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Abstract: Kentucky bluegrass (Poa pratensis L.), a turf grass species that is hypertolerant of cadmium
(Cd), is a potential phytoremediation material for soil polluted with Cd. However, the mechanism of
Cd phytotoxicity in Kentucky bluegrass is unclear. Here, we compared the phenotype, induction
of oxidative stress, and structural and non-structural carbohydrate contents between a Cd-tolerant
genotype (‘Midnight’, M) and Cd-sensitive genotype (‘Rugby’, R). The results showed that both
genotypes accumulated more Cd in the roots, whereas the R genotype distributed more Cd into the
leaves compared with the M genotype. In both genotypes, Cd inhibited the length and fresh weight
of the leaves and roots; increased the peroxidase (POD) activity but inhibited ascorbate peroxidase
(APX) and catalase (CAT) activity; and increased the superoxide radical (O, ™), hydrogen peroxide
(Hy0O,), and malondialdehyde (MDA) contents. However, the M genotype exhibited lower root
length inhibition, and the HyO, and MDA contents confirmed that the M genotype had increased Cd
accumulation and resistance, while the R genotype exhibited a better distribution of Cd. Moreover,
Cd stress significantly increased the soluble sugar, trehalose, and sucrose contents of both genotypes.
Pectin, lignin, and cellulose were significantly increased to prevent the entry of Cd into the roots. The
Cd-induced growth inhibition and physiological responses in Kentucky bluegrass were preliminarily
explored herein, with the chelation of pectin, lignification, and antioxidant response being possible
contributors to Cd detoxification in Kentucky bluegrass. In addition, the Cd-induced increase in
trehalose, sucrose, and soluble sugar contents might play a pivotal role in the defense against Cd
stress in Kentucky bluegrass.

Keywords: cadmium stress; Kentucky bluegrass; oxidative stress; carbohydrate content

1. Introduction

Human activities and natural elements such as mining, waste gas emission, wastew-
ater irrigation, and volcanic eruptions have resulted in severe heavy mental pollution in
recent years [1]. Heavy metal in the soil poisons plants and accumulates through food
chains [2]. Cd is the main pollutant present in the environment [3]. It accumulates easily in
plants and is transmitted to other animals through ingestion [4]. Excess Cd causes chronic
intoxication of the human body, giving rise to kidney injury and skeletal lesions [5,6]. In
plants, it is reported that low concentrations of Cd facilitate growth, and high concentrations
can lead to wilting, chlorosis, and the inhibition of plant growth [7]. The environmen-
tal problems caused by Cd pollution are a serious threat to human development. Thus,
remediating Cd contaminated soil is critical.

Numerous studies have indicated that the Cd absorbed by plants usually generates
reactive oxygen species (ROS) in the roots and other organs, and excess ROS can impair
pivotal DNA, protein, and biological membranes because of its high oxidation capacity [8].

Agronomy 2021, 11, 2358. https://doi.org/10.3390/agronomy11112358

https:/ /www.mdpi.com/journal /agronomy


https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://doi.org/10.3390/agronomy11112358
https://doi.org/10.3390/agronomy11112358
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/agronomy11112358
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy11112358?type=check_update&version=2

Agronomy 2021, 11, 2358

20f 15

To eliminate excess ROS, plants have evolved an integrated acclimation system. It is gen-
erally assumed that the anti-oxidant system and non-enzymatic antioxidants are the two
main pathways by which plants balance stress-induced ROS accumulation [9]. Cd-induced
O, is catalyzed by SOD and produces Hy O, following which excess HyO, is resolved by
POD, catalase (CAT), and APX. Regarding non-enzymatic antioxidants, recent studies have
showed that highly hydroxylated sugars in plants are prone to ROS attack and serve as
ROS quenchers [10]. Sugar alcohols, which are synthesized by sugars, possess even more
hydroxyl than their precursors are thus even more efficient ROS scavengers [11]. Glucose
and fructose are a source of substrates that are involved in the pathway of oxidative pentose
phosphate and generate NADPH, the latter participating in the monodehydroascorbate
and ascorbate (ASC) cycle, which is followed by the catalysis of ascorbate and HyO,
by APX [10,12]. The increasing of glucose, sucrose, and fructose concentration plays an
important role of osmotic homeostasis in plants. In addition, sugars are also involved
in regulating the hormonal signaling pathways. It was identified that a high sugar con-
centration could activate the abscisic acid (ABA) synthesis pathway to regulate the plant
development [13]. Glucose can regulate the cell division, cell wall biosynthesis, and energy
production through the hexokinase (HXK) [14]. Moreover, trehalose-6-phosphate (T6P) is
considered as a central signaling molecule to regulate the use and storge of sucrose [15].
The trehalose-6-phosphate/sucrose non-fermenting-related kinase (T6P/SnRK) pathway is
involved in regulating the conservation or utilization of starch under stress condition [16].
Therefore, the multifunctional sugar signaling has a pivotal role in ROS detoxification and
stress signal transduction.

In plants, most Cd is prevented from entering the plants and is bound by the cell
wall, which is constructed of cellulose, hemicellulose, pectin, and lignin in different forma-
tions [17,18]. HyO; is used as a co-substrate and is catalyzed by different POD isoenzymes
for lignin polymerization [19]. Increased POD activity and lignin content have been identi-
fied under Cd stress in numerous previous studies [19-21]. Guo [22] et al. reported that
Sedum alfredii Hance increased root cell-wall thickness through increasing the cellulose
and lignin content under Cd stress. In addition, pectin contains negative charges that
are beneficial for Cd compartmentalization in the cell wall [17]. A significant increase in
pectin content was observed in Oryza sativa L. [23], Lycopersicon esculentum Mill. [24], and
Miscanthus [25] under Cd stress.

Kentucky bluegrass is hypertolerant of Cd [18]. A previous study showed that the
total Cd concentration of Kentucky bluegrass reached 418.6 mg-m~2, which was 17.1-fold
higher than in Solanum nigrum L., a hyperaccumulator, under 40 mg-kg~! Cd treatment [26].
Thus, it represents a potential phytoremediation material for Cd-contaminated soil. In
our previous study, we identified a Cd-tolerant genotype ‘Midnight’ (M) and Cd-sensitive
genotype ‘Rugby’ (R), and we used RNA sequencing technology to elucidate the molecular
mechanisms through which these genotypes respond to 1000 M Cd stress over 24 h [27].
The results showed that a large number of differentially expressed genes (DEGs) were
involved in lignin biosynthesis and carbohydrate transport and metabolism [27]. However,
the long-term impacts of Cd stress on cell wall components and carbohydrate content in
the leaves and roots of Kentucky bluegrass remain unclear. Thus, this study aimed to:
(1) investigate whether Cd stress could cause changes to the cell wall components and
carbohydrate content of Kentucky bluegrass; (2) investigate the antioxidant characteristics
that are induced by Cd in Kentucky bluegrass; and (3) compare the differences in the Cd
stress between the M and R genotypes.

2. Materials and Methods
2.1. Seedling Cultivation and Cd Treatment

Seeds of Kentucky bluegrass varieties ‘M” and ‘R” provided by the Clover Ecological
Technology Co., Ltd. (Beijing, China) were scattered into seedling pots (height: 8.5 cm,
length and width: 10 x 10 cm) that had been filled with vermiculite, and 0.15 g of seeds
were scattered in each pot and covered with a 0.5 cm thick layer of vermiculite. Distilled
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water was applied to maintain the essential moisture until the seedlings grew to 2 cm. Then,
they were cultured in Hoagland’s nutrient solution and established for 60 days (until the
5-6-leaf stage) in an environmental chamber at a temperature of 25/20 &= 1 °C (day/night),
a 14 h photoperiod (450 pmol m~2s71), and a relative humidity of 65% [28]. Following the
establishment period, the seedlings of each genotype were divided into two groups, the
control group (CK) and the treatment group (Cd). Each group included 6 pots of seedlings.
The treatment method was based on our previous study [27]. Hoagland’s nutrient solution
containing 1000 pM Cd was applied to the pots of the treatment groups until the soil
was saturated, while the control groups were watered with standard Hoagland’s nutrient
solution [27]. All of the leaves and roots of each treatment were cut into pieces and collected
at7d, 14 d, 21 d, and 28 d after Cd treatment, respectively.

2.2. Plant Height, Root Length, Fresh Weight, and Cd Determination

After 28 d of Cd treatment, the vermiculite on the roots of each treatment was washed
off with water to determine the plant height, root length, and fresh weight, and each
treatment consisted of 20 biological replicates.

The Cd contents in the roots and leaves of the M and R genotypes were determined as
follows [18]: after 28 days of Cd treatment, the seedlings of M-CK, M-Cd, R-CK, and R-Cd
were collected, and the roots were flushed with distilled water to remove the vermiculite.
Then, the roots of each treatment were dipped in 20 mM EDTA-Na; solution for 20 min
to release the Cd attached to them. All of the samples, including the leaves and roots,
were dried at 105 °C for 10 min and then 75 °C for 6 h. The dried samples were crushed
and sifted through a 100-mesh (0.15 mm) sieve. Three biological replicates of powdered
samples (0.2 g) from each treatment were digested in a microwave digestion system (TOP
wave, Analytik Jena AG, Jena, Germany) in 7 mL supra-pure concentrated HNO3 and 1 mL
30% HyO,. The control settings were as indicated in Table S1 [29]. The digested solution
was made to a constant volume of 50 mL, and Cd content determination was performed by
atomic absorption spectrophotometry (AA-6800, Shimazu, Japan).

The partitioning factor represents the ability of plants to translocate the heavy metal
from the roots to leaves. The calculation formula of it is as below:

Cd concentration in the leaves
Cd concentration in the roots

Partitioning factor =

2.3. Determination of MDA, HyO,, and O~ Content
2.3.1. MDA Determination

The MDA was determined to identify the degree of membrane lipid peroxidation
using the thiobarbituric acid (TBA) method [30]. First, 0.2 g of leaf or root samples with
three biological replicates were homogenized by 5 mL of 5% trichloroacetic acid (TCA) and
centrifugation at 3000 x g for 20 min. Then, 2 mL of supernatant was mixed with 2 mL of
0.67% TBA and boiled for 30 min (water bath). The absorbance of the resulting solution
was detected at 450 nm, 532 nm, and 600 nm.

2.3.2. Determination of H,O, Content

The H,O, content was determined using a Micro Hydrogen Peroxide (H,O;) Assay
Kit (Solarbio, Beijing, China).

2.3.3. Determination of the Rate of O, Generation

For the rate of O~ generation determination, the method of Niu [28] et al. was
followed, with slight modifications. Leaf or root samples with three biological replicates of
0.2 g were homogenized and extracted in 1.6 mL of phosphate buffer (PBS, 0.05M, pH 7.8)
in an ice-bath followed by centrifugation at 10,000 x g for 20 min at 4 °C. Then, PBS (0.5 mL)
and 0.5 mL of extract were mixed with 1 mL of hydroxylamine hydrochloride solution
(10 mM) for 1 h at 25 °C. Then, 1 mL of sulfanilic acid solution (17 mM, dissolved in 25%
glacial acetic acid) and 1 mL of x-naphthylamine solution (7 mM, dissolved in 75% glacial
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acetic acid) were added successively and incubated at 25 °C for 20 min. The absorbance of
the resulting solution was detected at 530 nm.

2.4. Determination of POD, SOD, APX, CAT Activities, and Soluble Protein Content

For the extraction of antioxidant enzymes, 0.2 g of leaves or roots of Kentucky blue-
grass with three biological replicates were homogenized and extracted in 1.6 mL of phos-
phate buffer (PBS, 0.05 M, pH 7.8) in an ice-bath followed by centrifugation at 12,000x g
for 20 min at 4 °C. The supernatant was used to estimate the activities of POD, SOD, APX,
CAT, and soluble protein content.

For the POD (EC: 1.11.1.7) activity determination [31], the enzyme extract (40 nL)
was mixed with 3 mL of 0.2 M PBS (PH 6.0), 1.14 pL of 30% H,O,, and 1.68 uL of 0.056%
(v/v) guaiacol. Then, the absorbance change during a 40 s reaction of 3.043 mL of reaction
mixture was recorded at 470 nm.

For the SOD (EC: 1.15.1.1) activity determination [32], the enzyme extract (40 puL) was
mixed with 2.9 mL of 0.05 M PBS (pH 7.8), 0.03 mL of 3 mM EDTA-Nay, 0.03 mL of 60 uM
riboflavin, 0.03 mL of 2.25 mM nitro-blue tetrazolium, and 0.9 mL of 14.5 mM L-methionine.
The 3.93 mL of mixture was placed into an illumination incubator to react under 4000 1x
of illumination intensity for 20 min at 25 °C, following which the absorbance was read at
560 nm.

