. The roots that were harvested)
yielded roots) from each group at the end of the growing
season (181 days) were evaluated for their quality.

Chemical analysis
Wastewater analysis

Total dissolved solids (TDs), electrical conductivity (EC),
and pH of wastewater and fresh tap water were all measured
using a pH/electric conductivity meter (914 pH/Conductom-
eter Metrohm AG). After that, water samples were imme-
diately acidified with diluted HNO;, preparing them for
different element analyses with an atomic absorption spec-
trophotometer (PerkinElmer 3100) (Rice et al. 2012). The
concentration of potassium (K) was measured using a flame
photometer, CORNING M410, while the concentration of
phosphorus (P) was calculated using the molybdenum blue
method and measured at 700 nm using a spectrophotometer
(UNICO Vis Model 1200, USA) (Allen et al. 1974). On

Table 1 Chemical and biological properties of irrigation waters

Water characters Water sample type

Fresh water Wastewater
pH 7.11+0.17 7.33+0.21
EC (dS/m) 3.71+0.09 11.12+1.02
TDS (ppm) 2372.5+31.1 7113.9+33.1
COD (mg/L) 535+1.22 416.90+2.21
BOD (mg/L) 2.10+0.09 182.60+2.11

Data represented by the means of three replicates+ standard error
(n=3,+SE). WHO Standard Limits: pH (6.5-8.5), TDS (<2000),
COD (£10), BOD (<£6) (Organization 2022)

Table 2 Chemical analysis of irrigation waters

Water characters Water sample type

Fresh water Wastewater
NH;-N (mg/L) 7.11+0.17 7.33+0.21
Cations (meq/L) Ca’* 7.15+£1.04 4.75+0.08
Mg** 5.28+3.01 4.03+0.10
K* 0.18+0.03 0.15+0.04
Na* 25.03+4.01 102.17+0.31
Anions (megq/L) Cl- 26.68 +6.04 106.83 +1.21
COo,*- 0 0
HCO;~ 0.66+0.22 0.86+1.02
S0, 9.74+1.11 3.41+0.11
Macro and micro-nutri- P 5.29+0.09 5.59+0.13
ents (mg/L) S 7.35+0.06 36.28+1.05
Fe 0.13+0.08 0.14+0.03
Zn 0.01+0.01 0.02+0.01
Cu 0.04+0.01 0.36+0.11
Mn 0.10+0.03 0.31+0.08
Heavy metals (mg/L) Ni 0.06+0.01 0.63+0.12
Cd 0.03+0.01 0.37+0.07
Pb 0.02+0.01 0.34+0.10
Co 0.06+0.02 0.54+0.16

Data represented by the means of three replicates+ standard error
(n=3,+SE). WHO Standard Limits: NH;-N (6.5-8.5), Fe (0.3), Zn
(5.0), Cu (2.0), Mn (0.08), Ni (0.07), Cd (0.003), Pb (0.01), and Co
(0.05) (Organization 2022)

the other hand, ammonia—nitrogen (NH;-N) concentrations
were estimated calorimetrically by using the nesslerization
method (Golterman 1991). In the following step, 20 mL of
the test solution was well combined with 1 mL of sodium
salicylate solution; then, 1 mL of Nessler’s reagent was
added, and the mixture was stirred. After 15-30 min, the
generated color was detected at 420 nm after the reaction
had taken place. Titrimetric analysis was used to quantify
the chemical oxygen demand (COD), whereas the 5-day bio-
chemical oxygen demand approach was utilized to estimate
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the biochemical oxygen demand (BOD) (Delzer and McKen-
zie 2003) (Table 1 and 2).

Soil chemical analysis

The soil samples were then exposed to air drying before
being digested by acid mixtures at a temperature of 80 °C
for 8 h at a ratio of 5:1:1 v/v/v HNO,/H,SO,/HCIO, (Wade
et al. 1984). To filter the translucent digests, Millipore cel-
lulose nitrate membrane filter paper with a 0.45-pm pore
size was used after mixing the digests with dis. H,O for up
to 50 mL. The quantity of solubilized cations, anions, and
heavy metals was determined using the absorption spectro-
photometer (PerkinElmer 3100 Atomic). Using a spectro-
photometer, nitrogen was measured at 660 nm and phos-
phorus at 700 nm. Using the molybdenum blue method and
the Kjeldahl technique, the concentrations of total soluble
nitrogen (N) and phosphorus (P) were measured, respec-
tively (Allen et al. 1974). To measure potassium (K), the
flame photometer was used (CORNING M410) (Allen et al.
1974). In order the purpose of measuring the pH of the soil
(1 g soil/5 mL water), TDs, and EC, a pH/electric conductiv-
ity meter (914 pH/Conductometer Metrohm AG) was used
(Page et al. 1982). According to the WHO Guidelines, the
maximum permissible levels for various metal ions in soils
were tested (Organization) 2022) as presented in Table 3
and 4.

Plant material analysis
Morphological analysis

The length of shoots and roots for eight different individual
plants were investigated in centimeter; leaf numbers were
also counted for the same group of plants (Amin et al.
2021). Following clipping, plants in each treatment were
weighed for fresh weight determination of both shoots and
roots (estimated as g/plant). Plant materials were dried at
70 °C till they reached the constant dry weight. After that,
the dry weight was recorded as the final weight (Abdel-
Hamid et al. 2021).

Table 3 Chemical and
biological properties of soil

Soil characters ~ Soil sample

sample Texture Clay
pH 7.14+1.01
EC (dS/m) 11.42+1.20
TDS (ppm) 7304.00+3.19

Data represented by the means
of three replicates +standard
error (n=3,+SE)
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Table 4 Chemical analysis of soil sample

Soil characters Soil sample
Cations (meq/L) Ca** 5.26+0.12
Mg L41+1.21
K* 0.31+0.11
Na* 107.15+2.09
Anions (meq/L) CI- 107.82+3.41
COo,*~ 0
HCO;~ 1.83+1.22
S0~ 4.48+0.43
Macro and micro-nutrients (mg/ N 24.40+1.41
kg) P 21.07+1.33
S 39.01+£2.20
Fe 0.47+0.19
Zn 0.14+0.09
Cu 1.51+£0.21
Mn 0.43+0.11
Heavy metals (mg/kg) Ni 0.22+0.14
Cd 0.01+£0.01
Pb 1.02+0.13
Co 0.04+0.01

Data represented by the means of three replicates+ standard error
(n=3,+SE). WHO Standard Limits: Fe (7.0), Zn (50), Cu (100), Mn
(20), Ni (5.0), Cd (0.7), Pb (50), and Co (65) (Organization 2022)

Physiological and biochemical analyses

Chlorophyll and carotenoid contents The pigment
content of fresh carrot leaves was determined using
a method described before (Ismail et al. 2021; Light-
enthaler 1987). Briefly, 1 g of fresh leaves was crushed
in a mortar with 80 mL (80% v/v) acetone with 0.5 g cal-
cium carbonate, then centrifuged for 5 min at 8000 rpm
and filtered. The filtrate was transferred to a volumetric
flask and diluted to 100 mL with acetone (80%). The
optical density of the extracted compounds was evalu-
ated using a spectrophotometer (Jasco model V-530,
Tokyo, Japan) at 645, 663, and 470 nm for chlorophyll
a, chlorophyll b, and total chlorophyll, and 440 nm for
carotenoids. The pigment content was calculated in mg/g
FW.

Carbohydrate and protein contents Using anthrone-sulfu-
ric acid, total soluble carbohydrates were calculated using
UV spectrophotometry (UNICO Vis Model 1200, USA) in
accordance with the methodology of (Umbreit et al. 1957).
Total soluble protein contents were measured with a UV
spectrophotometer (UNICO Vis Model 1200, USA) and
determined using the Bio-Rad protein assay, following
(Lowry 1951) instructions.
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B-Carotene contents The concentrations of p-carotene con-
tents were calculated using the method that was given by
Nagata and Yamashita (1992). For that, 1 g of fresh carrot
root was homogenized (IKA-WERKE T10 Basic) for 2 min
to a homogeneous mass using 10 mL of an acetone-hexane
mixture (2:3) followed by centrifugation at 5000 rpm for
10 min at 20 °C. The absorbance of the clear supernatant
was determined at 453, 505, 645, and 663 nm using the UV/
VIS spectrophotometer (Cary 50 Scan). The following equa-
tion was used to calculate the amount of B-carotene (Nagata
and Yamashita 1992):

p — carotene(mg /100mL) = (0.216 X Agq3) — (1.22 X Agys)

—(0.304 X Asp5) + (0.452 X Ays3) )

where A =absorbance.

Free proline

The concentrations of free proline were calculated using
the method that was given by Bates et al. (1973). Using this
method, 10 mL (3%) sulfosalicylic acid was used to homog-
enize 0.5 gm dry plant material. Whatman No. 2 filter paper
was used to filter the homogenate. Two milliliters of the filtrate
was subjected to a 1-h reaction with 2 mL of glacial acetic
acid in a test tube submerged in boiling water. The ninhydrin
was prepared by heating 1.25 g in 30 mL of glacial acetic acid
and 20 mL of 6 M phosphoric acid, stirring until it dissolved
and then allowed to cool. An cold bath marked the end of
the reaction. Four milliliters of toluene was added to the reac-
tion mixture, and it was rapidly stirred for 15 to 20 s using a
test tube stirrer. Using a UV spectrophotometer (UNICO Vis
Model 1200, USA), the toluene-containing chromophore was
removed from the aqueous phase and heated to room tem-
perature, and the absorbance was measured to 520 nm. Proline
content was given in milligrams per gram of dry mass.

Total phenols The total phenolic compounds (mg 100 g™
of dry wieght) were determined using the method described
by Diaz and Martin (1972) as follows: After being extracted
for at least 24 h at 0 °C using 1 g of dried defeated ground
leaves in 5—-10 mL of 80% ethanol, the alcohol was purified.
Three times, 5-10 mL of 80% ethanol was used to remove
the leftover residue. Using 80% ethanol, the cleared extract
was eventually finished to a volume of 50 mL. In a dry test
tube, an aliquot of 0.5 mL of the prior extract and 0.5 mL
of Folin-Denis reagent were well combined, and the tube
was vigorously shaken for 3 min. After thoroughly mix-
ing 1.0 mL of the 35% saturated Na,CO; solution, 3 mL
of distilled water was added. Using 0.5 mL of 80% ethanol
and reagents alone as a blank, the development color was

measured at 725 nm by a UV spectrophotometer (UNICO
Vis Model 1200, USA) after an hour.

Enzyme activities Enzyme extracts were prepared accord-
ing to the method described by Mukherjee and Choudhuri
(1983) Briefly, leaf tissues were homogenized in 10 mL of
phosphate buffer (0.1 M, pH 6.8) at ice-cold temperatures.
This was followed by centrifugation at 12,000 rpm and
4 °C for 20 min. The activity of the examined enzymes was
immediately assessed using the supernatant.

Superoxide dismutase (SOD) activity was evaluated by
measuring the suppression of pyrogallol autoxidation, as
described by Alharbi et al. (2022). Pure water (3.6 mL),
0.1 mL of enzyme, 5.5 mL of 50 mM phosphate buffer (pH
7.8), and 0.8 mL of 3 mM pyrogallol (dissolved in 10 mM
HCI) made up the solution (10 mL). Using a UV spectropho-
tometer, the rate of pyrogallol reduction was determined at
325 nm. The amount of enzyme that caused a 50% inhibition
of pyrogallol’s auto-oxidation rate at 25 °C was considered
one unit of enzyme activity.

Catalase (CAT) activity was analyzed according to
the method of Chen et al. (2000). In a 3 mL volume, the
assay mixture included 50 mL of sample extract, 15 mM
H,0,, and 100 mM potassium phosphate buffer (pH 7.0).
The amount of enzyme that decreased 50% of the H,0, in
60 s at 25 °C was defined as one unit of enzyme activity.

Peroxidase activity (POX) was measured according to the
method of Piitter (1974), the reaction mixture was as follows:
after adding 2 mL of 20 mm of pyrogallol, 5.8 mL of 50 m
of phosphate buffer at pH 7.0, 0.2 mL of enzyme extract, and
2 mL of 20 mm of H,0,. The rate of increase in absorbance as
pyrogallol was measured spectrophotometrically using a UV
spectrophotometer within 60 s at 470 nm and 25 °C.

The polyphenol oxidase (PPO) activity was determined
as described previously (Kar and Mishra 1976). The sodium
acetate buffer (pH 5.0) containing 0.1 M catechol was uti-
lized as the substrate. The reaction took place for 60 min at
30 °C, and measurements were taken at 395 nm (Ultrospec
2000). The expression for polyphenoloxidase activity was
shifts in optical density/min/g fresh mass.

Plant heavy metal content determination

The concentrations of heavy metal concentrations in the col-
lected samples (edible plant parts) were quantified using an
atomic absorption spectrophotometer (PerkinElmer 3100)
(Parkinson and Allen 1975).

Statistical analysis

The statistical calculations were carried out in Microsoft
Excel 365 and SPSS 25 (Statistical Software for the Social
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Sciences). Quantitative data with parametric distributions
were compared using analysis of variance for one-way
ANOVA and post hoc test, Tukey’s, both with a 0.05 prob-
ability threshold. The artwork and figures were performed
using computer programs Microsoft Excel version 365 and
GraphPad Prism program (version8).

Results and discussion
Growth traits

Approximately, 70% of all freshwater withdrawals are used
in the agricultural sector, although in some underdeveloped
nations, this percentage might exceed 95% (Bruinsma 2017).
Egypt uses the Nile River’s water for agricultural irrigation
to the tune of almost 80% of its total volume. As a result, and
without any prior treatments, farmers would use wastewater
for crop irrigation in locations that have no access to fresh

water (Antar et al. 2012). Based on the the results shown
in Table 5 and 6, wastewater irrigation had no effect on the
length, fresh or dry weight of Daucus carota shoots at stages
I and II, or the fresh and dry weights of roots at stage 1.
Similarly, the use of wastewater had no effect on the number
of leaves, fresh and dry weights, or root lengths in stage II.
In comparison to the control and wastewater treatments, the
application of S. platensis, C. vulgaris, S. alba plant powder,
and EDTA considerably enhanced the lengths, fresh and dry
weights, and number of leaves at stages I and II.

In case of shoot lengths, the maximum increases were
observed by about 31 and 12% when the plants were treated
with S. platensis at stages I and II, respectively, as compared
to the wastewater-irrigated plant. In case of root lengths, the
maximum increases were observed by about 37 and 27%
when the plants were treated with C. vulgaris at stages [
and II, respectively. The maximum increases in the number
of leaves were showed by about 32% at stage I after the
plants were treated with S. platensis, while the maximum

Table 5 Effect of different

Treatments Shoot length (cm) Root length (cm) Number of leaves/plant

treatments on the shoot length

(cm), root length (cm), and Stage 1 Stage 11 Stage 1 Stage 11 Stage I Stage 11

numbers of leaves /plant of

Daucus carota plant Control 17.0+0.82ab 18.5+1.3ab 9.7+ 1.4¢c 16.0+1.4b 4.7+0.8¢c 7.3+0.5¢
WwWw 14.5+0.9b 16.5+1.0b 11.3+24bc  185+1.3b 5.5+0.6bc 8.0+0.8c
WW +Sp 19.0+2.2a 20.8+0.5a 13.2+2.4b 20.5+0.6ab  7.3+0.5a 11.3+1.0b
WW +Ch 18.0+0.8a 20.5+2.7a 15.5+1.6a 23.5+1.0a 62+04ab 11.5+0.6b
WW +SA 18.5+1.0a 19.8 +0.6a 13.3+1.9b 193+1.5ab 6.8+0.8a 13.5+1.3a
WW +EDTA  17.0+1.2ab 183+1.0ab 11.8+2.2b 20.8+1.3b 6.5+0.6ab 11.0+0.8b
HSD 2.79 3.04 4.63 2.73 1.35 1.95

Different lowercase letters in the same column are significantly different by post hoc Tukey’s honestly sig-
nificant difference test (HSD) at p <0.05; values of the same column with the same letter are not signifi-
cantly different. The data are represented as the mean of value + SE (n=3). Control is fresh water, WW
is wastewater, WW + Sp is wastewater + Spirulina platensis, WW + Ch is wastewater + Chlorella vulgaris,
WW + SA is wastewater + salix plant powder, and WW +EDTA is wastewater + EDTA

Table 6 Effect of various treatments on the fresh and dry weights (g) of shoots and roots of Daucus carota plant. Each value is a mean of 8 repli-

cates = standard error of means

Treatments F.Wt. shoot (gm) D.Wt. shoot (gm) F.Wt. root (gm) D.Wt. root (gm)

Stage | Stage 11 Stage 1 Stage 11 Stage | Stage 11 Stage [ Stage II
Control 3.6+0.7d 5.6+£0.3c 0.3+0.1b 0.6+0.2b 9.9+0.9bc 12.8+1.7e 0.9+0.14ab 1.4+0.5¢
ww 3.6+0.2d 5.3+04c 0.3+0.1b 0.4+0.1b 8.6+0.8¢c 14.1+1.8de 0.8+0.1ab 1.6 +0.4bc
WW+Sp 4.7+0.3bc 6.7+0.6b 0.6+0.1ab 1.0+£0.2a 11.4+0.8ab 179+1.4cd 1.0+0.2ab 2.4+0.4ab
WW+Ch 5.7+0.8ab 7.6+0.5b 0.6+0.2a 1.1+£0.1a 10.6+0.6b 22.2+1.5bc 0.8+£0.2b 1.8 +0.5abc
WW+SA 6.4+0.8a 10.7+0.4a 0.6 +0.2ab 1.2+0.1a 12.3+0.8a 26.3+1.6a 1.1+£0.1a 2.8+0.5a
WW+EDTA 4.8+03cd 7.4+0.6b 0.5+0.1ab 1.1+£0.2a 11.2+0.6ab 23.3+1.3ab 0.9+0.2ab 2.2+0.5abc
HSD 1.08 0.91 0.32 0.31 1.51 4.26 0.33 1.03

Different lowercase letters in the same column are significantly different by post hoc Tukey’s honestly significant difference (HSD) test at
p <0.05; values of the same column with the same letter are not significantly different. The data are represented as the mean of value +SE
(n=3). F.Wt. is denoting the fresh weight; D.Wt. is referring to the dry weight; control is fresh water; WW is wastewater; WW + Sp is waste-
water + Spirulina platensis; WW +Ch Is wastewater + Chlorella vulgaris; WW +SA is wastewater + Salix plant powder; and WW +EDTA is

wastewater + EDTA
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increases in the number of leaves were showed by about 69%
at stage II after the plants were treated with salix powder.
On the other hand, the maximum increases in the shoot fresh
weight, shoot dry weight, root fresh weight, and root dry
weight were observed by about 78, 102, 100, 200, 43.87, 37,
and 75% at stages I and II, respectively, when the plants were
treated with salix powder as compared to the wastewater-
irrigated plant.

Several researchers have noted the promoting effects of
microalgae and macroalgae with regard to the growth of
plants. For instance, the morphological properties of tomato
(Solanum lycopersicum), such as the length and dry weight
of the shoots, roots, and nodes, were enhanced when irri-
gated with polysaccharide extracted from three microalgae
of Arthrospira platensis, Porphyridium sp., and Dunaleilla
salina, as compared to the control (Rachidi et al. 2020).
The presence of different stimulants such as sulfates, carbs,
uronic acids, and high protein levels may cause these growth
benefits following treatment with microalgae. These var-
ied components may raise the concentration of phytohor-
mones such as IAA and gibberellic acids, which promote
cell division, cell growth, and tissue differentiation (Fouda
et al. 2021a; Saucedo et al. 2015). Moreover, Swiss chard’s
growth and pigment content was enhanced when it was
sprayed with varied quantities of Chlorella vulgaris extracts
(Hajnal-Jafari et al. 2020).

Simulative effects of salicylic acid (the major component
of Salix leaves) have been reported on the wheat plant under
cobalt pollution of soils by Mohamed and Hassan (2019);
they showed that the cobalt element causes a remarkable
reduction of fresh and dry biomass, and shoot height. In
addition, maize plants were treated to promote develop-
ment in the presence of high NaCl concentrations by either
soaking the seeds or spraying them with various amounts of
salicylic acid (El-Khallal et al. 2009). The effect of EDTA

Table 7 Effect of irrigation of carrot plant with freshwater (control),
wastewater (WW), wastewater + Spirulina platensis (WW +Sp),
wastewater + Chlorella vulgaris (WW +Ch), wastewater +salix plant

in protecting the plant from the potentially damaging effects
of exposure to certain environmental stresses was investi-
gated (Saleem et al. 2020). Also, the application of EDTA
to Brassica napus L. reduced the inhibitory effects of heavy
metal stress, which led to an increase in root length, leaf
area, plant height, fresh and dried leaf weights, and root
weights (Habiba et al. 2015).

Photosynthetic pigments

Data analysis demonstrated that the concentrations of pho-
tosynthetic pigments in the carrot plants decreased in com-
parison to the control after wastewater irrigation throughout
both growth stages (Table 7). The chlorophyll (a) was sig-
nificantly declined by about 4% and 27%, while the content
of chlorophyll (b) was reduced by about 15% and 23%, total
chlorophyll (a+b) by about 7% and 27%. Also, the con-
tents of carotenoids were significantly decreased by about
25% and 37%, at the stages I and II less than those of the
controls, respectively. The result might be explained by an
accumulation of heavy metals, which could prevent certain
enzymes from functioning and, as a consequence, prevent
further metabolic processes from occurring (Shakya et al.
2008). Moreover, the presence of heavy metals in wastewater
can have an impact on photosynthetic processes directly or
indirectly. This might result in the Calvin cycle’s enzymatic
activities being inhibited and a CO, deficit brought on by
the closed stomata (Bertrand and Poirier 2005). The reduc-
tion in the chlorophyll content associated with heavy metal
stress may be caused by the inhibition of enzymes involved
in the formation of chlorophyll (Zurek et al. 2014). Also,
Bharwana et al. (2013) revealed that cotton plants that are
exposed to heavy metal stress, such as that caused by lead,
have considerably reduced chlorophyll (a, b, and total chlo-
rophyll) and carotenoid concentrations in comparison to

powder (WW +salix), and wastewater + EDTA (WW +EDTA) on the
photosynthetic pigment contents (mg/g fresh weight)

Treatments Chlorophyll (a) mg/g fresh Chlorophyll (b) mg/g fresh Chlorophyll (a+b) mg/g fresh Carotenoids (mg/g fresh

weight weight weight weight)

Stage [ Stage 11 Stage 1 Stage 11 Stage [ Stage II Stage [ Stage 11
Control 7.0+0.1d 7.8+0.1e 34+0.2cd 3.0+£0.2b 10.4+0.3c 10.8£0.3c 0.8+0.1c 0.8+0.1c
WwWw 6.7+0.1e 5.7+0.1f 2.9+0.1d 2.3+0.1c 9.7+0.2d 7.9+0.3d 0.6+0.1d 0.5+0.02d
WW +Sp 7.7+0.1b 9.2+0.1c 3.8+0.2bc 3.7+0.2a 11.6+£0.3b 12.9+0.2a 0.9+0.1bc 0.8+0.03c
WW +Ch 8.4+0.1a 10.7+0.1a 4.2+0.1ab 2.6+0.1bc 12.6+£0.2a 13.2+0.2a 1.0+0.01ab 1.0+0.01b
WW +SA 7.4+0.1c 9.5+0.1b 3.3+0.2d 4.1+0.2a 10.7+0.3c 13.6+0.3a 1.01£0.1a 1.2+0.03a
WW +EDTA 8.5+0.1a 8.3+0.1d 4.4+0.2a 3.7+0.2a 12.9+0.3a 12.0+£0.2b 0.8+0.02¢c 0.8+0.02¢c
HSD 0.22 0.23 0.48 0.47 0.69 0.70 0.11 0.09

Different lowercase letters in the same column are significantly different by post hoc Tukey’s honestly significant difference (HSD) test at
p <0.05; values of the same column with the same letter are not significantly different. Data are represented by means of three replicates + SE
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the control. The increase of reactive oxygen species (ROS)
might be the source of heavy metal-induced suppression of
normal pigment accumulation (Kasim 2005).

On the other hand, the analysis of variance revealed that
all of the treatments (C. vulgaris, S. platensis, salix powder,
and EDTA) considerably enhanced the amounts of chloro-
phyll and carotenoids in carrot plants. In case of stage I,
the maximum increases in the chlorophyll a, b, and a+b
were observed by about 27, 52, and 33% when the plants
were treated with EDTA, respectively, as compared to the
wastewater-irrigated plant. While the highest value of the
carotenoid content was showed by about 68% after the plants
were treated with salix powder. In case of stage II, the maxi-
mum increases in the chlorophyll b, a+b, and carotenoid
were observed by about 78, 72, and 140%, respectively,
when the plants were treated with salix powder, while the
highest value of the chlorophyll a was observed by about
88% after the plants were treated with Chlorella vulgaris as
compared to the wastewater-irrigated plant.

Probably, this phenomenon could be due to the chelat-
ing effect of EDTA and the other extracts which may have
chelating factors that alleviate the toxic effects of wastewa-
ter. This increase in the photosynthetic pigments could be
attributed to our finding that these treatments were able to
lower the heavy metal accumulation as shown in Table 10.
Our findings are in agreement with several previous studies
that reached the same conclusion on the efficacy of algal
extracts in increasing the amounts of various plant pigments
(Hajnal-Jafari et al. 2020; Rachidi et al. 2020). Also, it was
shown that salix plant extract stimulated the production of
photosynthetic pigments in barley and wheat plants (Arfan
et al. 2007; El-Tayeb 2005). In accordance with these results,
the treatment of plants with EDTA under heavy metal stress
was able to increase the chlorophyll contents (Saleem et al.
2020).

