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Abstract: Cadmium (Cd) is taken in plants from soil and then travels through the food cycle, posing
a major threat to all the units of the ecosystem. A pot experiment was conducted to understand
the influence of citric acid (CA) on Cadmium (Cd) phytoextraction ability of hollyhock (Althea rosea
Cavan.). A. rosea plants were exposed to Cd concentrations (100 and 200 mg·kg−1), either in simul-
taneous administration or without adding CA (5 mM·kg−1 dry weight). The results revealed that
exposing A. rosea to different levels of Cd stress, i.e., 100 and 200 mg·kg−1, significantly decreased
(p < 0.05) plant growth and biochemical attributes, such as root length (RL), shoot length (SL), fresh
biomass (FW), dry biomass (DW), relative water content (RWC), and chlorophyll and carotenoid
contents. Meanwhile, a net increase in MDA and REL indicated Cd-induced oxidative stress in plants.
However, the application of citric acid (CA) as an organic chelator helped the plants to alleviate the
phytotoxic effects of Cd stress on A. rosea, which is shown in terms of enhancing plant growth and
biomass; that is, the root length (27.3% and 21.12%), shoot length (32.11% and 23.02%), fresh weight
(39.66% and 29.8%), and dry weight (29.8% and 57.33%) under 100 and 200 mg·kg−1 of Cd stress,
respectively, were observed. CA application also helped to alleviate the level of chlorophyll and
carotenoid contents; foster high level of antioxidants, such as SOD, POD, CAT, and APX; and lower
concentration of MDA and EL. In addition to enhancing plant-growth attributes, the application of CA
also managed to increase the phytoextraction potential of the plants by enhancing the concentration
of Cd in roots and shoots tissues. This is also demonstrated by rising levels of bioaccumulation (BAC)
and translocation factors (TFs). These findings showed that CA application could be a practical
strategy to apply to ornamental plants, such as A. rosea seedlings, cultivated in Cd-contaminated
locations, opening ways to cope with Cd stress and enhanced phytoextraction.
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1. Introduction

Soil is naturally the sink of heavy metals (HMs) and other waste materials. The main
reason for heavy-metal addition to soil is anthropogenic activities globally [1]. The needs
of the modern world have led the world to industrialization. In the past few decades, there
has been a great deal of concern about the environmental degradation that toxic metal
buildup in the soil and water has caused [2,3]. Metal contamination from industrial mining,
fossil-fuel burning, and sewage-disposal operations is the main environmental problem it
causes. These industries release waste materials, which make us face environmental issues.
Hazardous materials such as heavy metals, pesticides, herbicides, and persistent organic
pollutants have been found in air, water, and soil [4–6]. Among these dangerous materials,
HMs pose a significant threat to human health because of their high occurrence in the form
of contaminants and low solubility in the environment. Besides this, some heavy metals
are classified as carcinogens and mutagens in nature [7]. Among these carcinogenic heavy
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metals, Cd is a nonessential carcinogenic element [1]. The primary sources of Cd are burning
fuels, Ni-Cd batteries, sewage effluents, and sludge from cities [8]. Cd is a nonessential
element for plants, inducing various toxic symptoms, such as photosynthetic damage,
mineral nutrition alteration, and decreased biomass output, leading to the production
of reactive oxygen species (ROS), including superoxide radicals and hydrogen peroxide
(H2O2); elevated Cd concentration causes membrane leakage, lipid peroxidation, and also
the breakdown of biological macromolecules (O2) [9,10]. From contaminated soil, Cd is
taken to aerial parts by plants through roots [11]. High accumulation of Cd in plants leads
to certain biochemical and physiological disorders, such as a reduction in growth and
yield, nutrient uptake, effect on photosynthetic pigments, and oxidative stress [12]. Cd
enters our bodies through the food chain and is the primary constraint for food safety and
agriculture [13]. This is why different steps must be taken to tackle the issue of pollution
and remediate Cd contamination by in situ remediation techniques.

Many plant species have been found to have fundamental HM tolerance mecha-
nisms [14]. Extreme HM concentrations in soils and waterways are known to be intolerable
for the majority of plant species. Many plant species with low levels of metal uptake
and subsequent transfer to plants’ aboveground tissues have a high tolerance for trace
metals [15]. Such plants are called non-hyperaccumulator plants and are also used for phy-
toremediation purposes, although they are metal extruders [16]. The non-hyperaccumulator
plants have unregulated strategies for surviving in environments with high levels of heavy
metals [17,18]. Plant toxicity can substantially impair growth, nutritional balance, and
important metabolic activities, including photosynthesis and respiration, ultimately re-
sulting in mortality, whether or not the metals are engaged in biological processes [17].
Evolution led to an effective absorption of metals into their various cellular sections to
sustain a viable homeostasis to counteract metal-induced cellular toxicity [14,19,20]. When
a plant comes in contact with HMs, it has two strategies: the first is to avoid them, and
the second is to accumulate them [21]. Hyperaccumulators are plants that can transport
heavy metals and have a high potential for accumulation [22]. In contrast, tolerant plants
have a lesser accumulation capacity but usually grow when exposed to heavy metals [23].
Both of these plant kinds have several different coping techniques. Enzymatic scavengers
such as superoxide dismutase (SOD), guaiacol peroxidase (POD), catalase (CAT), and
ascorbate peroxidase (APX) scavenge excessively collected reactive oxygen species (ROSs)
in plants; however, non-enzyme-based scavenger molecules such as ascorbate, organic
acids, non-protein (NP) thiols, and total soluble proteins also have an important role in
scavenging ROS molecules [9,24].

Different remediation techniques based on plants are practiced by scientists globally
because they are cost-effective and environmentally friendly [25,26]. Phytoremediation, a
biological approach, is used to clean up polluted soil, as it is economical and extensively
applicable [27,28]. Phytoremediation has different techniques, such as volatilization, degra-
dation, stabilization, and phytoextraction. Among these techniques, phytoextraction has
achieved great recognition because it depends on plant species’ use to remediate impu-
rities and collect them in the shoot by translocating through roots. However, the ability
of plants to extract HMs and accumulate them depends on specie type, environmental
conditions, and soil type [29,30]. To tackle this issue of specie variation, scientists have also
used the technique of inducing phytoextraction. The employment of metal chelates and
high-biomass crop species to accumulate and remove heavy metals from soils is known
as induced phytoextraction. Synthetic chelates are effective for phytoextraction, although
they have the disadvantage of leaching and groundwater contamination. When opposed
to synthetic chelating agents, organic acids, such as citric acid, have a higher degree of
biodegradability and a lower risk of leaching [31,32]. Organic acids should be used instead
of synthetic chelating agents since they lessen metal-leaching risks and are environmen-
tally friendly due to their high biodegradability [33,34]. Citric acid, among organic acids,
improves metal solubility and uptake by plants, as well as increases plant intake of other
nutrients [1,35]. Plants’ uptake of heavy metals can be significantly enhanced by using a
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lower concentration of CA. Still, a higher concentration of CA can have a robust phyto-
toxic effect on specific plant species [36]. Because of its quick breakdown, citric acid is a
cost-effective and environmentally friendly chelate for phytoextraction, with little risk of
leaching or groundwater contamination [33,34]. Citric acid has been shown to help in Cd
mobilization and phytoextraction by several researchers [36]. The use of CA may help to
lessen phytotoxicity and environmental issues. However, because plants’ physiological
response to CA treatment under metal stress has seldom been examined, more research is
needed to better understand and apply B. napus L. for remediation purposes [37].

Many plants have been discovered as remediation plants, but there has been little
information regarding ornamental plants that can help with contaminated soils. In truth,
decorative resources are plentiful and can be used to detect and monitor contaminants in
the atmosphere [38,39]. Ornamental species have the benefit of being visually pleasing,
which may pique public interest and support. As a result, this will provide a solid founda-
tion for weeding out remedial plants. Ornamentals, particularly in metropolitan settings,
can both beautify the environment and reduce heavy-metal pollution. Screening remedial
plants from ornamental resources will be essential and practical [40]. China is one of the
countries rich in plants capable of the most phytoremediation potential [41]. Althaea rosea is
a perennial upright herb with gorgeous flowers commonly planted throughout Asia, from
tropical to temperate zones. High biomass, easy cultivation, deep roots, excellent competi-
tiveness, great seed production, and broad geographic dissemination are all advantages
of this specie. Keeping in mind the importance of ornamental plants and their role in the
phytoremediation of heavy metals, we designed this study to evaluate the role of CA in the
uptake of heavy metals and its mechanistic approach to protect the plant from the harmful
effects of Cd.

2. Materials and Methods
2.1. Experimental Design and Treatments

Althea rosea L. seeds were obtained from the Plant Ecology and Physiology Lab, Nankai
University Tianjin, originally gathered in Tianjin, China (39_0600.7300N, 117_09044.9000E,
from a clean and non-contaminated location. Seeds were first disinfected with sodium
hypochlorite and 75% ethanol solution for 1 and 5 min, respectively, followed by washing
three to four times through double-distilled water. Healthy seeds were sown in a plastic
seed tray under natural light and temperature in the greenhouse. This experimental work’s
soil was collected from Nankai University Tianjin China greenhouse between 39.10 N and
117.16 E longitude. The soil was analyzed for physicochemical attributes, which are given
in Table 1. Soil was sieved through a 2 mm sieve, air dried, and thoroughly mixed with
sand in 3:1 to make a uniform texture. The sand was washed before mixing with soil to
remove any suspended particles. We autoclaved the soil at 121 ◦C for 20 min to maintain a
controlled environment [42]. Plastic pots (100 mm in length, 100 mm in width, and 150 mm
in height) were filled with 1.5 kg soil. Total treatments were divided into five different
treatments, which are given in Table 2. A total of 5 mM·kg−1 citric acid was added to
respective treatment one week after seedlings were transferred to pots (Table 2). Seeds were
sown in the germination tray. Twenty days after seeds’ sowing, two seedlings of uniform
size were rooted from the seed tray and were transferred to each plastic pot.