For the APX (EC: 1.11.1.11) activity determination [33], the enzyme extract (100 nL)
was mixed with 2.6 mL of 0.1 mM EDTA-Na; (dissolved in 0.05 M PBS at pH 7.0), 0.15 mL
of 5 mM ascorbic acid (dissolved in 0.05 M PBS pH 7.0), and 0.15 mL of 20 mM H;O;. Then,
the change in absorbance of 3 mL of the reaction mixture over a 40 s reaction was recorded
at 290 nm to estimate the APX activity.

For the CAT (EC: 1.11.1.6) activity determination [34], the enzyme extract (40 uL) was
mixed with 3 mL of 0.15 M PBS and 5 pL of 30% HO,. Then, the change in absorbance of
3.045 mL of mixture over a 40 s reaction was recorded at 240 nm to estimate the CAT activity.

For the soluble protein content determination [35], 100 pL of enzyme extract was
mixed with 2.9 mL of 0.1 mg~mL_1 Coomassie brilliant blue G-250, and the absorbance of
the mixture was recorded at 595 nm after a 2 min reaction.

2.5. Determination of Reducing Sugar, Soluble Sugar, Sucrose, Trehalose, Fructose, and Glucose Content
2.5.1. Determination of Reducing Sugar and Soluble Sugar Content

For the reducing sugar and soluble sugar content estimation, the previous method
of Miller [36] was followed, while the method of Sinay and Karuwal [37] was followed
to estimate the soluble sugar content, with some modifications. Fresh leaves or roots
(0.2 g) in each treatment were ground and homogenized in 5 mL of 80% ethanol, boiled
for 30 min at 80 °C, and centrifuged in 3500x g for 10 min. The extraction solution was
made to a constant volume of 10 mL for reducing sugar and soluble sugar determination.
Two milliliters of extraction solution were boiled until evaporated (water bath), following
which 10 mL of distilled water was added. Two milliliters of the redissolved solution and
2 mL 3, 5-dinitrosalicylic acid (0.044 M, dissolved in 2 M NaOH and mixed with 1.43 M
NaKC4H40O¢) were combined and boiled for 5 min, following which the absorbance was
read at 540 nm for reducing sugar content estimation. Furthermore, 2 mL of redissolved
solution was mixed with 0.5 mL of 0.1 M anthranone (dissolved by ethyl acetate) and 5 mL
of concentrated H,SO, and boiled for 1 min (water bath), following which the absorbance
was read at 620 nm. Three biological replicates were tested for each treatment.

2.5.2. Determination of Sucrose, Trehalose, Fructose, and Glucose Content

The trehalose, fructose, and glucose contents were determined using a Trehalose
Content Assay Kit (Solarbio, Beijing, China), Fructose Content Assay Kit (Solarbio, Beijing,
China), and Glucose Content Assay Kit (Solarbio, Beijing, China).

Sucrose content determination followed Cadet and Offmann [38], with slight modi-
fications. Kentucky bluegrass leaves or roots (0.2 g) with three biological replicates were
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Lengths (cm)

Cd concentration(ug-g ~! DW)
3
L

10

ground and homogenized in 10 mL of distilled water and then centrifuged in 8000 g for
10 min. Then, one milliliter of supernatant was mixed with 0.1 mL of 2 M NaOH and boiled
for 10 min at 100 °C in a water bath. Then, 1 mL of 1 mg-mL " resorcinol and 3 mL of 10 M
HCI were added and boiled for 10 min at 100 °C in a water bath, and the absorbance was
read at 500 nm.

2.6. Determination of Pectin, Lignin, and Cellulose Content

The pectin and lignin contents were determined using a Pectin Content Assay Kit
(Solarbio, Beijing, China) and Lignin Content Assay Kit (Solarbio, Beijing, China, BC4200).

