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Abstract: The widespread application of micro-plastics (MP) and their release in the open environ-
ment has become a matter of worldwide concern. When interacting with contaminants such as
heavy metals in the soil ecosystem, MPs can result in detrimental effects on the soil environment and
plant growth and development. However, information based on the interaction between MPs and
heavy metals and their effects on terrestrial plants is still limited. Keeping this in mind, the present
study was conducted to explore the single and combined toxicity of polypropylene (PP) MPs (13 and
6.5 um) and cadmium (Cd) on germination indices; root and stem growth; fresh and dry weight; and
anti-oxidative enzyme activities of rice (Oryza sativa L.) seedlings. Our results indicated that a single
application of PP MP and Cd on rice seedlings inhibited most of the germination indicators, while
their co-occurrence (PP + Cd) showed a reduction in the overall toxicity to some extent. A single
application of both the contaminants significantly inhibited root length, stem length, fresh weight
and the activities of catalase (CAT), peroxidase (POD) and superoxide dismutase (SOD) enzymes in
rice seedling, while no significant effect on dry weight was observed. The combined toxicity of both
PP and Cd revealed that 13 pm PP + Cd had an antagonistic effect on the growth of rice seedlings,
while 6.5 um PP + Cd showed a synergistic effect. The present study revealed that smaller PP MP
particles (6.5 um) prominently affected plant growth more as compared to larger particles (13 pum).
Our work reported the combined effect of PP MP and Cd on the germination and growth of rice for
the first time. This study can provide the basis for future research on the combined effects of different
types and sizes of MPs and heavy metals on the terrestrial ecosystem.

Keywords: particle size; heavy metal; seed germination; seedling growth; seed vigor; enzyme activity;
fresh and dry weight

1. Introduction

With the advancement of plastic production technologies, the use of plastic and its
products in daily life has increased. It was estimated that between 1950 and 2018, around
8000 billion tons of plastic was produced, out of which only 20% was recycled, while 80%
eventually wound up in the soil and ocean environments [1]. The plastic wastes accumulate
in the soil environment and are naturally (physical, chemical and biological action) broken
down into small size fragments (<5 mm or smaller), known as micro-plastics (MPs) [2].
MPs can penetrate the soil ecosystem mainly through the application of biological compost,
organic fertilizers [3], bio-solids [4], wastewater irrigation, and the use of plastic mulch
films [5].

Commercially, MPs types, viz., polypropylene (PP), polystyrene (PS), polyethylene
(PE), polyvinylchloride (PVC), and polyethylene tere-phthalate (PET) are the most exten-
sively used plastics [6]. After entering the soil ecosystem, MPs can affect soil functions and

Nanomaterials 2022, 12, 3967. https:/ /doi.org/10.3390/nan012223967

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


https://doi.org/10.3390/nano12223967
https://doi.org/10.3390/nano12223967
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0002-3441-8515
https://doi.org/10.3390/nano12223967
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano12223967?type=check_update&version=3

Nanomaterials 2022, 12, 3967

20f19

overall plant-soil health. MPs occurrence poses potential threats to agro-ecosystems [7],
affects soil structure and properties such as pH, soil aggregation, bulk density and water
holding capacity, and soil hydrodynamics, thereby affecting the microbial community and
its functions as well as different plant growth indices [8]. MPs can affect agricultural soils
by reducing or inhibiting water and nutrients absorption in plants by adhering to their seed
surface and blocking the stomata opening and closing. MPs can trigger many signaling
pathways in plants which can affect the cell metabolism and genomic function [9].

Out of all types, PP MPs account for 16% of the entire plastics industry and arecom-
monly used for packaging, water bottles, toys and carry bags [10]. Worldwide, the recycling
rate of PP MP is only 1%, which results in huge amounts piled up in landfillsand in the
soil environment [11]. Naturally, PP MP can take up to 30 years to degrade. Their burning
can increase carbon dioxide (CO;); and harmful toxic chemical compounds such as dioxins
and vinyl chloride in the environment [10]. Continuous use of PP is expected to contribute
1.3 billion tons of CO; to the environment over the next 30 years [12]. Due to the low
density of PP, carry bags can easily sink into water reach water bodies (rivers, oceans) and
can contaminate marine life. In the soil ecosystem, PP persists for a longer time and when it
degrades, it can contribute to the emission of greenhouse gases which effects soil dynamics
and plant growth [12].