Two concentrations (100 and 200 mg·kg−1) of Cd as CdCl2 were added to soil in five
different treatments (Table 2). Each treatment was conducted in five replicates. Once a
week, plants were supplemented with modified Hoagland’s solution (mmol/L−1), i.e.,
4 mmol Ca(NO3)·9H2O, 1.0 mmol KH2PO4, 2.0 mmol/L MgSO4, 5 mmol KNO3, 1.0 mmol
NH4NO3, 1.0 mmol/L FeSO4·7H2O, 0.1 mmol/L EDTA-Na2, 0.005 mmol/L KI, 0.1 mmol/L
H3BO3, 0.03 mmol/L ZnSO4, 0.002 mmol/L Na2MoO4·2H2O, 0.132 mmol/L MnSO4·H2O,
0.0001 mmol/L CoCl2·6H2O, and 0.0001 mmol/L CuSO45H2O. Fifty days post-exposure
to Cd stress, plants were harvested.
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Table 1. Soil physiochemical attributes.

Characteristics Soil Analysis/kg

Soil Texture Slightly loamy
pH 8.06

Electrical Conductivity (dS/m) 0.8
Soil Moisture Content % 1.001

Cadmium (mg/kg) 0.37
Copper (mg/kg) 0.22

Lead (mg/kg) 0.05
Zinc (mg/kg) 0.11

Table 2. Treatment design.

Treatment Cadmium Concentration Citric Acid

Control 0 −
T1 0 +
T2 100 mg/kg −
T3 100 mg/kg +
T4 200 mg/kg −
T5 200 mg/kg +

2.2. Evaluation of Agronomic Characteristics

The post-harvested plants were cleaned with tap water to remove debris and soil
particles. After that, plant-growth attributes such as root length (RL), shoot length (SL),
and fresh and dry biomass (FW and DW) were measured. Fresh weight was measured by
using a weighting machine, while for the dry weight of samples, plants were kept in the
oven for 48 h, at 70 ◦C, before weighing again.

2.3. Determination of Chlorophyll and Carotenoid Contents

Leaf chlorophyll and carotenoid contents were estimated by following the protocol
of Lichtanhaler et al. [43]. Briefly, leaves from all the treatments were collected, and
their homogeneous mixture was prepared in DMSO. Readings were collected by using a
spectrophotometer at different wavelengths, which are 470 nm, 649 nm, and 665 nm. The
final chlorophyll contents were estimated by applying the following formulae:

Chlorophyll (a) = 13.95A665 − 6.68A649

Chlorophyll (b) = 24.96A649 − 7.32A665

Chlorophyll (a + b) = 18.08A649 + 6.63A665

Carotenoids =
1000A470 − 2.05Ca − 114Cb

245

2.4. Leaf Relative Water Content (RWC)

After leaf harvesting, the relative water content was calculated. In brief, the fresh
weight (FW) of leaves was calculated. After that, the leaves were kept submerged for 24 h
in distilled water. Then the turgid weight (TW) of fully turgid leaves was measured by
reweighing them. After 72 h of oven drying at 100 ◦C, the leaves’ constant dry weight (DW)
was observed. Balestri et al.’s [44] protocol was followed for calculating the water content.
The RWC was estimated by using the following formula:

Relative water content =
FW − DW
TW − DW

× 100
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2.5. Proline Content Estimation

The protocol of Bates et al. [45] was used to estimate the proline content. Briefly, 4 mL
of sulfosalicylic acid (3%) was mixed with 0.5 g of fresh leaves before being left at 5 ◦C
overnight. On the following day, the mixture was centrifuged for 5 min at 3000 rpm after
which 2 mL of acid ninhydrin was added. After heating the mixture, 4 mL of toluene was
used to extract it. Equation (k = 17.52 and dilution factor = 2) was used to estimate total
proline after the optical density at 520 nm was observed.

2.6. Determination of Antioxidants Enzymes

Antioxidant enzymes were also estimated by spectrophotometer. Antioxidant enzymes
such as CAT, SOD, POD, and APX were evaluated by following the previously described
protocols of Zhang et al., Nakano et al., and Aebi et al. [46–48], respectively.

2.7. Determination of MDA and Relative Electrolyte Leakage

The MDA level was assessed to understand the lipid peroxidation level by following
the thiobarbituric method previously described by Reference [49], and the relative elec-
trolyte leakage was evaluated as previously described by Singh et al. [50]. The following
formula counted the content of REL:

Relative Electrolyte Leakage = x =
(E1 − E0)
(E2 − E0)

× 100%

2.8. Determination of Cd Concentration

Plants after harvesting were washed with double-distilled water. Plants from each
treatment were oven-dried, and the dried powder was digested in a 4:4 v/v solution of
HNO3:HClO4, respectively, through digiprep digestion. An atomic absorption spectropho-
tometer (AAS 3520, Shanghai, China) was used to quantify the concentration of Cd. The
protocol of Wilkins [21] and Cheraghi et al. [51] was followed. To understand the accu-
mulation, we determined the tolerance index (TI), translocation factor (TF), biological
accumulation coefficient (BAC), and biological concentration factor (BCF) by using the
following formulae:

TI = MCd_treated/Mcontrol,

where MControl is the FW of control group plants, and MCd-treated is the FW of plants under
the Cadmium treatment;

TF = Cshoot/Croot

where Cshoot and Croot express the concentration of Cadmium in the shoot and root, respectively;

BAC = Cshoot/Ctreatment × 100%

where Cshoot and Ctreatment show the concentration of Cadmium in the shoot and respec-
tive treatment;

BCF = Croot/Ctreatment × 100%

where Croot and Ctreatment show the concentration of Cadmium in the root and respec-
tive treatment.

2.9. Statistical Analysis

Statistics software (Statistix version 8.1) was used to analyze the data statistically.
A one-way ANOVA was calculated by using Fisher’s LSD to determine the significant
value (p < 0.05) between the means. PCA (principal component analysis) and Pearson’s
correlation of all the data were performed by using the R plotting software. For PCA,
built-in R function “prcomp” and “ggplot2” library was used.
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3. Results
3.1. Variation of Growth

Cadmium stress significantly decreased the morphological attributes of A. rosea, and
the reduction in growth parameters is more obvious with the increasing concentration
in treatments of A. rosea, as shown in Figure 1. The maximum inhibition was observed
in plants under 200 mg·kg−1 Cd stress as compared to the control for the fresh weight
(53%), dry weight (77%), root length (19.41%), and shoot length (24.01%). However, CA
addition enhanced the morphological parameters, such as root length (23.01%), shoot length
(27.01%), fresh weight (44%), and dry weight (26.92), under non-stress conditions in T1
plants as compared to the control. The same pattern of increase in agronomic characteristics
was observed in CA-assisted plants in root length (27.3% and 21.12%), shoot length (32.11%
and 23.02%), fresh weight (39.66% and 29.8%), and dry weight (29.8% and 57.33%) under
100 and 200 mg·kg−1 of Cd stress, respectively. Figure 1c shows the RWC of the leaves
under different treatments. It is obvious that the RWC in T2 plants is higher (42%) than
that of the control and T3 plants under 100 mg·kg−1 + CA application, which do not show
any significant role of CA in RWC enhancement. The RWC decreased in T4 and T5 plants,
respectively, under the increasing concentration of Cd exposure.
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3.2. Chlorophyll and Carotenoids 

Figure 1. Fresh and dry biomass (a), root and shoot length (b), and relative water content (c) of A.
rosea plants under Cd and citric acid application. The bars indicate mean values ± standard error.
Where T1 = 5 mM·kg−1 CA, T2 = 100 mg·kg−1 Cd, T3 = 100 mg·kg−1 + 5 mM·kg−1, T4 = 200 mg·kg−1

Cd, and T5 = 200 mg·kg−1 + 5 mM·kg−1. The different lowercase letter on the vertical bars represent
significant differences among the treatments at p < 0.05.

3.2. Chlorophyll and Carotenoids

The chlorophyll contents significantly decreased in Cd-treated plants with increasing
concentrations, i.e., chlorophyll a (85.46 and 76.7%), chlorophyll b (22.89 and 29.11%),
and carotenoids (27.83 and 93%), under exposure to 100 and 200 mg·kg−1 of Cd stress,
respectively, as compared to the control; however, the CA application helped the plants
at 100 mg·kg−1 to alleviate these negative effects in A. rosea (Table 3). Increase in pho-
tosynthetic pigments were found in Cd treatments with simultaneous administration of
citric acid in the limit of chlorophyll a at (30.7%), chl b (61.71%), total chlorophyll (37.04%),
and carotenoids (11.95%) under 100 mg·kg−1 Cd treatments, respectively, as compared
to Cd-alone counter treatments. However, at 200 mg·kg−1, no significant difference was
found as compared to the control.
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Table 3. Chlorophyll contents in A. rosea plants under different Cd treatments. Values indicate mean values
± standard error. Where T1 = 5 mM·kg−1 CA, T2 = 100 mg·kg−1 Cd, T3 = 100 mg·kg−1 + 5 mM·kg−1,
T4 = 200 mg·kg−1 Cd, and T5 = 200 mg·kg−1 + 5 mM·kg−1. The different lowercase letters on the
vertical bars represent significant differences among the treatments at p < 0.05.

Chlorophyll Contents (mg.g−1 FW)

Treatments Chlorophyll a Chlorophyll b Total Chlorophylls Chlorophyll a/b Carotenoids

C 86.46 ± 0.03 c 20.4 ± 0.03 c 106.25 ± 0.02 c 4.25 ± 0.04 a 16.03 ± 0.01 b
T1 144.6 ± 0.04 a 58.5 ± 0.00 a 201.92 ± 0.03 a 2.49 ± 0.03 bc 17.25 ± 0.00 b
T2 65.1 ± 0.01 d 16.6 ± 0.02 c 81.24 ± 0.01 e 3.93 ± 0.03 a 12.54 ± 0.04 c
T3 113.47 ± 0.03 b 32.99 ± 0.04 b 145.61 ± 0.04 b 3.45 ± 0.01 ab 34.62 ± 0.02 a
T4 48.93 ± 0.00 e 15.8 ± 0.01 c 64.34 ± 0.00 f 3.28 ± 0.05 ab 8.29 ± 0.03 d
T5 64.85 ± 0.01 d 32.48 ± 0.01 b 96.71 ± 0.03 d 2.02 ± 0.01 c 8.70 ± 0.02 d