Determination of cellulose content followed Viles and Silverman [39], with some
modifications. In brief, 0.2 g of sample with three biological replicates was ground and
homogenized in 100 mL of 60% HSOy4 at 4 °C for 12 h to complete the cellulose hydrolysis,
following which the samples were centrifuged at 4000 ¢ for 15 min. One milliliter of the
supernatant was mixed with 0.5 mL of 2% anthrone (dissolved in ethyl acetate) and 5 mL
of concentrated H,SOy for 1 min. Then, the absorbance was read at 620 nm.

2.7. Statistical Analysis

GraphPad Prism version 9.0.0 for Windows (GraphPad Software, San Diego, CA, USA,
www.graphpad.com, 22 October 2020) was used to perform Student’s t-tests and one-way
analysis of variance (ANOVA).

3. Results
3.1. Cd Accumulation and Distribution and the Effect of Cd Stress on the Growth Status of
Kentucky Bluegrass

After 28 d of Cd exposure, the Cd concentration in the different tissues of M and
R were determined. As observed in other plants, Cd mainly accumulated in the roots
of Kentucky bluegrass. In addition, the M genotype accumulated more Cd in the roots
compared with R (Figure 1A). However, the Cd content in the leaves of the M genotype
was significantly lower than in the R genotype (p < 0.01), and the partitioning factor of the
M genotype was lower than the R genotype under Cd stress (Figure 1A,B).

* -
I_I B 0.4 mm M-Cd
to
—_ g 0.34 e R-Cd
=
g
= 0.2=
kK g
= 0.1
A
0.0~
M-Leaves R-Leaves M-Roots R-Roots M-Cd R-Cd
— Treatments
a D E 0.8
T m M-CK 7
T
m M-Cd S 0.6
=
b R-CK 'E_.'
B R-Cd 2L 0.4
[ . w
¢ a a %n
T 'g 0.2
=
E 0.0-

Leaves Roots Leaves Roots

Tissues Tissues

Figure 1. The Cd accumulation, distribution in Kentucky bluegrass, and the effect of it on growth in leaves and roots of
M and R genotypes. (A) The Cd concentration in the leaves and roots in M and R genotypes after 28 d of Cd treatment.
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(B) Partitioning factor of Cd in M and R genotypes. (C) The effect of Cd on the length of leaves and roots. (D) The effect of
Cd on the fresh weight of leaves and roots. The significant differences of Cd concentration were based on Student'’s ¢-test.

*p <0.05, ** p < 0.01. The significant differences between M and R genotype were based on one-way ANOVA. The different

letters indicate that the difference is significant at a 0.05 level. Data were showed by “means + SE”. CK and Cd represent
treatments of 0 and 1000 uM Cd, respectively.

3.2. Effects of Cd on Antioxidant Enzyme Activity

Given the positive role of antioxidant enzymes in ROS scavenging, the activities of
POD, SOD, CAT, and APX were determined (Figure 2). Following Cd stress, the POD and
SOD activity of the leaves and roots of the M and R genotypes was significantly upregulated
(p < 0.05, Figure 2A-D). However, the SOD activity in the roots of the R genotype was
inhibited at 21 d and 28 d after Cd stress (p < 0.05, Figure 2D). In addition, the CAT and
APX activities in the leaves and roots of the R genotype and the roots of the M genotype
were significantly inhibited by Cd stress (p < 0.05, Figure 2E-H). In the leaves of the M
genotype, the CAT activity was significantly inhibited (p < 0.05), while the APX activity
was upregulated after Cd stress (p < 0.05, Figure 2E,G). We also observed that the soluble
protein content was significantly decreased in the leaves but increased in the roots by Cd
(p <0.05), and the M genotype possessed a higher soluble protein than R genotypes in
leaves and roots after Cd stress (Figure 21]).

3.3. Effects of Cd on MDA, Hy,O,, and O, Content

To further investigate Cd-induced oxidative stress in the M and R genotypes, the
MDA, H;0O,, and O,~ contents were detected after 28 d of Cd stress (Figure 3). The
MDA, H,O,, and O,~ contents in the leaves and roots of the M and R genotypes were
significantly increased (p < 0.05, Figure 3A—C). The MDA and H,O, content in the leaves
of the R genotype was higher than in the M genotype (p < 0.05, Figure 3A,C). In addition,
the HyO, content in the roots of the R genotype was significantly increased by Cd, while
the M genotype appeared to have no significant difference from it.

3.4. Effects of Cd on Non-Structural Carbohydrate Contents

After 28 d of Cd stress, the trehalose, sucrose, and soluble sugars were significantly
increased in both the leaves and roots of the M and R genotypes (p < 0.05, Figure 4A,D,E).
Moreover, the fructose content was decreased in the leaves but increased in the roots of
the M and R genotypes (Figure 4B). The fructose content in the leaves of the M genotype
decreased by 51.80%, whereas it decreased by 13.78% in the leaves of the R genotype after
Cd stress (Figure 4B). There was no significant difference in glucose content in the leaves
following Cd stress in both the M and R genotypes (Figure 4C). However, the glucose
content in the roots of the M genotype decreased by Cd (p < 0.05, Figure 4C). In addition,
Cd stress significantly increased the reducing sugar content in the leaves and roots of the
M genotype (p < 0.05), but it appeared to have no significant difference to the leaves and
roots of the R genotype (Figure 4F).
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Figure 2. Effects of Cd stress on POD (A,B), SOD (C,D), CAT (EF), APX (G,H) activity, and soluble protein content (L]) in
leaves and roots of M and R genotypes. The significant differences between the M and R genotypes were based on one-way
ANOVA. The different letters indicate that the difference is significant at a 0.05 level. Data were shown by “means + SE”.
CK and Cd represent treatments of 0 and 1000 uM Cd, respectively.
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Figure 3. Effects of Cd stress on MDA (A), H,O, (B), and O, (C) content in the leaves and roots of M and R genotypes.
The significant differences between M and R genotype were based on one-way ANOVA. The different letters indicate that
the difference is significant at a 0.05 level. Data were shown by “means + SE”. CK and Cd represent treatments of 0 and
1000 uM Cd, respectively.
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Figure 4. Effects of Cd stress on trehalose (A), fructose (B), glucose (C), sucrose (D), soluble sugar (E), and reducing sugar
(F) content in the leaves and roots of the M and R genotypes. The significant differences between M and R genotype were
based on one-way ANOVA. The different letters indicate that the difference is significant at a 0.05 level. Data were shown
by “means & SE”. CK and Cd represent treatments of 0 and 1000 uM Cd, respectively.

3.5. Effects of Cd on Structural Carbohydrate Contents

The pectin, lignin, and cellulose contents in the roots of the M and R genotypes were
significantly increased after 28 d of Cd stress (p < 0.05, Figure 5A-C). However, the pectin
content in the leaves of the M genotype was significantly decreased after Cd stress but
increased in the leaves of the R genotype (p < 0.05, Figure 5A). In addition, the lignin
content was significantly increased after Cd stress in the leaves of the M and R genotypes
(p < 0.05, Figure 5B). There was a significant decrease of cellulose content in the leaves of
the R genotype (p < 0.05, Figure 5C).
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Figure 5. Effects of Cd stress on pectin (A), lignin (B), and cellulose (C) in the leaves and roots of the M and R genotypes.
The significant differences between the M and R genotypes were based on one-way ANOVA. The different letters indicate
that the difference is significant at a 0.05 level. Data were shown by “means + SE”. CK and Cd represent treatments of 0
and 1000 uM Cd, respectively.
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4. Discussion

Cd stress signal transduction occurs within a short time after Cd is absorbed by
plants [9,40], following which defense reactions are triggered for adaptation to Cd stress [27].
These reactions are beneficial for plants to recover from stressful conditions. However, a
high concentration of Cd leads to metabolic disturbance and growth inhibition in plants [41].
To date, there have been numerous studies on the mechanisms of Cd-induced plant toxicity
and defense reactions [42]. Previous studies showed that Kentucky bluegrass is hypertoler-
ant to Cd [18,27]. However, the Cd-induced defense reaction and detoxification mechanism
in Kentucky bluegrass is still unclear.