The occurrence of different types of MPs in agricultural soils has been already re-
ported in many studies [6]. The potential of MP pollution depends on the type of plastic,
i.e., its chemical composition, shape and structure, concentration in the environment; but
especially to the particles size which might lead to genotypic and species-dependent dam-
age to crops [13,14]. The particle size of MPs can have a greater impact on plant toxicity,
where smaller size particles can be more harmful to plants as compared to bigger ones.
Qi et al. [15] reported size-dependent absorption of MPs in Triticum aestivum (wheat) where
<36 nm MPs showed easy translocation from root to leaf, while MPs with a size ranging
between 40 and 140 nm were found adsorbed on roots and >140 nm MP particles could not
be absorbed. The germination rate of Lepidium sativum (cress) was inhibited when exposed
to different size MPs (50, 500 and 4800 nm) for 8h and the bio-accumulation of MPs by seeds
during seed germination, which hindered the root growth system was reported [16]. De
Souza Machado et al. [8] observed insignificant effects of polyethylene, polypropylene and
polyester terephthalate MPs on Allium fisculosum (spring onion), while polystyrene treat-
ment showed an increase in the root biomass, whereas polyamide decreased the biomass
of stem. Similarly, Jiang et al. [17] observed accumulation of polystyrene nano-plastics of
100 nm size in the apical region of Vicia faba which effected nutrients transportation due
to blocked connections of cells and cell wall. The effects of MPs on many other terrestrial
plants have been reported in previous literature (Murraya exotica [18], Lactuca sativa [19],
Lolium perenne [20], Arabidopsis thaliana [21].

In agricultural soils, apart from MPs, metals and metalloids are commonly reported
contaminants [22]. Worldwide, cadmium (Cd) is reported as one of the commonly present
heavy metal contaminants in most of the agricultural soils. Cadmium (Cd) is generally de-
rived from agricultural and industrial sources, and is one of the most toxic and non-essential
heavy metals with a long half-life period of 25-30 years. Cd reaches the environment from
sources such as smelting and the refining of copper and nickel; fossil fuel combustion;
phosphate fertilizers and the recycling of electronic waste. High amounts of Cd released
into the atmosphere can contaminate soil by aerial deposition which leads to acidification,
resulting in alteration in physical, chemical and biological aspects of soil [23]. The presence
of Cd in soil inhibits root/stem growth in plants; decreased uptake of nutrients; decrease
in chlorophyll content and photosynthesis rate by effecting stomatal opening and closing,
rate of transpiration and relative water content. Additionally, Cd can result in leaf necrosis,
inhibition of antioxidant defense enzymes activity and nitrogen metabolism [24]. In hu-
mans, Cd becomes accumulated in the kidneys, liver, and gut, resulting in renal and hepatic
dysfunction, pulmonary edema, osteomalacia, testicular damage, as well as damage to
adrenals and the hemo-poietic system [25]. The main source of Cd in humans derived
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from the food they consume which mostly includes rice and wheat products, green leafy
vegetables, potatoes, carrot, and celery [26]. Rice consumption was reported to be one of
the major routes for cadmium exposure in humans [27].

Cadmium in soil is generally water-soluble and can become absorbed easily by crops,
thereby, affecting the food chain and ultimately human health [28]. MPs in soil can act
as a vector in transferring heavy metals to plants and soil microbes [29-31]. Thus, they
can potentially increase toxicity in plants by interacting with other soil toxins [32]. Due
to their co-occurrence, MPs and Cd can interact with each other to affect the bioavail-
ability and toxicity of the metal contaminants in agro-ecosystems [33]. Many previous
studies reported the presence of high-density polyethylene (HDPE) MPs which decreased
Cd adsorption but increased its soil desorption [34,35]. Enyoh et al. [36] in their study
revealed significant adsorption of heavy metals such as lead, arsenic, cadmium, chromium,
nickel and copper on to the surface of polyethylene terephthalate, polypropylene, polyethy-
lene and polyvinyl chloride MPs, which indicates the potential of MPs as an important
source/sink of metals contaminants in the soil environment. The adsorption potency of
MPs and heavy metals may vary under different environmental factors, such as pH and
ionic strength of the medium, and MP characteristics (polymer type and surface prop-
erties) [37,38]. Wang et al. [39] investigated the combined toxicity of the original form of
polyvinyl chloride (PVC) MPs and cadmium to bitter grass (Vallisneria natans) and found
that PVC can improve the growth inhibition potential of cadmium. The co-toxicity of
aged PVC MPs and cadmium revealed synergistic inhibition in the root growth of wheat
under application of PVC MPs and low concentration of Cd [40]. The combined toxicity of
MPs and heavy metals such as Cu, Cd to Solanum nigrum was reported by many earlier
studies [20,28].

