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Abstract

Contamination of land and aquatic ecosystems with heavy metals (HMs) is a global issue having the persistent potential to
damage the quality of food and water. In the present study, Tagetes erecta L. plants were used to assess their potential to
uptake HMs from wastewater. Plants were grown in soil for 20 days and then transplanted in hydroponic system contain-
ing Hoagland nutrient solution. After more than 15 days of growth, plants were then subjected to wastewater from tannery
and surgical industries in different concentrations ranging from 25 to 100% in combination of citric acid (5 and 10 mM).
After 6 weeks of treatment, plants were collected and segmented into roots, stem, and leaves for characterizing the morpho-
logical properties including plant height, roots length, fresh and dry mass of roots, stem, and leaves. For evaluation of the
effect of wastewater on the plants, photosynthetic pigments; soluble proteins; reactive oxygen species (ROS); antioxidant
enzymes SOD, POD, CAT, and APX; and metal accumulation were analyzed. Application of industrial wastewater revealed
a significant effect on plant morphology under wastewater treatments. Overall growth and physiological attributes of plant
decreased, and metal accumulation enhanced with increasing concentration of wastewater. Similarly, the production of ROS
and antioxidant enzymes were also increased. Chlorophyll, protein content, and enzyme production enhanced with CA (5§
and 10 mM) mediation; however, ROS production and EL were reduced. Metals analysis showed that the maximum accu-
mulation of Pb was in roots, while Cr and Ni in the stem which further increased under CA mediation. Overall, the metal
accumulation ability was in the order of Pb> Ni > Cr under CA.
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bodies (Borah et al. 2020; Qin et al. 2020). Among HMs,
a few are biologically essential in minor quantities; hence,
they have the potential to accumulate especially in the food
chain (Kumar et al. 2019; Sidana et al. 2020). Heavy met-
als have natural geological persistence, but anthropogenic
activities are the major sources including industrial efflu-
ents, mining, depositions of waste, and use of wastewater
for irrigational purposes (Kamali et al. 2019; Ahsan et al.
2019). Excess of HMs in the soil damages the microbial
activity and plant roots and affects the uptake of nutrients
and nitrogen (N) fixation ability of plants. Higher accumu-
lation enhances the uptake and accumulation of HMs by
plants and reduces the overall growth of plants (Gjorgieva
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Ackova 2018; Jaiswal et al. 2018). Accumulation beyond
the threshold of HMs in food chain is toxic to ecosystem
and human health. Heavy metal ingestion via food and water
can cause damage to the kidney and circulatory system and
disturbance of the digestive and nervous systems (Engwa
et al. 2019; Rai et al. 2019). Freshwater scarcity is a global
issue whereas treatment of wastewater endures high cost par-
ticularly in developing countries. Industries are key source
of economic activities in the developing countries. Usually,
wastewater from industrial units is discharged after initial
treatments into water bodies, drains, and soils (Ilyas et al.
2019). Industrial liquid effluents are used for crop irriga-
tion purposes in several parts of the world (Rashid et al.
2018; Haroon et al. 2019). In industrial cities of Pakistan, the
release of liquid wastewater effluents from the tannery and
surgical industries is causing drastic damage to the environ-
ment as it consists of a range of toxic HMs (Hou et al. 2017).
A wide range of chemicals are used in the tanning process
and effluent comprises many pollutants ranging from salts
to expensive chrome. In tannery effluent, chromium (Cr) is
generally present in the form of Cr** and Cr ®* along with
aluminum (Al), cadmium (Cd), lead (Pb), suspended solids
(SS), dissolve solids (DS), settable solids, organic matter,
nitrogen, sulphide, sulphates, chlorides, oil, and grease (Gill
et al. 2022; Ali et al. 2022). Surgical industries are metal
intensive, and a range of important HMs are used in various
processes (Spry 2005). Numerous toxic HMs including iron
(Fe), Cr, copper (Cu), nickel (Ni), cobalt (Co), and Cd are
reported in effluents from surgical industries (Thind et al.
2020; Ahmad et al. 2020). Release of tannery and surgi-
cal effluents into the environment has the potential to cause
negative impacts on water bodies, agriculture, and ultimately
human health (Cory and Kling 2018; Shammi et al. 2019).

Plants not only fulfill the essential need for food, energy,
oxygen, and aesthetics, but are also natural controller of envi-
ronmental pollutants (Hasanuzzaman et al. 2020). Plants have
the capacity to degrade, stabilize, and uptake a variety of pol-
lutants from polluted environment (Muthusaravanan et al.
2018; Rostami and Azhdarpoor 2019). As some metals are
essential for plants, so plants also have the ability to extract
and accumulate HMs in various parts depending upon the
species. Plants can reduce the effect and concentration of HMs
from the polluted sites through a different process of phytore-
mediation (Hassan et al. 2019; Ullah et al. 2018).

In recent times, the treatment of industrial wastewa-
ter by plants grown hydroponically is being carried out
along with various biochemical amendments as physical
and chemical methods are less feasible for effective HM
removal (Promratrak 2017). Hydroponic system provides
the ideal conditions and supplements for the growth of
plants. A number of techniques are identified for hydro-
ponic culture such as circulating and non-circulating solu-
tion, solid media culture, and aeroponics (Son et al. 2020).
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Limitless crops such as lettuce, tomatoes, carrots, celery,
watercress, eggplants, beans, parsley, wild radish, leeks,
strawberries, melons, fragrant and restorative plants, and
so forth can be grown in hydroponics (Nalwade and Mote
2017). Hydroponics culture method is effective and feasi-
ble for wastewater treatment however, there are many hur-
dles associated with soil management (Kale et al. 2015).
Plants can be grown in hydroponics and aquaponics for the
treatment of wastewater (Delaide et al. 2016). System is
much like wetlands used for the treatment of organic and
inorganic pollutants.

Ornamental plants along with aesthetic preferences can
degrade and accumulate pollutants (Liu et al. 2018). Orna-
mental plants have been widely used for phytomanagement
of aquatic and terrestrial environments (Shao et al. 2019;
Shyamala et al. 2019). In comparison to other plants, orna-
mental plants are most suitable for the extraction of HMs
as there is no risk of food chain contamination (Lajayer
et al. 2019). Numerous ornamental plants are studied for
phytoremediation of HMs including Calendula officinalis
L., Alcea rosea L. (Liu et al. 2008), Amaranthus cauda-
tus L. (Cay 2016), Cyperus alternifolius L., Euonymus
Jjaponicus L., Cordyline fruticosa L. (Younis et al. 2015),
Consolida ajacis L. (Anum et al. 2019), and Asteraceae
(Ramirez et al. 2020).

Tagetes erecta is a terrestrial ornamental plant, for-
merly studied for its potential to uptake Pb grown in
hydroponic media (Bardiya-Bhurat et al. 2017). Various
types of marigold plants are identified as effective spe-
cies for the phytoremediation of HMs. American mari-
gold (T. erecta) are effective for the phytoremediation of
arsenic (As) metal in soil and aquatic system (Ramana
et al. 2009). Studies demonstrate that 7. erecta can accu-
mulate Cr (Murti and Maryani 2020, Coelho et al. 2017),
Cu (Castillo et al. 2011), Zn (Liu et al. 2010), Cd and Pb
(Aghelan et al. 2021; Shah et al. 2017a), Ni (Sathya et al.
2020), and Cd, Pb, and Zn (Madanan et al. 2021). Stud-
ies depicted that chemical amendment especially organic
acid can improve the concentration and accumulation
of HMs in marigold (Aghelan et al. 2021; Saffari and
Saffari 2020; Hannan et al. 2021). Citric acid improves
the growth, biomass, photosynthesis, and gas exchange
in numerous cultivars of marigold. CA reduces stress on
plants by improving nutrient uptake and improves metal
detoxification (Aghelan et al. 2021).

The present study is conducted to investigate the capac-
ity of an ornamental plant for the extraction of HMs from
wastewater in hydroponic system. 7. erecta was grown in
combined wastewater of surgical and tannery industry in
aeroponic system and was examined for its role to uptake
and accumulate different HMs from combined surgical
and tannery liquid effluent in the presence and absence of
citric acid (CA).
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Material and methods
Experimentation and treatments

Seeds of T. erecta were collected from Punjab seed Company,
Govt. of the Punjab Lahore. Fully mature and healthy seeds
were germinated in styrofoam trays containing soil. Phys-
icochemical characteristics of collected tannery and surgical
industry wastewater were analyzed by using standard meth-
ods (Supplementary Table 1). Concentrations of HMs were
analyzed by using atomic absorption spectrophotometer (Nov
Aa 400 Analytik Jena Germany). After 20 days of germina-
tion, seedlings emerged from the soil and grew into young
plants. Those were carefully removed from the soil, washed
at normal temperature with tap water, and transferred into
the hydroponic system constructed and installed in the Envi-
ronmental laboratory at the Department of Environmental
Science University of Gujrat, Pakistan. Hydroponic system
consisted of glass container having a capacity of 5.0 L each.
To provide necessary nutrients to plant, Hoagland’s nutri-
ent solution was prepared in the laboratory and was applied
to nourish the experimental plants. Plants were continu-
ously aerated with aeration pumps. Plants were exposed to
different concentrations of citric acid (CA) and combined
wastewater of tannery and surgical industry after 2 weeks of
transplantation into hydroponic culture. The experiment was
a complete randomized design (CRD) with three replicates
of each treatment. The pH of hydroponic system was moni-
tored and maintained at 5.8—6.3 by using 1.0 M of H,SO, and
NaOH during the whole experiment. Fresh plants of T erecta
were treated with different combinations of tannery effluent
(TE), surgical effluent (SE) and citric acid (CA). The TE and
SE were mixed and applied as wastewater (WW). Follow-
ing treatments were applied to plants: T,:CK, T,: CA5mM,
T;:CA10mM, T, WW25%, Ts:WW25% + CASMm,
Teg:WW25% + CA10mM, T,:WW50%,
TgWWS50% + CASMm, Ty:WWS50% + CA10mM,
T o WW75%, T ,:WW75% + CAS5Mm,
T, WW75% + CA10mM, T,;:WWI100%,
T, WW100% +CA5SMm, T;5:WW100% + CA10mM. Treat-
ments were supplied on weekly basis.

Measurements of agronomic traits

After passing the 6 weeks (42 days) of experimental treat-
ment, the plants were harvested and evaluated for morpho-
logical and biochemical parameters. Fresh weight of the root,
stem, and leaf of harvested plants was measured by ana-
lytical weighing balance. Dry weight of the root, stem, and
leaf of harvested plants was also determined by drying the
plants in an oven at 90 °C for 72 h till constant weight. Other

parameters including the length of root, stem, and leaf count
of plants under different treatments were measured by using
a measuring scale and values were recorded accordingly.

Determination of chlorophyll and carotenoids
content

Chlorophyll and carotenoid contents of the harvested plants
were evaluated after the 6 weeks of the experiment. Chlo-
rophyll was evaluated by using the method of Metzner
et al. (1965), where the fresh leaves were nurtured at 4 °C
in acetone solution (85%, v/v) under dark by continuous
shaking of solution so the leaves discharged to obtain color
extracts. Afterward, solution was placed at 4 °C for 10 min
and 4000 x rpm for the collection of supernatants and fur-
ther analyzed by using spectrophotometer (Halo DB-20/DB-
20S, Dynamica Company, London, UK) at light absorbance
measurement at 452.5, 644, and 663 nm for the measurement
of chlorophyll and carotenoid contents. Further calculations
were made using equations given by Lichtenthaler (1987).

For the measurement of chlorophyll content, equation was
as follows:

Chlorophyll a(pg/mL) = 10.3 % —E; — 0.98 % E¢yy
Chlorophyll b(pg/mL) = 19.7 % Egyy — 3.87 * B3
Total chlorophyll = chlorophyll a + chlorophyll b

Total carotenoids(ug/mL) = 4.2 % E,s55.5
{(—0.0264 * chl a + 0.426 * chl b)

Measurement of SPAD

Chlorophyll contents, in terms of soil plant analysis devel-
opment (SPAD) value, were performed on second upper-
most fully expanded leaf with the help of SPAD meter
(SPAD-502).

Determination of protein and antioxidant enzymes

The soluble protein contents were determined following the
method of Bradford (1976) by means of a standard (bovine
serum albumin) and dye (Coomassie Brilliant Blue G-250) after
the 6-week treatment. The fresh plants were ground using mor-
tar and pestle under chilled condition. After that, the plants were
mixed with a solution of sodium phosphate comprising poly-
vinylpyrrolidone 40 (2%, w/v) and 1.0 mM EDTA, which was
10 mL, and sodium phosphate and EDTA solution was buffered.
The extract thus prepared previously was used for measuring
the antioxidant enzymes (POD and SOD) and proteins content

@ Springer



43406

Environmental Science and Pollution Research (2023) 30:43403-43418

by centrifuging supernatant for 15 min at 4 °C and 11,000 rpm.
Absorbance at 595 nm wavelength of spectrophotometer was
taken to measure actual protein content, and for this purpose, 100
pL extract was mixed well and homogenized solution was made
with 1.0 mL of Bradford solution. The concentration of catalase
(CAT, EC 1.11.1.6) was calculated by using the protocol of Aebi
(1984). For this purpose, solution was made of enzyme extract
(100 pL), hydrogen peroxide (100 pL), and phosphate buffer of
2.8 mL buffer (50 mM with 2.0 mM of citric acid, pH 7.0). Due
to the loss of hydrogen peroxide (e=39.4 mM~! cm™), varia-
tion in light absorbance was recorded at 240 nm which gives the
amount of CAT. By using the procedure of Nakano and Asada
(1981), the quantity and activity of ascorbate peroxidase (APX,
EC 1.11.1.11) were assessed. For this, again a mixture of 3.0 mL
was prepared which consisted of 2.7 mL phosphate buffer solu-
tion (50 mM with 2 mM citric acid, pH 7.0), 100 pL ascorbate,
enzyme extract of 100 pL, and hydrogen peroxide of 100 pL (3
0 mM). The amount of APX was assessed by measuring varia-
tions in wavelength at 290 nm ensued because of its oxidation
(e=28mM ' cm™).

Hydrogen peroxide contents (H,0,)
and malondialdehyde content

The analyzed mixture was prepared to measure H,O, con-
tent. For this purpose, mixture was made by homogenizing
the 50 mg fresh plants with buffer solution of 3.0 mL phos-
phate and centrifuging at 6000 X g and 4 °C for 25 min. Fur-
ther, a solution of 1.0 mL of sulfuric acid (20%, v/v) and tita-
nium sulfate (0.1%) was mixed with an extract of 3.0 mL and
was again centrifuged at 6000 X g and 4 °C for 15 min. The
variations in supernatants yellow color were measured by
using wavelength of 410 nm and calculations were made by
subsequent extermination coefficient of 0.28 pmol~' cm™!
to measure hydrogen peroxide content.

In plant tissues, the concentration of malondialdehyde, a
product of lipid peroxidation was measured by using method
of reaction of thiobarbituric acid (TBA) as acknowledged by
Heath and Packer (1968) laterally by minor changes added
by Zhang and Kirkham (1994) and Dhindsa et al. (1981).

Assessment of electrolyte leakage

Electrolyte leakage in leaves and roots was measured by esti-
mating the initial (EC1) and final (EC2) electrical conduc-
tivity by following the method suggested by Dionisio-Sese
and Tobita (1998).

Electrolyte leakage was calculated by the following
formula:

EL = EC1/EC2.100
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Determination of heavy metals content in plant
material

Concentration of Pb, Ni, and Cr in marigold plant was
measured after 6 weeks of treatment. For this purpose,
plant samples were dried out at 90 °C and then converted
to ash in a muffle furnace at 600 °C for 6 h. A 50-mL solu-
tion with distilled water was made by adding 3.0 mL of
concentrated solution of HNO; and HCL and ash samples
were dissolved in solution. Concentration of Cr, Pb, and
Ni was measured by following the method of Perkin Elmer
Analyst 100 (USA). The analytical software Tallahassee,
USA, was used to analyze data. Concentration of metal
was calculated by using the following formula.

Metal (u gg~")in plant = metal reading of digested sample (mgL™")
X dilution factor

where

Dilution factor = total volume of sample (mL)

/weight of plant material (g)

The accumulation of metal in the whole plant was cal-
culated using the following formula (Zayed et al. 1998):

Metal accumulation = metal concentration in plant organ (u gg’l)

X dry weight of plant organ (g)

The translocation factor (TF) from root to shoot was
measured by following the equation as given below

TF = Cshoot/croot

where C, . and C_, are metals concentration in the shoot
(mgkg™!) and root of plant (mgkg™"), respectively.

Statistical analysis

Software Statistics 10.0 was used to analyze data. ANOVA
(analysis for variance) and graphical representation was
performed. Significant differences among mean values
of treatments were measured by Tukey’s test. Mean dif-
ference was represented by small letters and values were
significantly different from each other at P <0.05.

Results
Agronomic traits of T. erecta

Morphological characteristics of 7. erecta showed signifi-
cant reduction under HM stress. Growth and biomass of 7.
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erecta decreased gradually along the increasing concentra-
tion of applied wastewater (Supplementary Table 2). Addi-
tion of CA led to a significant improvement in the growth
and biomass of T. erecta as shown in supplementary table 1.
Maximum decrease in 7. erecta was observed under 100%
wastewater application as compared to control plants.
This comparative decrease for root length was 55-52%,
plant height 49.39-35.69%, no. of leaves 51.28-47.92%,
fresh weight root 56.09-53.23%, fresh weight stem
48.09-42.67%, fresh weight leaf 51.36-41.98%, dry weight
root 49.37-44.92%, dry weight stem 53.99-51.23%, and
dry weight leaf 65.37-48.32%. Moreover, the addition
of CA 5 mM and CA 10 mM improved the root length
2.55-4.78% and 6.07-8.45%, plant height 1.80-18.94% and
3.12-31.03%, no. of leaves 7.10-19.48% and 14.81-54.12%,
fresh weight root 14.09-16.08% and 24.65-32.74%, fresh
weight stem 13.87-19.56% and 22.37-35.16%, fresh
weight leaf 11.49-22.03% and 17.99-40.73%, dry weight
root 7.86-16.07% and 16.75-27.02%, dry weight stem
10.55-14.30% and 21.34-28.59%, and dry weight leaf
8.24-44.39% and 16.60-74.03% at 0~100% combined tan-
nery and surgical wastewater treatment, respectively as
compared to respective treatments alone.

Fig. 1 Effect of tannery and 10 b
surgical wastewater and citric 9 _ be
acid on chlorophyll a (A), chlo- § g b‘T[ cdF ded
rophyll b (B), total chlorophyll = T de= eI®
(C), and carotenoids (D) in T w7 & I
erecta grown in hydroponic E’J 6
with increasing wastewater ~ 5
(25, 50, 75, and 100%) treated = 4
or not with citric acid (5 mM =
and 10 mM). Values are £ 3
demonstrated as mean of three = 2
replicates along with standard o 1
deviation. Mean values followed 0
by small differ.ent letters are 0 25%  50%
significantly different from each
other at P<0.05
20
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Photosynthetic pigments of T. erecta

To measure the oxidative damage by high concentra-
tion of wastewater to T. erecta, photosynthetic pigments
chlorophyll (a, b, and total) and carotenoids were meas-
ured (Fig. 1). Photosynthetic pigments decreased due
to increased oxidative stress with increasing wastewa-
ter (Fig. 1A-D). Maximum decrease in 7. erecta was
observed under wastewater application as compared to
controls of chlorophyll a by 76.61-68.60%, chlorophyll
b by 63.21-61.23%, total chlorophyll by 72-64.43%, and
carotenoids by 79.88-76.88%, respectively. Application
of CA improved the content of chlorophyll a, chlorophyll
b, total chlorophyll, and carotenoids under the applica-
tion of wastewater as compared to plants treated with
only wastewater. Application of CA 5 mM and 10 mM
increased the content of chlorophyll a by 7.10-19.48%
and 14.81-54.12%, chlorophyll b by 17.44-23.54% and
19.40-36.60%, total chlorophyll by 8.04-17.80% and
9.50-39.08%, and carotenoids by 3.65-21.91% and
16.92-45.99% at 0-100% combined tannery and surgi-
cal effluent treatment as compared to respective treat-
ments alone.
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Soluble proteins and SPAD value in T. erecta

To measure the oxidative stress induced by HMs on T. erecta,
protein content and SPAD value was measured in 7. erecta by
increasing wastewater concentration (Fig. 2). Decreased content
of soluble proteins and SPAD were recorded with increasing
concentration of wastewater (Fig. 2A—C). Maximum decrease
in T. erecta was observed under wastewater application as
compared to controls of SP root by 71.41-67.74%, SP leaf
by 78.27-73.32%, and SPAD by 66.89—62.57%, respectively.
Application of CA improved the content of SP root, SP leaf,
and SPAD under the application of wastewater as compared to
plants treated with only wastewater. Application of CA 5 mM
and 10 mM increased the content of SP root by 7.92-17.34%
and 10.28-38.84%, SP leaf by 5.92-19.68% and 13.25-39.54%,
and SPAD value by 7.85-26.30% and 12.56-36.54% at 0—100%
combined tannery and surgical effluent treatment as compared
to respective treatments alone.

Antioxidant enzymes activities in T. erecta

Production of major antioxidant enzymes SOD, POD,
APX, and CAT were measured in roots and leaves of T.

Fig. 2 Effect of tannery and 80
surgical wastewater and citric a
acid on SPAD (A), SP in root 70 b{
(B), and SP in leaf (C) in T. co | beF be?
erecta grown in hydroponic C I
with increasing wastewater g 50 & d
(25, 50, 75, and 100%) treated -g deg
or not with citric acid (5 mM a 40 ¢
and 10 mM). Values are <
demonstrated as mean of three & 30
replicates along with standard 20
deviation. Mean values followed
by small different letters are 10
significantly different from each
other at P<0.05 0
0 25%  50%
450
a
400 bx
C= dcd
= 350 1 & coF
=300 &
3250 f
E g
=200 h
3
& 150
100
50
0
0 25%  50%

erecta to measure the effect of wastewater on antioxi-
dant defense mechanism in the presence and absence
of CA (Fig. 3). Maximum increase in 7. erecta was
observed under wastewater application as compared to
controls for SOD root by 379.49-302.87%, SOD leaf by
1179.24-829.72%, POD root by 166.68-102.21%, POD
leaf by 221.38-151.99%, APX root by 329.95-242.30%,
APX leaf by 388.49-257.02%, CAT root by
161.48-158.69%, and CAT leaf by 146.51-117.95%,
respectively. Application of CA along with industrial
wastewater improved the activity of enzymes as com-
pared to plants treated with only wastewater. Appli-
cation of CA 5 mM and 10 mM increased the con-
tent of SOD root by 5.12-17.58% and 11.56-32.78%,
SOD leaf by 6.95-54% and 13.31-85.24%, POD
root by 2.73-19% and 4.40-39.53%, POD leaf
by 2.78-13.02% and 5.72-36.12%, APX root by
6.18-11.435 and 12.89-42.18%, APX leaf by
2.0-18.75% and 5.03-43.71%, CAT root by 3.21-8.42%
and 8.77-12.69%, and CAT leaf by 3.27-13.33% and
5.79-22.99% at 0-100% combined tannery and surgical
effluent treatment as compared to respective treatments
alone.
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Fig.3 Effect of tannery and
surgical wastewater and citric
acid on SOD in root (A), SOD
in leaf (B), POD in root (C),
POD in leaf (D), APX in root
(E), APX in leaf (F), CAT in
root (G), and CAT in leaf (H)
in T. erecta grown in hydro-
ponic with increasing waste-
water (25, 50, 75, and 100%)
treated or not with citric acid

(5 mM and 10 mM). Values are
demonstrated as mean of three
replicates along with standard
deviation. Mean values followed
by small different letters are
significantly different from each
other at P <0.05
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ROS contentin T. erecta

To measure the oxidative stress induced by HMs on T. erecta,
reactive oxygen species MDA, H,0,, and EC were measured
in the root and leaf of plants. MDA, H,0,, and EC were
increased in 7. erecta along with the increasing concentra-
tion of wastewater (Fig. 4). Maximum increase in 7. erecta
was observed under wastewater application as compared
to controls for EL in root by 535.38-356.52%, EL in leaf

by 366.19-191.85%, MDA in root by 218.20-153.17%,
MDA in leaf by 183.06-158.15%, H,O, in the root by
232.52-155.16%, and H,0, in leaf by 386.68-220.61%,
respectively. Application of CA decreased the content of ROS
in plants except for control. Addition of CA decreased the
EL in root by 13.21-4.13% and 22.62-9.05%, EL in leaf by
10.82-3.77% and 17.25-8.01%, MDA in root by 8.69-1.44%
and 17.73-5.83%, MDA in leaf by 11.61-2.63% and
17.06-6.80%, H,0, in root by 8.57-2.40% and 14.11-5.80%,

Fig.4 Effect of tannery and 25 1 20 7
surgical wastewater and citric DCAO A a, 18 - B ap
acid on MDA in root (A), MDA oCAS5 =0 d M= C
i i 20 c 16 7 e
in leaf .(B), H202 in r(.?ot O, E 5 CA 10 € e = %
H202 in leaf (D), EC in root E fg =14 - g
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. . o0 15 o0 12 ; 1
erecta grown in hydroponic £ g J "
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(25, 50, 75, and 100%) treated 2 10 AR
or not with citric acid (5 mM < < | n
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demonstrated as mean of three 5 4 7
replicates along with standard 9 -
deviation. Mean values followed
by small different letters are 0 o enos Ao, 1amo 0 - . Y mcos 1omo
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and H,0, in leaf by 9.18-3.36% and 16.38-8.69% at T8 & 23 528| %
25-100% combined tannery and surgical effluent treatment as She S3g 29Z|E
compared with respective treatment without CA application. S3% W M ﬁ a i P
3% ¥27 £:13%\2
Heavy metal concentration and accumulationin T. S E & é § ] § é & § g
= a - - &
Concentration and accumulation of HMs (Cr, Ni, and Pb) ; 2 é § E a f }E | 8
were increased in 7. erecta along with the increasing concen- HH E E # 3 FEA
tration of wastewater (Tables 1, 2, and 3). Results showed that g&h = 28 228|7
uptake and accumulation of Pb, Ni, and Cr in 7. erecta was ¥ €88 &g =g &8
increased in the presence and absence of CA. The concen- - - o S L3 °
tration of Pb increased in roots by 260.94-217.57%, in stem aa® nids 233 .g
by 291.04-240.89%, and in leaf by 308.85-254.03%, while 23z Sz Fag|F
accumulation increased in root by 114.93-105.34%, stem by B R A e
100.67-98.38%, and leaf by 114.71-58.29%. The increase B . dS® gmoB ®a3 ;:z
in concentration of Ni was by 293.19-192.66% in roots, by E = ==& 2=2 =22l
330.90-216.46% in stem, and by 330.68-216.46% in leaf, 5 s = @ w3 22% E
while accumulation of Ni increased by 134.14-89.10% in § 3 i’\nr € g 38 4 i % :E
roots, by 121.60-84.22% in stem, and by 125.18-66.62% in § T 2992 AT 9 9 9h Té
leaf. The concentration of Cr increased by 155.71-118.50% R= LEL § § g C % § § § §. 2z
in roots, by 329.88-253.31% in stem, and by 371.91-292.72% El2ls| 5§58 558 EZE|R
in leaf, while accumulation of Cr increased in roots by = g “ e e o oo o= é
138.84-116.19%, in stem by 120.56-105.58%, and in leaf by % g § g § = § g g Z § g
137.83-82.52% at 25-100% wastewater application respec- 5 8 E % ‘E f\:il E E :JF' E 3. Té’
tively. Application of CA improved the concentration and 5|2 282 g839¢a5 58
accumulation of HMs as compared to plants treated with only g1z glg===g=253"%7= ;
wastewater. Application of CA 5 mM and 10 mM increased & 8 § 2 Ses $8 s 5
the concentration of Pb in roots by 13.31-4.97% and e €43 332 <32 &
10.20-28.97%, in stem by 15.02-4.09% and 32.83-9.17%, S ) 458 $44 25 L E
and in leaf by 15.92-4.81% and 32.27-9.95%, while accu- i % g2z gLe g e §
mulation of Pb increased in roots by 22.42-11.52% and _(-:) . ez =e |
24.46-44.56%, in stem by 18.63—11.60% and 39.62-27.72%, S = § 8 2 5 E § f § E
and in leaf by 49.93-15.01% and 89.89-36.58% at 25-100% g FHE FHA HHYg g
of wastewater respective to those treatments without CA. § < " § ;El & © § <= £ 2
Application of CA 5 mM and 10 mM increased the con- E 2 RES AEs 888 g
centration of Ni in root by 22.47-2.42% and 40.04—4.23%, § T S T 2
in stem by 29.74-2.84% and 44.24-5.93%, and in leaf by g 3 2 % EI %I %l 3 %l i =
11.68-3.72% and 25.07-7.87%, while accumulation of Ni ; g’ :t' 5 8% ONJ;' 5 al g
increased in root by 34.39-18.84% and 63.90-32.28%, in < S sgs d28 gzzgl=
stem by 38.78-11.80% and 63.92-26.43%, and in leaf by = - B f
50.06-14.11% and 87.97-35.37% at 25-100% of waste- & SR 3 gE 285 =
water respective to those treatments without CA. Appli- = ¢332 Foo 9224
cation of CA 5 mM and 10 mM increased the concentra- :E:o T:g &' %l %' :El £| é' <;+*| S “EI g
tion of Cr in root by 13.31-4.97% and 28.97-9.62%, in Z12|y| @see 52z d325|8
stem by 15.02-4.09% and 32.83-9.17%, and in leaf by ! é _ £
15.92-4.81% and 32.27-9.95%, while accumulation of Cr g3 vz Z®_ =z 2|3
increased in root by 24.34-12.41% and 50.79-24.45%, in 515 885 $5% s33|2
stem by 22.77-13.68% and 50.65-29.28%, and in leaf by I EEEEE - BT EE I
51.80-17.87% and 91.80-47.05% at 25-100% of wastewa- =8 AR e I
ter respective to those treatments without CA. The T. erecta Hls s Z s Z s 2 8 “
showed translocation factor (TF) of all HMs > 1 under all % § cfe _EFEs _Ec g S
applied treatments with and without CA (Fig. 5). s | S855 S8 $85|54
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Discussion

Ornamental plants have potential to uptake and accu-
mulate HMs without any toxic effects to soil (Liu et al.
2018; Lajayer et al. 2019). Various species of marigold are
reported to accumulate HMs (Madanan et al. 2021; Aghelan
et al. 2021; Sun et al. 2018; Ali et al. 2019a) and T. erecta
grown in wastewater can remediate HMs. Some research-
ers have reported that 7. erecta can be efficient for metal
hyperaccumulation due to natural capacity to uptake and
tolerate HMs (Farooq et al. 2020; Sun et al. 2018; Sathya
et al. 2020). Addition of CA improved the growth, biomass,
and metal accumulation in T. erecta (Sinhal, et al. 2010;
Sathya et al. 2020). Focus of the present study was mainly
to investigate the effect of combined tannery and surgical
wastewater on 7. erecta alone and in combination with CA.

Agronomic traits

Increasing concentration of wastewater (0, 25, 50, 75,
and 100%) reduced the growth and biomass accumula-
tion in T. erecta (ST 1). Primarily growth of plants in
presence of HMs is reduced due to inhibition of cell divi-
sion at root tips of plants. Growth of plant is reduced due
to disturbance of enzymes, chlorophyll, ROS, nutrients
uptake, protein synthesis, and electrical conductivity
which imbalances hormonal activity and membrane per-
meability. HMs damage cell division and cell elongation
of seedlings which reduces overall root length (Shah et al.
2017b). Study shows that the suppression and elongation
of growth cells due to irreversible Cd-induced damage to
proton pump was the reason of reduction in growth of T
erecta (Shah et al. 2017a). Reduced dry biomass accumu-
lation shows the phytotoxicity of metals on the plant. Sim-
ilar results were reported by Ali and Chaudhury (2016)
in T. erecta treated with EDTA. Fresh and dry weight,
root, and stem length were decreased at all concentrations
of Ni in T. erecta as reported by Bardiya-Bhurat et al.

(2017). Some enzymes become active in presence of HMs.
These cells and enzymes start to digest food and thus plant
growth is inhibited. Some studies reported increase in wet
and dry biomass accumulation of plants in presence of
metals due to the struggle to uptake nutrients from soil
as reported by Acharya and Sharma (2014). Present study
shows that CA (5 and 10 mM) can increase the growth and
biomass accumulation in 7. erecta. Aghelan et al. (2021)
also reported the increase in dry weight of Amaranthus
caudatus L. and T. erecta under the application of CA,
EDTA and AA.

Photosynthetic pigments and carotenoids content

Study revealed that with increasing dose of wastewater (25,
50, 75, and 100%), the color of leaves was less green due
to inhibition in photosynthetic activity except in CK and
under the application of CA (Fig. 1). Heavy metals damage
pigments such as chlorophyll, carotenoids, and xanthophyll.
Decrease in chlorophyll content is the regular symptom of
metal stress as they reduce the rate of photosynthesis and
absorbance of green lights by plants. Reduction in photosyn-
thetic activity in plants is due to inhibition of enzymes such
as aminolaevulinic acid dehydrates (Sharma et al. 2020).
Damage to chlorophyll content in 7. erecta in presence of Pb
and Cd was reported by Shah et al. (2017b). Bardiya-Bhurat
(2017) reported the decrease in chlorophyll content from 1
to 0.85 mg/g with increasing dose from 100 to 250 mmol
of Pb and Ni in T. erecta. Excessive production of ROS
reduced carotenoid content. Carotenoids play the role of
guard and protect chlorophyll, membrane, and genetic code
of plant from ROS. Reduction in content of carotenoids is
a symptom of metal toxicity in plants. At high concentra-
tion, these metals activate mechanism to destroy carotenoids
(Zhang et al. 2020; Parmar et al. 2013). Decrease in content
of carotenoids was reported by Goswami and Das (2016) in
C. officinalis under Cu-induced stress (Lajayer et al. 2019).
Reduction in content of carotenoids under Cr toxicity was
also reported by Oliveira (2012).

OCAO0 oCAS mCA10

Fig.5 Effect of tannery and 3.5 1
surgical wastewater and citric 3 -
acid on root to shoot transloca- =
tion factor of Pb, Ni, and Cr in S 25 7
7)
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2
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&
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=
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Soluble protein and SPAD value

A decrease in protein and SPAD content with increasing
metal concentration is found in different treatments to 7.
erecta (Fig. 2). High concentration of HMs degraded pro-
teins by inducing structural changes through denaturation
and fragmentation of proteins (Shah et al. 2017a). Reduced
protein content in plants is due to HM-induced lipid per-
oxidation and fragmentation. Protein synthesis reduces due
to the production of reactive oxygen species (ROS) with
increasing wastewater (25, 50, 75, and 100%) (Kaur 2016).
In presence of Pb, the concentration of free amino acids is
increased in plant. Production of free amino acids is attrib-
uted to the production of protease enzyme in many plants
which is responsible for the degradation of proteins in the
presence of HMs (Seneviratne et al. 2019). Same results were
reported by Shah et al. (2017b) in T. erecta when grown in
lead-contaminated soil. Reduction in protein content in 7
erecta in presence of Cd was also reported by Shah et al.
(2017a). Protein content in presence of Cd is reduced due to
its complex bonding peptides which form complexes such
as g-glutamic acid-cysteine. Such complex bonds reduce the
amount of free peptides and synthesis of proteins is inhibited
(Shah et al. 2017b; Gomes et al. 2012). Addition of chelating
agents such as CA can improve the protein and carotenoids
content in 7. erecta (Aghelan et al. 2021).

Antioxidant enzymes activity

Plants are naturally gifted to overcome the oxidative stress
induced in plants due to biotic and abiotic factors (Kumar
et al. 2020). Heavy metals alone and in combination with CA
increased the antioxidant activity in 7. erecta as reported in the
results (Fig. 3). Similar results are reported by Bardiya-Bhurat
et al. (2017) in T. erecta in the presence of Pb and Ni. In
response to oxidative stress, antioxidant enzymes are produced
in plants which protect plant in harsh circumstances. Most
important enzymes are POD, SOD, CAT, and APX. Synthe-
sis of these enzymes is reduced with increasing metal stress.
Plants are damaged due to instability in ROS and antioxidant
enzymes (Bhaduri and Fulekar 2012). Farooq et al. (2020)
reported the increase in activity of SOD, CAT, APX, and
POD by 150%, 79%, 97%, and 60%, respectively in marigold
(Calendula calypso) when exposed to Cd 100 mg/kg of soil.
SOD is reported as the most important to overcome the effect
of ROS. SOD converts H,0, into molecular oxygen and water
and reduces the toxicity of H,O, (Rehman et al. 2019). POD
is part of lignin biosynthesis and source of physical blockage
of H,0, toxicity (Anjum et al. 2015). As a result of this activ-
ity, the damage to cell membrane was reduced to Calendula
calypso as reported by Farooq et al. (2020). CAT controls the
excessive production of OH free radical and degradation of

@ Springer

H,0, under metal-induced stress in C. officinalis. Activity of
APX also increases under Cd-induced stress along with the
stress of SOD. SOD alone cannot detoxify the metal-induced
stress; the production of other enzymes is necessary for com-
bating metal stress (Saffari and Saffari 2020). The increase in
activity of antioxidant enzymes was increased in Alternan-
thera bettzickiana L. in combined application of Pb and AA.
The activity of AA reduces the production of MDA in A. bett-
zickiana significantly.

Production of reactive oxygen species

Abiotic stress exerts ROS which are hyperactive in
nature and can damage proteins, carbohydrates, and
nucleic acid and cause irreversible damage to cells
(Hasanuzzaman et al. 2019). It is due to the oxidation
of redox-active HMs. ROS is produced at low concen-
tration during normal metabolic process. But synthesis
of ROS increases when plants are exposed to stress.
Production of ROS causes damage to biomolecules
including DNA, membrane damage, and poor synthesis
of proteins (Parmar et al. 2013). Increase in the produc-
tion of MDA and H,0O, was reported by many research-
ers. Production of H,0, and MDA was increasing in
C. officinalis with increasing concentration of Cd but
along with the application of CA and TA the production
of H,0, was reduced as a result of mitigation of metal
stress (Saffari and Saffari 2020). Increased production
of MDA represents the increasing toxicity of metals to
plant as reported by Latif et al. (2020). Loss of mem-
brane integrity and increase in conductivity of elec-
trolyte leakage are the results of Pb-induced stress in
ornamental plants as reported by song et al. (2020). The
results we got are similar with the studies of Ehsan et al.
(2014), Song et al. (2020), and Afshan et al. (2015).
Sidhu et al. (2018) also reported the similar finding for
H,0, and MDA in Coronopus didymus L. exposed to
Ni. Application of exogenous CA reduced the content
of ROS in T. erecta. Farid et al. (2020) reported the
decrease in content of EL under the application of CA
in sunflower.

Heavy metal concentration and accumulation

Heavy metal Pb, Ni, and Cr were observed to be accumulated
in various parts of 7. erecta on applying various concentrations
of wastewater (25, 50, 75, and 100%) and CA as shown in the
results (Tables 1, 2, and 3). Plants can uptake and accumulate
HMs depending upon the plant species, type of metal, and
many other factors. According to Madanan et al. (2021), T.
erecta can accumulate HMs such as Pb, Cd, and Zn in dif-
ferent concentrations and suggested it as hyperaccumulator.
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Shah et al. (2017a) also reported the accumulation of Cd and
Pb in T. erecta when exposed to contaminated soil. Chelating
agents improve the metal accumulation as reported by many
researchers.

Sinhal et al. (2010) reported the accumulation of HMs,
i.e., Zn, Cu, Pb, and Cd in T. erecta in presence of EDTA.
EDTA increased the accumulation and translocation of
Zn and Cd in T. erecta sp. as reported by Ali and Chaud-
hury (2016). Other chemical amendments including CA
and SA are reported by Aghelan et al. (2021) in differ-
ent species of marigold. Bardiya-Bhurat et al. (2017)
reported the accumulation of Ni and Pb by T. erecta in
hydroponics. Hydroponic analysis shows that 7. erecta
can accumulate and tolerate stress induced by Pb and Ni
due to natural defense mechanism. Antioxidant enzymes
are produced in T. erecta to overcome the stress induced
by reactive oxygen species under metal-induced stress.
Similarly, Sun et al. (2018) reported the tolerance and
accumulation capacity of T. erecta cultivars for differ-
ent HMs. Coelho et al. (2017) reported the accumula-
tion potential of 7. erecta for Cr in hydroponics. Cr was
mainly accumulated in roots of the plant. Plant grown in
Cr-contaminated soil and water cannot inhibit the uptake
of Cr.

Metals mostly accumulate in the roots initially and then
move to other parts of the plant. Less accumulation of metals
in aerial parts is due to various reasons such as accumula-
tion of metals in plasma membranes, binding with nega-
tively charged proteins, precipitation of metals with salts,
etc. (Arias et al. 2010). Similar findings were reported by
Sinhal et al. (2010) for metal accumulation, protein, chlo-
rophyll, and wet and dry weight in 7. erecta in presence of
CA and EDTA.

Role of citric acid in alleviating metal toxicity

It is obvious from the previous studies that citric acid can
improve plant growth and provide protection to plants from
overproduction of ROS along with the increase in uptake
of metals as it acts as chelating agent. The tolerance ability
of plant is improved against the metal-induced stress under
the application of CA (Afshan et al. 2015; Farid et al. 2020).
Present study shows that the application of CA increases
the morphological parameters of plant growth solely and
along with the wastewater. CA improved growth and metal
accumulation in 7. erecta as reported by Sinhal et al. (2010).
Aghelan et al. (2021) also reported the increase in metal
uptake and accumulation in ornamental plants Amaranthus
caudatus L. and T. erecta grown in Pb-contaminated soils
along the application of chelating agents, i.e., CA, SA, and
EDTA. Similar findings were also reported by Farid et al.
(2017) and Sallah-Ud-Din et al. (2017).

Conclusions

The present study revealed that physiological and bio-
chemical parameters of cultivated plant were affected sig-
nificantly with increasing concentration of applied waste-
water. Overall, the traits were affected; however, fresh and
dry weight, chlorophyll, and protein content in 7. erecta
decreased with increasing quantity of wastewater. Gen-
eration of ROS and antioxidant enzymes (COD, POD,
APX, and CAT) were increased with increasing level of
wastewater. Study further shows that HM uptake signifi-
cantly affects T. erecta at all the experimental levels of
applied wastewater. Citric acid used as a chelator which
improved plant growth, chlorophyll, and protein con-
tent, and enhanced the activities of antioxidant enzymes.
Application of CA reduced production of ROS in T.
erecta. Application of citric acid is effective for alleviat-
ing metal-induced stress and for improving metal uptake
in plant. The study concludes that 7. erecta might be a
suitable candidate for the treatment of tannery and surgi-
cal wastewater containing HMs and can tolerate stress
induced by Pb, Ni and Cr.
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