4.1. Cd-Induced Growth Inhibition of the Leaves and Roots and the Defensive Reaction of the Cell Wall

There are three pathways by which Cd is absorbed through the root surface and
arrives at the endodermis: the apoplastic pathway, symplastic pathway, and non-metabolic
binding pathway (Figure 6) [43,44]. Cellulose, pectin, and lignin in the root cell wall provide
Cd-binding sites and prevent Cd from entering into the cytoplasm, but a small amount
of Cd can still pass through the cell wall and enter the symplastic pathway, following
which the Cd is compartmentalized into the vacuole or loaded into the xylem for long-
distance transportation [17,45]. As in the majority of plants, the roots of Kentucky bluegrass
accumulated a large amount of Cd, whereas less Cd was allocated to the aboveground
tissues in our experiment (Figure 1A). Compared with the M genotype, the R genotype
allocated more Cd to the leaves, but the total Cd content was less than in the M genotype
(Figure 1A,B). In addition, the accumulation of Cd inhibited the length and fresh weight of
the leaves and roots (Figure 1C,D). However, the root length of the M genotype appeared to
slightly decrease, but not significantly so. Therefore, the M genotype demonstrated better
Cd absorption and resistance, whereas the R genotype exhibited an advantage in terms of
the distribution of Cd.

The cell wall plays a key role in binding and detoxifying Cd [17]. Pectin can bind Cd**
mainly through the homogalacturonan domains [46]. Wang [47] et al. showed that up to
42-79% of Cd is bound by pectin in the root cell wall. In addition, lignification always
differs greatly between Cd-tolerant and -sensitive genotypes, which might explain the main
mechanisms of tolerance [48]. Moreover, the cellulose of the root cell wall also influences the
resistance of Cd. Song [49] et al. reported a missense mutation of cellulose synthase subunit
9 (CESA9) that decreased the cellulose content but increased the resistance to Cd stress.
Similarly, Cd stress decreased the cellulose content in Miscanthus and rice [25]. In Zea mays
L., low concentrations of Cd increased the cellulose content of the sensitive genotype but
decreased the cellulose content of the tolerant genotype [50]. The prominent enrichment of
cellulose biosynthetic process-related genres and cellulose synthase activity-related genes
indicates that the Cd-induced biosynthesis/modification of cellulose plays a pivotal role in
Cd accumulation in Sedum plumbizincicola X. H. Guo & S. B. Zhou ex L. H. Wu [51]. Cd also
induced the cell wall defensive reaction in Kentucky bluegrass. The significant increase
in root cell wall components, such as pectin, lignin, and cellulose, after Cd stress might
contribute to decreasing the toxicity of Cd and prevent Cd from entering the cell (Figure 6).
However, the pectin content was significantly decreased in the leaves of the M genotype
but increased in the leaves of the R genotype (Figure 5A). Xu and Wang [18] showed that
Cd that is bound by pectate and protein always has a low toxicity and is involved in the
symplastic pathway for long-distance transportation in Kentucky bluegrass. Therefore, the
lower Cd accumulation in the leaves of the M genotype and higher Cd accumulation in
the leaves of the R genotype might be related to the pectin content. Although lignification
helps reduce the entry of Cd, it also inhibits plant growth under Cd stress [20]. The root
length of the M genotype exhibited no significant decrease, which might be due to lower
lignification compared with the R genotype (Figures 1C and 5B). The cellulose content
was slightly increased in the leaves of the M genotype but significantly decreased in the
leaves of the R genotype, which indicated that Cd stress might be a disadvantage to the
biosynthesis of cellulose in the leaves (Figure 5C) [45,50].
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Figure 6. Hypothetical model of the events occurring in the Kentucky bluegrass under cadmium stress.