However, many research gaps exist on the ecological impacts and toxicity of MPs
in agricultural soils, and to what extent different MPs can influence the biological effects
causing the potential of heavy metals in plant—soil systems remains unknown. Although,
some studies showed the adsorption potency of MPs onto heavy metals like Cd, Cu
in agricultural soils of China [41-44], relatively very little literature is available on the
assessment of effects of combined toxicity of MPs and heavy metals on seed germination,
plant growth, bioaccumulation, and antioxidant enzyme activities in plants. Keeping this
in mind, the present study was planned to investigate the co-toxic effects of MPs and Cd
on seed germination, growth and anti-oxidative enzymes activities of rice crop plants. We
hypothesized that presence of PP MPs and Cd in any medium can impact plant germination
and their antioxidant enzyme activities due to their single and combined action. Herein, a
Petri plate experiment was conducted to test the toxicity of 6.5 and 13 um sized PP MPs
and Cd on the germination and growth of rice crop plants. To the best of our knowledge,
this is the first study which reported co-toxic effects of MP and Cd on seed germination
of rice and its various indices. Additionally, more studies should be carried out in order
to elucidate the interaction of MPs in the plant cells due to their long-term exposure and
possible movement of MPs from the roots to aboveground plant parts.

2. Materials and Methods
2.1. Preparation of Solutions

PP MPs of particle sizes 6.5 and 13 um were used in the present study. PPMP was
selected for the present study because of its ubiquitous presence in the soil ecosystem,
whereas 6.5 and 13 pm PP MP were selected due their small size and availability from
the seller. PPMP (250 mg, 10 mL solution) and Cd salt were purchased from Dongguan
Haochuang Plastic Technology Co., Ltd., Dongguan, China. PP MP was obtained in the
solid state. Water-tween 20 (200:1, v/v) liquid phase in the suspension of MPs was used
for the experiments. Tween was obtained from Xiangfa Chemical Products Company of
Zhengzhou city, China. The experimental concentration of PP-MPs used was 100 mg/L.
Before the germination test, the aggregate formation in MP solutions was reduced by
sonicating the suspensions for 1.5 h at 25 °C (40 kHz). After sonication, the MP solutions
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were dispersed homogeneously in the aqueous phase and were stored in clean beakers for
further use [45].High-grade pure cadmium nitrate tetra-hydrate salt was used to prepare
cadmium (Cd?*) solutions of 5.0 mg/L. Six different treatments, viz.,control check (CK),
cadmium (Cd), 13 um PP MP, 6.5 um PP MP, 13 um PP MP + Cd and 6.5 um PP MP + Cd
were selected, and each treatment was conducted in nine repetitions.

2.2. Seed Germination Test

The tested seeds of rice (Oryza sativa L.) crop were purchased from a local market
in Kaifeng City, Henan Province, China. The germination test was executed according
to protocol of [45] with minor modifications. For 30 min, the seeds were soaked in 2%
(v/v) sodium hypochlorite solution in order to minimize the chances of contamination
due to microbes and the seeds were rinsed thrice with de-ionized water to remove the
residual solution. After proper washing, full grain seeds of equal size were selected and
placed in 9 cm Petri plates (10 seeds/plate) with two filter paper layers at the bottom.
Nine repetitions were performed for all six treatments, viz., CK, Cd-5 mg/L, 13 pm PP-
100 mg/L, 6.5 um PP- 100 mg/L, 13 um PP + Cd- 100 mg/L + 5 mg/L, 6.5 um PP + Cd-
100 mg/L + 5 mg/L in Petri plates. Plates were further placed in a growth incubator
(12h/12 h day/night cycle) at 25 °C under 60% relative humidity.

At 08:00 every morning, the number of germinated seeds (the norm used for germina-
tion was when the root length exceeded half of that seed length) were counted and noted
daily based on radical emergence of 2 mm after the 3rd and 7th day of the experiment. After
every recording, 2 mL ultrapure water was injected into the culture dish with a pipette gun
in order to ensure that sufficient water is present in the plates. On the 3rd and 7th day, the
root and shoot length of the seedlings in each sample was measured followed by the fresh
weight measurement of seedlings on time. Subsequently, seedlings were weighed after
being dried in the oven at 105 °C for 24 h to constant mass to calculate the dry weights.
The seed vigor indices (germination rate, germination energy, germination index, vigor
index, and mean germination speed), morphological indices (root length and shoot length)
and fresh and dry weight and anti-oxidative enzymes activities were calculated in order
to explore the compound effect of PP-MPs and Cd on rice seed germination and seedling
growth. