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Abstract

Cadmium (Cd) pollution has led to a serious deterioration in soil quality, plant growth, and human health. Therefore, restora-
tion of soil quality is imperative. Phytoremediation is inexpensive and yields acceptable outcomes. Phytoremediation involves
interaction between plant physiology and microbial activity and has been widely used in the remediation of Cd-contaminated
soil. In the present study, Lolium perenne L. (perennial ryegrass) was planted in Cd-spiked soil and indole-3-acetic acid (IAA)
was used to explore the physiological and biochemical characteristics of ryegrass as well as soil enzyme activity to remove
Cd. The present study provides a theoretical basis for the phytoremediation of Cd-contaminated soil. The study investigated
the effect of 30-mg/kg Cd-spiked soil on ryegrass (C) and 30-mg/kg Cd-spiked soil on ryegrass treated with 10-mg/kg IAA
(CI) compared with uncontaminated soil and ryegrass as the control. At the end of the experiment, the ryegrass biomass, total
chlorophyll, superoxide dismutase (SOD) activity, and soil invertase activity in C group were decreased by 33.7%, 23.0%,
29.7%, and 18.3%, respectively, whereas the peroxidase (POD) activity and soil basal respiration increased by 17.1% and
87.9%, respectively, compared with the control. In the CI group, the biomass of ryegrass, chlorophyll content, SOD activity,
sucrase activity, fluorescein diacetate (FDA) hydrolase activity, and Cd removal rates increased by 14.5%, 19.9%, 24.3%,
12.1%, 20.4%, and 15.1%, respectively, whereas the POD activity, soil basal respiration, and Cd residues in the soil declined
by 8.0%, 15.0%, and 17.0%, respectively, compared with the C group. Therefore, exposure to exogenous IAA alleviated the
Cd stress on ryegrass and soil microorganisms and improved Cd absorption by ryegrass from the contaminated soil.
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Introduction

Soil is an integral part of the Earth’s ecosystem. Soil qual-
ity is directly related to the development of human society
(Pereira et al. 2018). Heavy metal pollution of soil in China
is severe. According to the 2014 “National Soil Pollution
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developmental lands were 0.3 mg/kg and 1.5 mg/kg, 20 mg/
kg and 47 mg/kg, respectively. Soil Cd is mainly attributed
to industrial production, sewage irrigation, and use of Cd-
containing pesticides. When the soil Cd content reaches a
certain level, it turns toxic to the terrestrial ecosystem, lead-
ing to soil degradation and reduced crop yield and qual-
ity. It also contributes to surface and groundwater pollution
via runoff and leaching, thus deteriorating the hydrological
environment, which may endanger human life and health via
direct contact and the food chain (Song et al. 2018). There-
fore, it is imperative to restore contaminated soil using inex-
pensive and effective techniques without damaging the soil
structure.

Phytoremediation is an inexpensive and effective green
technology. Phytoremediation involves the interaction
between plant physiology and microbial activity and has
been widely used in the remediation of Cd-contaminated
soil. Ryegrass is a crucial gramineous forage grass exten-
sively used in many countries because of its wide adapt-
ability, strong tiller regeneration, rapid growth rate, and high
yield. Previous studies reported normal growth of perennial
ryegrass in Cd-contaminated soil and absorption of Cd from
contaminated soil (Fang et al. 2017; Zhang et al. 2019) due
to its higher tolerance to Cd (Li et al. 2018). Therefore, per-
ennial ryegrass with high biomass can be used in remedia-
tion of soil contaminated by heavy metals.

Soil microorganisms dissolve or precipitate heavy metal
ions in contaminated soil or change the form of heavy metals
via organic acids or complexes released during metabolism
for detoxification (Abatenh et al. 2017; Panigrahi et al. 2019;
Ojuederie and Babalola 2017; Baoune et al. 2019). These
microorganisms have been widely used in the study of heavy
metal pollution and bioremediation.

Indole-3-acetic acid (IAA) is a hormone synthesized in
plants. IAA affects plant growth, development, physiology,
and biochemistry as well as promotes plant cell division
and growth. Ran et al. (2020) reported that IAA induced Cd
accumulation in the upper parts of Solanum nigrum by main-
taining higher superoxide dismutase (SOD) activity in the
leaves. The study of Chen (2020) showed that IAA allevi-
ated the adverse effects of uranium and Cd on sunflowers by
promoting photosynthesis, reducing the active oxygen and
lipid peroxidation, and improving the antioxidant defense
mechanisms. Studies have shown that the toxic effects of
heavy metals such as Pb, Cu, and Cd on Chlorella are attenu-
ated by antioxidant enzymes induced by IAA, indole butyric
acid, and naphthalene acetic acid (Piotrowska-Niczyporuk
et al. 2012).

In summary, the cultivation of ryegrass in Cd-contami-
nated soil and treatment with IAA effectively alleviate Cd
toxicity in ryegrass, reduce soil microbial stress, and pro-
mote elimination of Cd from contaminated soil. To investi-
gate the physiological and biochemical changes in ryegrass
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as well as the altered soil microbial activity, and their impact
on Cd removal during the remediation of Cd-contaminated
soil, we designed an indoor pot experiment using Cd-spiked
soil to grow ryegrass in the presence of exogenous [AA.
We provide a theoretical basis for the use of ryegrass and
exogenous IAA in decontaminating soils containing Cd
and provide practical guidance for improving the soil envi-
ronment, ensuring food safety, and achieving sustainable
development.

Materials and methods
Plants and soil

The test soil was collected from a soil layer of 0-20 cm at
the Red Soil Research Institute, Jinxian County, Jiangxi
Province, and was air-dried and sieved with a 2-mm sieve
for indoor pot experiments. The soil pH was 4.35. The lev-
els of organic matter, total nitrogen, total phosphorus, and
available phosphorus in the soil were 7.24, 1.58, 0.96, and
0.13 g/kg, respectively. The Cd concentration in the soil was
0.196 mg/kg.

Ryegrass seeds were purchased from Suqgian Horticulture
Co., Ltd., Jiangsu Province. Sterilized seeds were obtained
by soaking them for 3 min in a sterile flask containing added
5% sodium hypochlorite.

Experimental design

Three treatments were utilized in the present study: uncon-
taminated soil 4+ ryegrass (Control), 30 mg/kg Cd-spiked
soil +ryegrass (C), and 30 mg/kg Cd-spiked soil + 10 mg/
kg IAA +ryegrass (CI). Basal fertilizer (N: P,05: K,0=30:
15: 17.5) 0.125 g/kg was used according to the conventional
standards designed for farmland fertilization. According to
the Chinese quality control standards for soil environment
and contaminated lands (GB36600-2018), a soil Cd concen-
tration of 30 mg/kg was achieved using 2 g/L. Cd**. We per-
formed a 2-month indoor culture with 50% saturated mois-
ture content under 12 h of light daily. Destructive sampling
was performed on days 15, 30, and 60, and five replicates
were randomly selected for each treatment.

Methods

Ryegrass was dried at 80 °C to a constant weight to obtain
the biomass. The chlorophyll content was extracted with 95%
ethanol (Palta 1990). A known amount of leaf tissue was
homogenized with 95% ethanol using a blender. To remove
the debris, the homogenate was filtered, and the sample was
thoroughly mixed. A portion of the filtrate was obtained and
the absorbance was read at 654 nm via spectrophotometry.
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The SOD activity (Shafi et al. 2015) was measured by add-
ing 50 uL enzyme extract to a reaction mixture (3 mL)
containing 20 uM riboflavin, 750 uM NBT, 130 mM DI-
methionine, and 100 pM EDTA-Na, in 50 mM phosphate
buffer. A unit of enzyme activity was defined as the amount
of enzyme required for 50% inhibition of NBT reduction per
min at 25 °C. The specific activity of SOD was calculated
as previously described. The peroxidase (POD) activity was
measured using the guaiacol colorimetric method (Wang and
Huang 2015). Ryegrass leaves (500 mg) were homogenized
with a mortar and pestle in phosphate buffer (50 mM, pH 7.8)
and centrifuged at 6000 rpm for 10 min in 4 °C, followed by
the addition of 1 mL of supernatant to the reaction mixture
containing 1 mL of 1% guaiacol and 1 mL of 0.18% H,0,.
The changes in the absorbance of the mixture were meas-
ured at 470 nm over 2 min in 30 s intervals. The soil basal
respiration was measured via alkali absorption method (Xu
et al. 2019). Soil (10 g) was incubated in Schott bottles at
25 °C in the dark for 24 h. A 20-mL open-top vial containing
10 mL of 0.05 M NaOH solution was used to trap the CO,
released within the sealed Schott bottles. For each set, three
blank Schott bottles (without soil) with NaOH were incubated
and titrated as described above, and used as controls. Soil
invertase activity was determined using 8% glucose solution
as the substrate (Akhtar et al. 2018). A 5-g fresh soil sample
was incubated with 15 mL substrate, 5 mL 0.2 M phosphate
buffer (pH 5.5), and 5 drops of toluene for 24 h at 37 °C.
After incubation, the mixture was filtered immediately and a
1-mL aliquot was reacted with 3 mL of 3, 5-dinitrylsalicylate

in a volumetric flask, and heated for 5 min. The soil solution
in the flask was measured using an ultraviolet spectropho-
tometer at 508 nm. The soil catalase activity was determined
following the addition of 40 mL distilled water and 5 mL
0.3% H,0, to 2 g fresh soil (Akhtar et al. 2018). The mixture
was shaken for 20 min at 150 rpm and filtered immediately;
the filtrate was titrated with 0.1 mol L' KMnO, in sulfuric
acid. To measure FDA hydrolase activity (Wang et al. 2019),
1.0 g of soil was mixed with 15 mL phosphate buffer (pH 7.6)
and 0.2 mL FDA substrate solution (1 mg mL™"), followed
by incubation at 30 °C for 2 h. The fluorescein released was
extracted with 10 mL acetone and analyzed at 490 nm with a
colorimeter. Cd was digested using an HCI-HNO;-HCIO ,-HF
tetra-acid digestion system, and the Cd content was meas-
ured with an atomic absorption spectrophotometer (Long
et al. 2013). The significance and correlation of the experi-
mental data were analyzed using SPSS 19.0. Excel 2016 was
used for statistical and graphical analysis of the data.

Results
Removal of Cd from contaminated soil

TAA addition to Cd contaminated soil enhanced the ability
of ryegrass to remove Cd (Fig. 1). Following the experiment,
the rates of Cd removal in C and CI groups were 10.8% and
25.9%, respectively. The Cd elimination rate in CI was 2.4-
fold higher than in C (p =0.043).

Fig. 1 Cd removal rates in 35 =
the two experimental treat-
ments. C: 30 mg/kg Cd-spiked
soil +ryegrass; CI: 30 mg/ 30
kg Cd-spiked soil + 10 mg/kg sl B
IAA +ryegrass. The symbol *
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difference (p <0.05) between /\:; 25 =
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Effects of IAA addition on ryegrass growth,
physiology, and biochemistry in Cd-contaminated
soil

Changes in ryegrass biomass

Ryegrass biomass showed an upward trend with increas-
ing cultivation time, with treatment-related differences
(Table 1). On day 15, the underground, above-ground, and
total ryegrass biomasses of the C group were significantly
decreased by 35.9%, 55.8%, and 67.3%, respectively, com-
pared with the control (p <0.05). On day 30, the under-
ground, above-ground, and total ryegrass biomasses of C
plants were significantly lower than in control by 45.8%,
26.2%, and 33.5%, respectively. The above-ground biomass
and the total biomass of CI plants were significantly higher
than in treatment C by 23.3% and 26.3%, respectively. On
day 60, the underground, above-ground, and total ryegrass
biomasses of plants exposed to treatment C were signifi-
cantly lower than that of the control by 45.4%, 30.9%, and

33.7%, respectively. The underground, above-ground, and
total biomasses of plants in the CI group were higher than in
C, however, with no significant differences observed.

Changes in chlorophyll content of ryegrass

The changes in chlorophyll content and chlorophyll a:b
ratios during cultivation are shown in Table 2. The levels
of chlorophyll a, total chlorophyll, and the chlorophyll a:b
ratio following the three treatments increased first and then
decreased with increasing cultivation time. The chlorophyll
content in CI treatment was higher than in treatment C dur-
ing the cultivation period. On day 15, the levels of chloro-
phyll a, chlorophyll b, and total chlorophyll in the CI group
were 11.2%, 16.2%, and 12.6% higher than in treatment C,
respectively. On day 30, the levels of chlorophyll a, chloro-
phyll b, and total chlorophyll in treatment C were signifi-
cantly decreased by 28.9%, 21.6%, and 27.9%, respectively,
compared with the control. The levels of chlorophyll a and
total chlorophyll in the CI group were significantly higher

Table 1 Changes in ryegrass

0 > Treatment code Sam-
biomass (dry weight) under

Below-ground (g-pot™!)  Above-ground (g-pot™')  Total biomass (g-pot™")

different treatments pling
time/d
Control 0.092+0.004a 0.150+0.035a 0.242+0.079a
C 15 0.059 +0.006b 0.048 +0.006b 0.107 +0.022b
CI 0.060+0.005b 0.049+0.007b 0.110+0.019b
Control 0.273+0.027a 0.470+0.031a 0.743+0.117a
C 30 0.148+0.007b 0.347+0.018b 0.494 +0.047c
CI 0.196+0.007b 0.428+0.022a 0.624 +0.053b
Control 1.010+0.103a 0.932+0.050a 1.941+0.228a
C 60 0.551+0.030b 0.736+0.061b 1.287+0.188b
CI 0.698 +0.052b 0.785+0.022b 1.473+0.113b

Data represent mean =+ standard deviation (n=5). Different small letters in the same column represent sta-

tistically significant differences between treatments (p <0.05)

Table 2 Changes in chlorophyll content of ryegrass exposed to different treatments

Treatment code Sampling Chlorophyll a/(mg-g~'Fw) Chlorophyll b/(mg-g~'Fw) Total chlorophyll/ Chlorophyll a:b
time/d (mg-g~'Fw)
Control 0.894 +0.045a 0.356+0.018a 1.251+0.064a 2.511+0.026a
C 15 0.818£0.016a 0.315+0.008a 1.133+0.024a 2.600+0.028a
CI 0.910+£0.021a 0.366+0.020a 1.276 +0.037a 2.511+0.127a
Control 1.344+£0.041a 0.227+0.021a 1.571+0.057a 6.125+0.575a
C 30 0.955+0.010c 0.178 +0.009b 1.133+£0.016¢ 5.425+0.286a
CI 1.114+£0.024b 0.174 +0.009b 1.288 £0.022b 6.464 +0.382a
Control 0.717+0.062a 0.290+0.026a 1.007 +£0.878a 2.479+0.037a
C 60 0.548 +£0.042b 0.213+0.015b 0.761 +0.058b 2.569+0.067a
CI 0.681+0.036ab 0.280+0.017a 0.961+0.051ab 2.431+0.032a

Data represent mean + standard deviation (n=5). Different small letters in the same column denote statistically significant differences in treat-

ment
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than in C by 16.6% and 13.7%, respectively (p <0.05).
On day 60, the levels of chlorophyll a, chlorophyll b, and
total chlorophyll following treatment C were significantly
decreased by 23.6%, 26.6%, and 24.4%, respectively, com-
pared with the control. The levels of chlorophyll a, chloro-
phyll b, and total chlorophyll in plants exposed to CI were
higher than in treatment C, and chlorophyll b content was
significantly higher than in treatment C by 29.1%. There
were no significant treatment-related differences in chloro-
phyll a:b ratio during the cultivation period.

Changes in enzyme activity of ryegrass leaves

SOD activity in ryegrass leaves showed an overall downward
trend with extended cultivation time (Fig. 2A). On day 15,
the SOD activity of leaves in the C group was significantly
lower than in the control by 19.7% (p < 0.05), and the SOD
activity of leaves in the CI treatment group was significantly
higher than in C by 16.6%. On day 30, the SOD activity
of group C was significantly decreased by 39.6% compared
with the control. The SOD activity of the CI group was
significantly higher than in the C group by approximately
25.6%. On day 60, the SOD activity of group C was sig-
nificantly lower than in the control by 29.7% and the SOD
activity of the CI group was significantly higher than in C
group by 24.3%.

During the cultivation period, the POD activity of the
ryegrass leaves exposed to each treatment decreased and
then increased (Fig. 2B). On day 15, the POD activity of
the C group was significantly higher than that of the control,
and the POD activity of the CI group was significantly lower
than that of the C group by 21.5%. On day 30, the POD
activity of the C group was significantly higher than that of
the control by 64.3%, and the POD activity of the CI group
was significantly lower than that of the C group by 34.8%.
On day 60, the POD activity of each group was significantly
increased; the POD activity of the C group was significantly
higher than that of the control by 17.1%, and the POD activ-
ity of the CI group was lower than that of the C group, with
no significant treatment-related differences.

Fig.2 Dynamic changes in
SOD (A) and POD (B) activity
of ryegrass following different
treatments. Control: uncontami-
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Effect of IAA addition on soil microbial activity
in Cd-contaminated soil

Changes in soil basal respiration

The soil basal respiration of each group during the incu-
bation period showed an initial decline, followed by a
rise and then a further decline (Fig. 3). On day 15, the
soil basal respiration of the CI group was significantly
higher than in the C group by 140.4%. On day 30, the soil
basal respiration of group C was significantly higher than
in the control by 47.7%, with no significant treatment-
related differences. On day 60, the soil basal respiration
of group C was significantly higher than that of the con-
trol by approximately 87.9%, and the soil basal respiration
of group CI was significantly lower than that of group C
by 15.0%.

Changes in soil enzyme activity

During the cultivation, the soil invertase activity showed a
decline, followed by an increase (Fig. 4A). On day 15, the
invertase activity of group C was significantly lower than in
the control by 12.5%, whereas the invertase activity of group
CI was significantly higher than that of the control and group
C by 7.2% and 22.4%, respectively. On day 60, the invertase
activity of the C group was significantly lower than that of
the control by 18.3%, and the invertase activity of group CI
was 12.1% higher than that of group C.

Increase in cultivation time led to an upward trend in soil
catalase activity of each treatment group (Fig. 4B). On day
15, the soil catalase activity of group C was significantly
lower than that of the control and the catalase activity of
group CI was significantly higher than that of group C by
15.8%. Otherwise, there were no significant treatment-
related differences.

The soil FDA hydrolase activity of each group increased
and then decreased over time (Fig. 4C). On day 15, the FDA
hydrolase activity of group C was higher than that of the
control by 5.9%. On day 30, the FDA hydrolase activity of
group C was significantly higher than that of the control and
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Fig. 3 Dynamic changes in soil
basal respiration under different
treatments. Control: uncontami-
nated soil +ryegrass; C: 30 mg/
kg Cd-spiked soil +ryegrass;
CI: 30 mg/kg Cd-spiked

soil 4+ 10 mg/kg IAA +ryegrass.
The different letters denote
significant treatment-related
differences (p <0.05)
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Correlation between soil Cd removal and ryegrass
physiology and biochemistry and soil microbial
activity

The results of the correlation analysis of different factors
are presented in Table 3. The rate of Cd removal was sig-
nificantly negatively correlated with soil invertase activity
(p<0.01). Ryegrass biomass was significantly positively
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Table 3 Cd removal rate associated with physiological and biochemical parameters of ryegrass and soil microbial activity

Factor Removal rate  Biomass Total chloro- SOD POD Soil basal Soil catalase  Soil invertase Soil FDA

phyll respiration hydrolase

Removal rate  1.000 -0.265 —-0.109 0.264 —0.048 -0.314 0.229 —0.397* 0.251

Biomass 1.000 —0.707%** —0.602*%*  0.854%* 0.363* 0.292 0.819%%* —0.954%*

Total chloro- 1.000 0.565**  —0.867** —0.006 -0.367* —0.473%* 0.728%*
phyll

SOD 1.000 —0.525%*  —0.506** 0.160 —0.495%%* 0.700%*

POD 1.000 —0.006 0.569%%* 0.520%%* —0.826%*

Soil basal 1.000 —-0.254 0.690%** —0.471%*
respiration

Soil catalase 1.000 0.047 —-0.292

Soil invertase 1.000 —0.812%*

Soil FDA 1.000
hydrolase

**Correlation is significant at p <0.01; *correlation is significant at p <0.05 (two-tailed)

correlated with soil basal respiration, POD activity, and soil
invertase activity (p <0.01). Biomass was negatively corre-
lated with total chlorophyll, SOD, and soil FDA hydrolase
activity (p <0.01). Total chlorophyll was positively corre-
lated with SOD and soil FDA hydrolase activity (p <0.01).
Total chlorophyll was negatively correlated with POD, soil
catalase, and soil invertase activity. SOD activity was posi-
tively correlated with soil FDA hydrolase activity (p <0.01)
and negatively correlated with POD activity, soil basal res-
piration, and soil invertase activity (p <0.01). POD activity
was positively correlated with soil catalase and soil invertase
activity (p <0.01), and significantly negatively correlated
with soil FDA hydrolase activity (p <0.01). Soil basal res-
piration was positively correlated with soil invertase activity
(p<0.01) and negatively correlated with soil FDA hydrolase
activity (p <0.01). Soil invertase activity was negatively cor-
related with soil FDA hydrolase activity (p <0.01).

Discussion
Effect of ryegrass and IAA on soil Cd removal

Ryegrass has received substantial attention in restoring soils
polluted with Cd because of its high tolerance to Cd and
large biomass (He et al. 2020). Studies have shown that the
higher the Cd content in the soil, the higher the available
Cd content, and the greater the toxicity to ryegrass (Shi
et al. 2020). A high concentration of Cd also inhibits Cd
absorption in the soil by ryegrass (Li et al. 2017). In the
present study, the CI group showed a decrease in soil Cd
content and increased Cd loss from the soil compared with
the C group. Chen’s study of Brassica juncea L. yielded
similar results (Chen et al. 2020a, b). These similarities
might be attributed to increased affinity of the ryegrass

inner membrane transporter for Cd following TAA treat-
ment, thereby resulting in increased Cd absorption (Ji
et al. 2020). TAA also promotes the secretion of organic
acids, which induces Cd** transport from underground to the
surface through ryegrass conduits (ryegrass roots), thereby
improving the Cd absorption capacity of ryegrass (Wang
et al. 2017).

Effects of Cd pollution and IAA addition on ryegrass
growth and physiological and biochemical
characteristics

Biomass is an important indicator of plant tolerance.
Increased plant biomass in polluted environments leads
to higher resistance. High levels of Cd pollution can seri-
ously damage plants and significantly reduce plant biomass
(Jian et al. 2015). Long-term Cd pollution inhibits plant
growth and leads to biomass decline and plant death (Luo
et al. 2016). In the present study, the biomass of ryegrass
spiked with Cd in each period was lower than that of the
control, thereby inhibiting ryegrass growth. The addition of
10 mg/kg of exogenous IAA (group CI) increased the bio-
mass of ryegrass and enhanced its tolerance to heavy metals
such as Cd compared with group C. This finding might be
attributed to IAA, which reduces the negative effects of Cd
on the ryegrass root length, volume, and surface area, and
thereby promotes growth, similar to the results of Faessler’s
study involving sunflowers (Faessler et al. 2010).

Previous studies have shown that Cd stress nega-
tively impacted chlorophyll content, which was gradu-
ally decreased with increasing soil Cd concentration (Han
et al. 2018). Cd stress causes yellowing or death of plant
leaves and decreases the chlorophyll content of ryegrass
in the presence of elevated Cd concentrations (Chen
et al. 2018). The chlorophyll content of group C was affected
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by Cd pollution and declined with increasing cultivation
time. The entry of additional divalent Cd** ions may have
a negative effect on photosystem II, reducing the electron
transfer rate, and inhibiting the formation of oxygen com-
plexes (Ivanov and Kosobryukhov. 2020). In addition, expo-
sure to Cd damages the pigment synthesis and structure,
resulting in a decreased chlorophyll content, as reported by
Jian et al. (2015). Exogenous IAA increases the chlorophyll
content by promoting the growth of ryegrass and alleviates
the toxic effects of Cd on chloroplasts, similar to the study of
Trigonella foenum-graecum L. by Bashri and Prasad (2015).

SOD and POD are two common protective enzymes in
plants and are highly sensitive to changes in the external
environment (Feng et al. 2017). SOD activity decreased with
increasing cultivation time in the present study. Because of
prolonged Cd stress, ryegrass produces an abundance of
reactive oxygen species, which trigger oxidative stress (Dube
et al. 2009). During oxidative stress, a large amount of per-
oxide is produced, which disrupts cellular homeostasis,
thereby inhibiting SOD activity, as reported by Huang et al.
(2017) investigating the changes in the antioxidant enzyme
system of Althaea rosea Cavan. under Pb stress. The POD
activity increased with increasing incubation time, which
eliminated H,O, from plant cells as a protective mechanism.
In the present study, IAA enhanced SOD activity by alleviat-
ing the oxidative damage in ryegrass induced by Cd stress,
which is consistent with prior work by Khalid and Aftab
(2020). Thus, the decrease in POD activity may be attributed
to a decrease in H,0, content in ryegrass induced by IAA
via other mechanisms.

Effects of Cd pollution and IAA addition on soil
microbial activity

Soil basal respiration is an important parameter for studying
soil microbial activity. The present study showed that the
soil basal respiration of ryegrass treated for Cd contamina-
tion was higher than that of the control during the middle
and late cultivation stages. These findings might be related
to the need for higher levels of energy for survival of micro-
organisms in the soil exposed to pollution, thus promoting
their metabolic activity (Zheng et al. 2019). The soil basal
respiration of the CI group decreased during the later culti-
vation period probably due to the growth of ryegrass induced
by IAA, which facilitated the colonization of soil microor-
ganisms on the ryegrass root surface, thereby alleviating Cd
stress (Spaepen et al. 2007).

The effect of pollutants on soil microbial activity is
reflected by the effects on soil enzyme activity, which
is a strong indicator of soil microbial activity (Liu
et al. 2018). The soil invertase activity first decreased and
then increased with increasing pollution time, which is
consistent with the findings of Xiang et al. (2012). The
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invertase activity of group C was lower than in the control,
which might be explained by the inhibition of the activity
of soil microorganisms by Cd stress, thereby inhibiting
invertase activity. The catalase activity increased with
increasing pollution time. Under Cd stress, the soil might
have accumulated a large quantity of H,0, that triggered
an increase in catalase activity to counter the oxidative
stress. FDA hydrolase is one of the most important biolog-
ical indicators reflecting changes in soil microbial activity
and quality (Swisher and Carroll 1980), and can be used
to monitor the overall enzyme activity of soil microorgan-
isms (Adam et al. 2001). During the cultivation period, the
FDA hydrolase activity of group C was higher than that
of the control, which might be attributed to Cd-induced
synthesis of microbial enzymes to maintain normal life
of microorganisms. Exogenous IAA attenuates the effects
of Cd on soil enzyme activity by increasing the root bio-
mass of ryegrass. The increased root system of ryegrass
provides additional space for survival of soil microorgan-
isms in the rhizosphere (Li et al. 2016). The root exudates
of ryegrass provide further nutrients for soil microorgan-
isms, thereby increasing the biomass and activity of soil
microorganisms.

Conclusion

Cd stress decreased chlorophyll content, biomass, and
POD activity of ryegrass and increased SOD activity. The
addition of exogenous IAA increased the biomass, chlo-
rophyll content, and catalase activity of ryegrass in Cd-
contaminated soil and reduced SOD activity. Exposure to
exogenous IAA alleviated the adverse effects of Cd on
ryegrass and facilitated its growth and development.

Cd pollution increases soil basal respiration and
invertase and catalase activity, and decreases FDA hydro-
lase activity. The addition of exogenous IAA decreases the
soil basal respiration and increases FDA hydrolase activ-
ity, thereby enhancing the survival of soil microorganisms.
Exogenous [AA directly or indirectly attenuated the Cd
stress on ryegrass and improved its ability to absorb and
elimate Cd.
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