3.3. MDA and REL Contents

By increasing the concentration of Cd, A. rosea plants show damage to the leaves
membrane and other morphological parameters. A net increase in MDA (Figure 2A) and
REL (Figure 2B) were observed in plants exposed to 100 mg·kg−1 (41.93 and 78.75%)
and 200 mg·kg−1 (87.09 and 110.8%) respectively. However, plants exposed to Cd stress
supplemented with CA showed a significant decrease in both MDA and REL concentrations;
that is, plants exposed to 100 mg·kg−1 of Cd + CA showed a net decrease of 8.7 and 27.77%
in MDA and REL contents, respectively. When supplemented with CA, the same pattern
of MDA and REL under 200 mg·kg−1 stress showed a significant decrease of 11.75 and
32.23%, respectively.
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Figure 2. MDA contents (A) and relative electrolyte leakage (B) of A. rosea plants under
Cd and citric acid application. The bars indicate mean values ± standard error. Where
T1 = 5 mM·kg−1 CA, T2 = 100 mg·kg−1 Cd, T3 = 100 mg·kg−1 + 5 mM·kg−1, T4 = 200 mg·kg−1 Cd,
and
T5 = 200 mg·kg−1 + 5 mM·kg−1. The different alphabets on the vertical bars represent
significant differences among the treatments at p < 0.05.

3.4. Antioxidants Enzyme

When exposed to Cd stress, antioxidant activity increased in A. rosea plants. As shown
in the Figure 3, the activities of SOD (Figure 3a) increased in all treatments exposed to
Cd stress as compared to the control. Citric acid application in T1 plants increased the
SOD activity by 10.05% as compared to the control. The same pattern of SOD increase
was noted in T2 and T3 plants compared to the control. However, CA enhanced the
activity of SOD by 21.61% and 26.36% in T3 and T5 plants, respectively, as compared to
the control. POD activity (Figure 3b) also shows increased activity with increasing Cd
concentration. However, plants exposed to Cd treatments in synergy with CA (T3 and T5)
showed a promising increase of 52.63% and 81.57%, respectively. CAT activity (Figure 3c)
at 100 mg·kg−1 showed a net increase, but at 200 mg·kg−1 (T4 plants), there was a slight
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decrease as compared to the control. However, CA induced a net increase of 24.96% and
11.21% in T3 and T5 treatments, respectively. The same pattern of results in APX activity
(Figure 3d) was found. A net increase of 25.37% and 29.85% in T3 (100 mg·kg−1 + citric acid)
and T5 (200 mg·kg−1 + citric acid) plants was observed, respectively, as compared to control.
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Figure 3. Activities of SOD (a), POD (b), CAT (c), APX (d), and proline (e) in the leaves of A. rosea
at different Cd treatments single or in synergy with CA. Vertical bars indicate mean ± standard
deviation. Where T1 = 5 mM·kg−1 CA, T2 = 100 mg·kg−1 Cd, T3 = 100 mg·kg−1 + 5 mM·kg−1,
T4 = 200 mg·kg−1 Cd, and T5 = 200 mg·kg−1 + 5 mM·kg−1. Different lowercase letters represent
significant differences between the treatments at p < 0.05.

3.5. Proline Content

The proline content in plants under Cd stress showed a net increase compared to
control plants. At 200 mg·kg−1 of Cd, there was no significant difference in proline content
in Cd + CA simultaneous administration; however, at 100 mg·kg−1, Cd’s net proline content
is increased by 110% compared to the plants with Cd (T2) alone (Figure 3e).
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3.6. Plant Biomass and Distribution of Cd

Cadmium treatment showed a significant net decrease in root and shoot biomass in A.
rosea plants, both under 100 and 200 mg·kg−1, compared to control (Table 4). A net decrease
of 18.6% and 18.86% was observed in shoot and root biomass under 100 mg·kg−1 Cd stress,
and in the same way, under 200 mg·kg−1 Cd concentration, the net decrease in shoot and
root biomass was 82.14% and 75%, respectively. However, plants under the combinatorial
application of Cd + CA showed significant increase in shoot (34.88% and 11.5%) and root
biomass (38.46% and 10%) under 100 mg·kg−1 and 200 mg·kg−1, respectively.

Table 4. Biomass, Cd concentration, tolerance index (TI), translocation factor (TF), biological ac-
cumulation coefficient (BAC), and biological concentration factor (BCF) in A. rosea at different Cd
treatments. Where T1 = 5 mM·kg−1 CA, T2 = 100 mg·kg−1 Cd, T3 = 100 mg·kg−1 + 5 mM·kg−1,
T4 = 200 mg·kg−1 Cd, and T5 = 200 mg·kg−1 + 5 mM·kg−1.

Dry Weight (g.plant−1) Cd Concentration (mg·kg−1)

Shoot Root Shoot Root TI TF BAC BCF

C 0.5 ± 0.03 b 0.33 ± 0.01 d 0.01 ± 0.02 e 0.01 ± 0.01 d N.d N.d N.d N.d
T1 0.4 ± 0.04 c 0.34 ± 0.03 d 0.01 ± 0.03 e 0.01 ± 0.03 d N.d N.d N.d N.d
T2 0.43 ± 0.03 c 0.53 ± 0.05 b 1.5 ± 0.04 d 2.43 ± 0.02 c 0.979518 0.61 15% 24%
T3 0.58 ± 0.01 a 0.72 ± 0.04 a 2.1 ± 0.01 c 2.5 ± 0.02 c 1.46988 0.84 21% 25%
T4 0.13 ± 0.04 e 0.18 ± 0.04 e 2.7 ± 0.02 b 3.42 ± 0.03 b 0.46988 1.26 17% 13%
T5 0.28 ± 0.05 d 0.36 ± 0.03 c 3.4 ± 0.05 a 3.9 ± 0.04 a 1.113253 1.14 19% 17%

In the same way, when plants were exposed to Cd + CA, the accumulation of Cd
increased as compared to plants treated with Cd treated along. As the results indicate, at
100 mg·kg−1 + CA, the accumulation of Cd was 40% higher in the shoot and 25.92% in
the root compared to only Cd-treated plants. In the same way, at 200 mg·kg−1 + CA, the
accumulation of Cd was 25.92% higher in the shoot and 14.03% in the root compared to
the plants treated only with Cd. This is also evident from Figure 4A,B that uptake of Cd is
enhanced both in root and shoot in CA treated plants.

The tolerance index (TI), translocation factor (TF), biological accumulation coefficient
(BAC), and biological concentration factor (BCF) are given in Table 4. TI shows the highest
value of 1.46 at 100 mg·kg−1 and 1.11 at 200 mg·kg−1 Cd concentration, respectively. In the
same way, TF also shows the highest value of 1.26 at 100 mg·kg−1. The same pattern of
BAC and BCF values’ increase can be seen when the Cd concentration is 100 mg, but at
200 mg, the values decrease.
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plants under Cd and citric acid application. The bars indicate mean values ± standard error. Where
T1 = 5 mM·kg−1 CA, T2 = 100 mg·kg−1 Cd, T3 = 100 mg·kg−1 + 5 mM·kg−1, T4 = 200 mg·kg−1 Cd,
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significant differences among the treatments at p < 0.05.
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3.7. Pearson’s Correlation

The results of a Pearson’s correlation study between the researched parameters for
A. rosea are displayed in Figure 5. The correlation study revealed that the levels of Cd in
the roots and shoots were positively correlated, while the levels of Cd in the plant’s height,
FW, DW, chlorophyll (a, b, and total), and carotenoid contents were negatively correlated
under stress conditions. However, Cd concentration in the roots and shoots was strongly
connected when CA served as a chelator, and Cd concentration in the shoots was similarly
favorably correlated with other morphological and physiological features. This correlation
shows a close relationship between Cd uptake and other parameters investigated in A. rosea
when CA was applied.
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Figure 5. Score (a) and loading plot (b) of principal component analysis (PCA) on different studied
attributes of A. rosea seedlings/plants supplemented with citric acid (CA) while grown under Cd
stress. Where PC stands for pearson’s correlation; REL for relative electrolyte leakage; TF for
translocation factor; POD for peroxidase; APX for ascorbate peroxidase; BAC for bioaccumulation
concentration; APX for ascorbate peroxidase; SOD for superoxide dismutase; RL for root length; SL
for shoot length and RWC for relative water content.

3.8. Principal Component Analysis

The impact of Cd and citric acid treatment on key significant researched features of A.
rosea plants was evaluated by using the score and loading plots of principal component
analysis (PCA), which are displayed in (Figure 6). The first two components, PC1 and
PC2, contributed the most out of all the components and were responsible for 77.7% of the
dataset’s overall variation. Among these, PC1 provided 47.7% and PC2 31%, respectively.
The first two primary components successfully disseminated all five treatments (Figure 6).
This arrangement of treatments demonstrated that the treatment of CA under Cd stress had
a considerable ameliorative effect compared to the control on the examined properties of A.
rosea plants. The Cd treatments without CA, i.e., T2 and T4, were more displaced from the
treatments such as control, citric acid amendment under 100 mg/kg−1 Cd stress, and citric
acid amendment under 200 mg/kg−1 Cd stress (Figure 6), showing that the ecophysiology
and plant growth was adversely affected by Cd stress.
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Figure 6. Pearson’s correlation analysis (r-values) between different studies’ parameters of A. rosea
seedlings grown under different stress levels of Cd with and without CA application. Where PC
stands for pearson’s correlation; REL for relative electrolyte leakage; TF for translocation factor; POD
for peroxidase; APX for ascorbate peroxidase; BAC for bioaccumulation concentration; APX for
ascorbate peroxidase; SOD for superoxide dismutase; RL for root length; SL for shoot length and
RWC for relative water content.

4. Discussion

The current research assessed the effects of Cd and CA alone or in simultaneous
administration on A. rosea plants and their uptake and accumulation in shoot and root
systems. Our results show that, when A. rosea plants were exposed to a higher concentration
of Cd, i.e., 200 mg·kg−1, they showed a net decline in morphological attributes, such as
root length, shoot length, fresh weight, and dry weight. However, the application of
5 mmol.kg−1 citric acid retained the morphophysiological parameters of the plant.

