ﬁ\ﬁ agriculture

Article

Physiological and Ultrastructural Changes in Dendranthema
morifolium Cultivars Exposed to Different Cadmium
Stress Conditions

Lugman Muhammad 1 Salahuddin 2, Asif Khan *©, Yunwei Zhou 1, Miao He 1'*, Abdulwahed Fahad Alrefaei *©,

Murtaza Khan °

check for
updates

Citation: Muhammad, L.;
Salahuddin; Khan, A.; Zhou, Y.;

He, M.; Alrefaei, A.F.; Khan, M.;

Ali, S. Physiological and
Ultrastructural Changes in
Dendranthema morifolium Cultivars
Exposed to Different Cadmium Stress
Conditions. Agriculture 2023,13,317.
https://doi.org/10.3390/
agriculture13020317

Academic Editor: Matevz Likar

Received: 2 January 2023
Revised: 20 January 2023
Accepted: 25 January 2023
Published: 28 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Sajid Ali >*

College of Landscape Architecture, Northeast Forestry University, Harbin 150040, China

Agricultural Research Station, Charsadda 24520, Pakistan

Laboratory of Phytochemistry, Department of Botany, University of Sio Paulo, Sao Paulo 05508-090, Brazil
Department of Zoology, College of Science, King Saud University, Riaydh P.O. Box 2455, Saudi Arabia
Department of Horticulture and Life Science, Yeungnam University, Gyeongsan 38541, Republic of Korea
*  Correspondence: hemiao@nefu.edu.cn (M.H.); sajidbioali@gmail.com (S.A.)

(S B N N

Abstract: Ornamental plant species may vary substantially in their tolerance response to heavy metals.
The aim of this research was to check chrysanthemum cultivars, namely Donglin Ruixue (C), Yellow
(F), Red pocket (G), and New 9714 (I), which are commonly used as landscape plants to determine
their levels of cadmium (Cd) tolerance at different cadmium concentrations through hydroponic
cultures. Chrysanthemum cultivars were treated with five different Cd concentrations (0, 10, 20, 50,
and 100 mg L) and different physiological, enzymatic, and ultra-structure traits were taken under
consideration in vitro. The results showed that cadmium concentration significantly inhibited the
total chlorophyll content, chlorophyll a, chlorophyll b, and carotenoid content. Chlorophyll contents
were significantly reduced at higher Cd concentrations in all cultivars, but the reduction rates were
higher in cultivar F (59.49%), G (40.41%), I (44.97%), and C (33.86%). Similarly, the chlorophyll b
reduction was higher than that of chlorophyll a in I (73.33%), followed by G (58.06%), F (61.66%),
and C (32.43%), under Cd stress conditions. Additionally, the relative conductivity was recorded
in cultivars C (146.48%), F (223.66%), G (165.96%), and I (154.92%), respectively, at 100 mg Llcd
concentrations. Likewise, MDA was significantly increased with high Cd stress, at 155.56, 325.27,
173.91, and 322.18%, in C, F, G, and I cultivars at 100 mg L1, but it was promoted with a greater
increase in F and I cultivars. Similarly, SOD and CAT activities were increased with the increase in
Cd stress, but reduced in F and I cultivars at higher stress levels of 100 mg L~ L. In the same way,
POD activity was significantly higher in the C and G cultivars. Additionally, ultrastructure changes
also occurred with the increase in the Cd stress, i.e., 20 mg L1 to 100 mg L1, and these changes
caused alterations in cell organelles, including in the chloroplast, grana, lamella, thylakoid, and
stroma. They also caused noticeable damage to mitochondria at higher Cd concentrations. It was
concluded that the higher levels of antioxidative defense of the C and G cultivars of chrysanthemum
indicated their ability to tolerate high Cd stress conditions. These could, therefore, be used for their
phytoremediation potential in Cd-contaminated areas.

Keywords: abiotic stress; cadmium stress; chrysanthemum; cultivars; ultra-structures

1. Introduction

Due to the rapid modernization and development of agriculture sectors as well as
the rise in chemical industries, soil contamination with heavy metals (HM) has become
a serious challenge for the modern world [1-3]. It has been taken into consideration that
the urban areas are highly prone to heavy metals as compared to rural due to unrestricted
release of heavy metals into the natural environment. These HMs, released via the smelting,
electroplating, and chemical industries, are one of the most serious threats to life in the
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21st century owing to their toxic and potentially carcinogenic nature [4,5]. Studies have
estimated that approximately 20.7-543.3 losses occur in the crop plants. Heavy metals are
grouped into essential and nonessential micronutrients for normal plant growth [6]. Unlike
other heavy metals, cobalt (Co), zinc (Zn), nickel (Ni), copper (Cu), lead (Pb), silver (Ag)
and cadmium (Cd) are non-essential elements in plants nutrition. Among all of these, a
few metals, such as Cd, are highly toxic to microbes, animals, plants, and human beings,
even at very low concentrations [7-9]. Cadmium (Cd) is the most toxic element, ranked 7th
among the top 20 toxic elements, and pollutes the environment more effectively due to its
immense mobility and quick absorption in soil-plant systems [10,11].

Cadmium (Cd) negatively affects chlorophyll and carotenoid contents, due to which
the photosynthetic ability of plants is reduced. This causes various diseases, such as chloro-
sis, which leads to a sharp reduction in plant growth and development [12-14]. In the
same way, Cd not only affects the enzymatic, photosynthetic, and physiological traits, but
also the leaf ultrastructure of plant species such as bush beans (Phaseolus vulgaris L.) [15],
Elodea Canadensis vecchia, rocca [16], and pea plants (Pisum Sativum L.) [17]. The ultra-
structural changes in leaf cells have been well-documented; these variations include an
increased number of vacuoles and nucleoli, reduction in the mitochondrial cristae, and
severe plasmolysis [18]. In the same way, changes are also being taken into consideration
in the genetic make-up of different varieties of plants—for example, highly condensed
chromatin materials and misarrangement of chromosomes. Other changes involve the
enlargement of vacuoles and chloroplast structures [19-21], which has rarely been reported
in chrysanthemum plants. Plant species are also reported to be extremely reactive and to
immediately damage cell organelles through peroxidation [22]. In such conditions, plants
must undergo various enzymatic changes and activate various mechanisms, such as bind-
ing sequester biomolecules or synthesizing antioxidant molecules, to avoid or minimize
the stressful effects of these radicals, which are generated under stress conditions [23-25].

Among the other heavy metals (HM), Cd is one of the most toxic, and leads directly to
the formation of reactive oxygen species (ROSs) [14,26]. These ROSs appear in the form of
hydrogen peroxide (H,0O,), singlet oxygen (10,), hydroxyl radical (OH), and superoxide
radicles (O?~) [27,28]. These ROSs cause adverse effects to different physiological, biochem-
ical, enzymatic, anatomical, and molecular changes in plants [29]. Interestingly, plants have
evolved various enzymatic and non-enzymatic mechanisms to scavenge such ROSs and
thereby alleviate its deleterious effects. These protective enzymes include catalase (CAT),
peroxidases (POD), and superoxide dismutase (SOD), while several molecules, such as
glutathione, ascorbate, and carotenoids, provide non-enzymatic protection [30]. Among
these, SOD is a major O, scavenger, and its enzymatic action results in HyO, and O,
formation. In the same way, CAT and several classes of POD then scavenge the H,O, that is
produced. CAT dismutase HyO, transforms into H,O and O,, and is found in peroxisomes,
cytosol, and mitochondria [31,32]. POD decomposes H,O, by oxidation of co-substrates
such as phenolic compounds and/or antioxidants [33]. Under normal circumstances, the
concentration of oxygen radicals remains low because of the activity of these antioxidative
enzymes. Under stress conditions, the free radical species (forms of active oxygen) may be
increased, which enhances the activities of these detoxifying enzymes [34].

Chrysanthemum indicum L. is an abundant ornamental bioresource around the globe,
and its export was observed to increase from 0.5 billion in 1995 to 5.1 billion in 2005. It is
expected to double again by 2025. China is the second leading country in chrysanthemum
production, with a total area of 59,527 hectares. It grows in polluted areas surrounding
cities [35], and important landscape species have been reported to grow in these polluted
areas [36]. Moreover, it is an excellent ornamental plant for economical greening of the
urban landscape, and possesses key traits that make it very attractive for use in metal-
polluted sites [37], e.g., ease of cultivation, rapid growth, abundant and long flowering
period, and short life cycle. It has been taken into consideration that chrysanthemum and its
different varieties, e.g., Donglin Ruixue, Yellow, Red pocket, and New 9714, are potentially
suitable and easy to grow for various purposes in China. Interestingly, there are few
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studies that have evaluated chrysanthemum regarding heavy metals, e.g., Pb [38], Cd [39],
Cd-Ni [40], Cu [41], and Cd-Zn. However, the physiological and tolerance mechanisms
that respond to different Cd levels among the chrysanthemum cultivars have rarely been
explored. Therefore, the present research study was conducted with the aim to explore
Cd’s effect on different physiological functions, enzymatic parameters, and ultra-structures,
as well as to find the most efficient Cd-tolerant cultivars of chrysanthemum.

2. Materials and Methods
2.1. Plant Materials

The research experiment was performed in the greenhouse of the College of Landscape
Architecture, Northeast Forestry University, Harbin, China. Four cultivars of chrysanthe-
mum were properly purchased from local market, namely Donglin Ruixue (C), Yellow
(F), Red pocket (G), and New 9714 (I), respectively, and used for the study, as they have
differences in terms of their appearance and growth.

Chrysanthemum seedlings were raised in the experimental nursery of Northeast
Forestry University, Harbin. Seedlings of uniform sizes were selected for the experiment;
they were 10-15 cm in height, and were cultured for 3 days using distilled water in a 1L
plastic box with a foam board for fixing. The plants were incubated with a light intensity of
5000 LX for 12 h per day, and the temperature was controlled at 28 and 18 °C during the
day and night, respectively. After 3 days of pre-culture, the distilled water was adjusted
to Hoagland nutrient solution and the pH value was adjusted to 5.8 and maintained for
24 h. The nutrient solution was changed after every three days without changing other
conditions, and then collected into a container for recycling. The percent compositions of
Hoagland solution used are given in Table 1. All the mineral nutrients used to analyze the
pure chemical reagents were prepared in distilled water.

Table 1. Composition of Hoagland solution formulation.

Nutrient Concentration mg/L Nutrient Concentration mg/L
Ca(NO3)?-4H,0 20.08 FeSO,4-7H,O 0.15
KNO; 12.14 MnSO4-H,O 0.04
NH4NO3 1.6 H3BO3 0.06
MgSO,-7H,0 7.88 ZnS0y4-7HyO 0.002
KH,POy4 5.98 CuSO4-5H,0 0.001
Nap,EDTA 0.2 (NH4)6-Mo7-Op4-4H,0 0.002

2.2. Cadmium Treatment

A total of 4 varieties were tested against 20 mg L~! and subjected to cluster analysis,
and four tolerant varieties were selected on the basis of their tolerance before the beginning
of this experiment. The mineral salt CdCl,e2.5H,O was used to prepare different Cd
concentration solutions. For this experiment, 5 cadmium concentration stresses were used,
which ranged used from 0 to 100 mg L~!. There were five cadmium treatments in total,
including 0, 10, 20, 50, and 100 mg L1 respectively. Control plants were established
under the same conditions, but received only Hoaglands nutrient solution. There were
20 seedlings for each treatment, and these were exposed to Cd doses at high concentrations
for 10 days to avoid the death of the plants on the basis of their symptoms. The experiment
was repeated three times for each treatment. Chrysanthemum seedlings treated with
different Cd concentrations were harvested after 10 days. Then, 3-5 fully expanded leaves
from plants of each variety were selected from top to bottom and rinsed with tap water,
followed by deionized water, 3 times.
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2.3. Effect of Cd on Physiological Attributes
2.3.1. Chlorophyll Determination

Based on Duxbury and Yentsch, [42] method, different photosynthetic attributes, such
as Chlorophyll a, chlorophyll b, and carotenoid content, were analyzed. Fresh and fully
expended leaves (0.2 g) were taken and homogenized in 2 mL of 80% acetone using a
mortar and pestle. More solvent was added, and a final volume of up to 7 mL was reached.
The samples were centrifuged at 14,000 rpm for 5 min at 4 °C. The supernatants were taken
into consideration, and absorbance were measured at 480, 645, and 663 nm, respectively,
using a spectrophotometer (Chemito UV, 2000). Chlorophyll a and b, as well as carotenoid
content were calculated using the following formula.

Chlorophyll a (mg/g fresh weight) = 12.3D663 — 0.86D663d x 100 x w x v

Chlorophyll, b (mg/g fresh weight) = 12.3D663 - 0.86D645d x 1000 x w x v
Carotenoid (mg/g fresh weight) = 7.6D480 — 1.49D510d x 1000 x wXx v.

where w = fresh weight, v = volume of filter solution, and D =dilution factor.

2.3.2. MDA Contents

Malondialdehyde (MDA) content was determined in the seedlings exposed to different
Cd stress conditions [43]. Fully expended and fresh leaf samples of 0.2 g were properly
homogenized in 10 mL of 10% trichloroacetic acid and centrifuged at 12,000 rpm for
10 min. After centrifugation, the 2 mL supernatants were taken and added to 2 mL of 0.6%
thiobarbituric acid (TBA), then incubated in a water bath for 15 min at 100 °C. The mixture
was then cooled down, and centrifugation was carried out at 12,000 rpm for 10 min. The
supernatants were taken into consideration, and OD was measured at 532, 600, and 450 nm
using a spectrophotometer (Chemito UV, 2000). The unities were expressed as mg g~ ! (FW
Wang and Zhou) [44].

2.3.3. Relative Electrical Conductivity (REC)

Fresh leaves were taken from both control and Cd-treated seedlings and rinsed with
double distal water [45]. Five rounded sections were properly cut from the collected
leaves and ultimately kept in autoclaved beaker with 30 mL of deionized water under
vacuum conditions for 15 min. The first readings were taken into consideration and
marked as S;. Additionally, leaf samples were then heated at 90 °C for 20 min and
simultaneously cooled down at room temperature. In the same way, electrical conductivity
was measured and marked as S,. By using the following formula, the relative conductivity
(REC) was calculated:

REC = (51/5;) x 100% 1)

2.4. Antioxidant Enzymes in Chrysanthemum Seedlings under Cd Stress

Different antioxidant enzyme profiles, such as peroxidase (POD), catalase (CAT),
and superoxide dismutase (SOD), were determined in the seedlings exposed to Cd stress
condition by using a spectrophotometer (Chemito UV, 2000).

An SOD bioassay was taken into consideration according to the method described
previously [46]. The reaction mixture consisted of 50 mmol/L Tris-HCI buffer (pH 7.8),
0.1 mmol/L EDTA, 0.1 mmol/L nitro blue tetrazolium (NBT), 13.37 mmol/L methionine,
and 0.1 mmol/L riboflavin and enzyme extract. The reaction was initiated by adding
the riboflavin. The mixture was first placed under light, then transferred into darkness
immediately, and the absorbance recorded at 560 nm. One unit of SOD activity was defined
as the amount of enzyme that inhibited 50% of NBT photo reduction.

Peroxidase dismutase activity was monitored [47]. The mixture was composed of
phosphate buffer, 125 mM, with a pH of 6.8, pyrogallol 50 mM, H,O, 50 nM, and 1 mL of
diluted enzyme extracts. The whole mixture was incubated for 5 min at 25 °C. The reaction
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was stopped by adding 0.5 mL of H,SO4 (5%). The amount of purpurogallin formed in the
sample was taken into consideration at 420 nm using a spectrophotometer.

In the same way, moto catalase (CAT) activity was taken into consideration in the
seedlings exposed to different Cd concentrations [48]. The whole reaction mixture was
composed of 20 pL enzyme extract and a total of 0.980 mL of 50 mM potassium phosphate
buffer, with pH 7.0 and 20 mM H;O;. The mixture was then incubated at 28 °C for 1 min,
and the absorbance was taken into consideration at 240 nm.

2.5. Ultrastructure Characteristics of Chrysanthemum’ F Variety

Fresh leaves of each treatment were taken from top to bottom and washed with
deionized water, then cut into 1 x 3 mm samples, avoiding the veins [49]. Samples were
treated with 2.5% glutaraldehyde after 2 h; the samples were removed and rinsed 3 times
with 0.1 M phosphate buffer solution (pH 6.8) for 15 min. The samples were then treated
with 1% perosmic acid anhydride as the post-fixation solution for 2-3 h, followed by rinsing
3 times with 0.1 M phosphate buffer solution for 15 min. The prepared samples were then
treated with ethanol 30 %, 70%, and 90%, one by one, for 15-20 min to dehydrate them,
followed by treatment with 100% ethanol 2 times for 10 min. The samples were further
dehydrated with a 1:1 mixture of alcohol and acetone for 10 min. All of these steps were
carried out in a refrigerator at 4 °C. When the dehydrating agent changed, the samples
were immediately put into the refrigerator to meet the temperature requirements each time.
Finally, the samples were dehydrated with 100% acetone for 10 min at room temperature.
The permeation was carried out with pure acetone: epoxy resin (epoxy resin 812) in a ratio
of 1:1, 1:2, and 1:3 for 0.4-1 h, 2-5 h, and overnight, respectively. The prepared samples
were soaked for a couple of hours and finally cut into 50-60 nm slices with a thin-slicing
machine. Finally, samples were stained with uranyl acetate and lead citrate and were
examined using a transmission electron microscope (Hitachi H-7650).

2.6. Statistical Analysis

Data were recorded in triplicate and statistical analyses were performed using SPSS
software (Version 11.5 SPSS Inc., Chicago, IL, USA). The data were analyzed by one way
analysis of variance (ANOVA), and their mean values were calculated from the three
replicates. Their differences were determined using the least squares deviations (LSD)
test [2].

Control — Treatment x 100
Control

Percent inhibition (%) =

3. Results
3.1. Chlorophyll and Carotenoid Contents

The chlorophyll and carotenoid content of the given cultivars were significantly af-
fected by Cd concentrations (p < 0.05) (Table 2). Chlorophyll, chlorophyll a, and carotenoid
contents were significantly reduced in all cultivars with the increase in Cd concentra-
tion, except chlorophyll b in cultivar C, as compared to control. The chlorophyll contents
were reduced in cultivar F (59.49%), G (40.41%), I (44.97%), and C (33.86%), respectively, at
100 mg L~ Cd concentration. Interestingly, the chlorophyll content reduction was recorded
as 33.86% for cultivar C, which indicated better Cd tolerance, while the F cultivar was rela-
tively weak in terms of resisting Cd stress. Chlorophyll a content reductions were recorded
in F (57.18%), C (34.4%), G (26.50%), and I (36.21%), respectively, ata 100 mg L~! Cd concen-
tration, as compared to control. On the other hand, the maximum reduction in chlorophyll
b contents was recorded in cultivar I (73.33%), followed by G (58.06%), F (61.66%), and C
(32.43%), as compared to the control. For carotenoids, the carotenoid contents of cultivars F
and I increased gradually with the increase in Cd concentration, whereas it increased ini-
tially in the C and G cultivars, then decreased, and finally increased again. The chlorophyll
a and b (a/b) ratios were higher, ranging from 0.99 to 3.24 at 100 mg L~! Cd concentration
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indicated that the reduction in chlorophyll b was higher as compared to chlorophyll a;

however, there were non-significant changes observed for C, F, and G cultivars.

Table 2. Effect of Cd treatment on the chlorophyll, chlorophyll a, chlorophyll b, and carotenoid

content, as well as the chlorophyll (a/b) ratio, in the leaves of chrysanthemum cultivars.

Cultivars Treatment Chlorophyll Chlorophylla  Chlorophyll b Carotenoid Chla/Chlb
(mg L-1) (gkg 1 EW) (gkg 1EW) (gkg 1 EW) (gkg 1EW) Ratio
Control 1.27 £0.152 0.90 + 0.07 2 0.37 £ 0.092 0.10 & 0.04 2.68 + 0412
10mg L1 1.02 £0.122 0.71 4 0.04 0.31 +£0.082 0.11 £ 0.03 2 2.7540.802
R?l?;g:i(‘é) 20mg L1 101 +£015% 07240092 02940062 0.30 £ 0.012 26240212
50 mg L1 0.91 + 0.05 2P 0.63 +0.02P 0.28 +0.03 2 0.14 £0.012 2.26 +£0.162
100 mg L1 0.84 +£0.11° 0.59 &+ 0.06 ® 0.25 +0.052 0.31+0.02° 24440262
Control 158 +0.102 0.98 +0.12 2 0.60 + 0.202 0.11+0.10° 218 +£0.842
10mgL~! 1.09 +0.07 P 0.77 +0.04 2° 0.32 +0.04 2 0.26 +0.01° 247 £0.2372
Yellow (F) 20mg L1 0.98 +0.04° 0.69 +0.06 ® 0.29 + 0.03 2P 0.30 +0.03 2 242 +042°
50 mg L1 0.87 4 0.11 b¢ 0.59 + 0.05 b¢ 0.29 4 0.08 0.30 £0.022 2.37 +0.572
100 mg L1 0.64 4 0.05 ¢ 0.42 +0.04°¢ 0.23 4+ 0.06° 0.34 4+ 0.012 2.054 0422
Control 1.46 +0.00 2 0.83 4+ 0.10 2 0.62 +0.102 0.09 +0.01° 147 £ 0452
10mg L1 1.29 +0.09 2 0.73 4+ 0.01 % 0.57 +0.102 0.10 +0.01° 1.38 +0.272
Red pocket (G) 20mg L1 1.03 +£0.07° 0.73 4 0.04 0.30 + 0.06° 0.29 4 0.02 2.60 +0.49 2
50 mg L1 0.99 +£0.10° 0.70 + 0.01 2P 0.29 +0.09° 0.13 +0.04 2 2.97 +0.96 2
100 mg L1 0.87 +£0.06° 0.61 +0.07° 0.26 +£0.03° 0.31 +0.022 2.52 +0.61°2
Control 1.49 £ 0.052 0.74 4 0.04 2 0.75 4+ 0.032 0.07 4+ 0.024 0.99 4+ 0.072
10mgL~! 1.27 £ 0.07° 0.69 £ 0.032 0.58 +0.04° 0.15 +0.01 °d 1.19 £0.02¢
New 9714 () 20mg L1 1.114+0.10¢ 0.72 +0.03 2P 0.39 +0.07 0.22 + 0.06 b° 1.97 4 0.27 b¢
50 mg L1 0.90 + 0.06 °d 0.62 +0.02° 0.27 + 0.06 4 0.30 & 0.02 % 2.49 4+ 0.522
100 mg L1 0.82 4+ 0.054 0.62 4+ 0.01° 0.20 +0.03 4 0.34 4+ 0.012 324 +0422

Note. Each value represents the mean + S.E. Means for each cultivars followed by the same letter are non-
significantly different at (0.05) based on the LSD test.

3.2. Cadmium’s Effect on Physiological Traits
3.2.1. Relative Electrolytic Conductivity (REC)

The relative conductivity of the leaves of chrysanthemum cultivars was significantly
affected by Cd concentration (p < 0.05) (Figure 1A). The relative electric conductivity
was recorded to be higher at high Cd concentrations as compared to the controls. The
relative conductivity was recorded in cultivars C (146.48%), F (223.66%), G (165.96%), and 1
(154.92%), respectively, at 100 mg L~! Cd concentrations.

3.2.2. MDA Contents

MDA content were significantly affected in cultivars by Cd, and showed an increasing
trend with the increase in Cd concentration (p < 0.05) (Figure 1A). The MDA content
was recorded as the maximum in F and I cultivars, while it was relatively lower in C
and G cultivars under high Cd concentrations. MDA content was recorded as 155.56,
325.27,173.91, and 322.18% in the C, F, G, and I cultivars at 100 mg L-1Cdas compared to
the controls.
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Figure 1. Relative conductivity (A) and MDA contents (B) of chrysanthemum cultivars subjected to
different Cd concentrations. Each value represents the mean =+ S.E from the three independent repli-
cates (&, n = 3), and different statistical letters represent significant differences at the p < 0.05 level.