Metabolic responses
Carbohydrate, protein, proline, and phenol contents

In the present studies, irrigation with wastewater significantly
reduced the total soluble carbohydrate and protein contents
of carrot shoots and roots at stages I and II compared to the
control (Fig. 1). Data analysis revealed that irrigation with
wastewater caused the total soluble carbohydrates in car-
rot shoots to decrease from 15.4 (control) to 11.3 mg/g dry
weight at stage I with a percentage of 26.5% and from 16.5
(control) to 12.5 mg/g dry weight at stage II with a percent-
age of 24.2% (Fig. 1A). Similarly, the root’s carbohydrate
content decreased from 35.6 and 46.5 (control) to 28.8 and
37.7 mg/g dry weight with percentages of 19.1% and 18.9%
at stages I and II, respectively (Fig. 1B). However, all treat-
ments alleviated the wastewater toxicity on carbohydrates

@ Springer

and protein contents. The maximum carbohydrate content
of the shoot was 22.11 mg/g dry weight attained in the pres-
ence of S. platensis at stage II, compared to wastewater
treatment (16.49 mg/g dry weight), while in the root sys-
tem was 62.42 mg/g dry weight compared to 46.50 mg/g dry
weight of wastewater treatments at the same stage. On the
other hand, the highest values for shoot protein content were
achieved in the presence of EDTA (9.3 mg/g dry weight) at
stage 1 as compared to wastewater and freshwater (5.62 and
7.94 mg/g dry weight), respectively (Fig. 1C), but in the root
system, S. platensis appeared the highest values 10.62 mg/g
dry weight as compared to wastewater and freshwater (4.92
and 6.82 mg/g dry weight), respectively, during the first
stage (Fig. 1D). These findings are in agreement with those
reported by Akhtar et al. (2013); they claimed that protein
levels of shoot and roots of Vigna radiata L. growing under
salt stress were improved by the application of salicylic
acids as compared to the control. Wastewater contains a
huge amount of heavy metals that contribute to decreasing
the total carbohydrate and protein in the wastewater-irrigated
plants (Rizvi et al. 2020); this could be attributed to a num-
ber of reasons including the increased oxidative stress of
ROS (Gupta et al. 2010), the increased ribonuclease activity
(Gopal and Rizvi 2008), and/or the altered gene expression
of key metabolic genes (Kovalchuk et al. 2005).

On the other hand, irrigation with untreated wastewater
led to a significant increase in the concentrations of free pro-
line and total phenol in both stage I and stage II, as shown in
Fig. 2. The addition of EDTA resulted in the greatest reduc-
tion in the free proline (6.76 mg/g dry weight and 5.78 mg/g
dry weight at stages I and II), with decreasing percentages of
42.7% and 33.5% in stages I and 11, respectively as compared
to wastewater-irrigated plant. Different treatments had differ-
ent abilities in reducing the free proline as follows: EDTA,
salix, S. platensis, and C. vulgaris for stage I and EDTA,
S. platensis, C. vulgaris, and salix for stage II (Fig. 2A).
It is interesting to note that all of the treatments showed a
considerable reduction in the total phenolic compounds in
comparison to the wastewater treatment. Analysis of vari-
ance revealed that total phenols can be decreased in the pres-
ence of S. platensis (038 mg/100 g dry weight), C. vulgaris
(34 mg/100 g dry weight), salix (39 mg/100 g dry weight),
and EDTA (33 mg/100 g dry weight), with percentages of
24%, 32%, 22%, and 34%, respectively, at stage I, and 28%,
34.6%, 15.4%, and 21.2% during stage II in comparison to the
wastewater treatment (Fig. 2B). Non-enzymatic antioxidants
like as proline and polyphenols play an important function in
protecting against environmental stress such as wastewater
irrigation (Mehla et al. 2017). Irrigation with wastewater that
is containing different heavy metals enhanced proline produc-
tion in Salicornia europaea compared to irrigation with fresh
water (Khalilzadeh et al. 2020). After irrigation with wastewa-
ter containing aluminum-heavy metal, Lupinus termis L. also
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Fig. 1 Effect of different treatments on the total soluble carbohydrates
and proteins (mg/g dry weight) in both shoots and roots of Daucus
carota plants. A, B Soluble carbohydrates in the shoot and root,
respectively; C, D Soluble protein content in the shoot and root of the
carrot, respectively. Control is referring to irrigation with fresh water,
WW is irrigation with wastewater, WW + Sp is irrigation with waste-
water in the presence of Spirulina platensis, WW +Ch is irrigation
with wastewater in the presence of Chlorella vulgaris, WW +SA 1is

had a higher amount of some non-enzymatic antioxidants such
as proline and phenols. The heavy metal contents declined
in Lupine beans after receiving treatment with salicylic acid
(the major component of salix) (Moustafa et al. 2020). Fur-
thermore, Spain and coauthors found that microalgae are a
viable method for relieving the hazardous effects of heavy
metal-containing wastewater by biosorption. The intricate and
distinctive structure of algal cell walls may in part explain this
occurrence (Spain et al. 2021).

Enzyme activity
Antioxidant enzyme activities such as polyphenol oxi-

dase (PPO), catalase (CAT), superoxide dismutase (SOD),
and peroxidase (POX) were increased in consequence of

irrigation with wastewater in the presence of salix plant powder, and
WW +EDTA is irrigation with wastewater in the presence of EDTA.
Each value is the mean of 3 replicates +standard error (n=3,+ SE).
The different letters (small and capital letters) are significantly differ-
ent by post hoc Tukey’s honestly significant difference (HSD) test at
p<0.05. Values of bars with the same letter are not significantly dif-
ferent

wastewater irrigation throughout the two growth stages
(Fig. 3). The activity of the stage I antioxidant enzymes
SOD, CAT, POX, and PPO increased by 181%, 91%,
170%, and 212%, respectively, in comparison to the
control. The activity of the SOD, CAT, POX, and PPO
enzymes increased by 169%, 150%, 322%, and 376%,
respectively, in stage II. On the other hand, carrot plants
treated with S. platensis, C. vulgaris, Salix alba leaf
powder, and EDTA demonstrated reduced of SOD, CAT,
POX, and PPO activities (Fig. 3). The greatest drop-in
activity was observed for SOD, POX, and PPO enzymes
at stage [ with the EDTA treatment, with percentages of
59%, 62%, and 60%, respectively. Chlorella vulgaris pow-
der caused a decrease in CAT activity by 46% compared
to its activity when the wastewater was used. In contrast,
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the effects of the EDTA treatment were to reduce the
activities of CAT, POX, and PPO by about 54%, 60%,
and 69% respectively at stage II. However, the treatment
with Spirulina platensis resulted in the greatest reduc-
tion in the activity of SOD, which was 42% lower than
the control. Heavy metal buildup is increasing in crops
as a result of continuous wastewater irrigation, which
raises the activity of antioxidant enzymes to counteract
the damaging effects (Singh and Agrawal 2010). Due to
their high toxicity and in ability of the plant to biodegrade
them, heavy metals can cause oxidative damage and death
of plants (Cho and Park 2000, Hamza et al. 2022). The
antioxidant system of plants, particularly enzyme anti-
oxidants such as POX, PPO, CAT, and SOD, functions as
the first defined line of defence in the plant’s ability to
survive these unfavorable circumstances. This is because

@ Springer

if the ROS are not promptly destroyed, they would create
lethal effects to the plant (Caverzan et al. 2016; Khalil
et al. 2021). In the current study, untreated wastewater
irrigation of carrot plants boosted the antioxidant enzyme
activities at stages I and II in comparison to controls. By
accelerating the conversion of hazardous ROS to non-
toxic molecules, the increase in POX, PPO, CAT, and
SOD activities and higher concentrations of non-enzy-
matic antioxidant plants would reduce the dangers of oxi-
dative stress (Kang et al. 2013). In this regard, the SOD
and CAT levels in the leaves and roots of the Eichhornia
crassipes plant steadily increased as the Pb concentration
was increased (Malar et al. 2016). Moreover, the effects
of various Cd concentrations (10, 50, 100, and 500 M)
on cucumber (Cucumis sativus L.) plant enzymes were
investigated. Their findings showed that the level of SOD,
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Fig.3 Effect of different treatments on superoxide dismutase (A),
catalase (B), peroxidase (C), and polyphenol oxidase (D) enzymes
(unit/g fresh weight/hour) of Daucus carota plants. The abbreviation
of different treatments was discussed as shown in Fig. 1 legend. Each

CAT, and POX activities in root and shoot was elevated
with the rising Cd concentrations (Sun et al. 2015). In
the same trend, the POX, SOD, and CAT activities in
the Glycine max plant increased with Zn contamination
(Mishra and Prakash 2010). Additionally, it was shown
that Vicia faba plants that were watered with wastewater
had an increased PPO enzyme activity compared to plants
that were irrigated with water from the Nile (Ismaiel et al.
2014). Also, the activity of PPO increased significantly
by Pb exposures (Kaur et al. 2010).

However, the use of C. vulgaris, S. platensis, Salix alba
leaf powder, and EDTA treatments decreased the detrimental
effects that wastewater had on the environment, as shown
by the activities of antioxidant enzymes throughout the two
stages that were investigated. These findings could be sup-
ported by Noriega et al. (2012), who found that salicylic acid
reduces the effects of oxidative stress caused on by heavy
metals in soybean plants. Similar to this, the use of salicylic
acid reduced the negative effects of a few heavy metals in
Lemna minor plants as shown by a drop in the antioxida-
tive enzymes (Lu et al. 2018). In this context, the use of S.
platensis has the potential to chelate several kinds of heavy
metals from wastewater and reduce the harmful impacts of
these metals (Dinesh Kumar et al. 2020).

&

Treatments

value is a mean of 3 replicates + SE. The different letters (small and
capital letters) are significantly different by post hoc Tukey’s honestly
significant difference (HSD) test at p <0.05. Values of bars with the
same letter are not significantly different

Yield characteristics
Morphological traits

The results of the data analysis in Table 8 showed that
the yield statistics of carrot plants irrigated with waste-
water, including root length, diameter, and fresh and
dry weight of root, were not significantly distinct from
each other when compared to the control. All treatments
caused a significant improvement when compared to the
control and/or the wastewater treatments. Carrot plants
that were treated with the wastewater in the presence of
salix leaf extract had the highest values of yield traits,
which increased with percentages of 34.52, 33.12, 97.89,
and 72.46% of root length, diameter, fresh weight, and
dried weight of root, respectively, in comparison to the
plants that were irrigated with the wastewater alone.
Salix’s tolerance to heavy metals may result from the
production of phytochelatin (Ali et al. 2003). Similarly,
salix species have exhibited significant potential for the
phytoextraction of heavy metals (Wani et al. 2011). The
role that algae may play in improving the yield char-
acteristics of crops was recorded by Faheed and Fat-
tah (2008); they revealed that the enhancement of the
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Table 8 Effect of different

Root diameter (cm) F.Wt. root (gm) D.Wt. root (gm)

- Treatments Root length (cm)

treatments on yield characters

of Daucus carota plants Control 18.3+1.3d
wWw 19.0+£0.8d
WW +Sp 26.3+1.0ab
WW +Ch 27.5+1.0ab
WW +SA 28.3+1.0a
WW +EDTA 25.5+0.6b
HSD 2.14

7.5+09cd 16.02+1.5d 1.8+0.7¢
7.7+0.6d 18.04+1.5d 2.1+0.6bc
8.8 +0.5abc 30.8 +1.6bc 3.2+0.5ab
9.6+0.5ab 33.5+1.3ab 2.4 +0.6abc
10.3+£0.9a 357+1.1a 3.6+0.6a
8.6+0.6bc 28.6+1.3c 2.9+0.6abc
0.72 3.83 1.31

Freshwater (control), wastewater (WW), wastewater + Spirulina platensis (WW 4+ Sp), wastewater + Chlo-
rella vulgaris (WW +Ch), wastewater+salix plant powder (WW+SA), and wastewater+EDTA
(WW +EDTA). Different lowercase letters in the same column are significantly different by post hoc Tuk-
ey’s honestly significant difference (HSD) test at p <0.05; values of the same column with the same letter
are not significantly different. Each value is a mean of 10 replicates + SE

yield characteristics and reduction of the environmen-
tal stresses could be accomplished by adding 2 and 3 g
of dry algae/kg soil. Also, Nawar and Ibraheim (2014)
revealed that because algae contain a variety of nutri-
ents, treating pea plants with them can increase both
productivity and yield quality.

Metabolic constituents of the yield

The results shown in Table 9 indicated that, at the yield stage,
the concentrations of total soluble proteins, total soluble car-
bohydrates, and carotene in the roots of carrot plants irrigated
with untreated wastewater were significantly less than those in
control plants (irrigated with fresh water), with percentages of
11.8%, 26.4%, and 18.2%, respectively. On other hand, all of
the investigated additions significantly increased the level of
total soluble carbohydrates and p-carotene when compared to
the control and wastewater treatments isolated. As a response
to the Salix alba addition, the greatest value of f-carotene was
obtained. While the usage of Chlorella vulgaris was accom-
panied by the highest soluble carbohydrate content. At the
yield stage, all the used biostimulants significantly increased
the total soluble protein of carrots; the highest value was seen

with the WW 4 Sp treatment. Salix’s role in bringing the pro-
tein levels up was stated previously by Huda et al. (2016);
they claimed that SA (the major compound in salix) treat-
ment improved the protein content of rice. In recent years,
broad bean seeds had been treated with Spirulina extract to
considerably boost the contents of protein and carbohydrates
(Lerer et al. 2021). Wastewater caused an increase in the free
proline and total phenolic contents by 69.6 and 50%, respec-
tively, in comparison to the control. Chlorella vulgaris can
lessen the harmful effects of wastewater by reducing free pro-
line and total phenols by 46.7% and 50%, respectively, when
compared to the wastewater alone (Table 7). Moreover, the
following various treatment processes were able to lessen the
toxic effects of wastewater irrigation in the following order:
salix > Spirulina platensis > EDTA.

Heavy metal accumulation in root at the yield stage

The results of the study on the levels of heavy metals present in
edible part of carrot roots are shown in Table 10. According to
the standard, the cadmium, nickel, cobalt, and lead concentra-
tions in the carrot roots of a plant that is irrigated with wastewa-
ter have been found to be higher than the maximum permissible

Table 9 Effect of different

Treatments p-Carotene Soluble carbohydrates ~ Soluble proteins  Free proline  Total phenols
treatments on the p-carotene
(mg/100 g EWt.), total soluble Control 05+0.1de  53.01+0.3¢ 8.1+0.1a 28+0.1f  02x001f
fﬁgﬁg‘?ﬁf@iﬁfg‘;";‘r’gﬁz WW 0.5+00le  39.0+0.2f 6.6+0.1d 92+01a  04=003
(mg/g. D.Wt.), and total phenols WW +Sp 0.6+0.0lbc  68.7+0.2b 7.4+0.1b 6.9+0.03d 0.3+0.03c
(mg/100 g D.Wt.) in the roots of WW +Ch 0.7+0.02ab  71.6+0.2a 6.9+0.1c 49+0.1e 0.2+0.04e
Daucus carota roots WW +SA 0.8+0.1a 57.9+0.2d 7.3+0.1b 7.5+0.04b  0.3+0.1d

WW+EDTA  0.6+0.03cd 60.4+0.2¢c 6.2+0.1e 72+0.04c  0.3+0.03b

HSD 0.05 0.28 0.10 0.05 0.054

Freshwater (control), wastewater (WW), wastewater + Spirulina platensis (WW + Sp), wastewater + Chlo-
rella vulgaris (WW +Ch), wastewater+salix plant powder (WW+SA), and wastewater+EDTA
(WW +EDTA). Different lowercase letters in the same column are significantly different by post hoc Tuk-
ey’s honestly significant difference (HSD) test at p <0.05; values of the same column with the same letter
are not significantly different. Each value is a mean of 3 replicates + SE
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Table 10 I.-Iea\./y metal . Treatments Ni Cd Pb Co

accumulation in roots (edible

part) of Daucus carota plant mg/kg D.Wt

irrigated with wastewater in the  copgro] 0.04+0.001¢ 0.08+0.003¢ 0.020 +0.006¢ 0.007 +0.002d

presence and absence of various

treatments WWwW 0.305+0.003a 0.360+0.007a 0.401 +£0.008a 0.288 +0.006a
WW +Sp 0.027+0.003d 0.044 +0.004d 0.035+0.005¢ 0.063 +0.004b
WW +Ch 0.040+0.002¢ 0.065+0.005¢ 0.114+0.003¢ 0.032 +0.005¢
WW +SA 0.018 +0.004de 0.049+0.003 cd 0.077+0.004d 0.015+0.004d
WW +EDTA 0.086 +0.004b 0.098 +0.005b 0.136 +0.006b 0.068 +0.003b
HSD 0.005 0.008 0.009 0.007
Permissible limit* 0.10 0.10 0.20 0.10

The different lowercase letters in the same column are significantly different by post hoc Tukey’s honestly
significant difference (HSD) test at p <0.05; values of the same column with the same letter are not signifi-
cantly different. Each value is a mean of 3 replicates + SE

“Permissible limits are according to FAO/WHO (FAO 2019; Organization 2020)

level in the food (FAO 2019; Organization 2020). On the other
hand, all the tested treatments showed a significant reduction
in the accumulation of these heavy metals. For example, in the
presence of salix, Ni and Co in the wastewater-irrigated plants
were 0.018 and 0.015 mg/kg D.Wt. declined from 0.305 and
0.288 mg/kg D.Wt, respectively, when the wastewater was used
alone. On the other hand, in the presence of spirulina, Cd and
Pb in wastewater treatment plants were 0.044 and 0.015 mg/kg
D.Wt. compared to the wastewater treatment only (0.360 and
0.401 mg/kg D.Wt,, respectively). Similar to the current study,
the high buildup of heavy metals in plants including mustard,
radish, and taro plants that were irrigated with wastewater has
been documented in numerous literature, Brassica olerace and
Spinacia oleracea (Bamniya et al. 2010), sugar beet (Ewais
et al. 2015), and Lemna minor (Lu et al. 2018). In this concern,
C.vulgaris and S. platensis present in soils can effectively che-
late heavy metals from waste with a percentage that may reach
up to 88% (Abdel-Razek et al. 2019).

Conclusions

It seems possible that when carrot plants were watered
with wastewater, the levels of free proline, total phenols,
SOD, CAT, POX, and PPO tended to rise. The heavy met-
als Ni and Co were decreased from 0.305 and 0.288 mg/
kg D.Wt. (for plant irrigated with wastewater) to 0.018
and 0.015 mg/kg D.Wt., respectively, due to using of salix.
Also, the highest decrease of Cd and Pb was achieved in
presence of Spirulina from 0.360 and 0.401 mg/kg D.Wt.
to 0.044 and 0.015 mg/kg D.Wt., respectively. On the
other hand, it led to a big drop in the created roots’ pho-
tosynthesis pigments, soluble carbohydrates, proteins,
and P-carotene. Data showed that the highest reduction
of total phenols was achieved in presence of S. platensis,
C. vulgaris, salix, and EDTA with percentages of 24%,

32%, 22%, and 34% at stage I and 28%, 34.6%, 15.4%, and
21.2% during stage II, respectively. In our study, all of the
treatments that were tried were able to reduce the amount
of heavy metals in the roots. It seems that Spirulina plat-
ensis and salix leaves were the best additions. So, both of
them could be used in the future as eco-friendly chelators
to lessen the bad effects of wastewater on carrot plants and
maybe other important food plants as well.

Acknowledgements We want to acknowledge Princess Nourah bint
Abdulrahman University Researchers Supporting Project number
(PNURSP2024R182), Princess Nourah bint Abdulrahman University,
Riyadh, Saudi Arabia.

Author contribution A.A, A.Ab, M.A, and A.N: conceptulation. A.A,
A.Ab,M.A, AN, AF, M.I, AM, M.A, AE, A.S, and H.S: data analy-
sis. A.F, M.I, AM, M.A, AE, A.S, H.S: visualization; A.A, A.Ab,
M.A, AN, AF, M.I, AM, M.A, and A.E: project manager. A.A, A.Ab,
M.A, AN, AF, M.A, and A.E: funding. A.A, A.Ab, M.A, AN, AF,
M.I, and A.M: writing the draft. A.A, A.Ab, M.A, AN, A.F, M.1,
AM, M.A, AE, A.S, and H.S: revision. A.A, A.Ab, A.E, A.S, and
H.S: supervisor.

Data availability The data presented in this study are available on
request from the corresponding author.

Declarations
Ethics approval and consent to participate Not applicable.
Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

References

Abdel-Hamid MS, Fouda A, El-Ela HKA, El-Ghamry AA, Hassan SE
(2021) Plant growth-promoting properties of bacterial endophytes
isolated from roots of Thymus vulgaris L. and investigate their

@ Springer



14056

Environmental Science and Pollution Research (2024) 31:14043-14058

role as biofertilizers to enhance the essential oil contents. Biomol
Concepts 12:175-196

Abdelrazek S (2019) Monitoring irrigation water pollution of Nile
Delta of Egypt with heavy metals. Alexandria Sci Exch J
40:441-450

Abdel-Razek MA, Abozeid AM, Eltholth MM, Abouelenien FA, El-
Midany SA, Moustafa NY, Mohamed RA (2019) Bioremediation
of a pesticide and selected heavy metals in wastewater from vari-
ous sources using a consortium of microalgae and cyanobacteria.
Slov Vet 56:61-73

Akhtar J, Ahmad R, Ashraf MY, Tanveer A, Waraich EA, Oraby H
(2013) Influence of exogenous application of salicylic acid on
salt-stressed mungbean (Vigna radiata): growth and nitrogen
metabolism. Pak J Bot 45:119-125

Albdaiwi RN, Al-Hawadi JS, Al-Rawashdeh ZB, Al-Habahbeh KA,
Ayad JY, Al-Sayaydeh RS (2022) Effect of treated wastewater
irrigation on the accumulation and transfer of heavy metals in
lemon trees cultivated in arid environment. Horticulturae 8:514

Alharbi K, Amin MA, Ismail MA, Ibrahim MTS, Hassan SE, Fouda
A, Eid AM, Said HA (2022) Alleviate the drought stress on Triti-
cum aestivum L. using the algal extracts of Sargassum latifolium
and Corallina elongate versus the commercial algal products. Life
12:1757

Ali M, Vajpayee P, Tripathi R, Rai U, Singh S, Singh S (2003) Phy-
toremediation of lead, nickel, and copper by Salix acmophylla
Boiss.: role of antioxidant enzymes and antioxidant substances.
Bull Environ Contam Toxicol 70:0462-0469

Allen SE, Grimshaw HM, Parkinson JA, Quarmby C (1974) Chemical
analysis of ecological materials. Blackwell Scientific Publications

Al-Zou’by JY, Al-Zboon KK, Al-Tabbal JA (2017) Low-cost treat-
ment of grey water and reuse for irrigation of home garden plants.
Environ Eng Manag J (EEMJ) 16(2):351-359

Amarteifio J, Tibe O, Njogu R (2006) The mineral composition of bam-
bara groundnut (Vigna subterranea (L) Verdc) grown in Southern
Africa. AfrJ Biotechnol 5(23):2408-2411

Amin MA, Ismail MA, Badawy AA, Awad MA, Hamza MF, Awad MF,
Fouda A (2021) The potency of fungal-fabricated selenium nano-
particles to improve the growth Performance of Helianthus annuus
L. and control of cutworm Agrotis ipsilon. Catalysts 11:1551

Antar A, Gendy A, El-Sanat G (2012) Study on some agrochemical
pollutants in drains water at North Delta Egypt. J Soil Sci Agric
Eng 3:237-247

Arfan M, Athar HR, Ashraf M (2007) Does exogenous application of
salicylic acid through the rooting medium modulate growth and
photosynthetic capacity in two differently adapted spring wheat
cultivars under salt stress? J Plant Physiol 164:685-694

Bamniya B, Kapasya V, Kapoor C (2010) Physiological and biochemi-
cal studies on the effect of waste water on selected crop plants.
Biol Forum IntJ 2(2):1-3

Bates LS, Waldren RP, Teare I (1973) Rapid determination of free
proline for water-stress studies. Plant Soil 39:205-207

Bertrand M, Poirier I (2005) Photosynthetic organisms and excess of
metals. Photosynthetica 43:345-353

Bharwana S, Ali S, Farooq M, Igbal N, Abbas F, Ahmad M (2013)
Alleviation of lead toxicity by silicon is related to elevated pho-
tosynthesis, antioxidant enzymes suppressed lead uptake and
oxidative stress in cotton. J Bioremed Biodeg 4(10):4172

Bruinsma J (2017) World agriculture: towards 2015/2030: an FAO
perspective. Routledge

Caverzan A, Casassola A, Brammer SP (2016) Antioxidant responses
of wheat plants under stress. Genet Mol Biol 39:1-6

Chen C, Yu R, Owuor ED, Kong AN (2000) Activation of anti-
oxidant-response element (ARE), mitogen-activated protein
kinases (MAPKSs) and caspases by major green tea polyphenol
components during cell survival and death. Arch Pharmacal
Res 23:605-612

@ Springer

Cho U-H, Park J-O (2000) Mercury-induced oxidative stress in
tomato seedlings. Plant Sci 156:1-9

Delzer G, McKenzie S (2003) Five-day biochemical oxygen demand:
techniques of water-resources investigations, US Geological
Survey, book 9, chap. A7, section 7. https://doi.org/10.3133/
twri09A7.0

Diaz DH, Martin GC (1972) Peach seed dormancy in relation to
endogenous inhibitors and applied growth substancesl.J Am
Soc Hortic Sci 97:651-654

Dinesh Kumar M, Gopikumar S, Uan DK, Adishkumar S, Rajesh
Banu J (2020) Constructed wetlands: an emerging green tech-
nology for the treatment of industrial wastewaters. In: Bhara-
gava RN (ed) Emerging Eco-friendly Green Technologies for
Wastewater Treatment. Singapore, Springer Singapore, pp
21-44

El-Batal Al Ismail MA, Amin MA, El-Sayyad GS, Osman MS
(2023) Selenium nanoparticles induce growth and physiological
tolerance of wastewater-stressed carrot plants. Biologia 78:1-17

El-Khallal SM, Hathout TA, Ashour A, Kerrit A (2009) Brassinolide
and salicylic acid induced growth, biochemical activities and
productivity of maize plants grown under salt stress. Res J Agric
Biol Sci 5:380-390