4.1. Plant Biomass

Plant biomass production is a useful parameter for describing how well plants have
developed when exposed to heavy-metal stress. Our results indicate that, when plants
were exposed to Cd stress, they showed a significant decrease in growth parameters, such
as FW, DW, RL, and SL, as compared to the control, and this decrease in growth parameters
was more obvious with the increasing Cd concentration [52,53]. However, exogeneous
application of citric acid enhanced both the fresh and dry weight of T3 and T5 plants as
compared to the control plants and those exposed to Cd alone, as shown in (Figure 1). In a
similar study that assessed the effectiveness of CA against Cd toxicity and the unfavorable
changes in the plants caused by Cd, the growth and biomass of B. juncea were examined
by Mahmud et al. [54]. Their results showed that Cd significantly hampered the biomass
and development of the plants; the plant height, FW, and DW all decreased as a result
of Cd exposure in a dose-dependent manner. Under mild and severe stress, respectively,
plant height dropped by 18 and 24% in comparison to the control treatment, whereas the
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application of CA significantly increased the plant height of the stressed plants; both FW
and DW showed similar patterns, and this is in agreement with our findings. A plant
biomass increase with chelator amendment indicates the preservation of harmful Cd in
active non-metabolic areas, such as cell walls and vacuoles, which may be responsible for
the increase in biomass. This may allow the plant to develop normally and did not affect the
hormones, i.e., cytokinins that control plant growth [10,55]. It is also attributed to a chelator
such as CA, which has a keen role in decreasing the soil pH; a small change in the pH leads
to the enhanced uptake of nutrients, leading to the increase in growth attributes [56]. Our
results are in agreement with this finding. However, plants show reduced plant biomass
after exposure to a certain stress concentration. This reduction is attributed to heavy-metal
accumulation in the cytoplasm and eventually affects the cell’s metabolism, as previously
presented by Yadav et al. [57]. Furthermore, the accumulation of heavy metals in cells leads
to reduced cell turgidity and inhibition of cell growth and division, which is also a reason for
biomass reduction [58–60]. Our results show that plants exposed to the high concentration
of Cd, i.e., 200 mg·kg−1, showed a decline in biomass, as shown in Figure 1. According
to earlier research by Gill et al. [12], excessive Cd inhibited plant growth and biomass
production by lowering mineral uptake and disrupting the biochemical and metabolic
processes. The dry shoot and root weight also show a net decrease in biomass with
increasing Cd concentration compared to the control, as shown in Table 4. The distribution
and absorption of vital nutrients may be impacted by the adsorption of heavy-metal ions,
which may harm plants’ ability to grow normally. Our findings were in agreement with
those in Malva sinensis and Calendula officinalis, as previously described by Gupta et al.
(2009) and Liu et al. (2008), respectively [40,61]. Our results show that the application
of citric acid as a chelator in the presence of Cd increased both the root, shoot, and net
plant biomass, as shown in Figure 1 and Table 4, at 100 mg·kg−1 Cd concentration. These
findings agree with Muhammad et al. [62], who applied CA and EDTA to artificially Cd
spike soil to find the phytoextraction potential of Typha angustifolia. Compared to the other
treatments, CA application under Cd pollution levels increased shoot and root dry weight
more successfully. Numerous studies have shown that adding CA to HM-polluted soil
substantially enhances plant growth in different plants, such as Solanum nigrum, Brassica
napus, Zea mays, and Juncus effuses, respectively [1,63–65]. It was also estimated in our
current study that RWC showed a net increase of 42% in plants exposed to 100 mg·kg−1, as
compared to control plants. However, at increasing concentrations of Cd, there was a net
decrease in RWC. Similar results were found by Pena et al. [66] in sunflowers under Cd
stress. Our results are also in agreement with the results of Aghaz et al. [67].

4.2. Cd Accumulation

Cd accumulation and uptake by A. rosea were consistent with elevated levels in root
and shoot samples (Table 4). However, when supplemented with CA, plants under Cd
exposure showed enhanced uptake in roots and shoots. As already mentioned, in T3,
the accumulation of Cd was 40% higher in the shoot and 25.92% in the root compared
to only Cd-treated plants. In the same way, at 200 mg·kg−1 + CA, the accumulation of
Cd was 25.92% higher in the shoot and 14.03% in the root compared to only Cd-treated
plants. CA applied exogenously improves Cd absorption in several plants [1,37]. The
effectiveness of CA for phytoremediation was reported earlier by Mahmud et al. [54],
who found that the lower dose (0.5 mM) of CA significantly increased Cd deposition
in both the shoots and roots of B. juncea. Similar results of enhanced Cd uptake under
CA synergy have been previously reported in Sedum alfreddi by Lu et al. [68]. According
to Wauna et al. [34], the development of organometallic complexes in the solution and
around the surface of the roots boosted their dissociation into free Cd, which may be
unquestionably submerged or taken up through roots. In the current study, greater Cd
concentration in plants in the presence of CA may be owing to CA’s ameliorative effect on
root structure and form, as shown by Najeeb et al. [37] in J. effuses under Cd stress with
CA treatment. The chelator CA addition may have activated the root plasma membrane’s
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ATPases, which altered the transport of ions through the membrane and boosted Cd uptake
through symplasmic or apoplasmic routes (Han et al. [69]). Metal distribution in plant
tissues is a significant characteristic that can serve as a proximate signal of detoxification
processes. CA application also enhanced TI, TF, BAC, and BCF, respectively, compared to
the plants treated with Cd alone. Citric acid may increase the solubility and availability of
Cd by reducing pH and releasing potent ligands into the soil which facilitate Cd acquisition
by roots and transportation to shoots, and so a raise of BCF and BAC was observed [29].