3.3. Cadmium Effect on Antioxidant Enzymes
3.3.1. Superoxide Dismutase Activity

As the first line of defense for plant antioxidant systems, superoxide dismutase (SOD)
plays an extremely important role in eliminating and maintaining relatively low levels
of reactive oxygen species in plant cells to prevent and reduce the peroxidation process
of the membranes and to improve their stress resistance. The SOD showed significant
changes in cultivars with Cd treatment (p < 0.05) (Figure 2A). Changes in SOD activity
were increased initially, and then decreased with the increase in Cd concentration in the F
and I cultivars, respectively, while a notable increase was recorded in the C and G cultivars
with the increase in Cd concentration.
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Figure 2. Antioxidant enzymes, i.e., CAT (A), POD (B), and SOD (C) contents of different chrysan-
themum cultivars subjected to different Cd concentrations. Each value represents the mean + S.E.
from the three independent replicates (£, n = 3), and different statistical letters represent significant
differences at the p < 0.05 level.

3.3.2. Peroxidase Enzyme Activity

Peroxidase (POD) is also an important plant protection enzyme. It has a synergistic
effect with SOD, and widely exists in plants. Its activity is relatively high and is closely
related to photosynthesis, respiration, and auxin oxidation. The POD activity significantly
changed in cultivars with Cd treatment (p < 0.05) (Figure 2B). The POD activity showed an
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increasing trend initially and then decreased with the increase in Cd concentration in C and
F, while a remarkable increase was recorded for cultivars G and I, respectively. The POD
activity was recorded at its highest level (4192.52) at 20 mg L~! Cd for the C cultivar, while
it was recorded at its highest (2416.13) for F at 50 mg L~! Cd, but it decreased at 100 mg L.
Similarly, the POD activity of the G (3449.73) and I (2378.67) cultivars increased with the
increase in Cd concentration, and attained its highest values at 100 mg L~! Cd. POD
activity was recorded at higher levels in the C and G cultivars as a whole when compared
with the I and F cultivars.

3.3.3. Catalase Enzyme Activity

Catalase (CAT) activity was significant altered in cultivars with Cd treatment (Figure 2C).
The CAT activity was initially increased, but then decreased, in cultivars F and I, respec-
tively, while CAT activity increased with the increase in Cd concentration for the C and G
cultivars. CAT activity was recorded at its highest in the F (591.67) and I (928.19) cultivars
at 50 mg L~ Cd concentration, while it was recorded at its highest in the C (751.49) and G
(691.98) cultivars, respectively, at 100 mg L~! Cd concentration.

3.4. Cadmium Effect on Ultrastructure of F Variety

TEM pictures of the control leaves clearly demonstrate that the cell structures are
properly arranged. However, there was a gradual increase in cadmium concentration,
leading to the deformation of cell ultra-structures (Figure 3). From the TEM pictures
(Figure 3), it is clear that distinct features of the cell are gradually distorted with cadmium
concentrations from 20 mg L1 to 100 mg L.

In the control group, the cells had intact organelles, such as nuclei, chloroplasts, and
mitochondria, as well as a more tightly bound cell wall, a smooth and clear cell membrane,
and more oval or fusiform chloroplasts distributed on the edge of the cells, close to the cell
wall (Figure 3A).

The internal structure of a chloroplast is clear and complete. The thylakoid is abundant,
while the lamellar structure is developed and arranged along the long axis of the chloroplast
close to the cell membrane. The chloroplast contains little starch and few osmiophilic
particles (Figure 3B). However, the mitochondria are more regularly distributed in the
surrounding cells. The structure is complete, and the outer membrane and crest are visible
(Figure 3C).

Under 50 mgL.~! Cd concentration, the nucleus was deformed. The nuclear membrane
was still clear, but condensation of chromatin in the nucleus was observed, and organelles
such as the chloroplast were distributed side by side (Figure 3D). The distribution of
chloroplasts was close to the cell wall. With the increase in concentration, the matrix
color became more profound, and a significant amount of starch grains appeared in the
chloroplast. The chloroplast volume became larger, and the surrounding layers were
squeezed (Figure 3E). Similarly, the grana lamellae and stroma were not arranged in
order. The mitochondria showed a noticeably damaged and incomplete structure. The
mitochondrial inner membrane and outer membrane were mostly dissolved (Figure 3F).

Under 100 mg L~! Cd concentration, a significant amount of black layered material
appeared on the cell wall. The nucleus was deformed and the cell volume was reduced. The
chromatin, which was uniformly distributed in the nucleus, also coalesced. The organelles,
such as the nuclei and chloroplasts, were no longer distributed along the cell edges. The
cells were arched, moved, and suspended in the cytoplasm (Figure 3G). The chloroplasts
further became nearly spherical, but the outer envelope remained clear and the matrix
color became darker. The number and volume of starch grains increased significantly and
occupied most of the chloroplast space, causing crushing (Figure 3I). The mitochondrial
membrane structure disappeared, and disintegration and severe dissolution of the outer
envelope and the internal crest could be clearly observed, as shown (Figure 3I).
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Figure 3. Transmission electron micrographs of a chrysanthemum mesophyll cell and its organelles
after exposure to different Cd stress levels. Figure (A) represents the control’s N, Ch, M, and V
(nucleus, chlorophyll, mitochondria, and vacuole), which are arranged near the plasma membrane.
With 10 mgL~! of Cd, Figure (B) represents the complete structure of Ch (chloroplast), in which
more thylakoid (black) and less S (starch) is present. (C) represents the Ch (chlorophyll) structure’s
enlargement and the higher number of M (mitochondria) which appeared. Under 50 mgL~! of Cd, in
Figure (D), the size of the vacuole also increases and the nucleus is deformed, while the organelles are
arranged on all sides. In (E), more S (starch) appeared in the Ch (chloroplast) near the CW (cell wall),
while in (F), Ch (chlorophyll) was more affected compared to M (mitochondria). With 100 mgL_1
Cd treatment, as shown in Figure (G), black-colored material appeared on the cell wall, while the
structure of the nucleus and the cell collapse. (H) Chl became more spherical and S (starch) increased
significantly in size. In (I), the disappearance of mitochondria was noticed.

4. Discussion

In the present study, chrysanthemum species exposed to cadmium treatment affected
the different physiological and ultrastructure parameters. Chlorophyll and carotenoid con-
tents are essential pigments of photosynthesis, and are synthesized in the chloroplast after
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photosynthesis. Their metabolism is closely related with chloroplast development [50]. The
chlorophyll contents are usually determined in plants, which are considered a marker
of the physiological state that is important for assessing the effect of environmental
stress. Alterations in the pigment content are linked to plant illness and photosynthetic
productivity [51,52]. In our study, chlorophyll content was reduced in all chrysanthe-
mum cultivars after Cd treatment, which is in line with previously reported studies of
Phaseolus vulgaris L. [53,54]. However, there were different alteration percentages in chloro-
phyll a and chlorophyll b in the chrysanthemum cultivars with 100 gm L~! Cd treatment
(Table 2). This alteration, as well as the tolerance differences across genotypes to Cd toxicity,
has also been reported previously in species such as peas [55], barley [56], tomatoes [57],
and Pisum sativum L. [55]. The chlorophyll content reduction percentage was at its min-
imum in the C (33.86%) and G (40.1%) cultivars, respectively. The chlorophyll a content
was higher than that of chlorophyll b, but chlorophyll b was found to be more sensitive
than chlorophyll a to cadmium toxicity. In contrast, Yang et al. reported a greater decrease
in chlorophyll a than chlorophyll b in [58]. In our study, carotenoid content was mostly
increased with the increase in Cd-treated cultivars (Table 2). It has been previously reported
that carotenoid content does not show a set pattern in plants exposed to heavy metals,
and it may either decrease or increase. The carotenoid content increase was reported in
Cucumis satives L. and Nicotoniana tabacum L. [59,60]. In contrast, a decrease in carotenoid
content was also reported in previous studies [61,62].

It has been found that in plants grown in stressed conditions, a number of ROSs are
generated in excess and accumulated in the cells, the end product of which is MDA. The
increased lipid peroxides are indicators of greater production of toxic oxygen species than
normal [63]. In our study, chrysanthemum cultivars showed significant increases in MDA
production with increased Cd treatment. However, the increase in MDA content was lower
in the C and G cultivars as compared to the F and I cultivars, and not all cultivars showed
significant increases at 10 mg L~!; C did not show an increase at 20 mg L~! Cd (Figure 1A).
The lower MDA content in the C and G cultivars implies that these cultivars are better
protected from oxidative damage and can rapidly upregulate the antioxidative system,
reducing H,O, levels and collaboration of antioxidant enzyme activities (POD, SOD, and
CAT). These results are in line with those previously reported in maize, barley, rice, and
mangroves [32,64-66].

Environmental stresses induce various types of oxidative stress, thereby generating
superoxide radicals, hydrogen peroxide, hydroxyl radicals, and single oxygen, which are
collectively commonly known as ROS (reactive oxygen species) [67,68]. These ROSs are
actually unstable entities that can rapidly attack all types of biomolecules, such as nucleic
acids, amino acids, sugars, fatty acids, and lipid molecules in the cell, leading to irreparable
metabolic dysfunction. As a result, cell death occurs [69-71]. Consequently, the induction of
ant oxidative enzymes such as CAT, SOD, and POD is an important protective mechanism
to minimize the oxidative damage in a stress environment. SOD is an important key cellular
defensive enzyme against ROS. Its activity changes the relative amount of O,” and HyO,
and decreases the risk of OH radical formation. These are rigorously reactive and cause
severe damage to proteins, cell membranes, and DNA. In our study, SOD activity response
varies in the cultivars with cadmium treatment (Figure 2C). SOD activity of cultivars C
and G increased with the increase in Cd, and their response was stronger, suggesting that
this increase in the SOD leads to better protection against oxidant damage [72]. However,
SOD activity of cultivars F and I sharply decreased at 100 mg kg~!. This decline in the
SOD activity at 100 mg kg~ ! indicated that the oxygen scavenging function of SOD was
impaired, which is in line with the previously reported results [73,74]. Similarly, like
other enzymes, POD plays a key role in the plant kingdom by eliminating various ROS
under stressed conditions and catalyzing H,O,, depending on oxidation of the substrates.
Our study results showed that the POD activity was higher in the C and G than the
F and I cultivars, but the POD activity response showed an increasing and decreasing
trend (Figure 2B). These differences in the enzyme’s activities are due to differences in the
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response of the species” mechanisms to Cd stress [75,76]. Previous studies in other plants
have reported increases, decreases, and lack of change in POD activity in response to heavy
metal treatment in barley and garlic [32,65]. Furthermore, POD has the potential to directly
participate in the biosynthesis of lignin, which helps in strengthening the physical barrier
against various heavy metals such as Cd [65]. Interestingly, these POD activities can also
increase in the C and G cultivars, which is also an indicator that they can efficiently avoid
damage from heavy metals.