El-Sersawy MM, Hassan SE, El-Ghamry AA, El-Gwad AMA, Fouda
A (2021) Implication of plant growth-promoting rhizobacteria
of Bacillus spp. as biocontrol agents against wilt disease caused
by Fusarium oxysporum Schlecht. in Vicia faba L. Biomol Con-
cepts 12:197-214

El-Tayeb MA (2005) Response of barley grains to the interac-
tive e.ect of salinity and salicylic acid. Plant Growth Regul
45:215-224

Ewais E, Ismail M, Amin M, Badawy A (2015) Efficiency of salicylic
acid and glycine on sugar beet plants grown under heavy metals
pollution. Egypt J Biotechnol 48:112-126

Faheed FA, Fattah ZA (2008) Effect of Chlorella vulgaris as bio-ferti-
lizer on growth parameters and metabolic aspects of lettuce plant.
J Agric Soc Sci 4(4):165-169

FAO (2019) The state of food and agriculture 2019. Moving forward
on food loss and waste reduction. Rome. Licence: CC BY-NC-SA
3.0 IGO. http://www.fao.org/3/ca6030en/ca6030en.pdf

Farid MSM, Atta S, Rashid M, Oude Munnink J, Platenburg R (1993)
Impact of the reuse of domestic waste water for irrigation on
ground water quality. Water Sci Technol 27:147-157

Fouda A, Eid AM, Elsaied A, El-Belely EF, Barghoth MG, Azab E,
Gobouri AA, Hassan SE (2021a) Plant growth-promoting endo-
phytic bacterial community inhabiting the leaves of Pulicaria
incisa (Lam.) DC Inherent to Arid Regions. Plants (Basel, Swit-
zerland) 10:76

Fouda A, Hassan SE-D, Saied E, Hamza MF (2021b) Photocatalytic
degradation of real textile and tannery effluent using biosynthe-
sized magnesium oxide nanoparticles (MgO-NPs), heavy metal
adsorption, phytotoxicity, and antimicrobial activity. J] Environ
Chem Eng 9:105346

Fouda A, Hassan SE-D, Eid AM, Abdel-Rahman MA, Hamza MF
(2022) Light enhanced the antimicrobial, anticancer, and catalytic
activities of selenium nanoparticles fabricated by endophytic fun-
gal strain, Penicillium crustosum EP-1. Sci Rep 12:11834

Golterman H (1991) Direct nesslerization of ammonia and nitrate in
fresh-water, Annales de Limnologie-International Journal of Lim-
nology. EDP Sci 27(1):99-101

Gopal R, Rizvi AH (2008) Excess lead alters growth, metabolism
and translocation of certain nutrients in radish. Chemosphere
70:1539-1544

Gupta S, Satpati S, Nayek S, Garai D (2010) Effect of wastewater irri-
gation on vegetables in relation to bioaccumulation of heavy met-
als and biochemical changes. Environ Monit Assess 165:169—-177


https://doi.org/10.3133/twri09A7.0
https://doi.org/10.3133/twri09A7.0
http://www.fao.org/3/ca6030en/ca6030en.pdf

Environmental Science and Pollution Research (2024) 31:14043-14058

14057

Gupta S, Meena MK, Datta S (2017) The alleviating effect of salicylic
acid on early seedling growth of soybean under zinc and lead
stress. Bull Env Pharmacol Life Sci 6:48-54

Habiba U, Ali S, Farid M, Shakoor MB, Rizwan M, Ibrahim M, Abbasi
GH, Hayat T, Ali B (2015) EDTA enhanced plant growth, antioxi-
dant defense system, and phytoextraction of copper by Brassica
napus L. Environ Sci Pollut Res Int 22:1534-1544

Hajnal-Jafari T, Seman V, Stamenov D, Duri¢ S (2020) Effect of Chlo-
rella vulgaris on growth and photosynthetic pigment content in
Swiss Chard (Beta vulgaris L. subsp. cicla). Pol J Microbiol
69:1-4

Hamza MF, Hamad NA, Hamad DM, Khalafalla MS, Abdel-Rahman
AAH, Zeid IF, Wei Y, Hessien MM, Fouda A, Salem WM (2021)
Synthesis of eco-friendly biopolymer, alginate-chitosan composite
to adsorb the heavy metals, Cd(II) and Pb(II) from Contaminated
Effluents. Materials 14:2189

Hamza MF, Goda AES, Ning S, Mira HI, Abdel-Rahman AAH, Wei Y,
Fujita T, Amer HH, Alotaibi SH, Fouda A (2022) Photocatalytic
efficacy of heterocyclic base grafted chitosan magnetite nanopar-
ticles on sorption of Pb(Il). Application on Mining Effluent, Cata-
lysts 12(3):330. https://doi.org/10.3390/catal12030330

Huda AN, Swaraz A, Reza MA, Haque MA, Kabir AH (2016) Reme-
diation of chromium toxicity through exogenous salicylic acid in
rice (Oryza sativa L.). Water Air Soil Pollut 227:1-11

Ismaiel AA, Hegazy HS, Azb MA (2014) Physiological response
of’Vicia faba’L. to inoculation with’Rhizobium’and arbuscular
mycorrhizal fungi: comparative study for irrigation with Nile
water and wastewater. Aust J Crop Sci 8:781-790

Ismail MA, Amin MA, Eid AM, Hassan SE, Mahgoub HAM, Lashin
I, Abdelwahab AT, Azab E, Gobouri AA, Elkelish A, Fouda A
(2021) Comparative study between exogenously applied plant
growth hormones versus metabolites of microbial endophytes as
plant growth-promoting for Phaseolus vulgaris L. Cells 10:1059

Kang GZ, Li GZ, Liu GQ, Xu W, Peng XQ, Wang CY, Zhu YJ, Guo
TC (2013) Exogenous salicylic acid enhances wheat drought toler-
ance by influence on the expression of genes related to ascorbate-
glutathione cycle. Biol Plant 57:718-724

Kar M, Mishra D (1976) Catalase, peroxidase, and polyphenoloxidase
activities during rice leaf senescence. Plant Physiol 57:315-319

Kasim WA (2005) The correlation between physiological and structural
alterations induced by copper and cadmium stress in broad beans
(Vicia faba L.). Egypt J Biol 7:20-32

Kaur G, Singh H, Batish DR, Kohli RK (2010) LEAD(Pb)-inhibited
early root growth in wheat involves alterations in associated bio-
chemical processes. Bioscan 5:433-435

Khalil AMA, Hassan SE, Alsharif SM, Eid AM, Ewais EE, Azab E,
Gobouri AA, Elkelish A, Fouda A (2021) Isolation and charac-
terization of fungal endophytes isolated from medicinal plant
Ephedra pachyclada as plant growth-promoting. Biomolecules
11:140

Khalilzadeh R, Pirzad A, Sepehr E, Khan S, Anwar S (2020) Long-
term effect of heavy metal-polluted wastewater irrigation on
physiological and ecological parameters of Salicornia europaea
L. J Soil Sci Plant Nutr 20:1574-1587

Kovalchuk I, Titov V, Hohn B, Kovalchuk O (2005) Transcriptome
profiling reveals similarities and differences in plant responses
to cadmium and lead. Mutat Res/Fundam Mol Mech Mutagen
570:149-161

Lerer L, Varia J, Kamaleson C (2021) Growth, yield, quality and micro-
bial diversity in hydroponic vertical farming—effect of phycocy-
anin-rich Spirulina extract. J Environ Sci 49:1-7

Lightenthaler H (1987) Chlorophylls and carotenoids: pigments of
photosynthetic biomembranes. Methods Enzymol 148:350-382

Lowry OH (1951) Protein measurement with the Folin phenol reagent.
J Biol Chem 193:265-275

Lu Q, Zhang T, Zhang W, Su C, Yang Y, Hu D, Xu Q (2018) Allevia-
tion of cadmium toxicity in Lemna minor by exogenous salicylic
acid. Ecotoxicol Environ Saf 147:500-508

Malar S, Shivendra Vikram S, Jc Favas P, Perumal V (2016) Lead
heavy metal toxicity induced changes on growth and antioxidative
enzymes level in water hyacinths [Eichhornia crassipes (Mart.)].
Botanical Studies 55:54

Malik R, Kala R, Gupta S, Dahiya S (2004) Background levels of
micronutrients and heavy metals in sewage-irrigated soils and
crops in Haryana. Ind J Agric Sci 74:156-158

Mapanda F, Mangwayana EN, Nyamangara J, Giller KE (2005) The
effect of long-term irrigation using wastewater on heavy metal
contents of soils under vegetables in Harare, Zimbabwe. Agr Eco-
syst Environ 107:151-165

Mehla N, Sindhi V, Josula D, Bisht P, Wani SH (2017) An introduction
to antioxidants and their roles in plant stress tolerance. In: Khan
MIR, Khan NA (eds) Reactive Oxygen Species and Antioxidant
Systems in Plants: Role and Regulation under Abiotic Stress. Sin-
gapore, Springer Singapore, pp 1-23

Mishra P, Prakash V (2010) Response of non-enzymatic antioxidants to
zinc Induced stress at different pH in Glycine max L. cv Merrill.
Acad J Plant Sci 3:1-10

Mohamed HE, Hassan AM (2019) Role of salicylic acid in alleviat-
ing cobalt toxicity in wheat (Triticum aestivum L.) seedlings. J
Agric Sci 11

Moustafa M, Mohamed HE, Saber NE-S, El-Ekeili AM (2020) Role
of salicylic acid in alleviation of aluminum effects on growth and
biochemical processes in Lupin (Lupinus termis L.) Plant. Egypt
J Bot 60:287-300

Mukherjee S, Choudhuri M (1983) Implications of water stress-induced
changes in the levels of endogenous ascorbic acid and hydrogen
peroxide in Vigna seedlings. Physiol Plant 58:166-170

Nagata M, Yamashita I (1992) Method tomato masayasu of vegetables
rnamental plants and tea, ministry of agriculture forestry and fish-
eries. Forestry 39:1-4

Nawar DA, Ibraheim SKA (2014) Effect of algae extract and nitrogen
fertilizer rates on growth and productivity of peas. Middle East J
Agric Res 3:1232-1241

Noriega G, Caggiano E, Lecube ML, Cruz DS, Batlle A, Tomaro M,
Balestrasse KB (2012) The role of salicylic acid in the preven-
tion of oxidative stress elicited by cadmium in soybean plants.
Biometals 25:1155-1165

Nowwar Al, Farghal II, Ismail MA, Amin MA (2022) Biochemical
changes on jute mallow plant irrigated with wastewater and its
remediation. Egypt J Chem 65:271-283

Nowwar Al, Farghal II, Ismail MA, Amin MA (2023) Impact of
irrigation with wastewater on accumulation of heavy metals in
Phaseolus vulgaris L. And its remediation. J Soil Sci Plant Nutr
23:761-777

Nzediegwu C, Prasher S, Elsayed E, Dhiman J, Mawof A, Patel R
(2019) Effect of biochar on heavy metal accumulation in potatoes
from wastewater irrigation. J Environ Manage 232:153-164

Oh S-Y, Yoon M-K (2014) Chemical extraction of arsenic from con-
taminated soils in the vicinity of abandoned mines and a smelting
plant under subcritical conditions. Soil and Sediment Contam: An
IntJ 23:166-179

Organization WHO (2020) The state of food security and nutrition in
the world 2020: transforming food systems for affordable healthy
diets, 2020. Food & Agriculture Org

Organization) WWH (2022): Guidelines for drinking-water quality:
Fourth edition incorporating the first and second addenda, World
Health Organization. https://www.who.int/publications/i/item/
9789240045064. Accessed 21 Mar 2022

Page A, Miller R, Keeney D (1982) Methods of Soil Analysis, Part2:
Chemical and Microbiological properties. Inc., Madison Pub-
lisher, Wisconsin, USA, AAC Inc, Soil SSSA

@ Springer


https://doi.org/10.3390/catal12030330
https://www.who.int/publications/i/item/9789240045064
https://www.who.int/publications/i/item/9789240045064

14058

Environmental Science and Pollution Research (2024) 31:14043-14058

Parkinson JA, Allen SE (1975) A wet oxidation procedure suitable for
the determination of nitrogen and mineral nutrients in biological
material. Commun Soil Sci Plant Anal 6:1-11

Pham BN, Kang J-K, Lee C-G, Park S-J (2021) Removal of heavy
metals (Cd2+, Cu2+, Ni2+, Pb2+) from aqueous solution using
Hizikia fusiformis as an algae-based bioadsorbent. Appl Sci
11:8604

Piitter J (1974) Peroxidases. In: Bergmeyer HU (ed) Methods of
enzymatic analysis (Second Edition). Academic Press, pp
685-690

Que F, Hou X-L, Wang G-L, Xu Z-S, Tan G-F, Li T, Wang Y-H, Khadr
A, Xiong A-S (2019) Advances in research on the carrot, an
important root vegetable in the Apiaceae family. Hortic Res 6:69

Rachidi F, Benhima R, Sbabou L, El Arroussi H (2020) Microalgae
polysaccharides bio-stimulating effect on tomato plants: growth
and metabolic distribution. Biotechnol Rep 25:¢00426

Rice EW, Baird RB, Eaton AD, Clesceri LS (2012) Standard methods
for the examination of water and wastewater, 10. American public
health association Washington, DC

Rizvi A, Zaidi A, Ameen F, Ahmed B, AlKahtani MD, Khan MS
(2020) Heavy metal induced stress on wheat: phytotoxicity and
microbiological management. RSC Adv 10:38379-38403

Saied E, Fouda A, Alemam AM, Sultan MH, Barghoth MG, Radwan
AA, Desouky SG, Azab IHE, Nahhas NE, Hassan SE (2021) Eval-
uate the toxicity of pyrethroid insecticide cypermethrin before and
after biodegradation by Lysinibacillus cresolivuorans Strain HIS7.
Plants (Basel, Switzerland) 10:1903

Saleem MH, Ali S, Kamran M, Igbal N, Azeem M, Tariq Javed M, Ali
Q, Zulqurnain Haider M, Irshad S, Rizwan M, Alkahtani S, M
MA-D, (2020) Ethylenediaminetetraacetic Acid (EDTA) mitigates
the toxic effect of excessive copper concentrations on growth,
gaseous exchange and chloroplast ultrastructure of Corchorus cap-
sularis L. and improves copper accumulation capabilities. Plants
(Basel, Switzerland) 9:756

Saucedo S, Contreras RA, Moenne A (2015) Oligo-carrageenan kappa
increases C, N and S assimilation, auxin and gibberellin contents,
and growth in Pinus radiata trees. Journal of Forestry Research
26:635-640

@ Springer

Selim MT, Salem SS, Mohamed AA, El-Gamal MS, Awad MF, Fouda
A (2021) Biological Treatment of Real Textile Effluent Using
Aspergillus flavus and Fusarium oxysporium and Their Consor-
tium along with the Evaluation of Their Phytotoxicity. J Fungi
(Basel, Switzerland) 7:193

Shakya K, Chettri MK, Sawidis T (2008) Impact of heavy metals (cop-
per, zinc, and lead) on the chlorophyll content of some mosses.
Arch Environ Contam Toxicol 54:412-421

Singh A, Agrawal M (2010) Effects of municipal waste water irrigation
on availability of heavy metals and morpho-physiological charac-
teristics of Beta vulgaris L. J Environ Biol 31:727

Spain O, Plohn M, Funk C (2021) The cell wall of green microalgae
and its role in heavy metal removal. Physiol Plant 173:526-535

Sun S, Li M, Zuo J, Jiang W, Liu D (2015) Cadmium effects on mineral
accumulation, antioxidant defence system and gas exchange in
cucumber. Zemdirbyste-Agriculture 102:193-200

Umbreit WW, Burris RH, Stauffer JF (1957) Manometric techniques.
A manual describing methods applicable to the study of tissue
metabolism. Manometric techniques. A manual describing meth-
ods applicable to the study of tissue metabolism Minneapolis:
Burgess Publ. Co., p 173

Wade T, Brooks J, Kennicutt M, McDonald T, Sericano J, Jackson T
(1984) Trace metals and organic contaminants analytical techniques
5. Sampling Anal Methods Nat Status Trend Program 1992:121-139

Wani BA, Khan A, Bodha R (2011) Salix: a viable option for phytore-
mediation. Afr J Environ Sci Technol 5:567-571

Zurek G, Rybka K, Pogrzeba M, Krzyzak J, Prokopiuk K (2014) Chlo-
rophyll a fluorescence in evaluation of the effect of heavy metal
soil contamination on perennial grasses. PLoS ONE 9:91475

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.



	Eco-friendly approach to decrease the harmful effects of untreated wastewater on growth, yield, biochemical constituents, and heavy metal contents of carrot (Daucus carota L.)
	Abstract
	Introduction
	Materials and methods
	Materials
	Sampling of wastewater
	Planting, treatments, and plant sampling
	Chemical analysis
	Wastewater analysis
	Soil chemical analysis

	Plant material analysis
	Morphological analysis
	Physiological and biochemical analyses


	Free proline
	Plant heavy metal content determination
	Statistical analysis

	Results and discussion
	Growth traits
	Photosynthetic pigments
	Metabolic responses
	Carbohydrate, protein, proline, and phenol contents
	Enzyme activity

	Yield characteristics
	Morphological traits
	Metabolic constituents of the yield
	Heavy metal accumulation in root at the yield stage


	Conclusions
	Acknowledgements 
	References