4.3. Chlorophyll and Carotenoids

Exposure of A. rosea plants to Cd stress shows a net impact on photosynthetic pig-
ments, i.e., Chl a, Chl b, Total Chlorophyll and carotenoid contents, as shown in Table 1.
The Chlorophyll a, Chl b, total Chlorophyll and carotenoid contents showed a net decrease
compared to control plants [70]. However, plants exposed to Cd (100 mg·kg−1) supple-
mented with CA showed a significant increase in photosynthetic pigments, i.e., chlorophyll
a at (30.7%), chl b (61.71%), total chlorophyll (37.04%), and carotenoids (11.95%) under
100 mg·kg−1 Cd treatments, respectively, as compared to Cd-alone counter treatments.
However, at 200 mg·kg−1, no significant difference was found as compared to control
treatments, respectively, as compared to Cd-alone treatments. Our findings agree with
Babushkina et al. [71] and Ehsan et al. [1]. Their results show similar results: Cd inhibits
plants’ photosynthesis and pigment levels with increasing Cd concentration. The severe
distortion of the chloroplast ultrastructure, which causes a disordered shape and inflated
thylakoids, may cause a decline in the photosynthesis and pigment values [70,72,73]. An-
other research by Mahadavian et al. [74] also agrees with our findings, as they noticed
that Calendula officinalis, when exposed to Cd stress, showed a net decrease in chlorophyll
contents and carotenoids; however, supplementation of CA enhanced the photosynthetic
pigments and carotenoids. In reality, this decline in carotenoids and chlorophylls may
impact the capacity of photosynthetic operations work, which might restrict the growth
and development of plants [1,75,76].

4.4. Oxidative Stress Due to Cd and ROS Production

In our experiment, A. rosea plants exposed to Cd stress showed a net increase in MDA
and REL contents (Figure 3a,b). Previously, exposure of B. napus and S. lycopersicon to Cd
showed a similar increase in MDA and REL contents [77,78]. However, in our experiment,
when plants were exposed to Cd + CA, they showed a decreasing trend of EL and MDA
contents. These findings agree with Ehsan et al. [1], whose research previously showed a
similar trend of decreasing MDA and EL in B. napus when exposed to Cd and CA.

Free radicals can be produced directly or indirectly during plant growth and metabolism
in an unfavorable environment and can harm plants’ cell membranes [79]. Our findings
suggested that reactive oxygen species (ROSs) may be formed under Cd stress in A. rosea
seedlings, resulting in lipid peroxidation. However, compared to Cd treatment alone,
Cd-combined CA application dramatically reduced REL and MDA buildup, indicating
a defensive role for CA in lowering the oxidative stress in A. rosea plants. Although Cd
cannot directly cause ROS, it can bind to and interact with targets or contend for binding
sites, changing target proteins’ activities and causing ROS generation [80]. Plants that
interact with Cd typically sustain oxidative damage [81]. Effective radical scavenging
systems are required to control ROS generation in plants under cadmium stress strictly. To
reduce and repair ROS damage, plants have defense mechanisms that activate antioxidant
enzymes [82]. Plants contain the crucial antioxidant enzymes SOD, POD, CAT, and APX.
Our current research showed increased antioxidants when plants were exposed to Cd stress.
In pea leaves, Agarwal et al. [83] discovered that Cd treatment increased the activity of the
enzymes CAT, SOD, and APX.

Additionally, Chen et al. [84] discovered that Cd boosted SOD and POD activity, while
decreasing CAT activity within seedlings exposed to Cd. Our results show that, when
plants exposed to Cd (100 mg·kg−1) were treated with CA, they showed a net increase
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in all the antioxidant content compared to the control plants and plants treated with Cd
alone. However, at a high Cd level, no significant difference was observed. The idea that
organic acids interact with heavy metal ions in soil to activate and increase bioavailability
can elucidate it. Our findings agree with Ehsan et al.’s [1] research; when B. napus was
subjected to Cd stress and 0.5 mM citric acid, it showed an upregulated production of
antioxidants. Another study by Saffari et al. [85] shows the same trend of an increase in
antioxidants in Calendula officinalis under the simultaneous administration of 100 mg·kg−1

Cd and 0.5 mM citric acid as a chelator.

5. Conclusions

These findings can conclude that Cd toxicity decreased plant height, fresh and dry
weight, total chlorophyll and carotenoid levels, and relative water content while scavenging
ROS generation. However, higher Cd concentration in the treatment causes Cd absorption
and accumulation to rise in A. rosea. The administration of CA dramatically improved
plant growth and biomass, photosynthetic pigments, RWC, and cellular organelles of the
plant cell while reducing oxidative stress by lowering MDA and proline concentrations
and restoring normal SOD, CAT, APX, and POD enzymatic activities. Additionally, CA
treatment boosts Cd absorption in A. rosea plants, aiding in the effective phytoextraction of
Cd. In conclusion, the results showed that CA application promoted A. rosea growth and
biomass in both the existence and absence of Cd treatment by increasing Cd accumulation
and decreasing its toxicity. As a result, A. rosea can be employed as a phytoextraction
method for heavy metals such as Cd when CA is applied, although additional soil-based
research is needed to verify these findings.
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