H;0; is the product of SOD, which is formed due to Cd stress conditions in seedlings [77].
H,0; is highly toxic and must be eliminated or converted to a reasonable form, such as
H,O, in subsequent reactions [78,79]. Interestingly, there are a number of enzymes that
regulate the HyO, intracellular and intercellular levels; CAT, APX and GPX are listed as
the most important among them. It was found that CAT actively eliminated H,O, through
cleaving it directly to form water and oxygen molecules [80]. However, this was less
efficient than POD in H,O; scavenging due its low potential substrate affinity [81]. In
the current investigation, it was taken into consideration that CAT activity may reflect
an increasing trend for C and G cultivars; however, this effect declined at higher Cd
concentrations (100 mg/kg) in F and I cultivars, respectively. The higher levels of SOD
and CAT activity in the C and G cultivars are a clue that their scavenging mechanisms are
more effective than in the F and O cultivars. The reason for this could be the CAT potential,
which coordinates with SOD activity. Together, they have a central protective role in O?~
and H,O, elimination.

Heavy metals’ effects on the tissues of living organisms include organelles such as
chloroplasts, cell membranes, mitochondria, and nuclei [82,83]. When plants undergo
Cd stress, they shows a series of abnormal physiological activities that are signs of ultra-
structural changes in plants, but the changes and damages reported are dependent on Cd
levels [84]. The nucleus is the genetic organizer for the continuity of traits through copying
germplasms and cell division. It also controls cell action through the selective expression
of genes [85]. Therefore, Cd toxicity damage to the nucleus is more serious than that of
the chloroplast. In our study, the nucleus was deformed, cell volume was reduced, and
chromatin also coalesced at higher concentrations. These effects are line with previously
reported studies [86,87]. Similarly, the ultrastructure of the chloroplast had an obvious
response to high Cd concentrations. Many starch granules appeared in the chloroplasts at
higher Cd concentrations (50 and 100 mg L~ 1).

After photosynthesis, the synthesis and transformation of sugar, amino acids, and
other essential components in the chloroplast are important sources of energy in plants
for various physio-chemical reactions [88]. However, the reduction or complete stoppage
of photosynthesis can occur under various heavy metal stress conditions [89,90]. In the
same way, the accumulation of a number of starch granules in the chloroplast might be
attributed due to the decline in photosynthetic functioning in the target seedlings under
higher Cd concentrations. The chlorophyll content reduction and the consequent damage
(shape and size) to the ultra-structures of the chloroplasts, i.e., disordered arrangement of
grana and lamellae, have also been reported previously [91]. The mitochondria is the main
site for intracellular oxidative phosphorylation and synthesis of adenosine triphosphate
(ATP), impairing the internal electron transport system and the oxidative phosphorylation
cycle. In our study, the mitochondria had noticeable damage and an incomplete structure.
Additionally, the mitochondrial inner and outer membranes were dissolved (Figure 3f).
The metabolism of aerobic glucose was obstructed, their normal leaf respiration was
affected, and their normal photosynthesis deteriorated [92]. The plant mitochondria were
more severely damaged at high Cd concentrations, which is inconsistent with previous
studies [93].

5. Conclusions

It was taken into consideration that different levels of Cd could cause alterations in
the traits of chrysanthemum cultivars, such as photosynthetic machinery and antioxidant
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metabolism. In the same way, the effect of Cd was also monitored, and it caused damage to
the leaf cell ultrastructure in chrysanthemum plants. The intensity of the damage depended
on the Cd concentration. The chlorophyll content reduction was significantly higher in the F
and I cultivars as compared to the C and G cultivars. The C and G cultivars were equipped
with superior antioxidative defenses to adapt to the oxidative stress as compared to the F
and I cultivars when exposed to Cd levels. This exposure was associated with significantly
higher SOD activity and POD activity in the leaves with Cd treatment. Moreover, the Cd
application significantly increased CAT activity in the leaves of the C and G cultivars, which
revealed that the antioxidative defense capability of the C and G cultivars might play an
important role in Cd tolerance, and indicated their ability to alleviate high concentrations
of Cd stress. It can be implied that chrysanthemum and its varieties can be cultivated in
areas with high Cd concentration. The results of this investigation allow us to recommend
that chrysanthemum can be used for an alternate strategy to remediate Cd contaminants
via eco-friendly methods, in order to make the soil suitable for agricultural usage.
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