4.2. Cd-Induced Antioxidative Stress Reaction of Kentucky Bluegrass

On absorption of Cd, the homeostasis of ROS metabolism is disrupted in plants
(Figure 6). There are several pathways of heavy metal-induced ROS generation, such as
transition metals involved in the Haber—Weiss cycle and the generation of OH [52]; Cd-
induced excessive excitation energy of thylakoid-located photosynthetic electron transport,
which promotes ROS generation [53]; Cd-induced plasma membrane-located NADPH
oxidases, which produce H,O, [54]; and Cd-induced subcellular metabolism or redox-
active change could increase the ROS generation in mitochondria [55]. As mentioned in
the introduction, excess ROS would be balanced by the relevant antioxidant enzymes.
Moreover, POD can be simulated by Cd for the biosynthesis of lignin through H,O, and
monolignols [56,57]. In the present study, the increased O, ™, HyO,, and MDA contents
showed that Cd stress induced oxidative stress in Kentucky bluegrass (Figure 3A-C). In
addition, the R genotype exhibited a more significant increase in MDA in the leaves and
roots, which confirmed that the R genotype was more sensitive to Cd toxicity (Figure 3A).
The POD activity was significantly increased by Cd, which might contribute to lignification
(Figure 2A,B, Figures 3C and 5B) [17]. The SOD activity was inhibited by Cd in the roots
of the R genotype but increased in the leaves, which might have a negative effect on
O, scavenging in the roots (Figure 2C,D and Figure 3B) [28]. In addition, the decrease
in CAT and APX activity might disadvantage excess HyO, scavenging under Cd stress
(Figure 2E-H). Furthermore, the soluble protein content of M and R genotypes were
decreased in leaves but increased in roots after Cd stress, which indicates that the synthesis
of enzymes in roots of Kentucky bluegrass might play a key role in Cd detoxification
(Figure 2L]) [58]. The soluble protein content of the M genotype is much higher than the R
genotype in the Cd and non-Cd condition, which might be closely related to increasing the
tolerance of Cd (Figure 2I,] and Figure 6).
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4.3. Non-Structural Carbohydrates Involved in the Defense against Cd Stress in Kentucky Bluegrass

The trehalose content was increased in the leaves and roots of the M and R genotypes
under Cd stress (Figure 4A). In plants, trehalose phosphate synthetase (TPS) catalyzes
uridine diphosphoglucose and glucose 6-phosphate to synthesize trehalose [59]. Du-
man [60] et al. showed that 0.5 mM exogenous trehalose promoted Cd accumulation
in Lemna gibba L.. Moreover, trehalose is involved in the trehalose-6-phosphate/sucrose
non-fermenting related kinase (T6P/SnRK) pathway for signal transduction under stress
conditions [61]. A recent study reported that trehalose alleviates Cd stress by forming Cd-
trehalose chelate [62]. Therefore, the increase in trehalose in Kentucky bluegrass following
Cd stress might be attributed to Cd detoxification. Cd reduced the fructose content in the
leaves and increased the fructose contents in the roots of Kentucky bluegrass (Figure 4B).
Similar results were also reported in Brassica napus L. [63], Nicotiana tabacum L. [64], and
Pisum sativum L. [65]. In addition, sucrose and its cleavage products act as signaling
molecules involved in plant development and defense reactions [66]. Verma [67] et al.
showed that Cd stress significantly increased the sucrose content in rice. Similarly, the
sucrose content in the leaves and roots of Kentucky bluegrass was significantly increased
by Cd, which suggests that Kentucky bluegrass increased carbon assimilation to defend
against Cd stress (Figure 4B). Furthermore, the soluble sugar content in the leaves and
roots of the M and R genotypes was significantly increased after Cd stress, but the reducing
sugar content was increased in the leaves and roots of the M genotype (Figure 4E,F). This
phenomenon is a comprehensive reaction that exists in the plant response to environment
stress. In most plant species, sugars play a key role in ROS scavenging under stress sit-
uations, except for the antioxidant enzyme system because of the highly hydroxylated
structure of this system (Figure 6). A high sugar concentration helps maintain the osmotic
pressure in plants and stabilizes membranous structures after stress. Moreover, NADPH
produced by the pentose phosphate pathway is involved in the ascorbate—glutathione
cycle, and oxidized glutathione is a pivotal phytochelatin of Cd. These characteristics make
sugars particularly relevant in the response to environmental stress [10,17].

5. Conclusions

Both genotypes of Kentucky bluegrass accumulated more Cd in the roots, whereas
the Cd-sensitive (R) genotype accumulated more Cd in the leaves compared with the
Cd-tolerant (M) genotype. The M genotype exhibited lower root length inhibition and a
lower H;O, and MDA content, but it exhibited higher resistance to Cd. Moreover, the SOD,
CAT, APX activity, and soluble protein content in the roots of the M genotype is much
higher than in the R genotype after Cd stress. A relatively higher increasing of lignin and
cellulose content in the roots of the M genotype might play an important role in inhibiting
the long-distance transport of Cd. In addition, carbohydrates involved in defense against
Cd stress in Kentucky bluegrass and trehalose might play an important role in the Cd
detoxification of Kentucky bluegrass. The significant increase of reducing sugar content in
the M genotype might provide an advantage in increasing the tolerance of Cd.
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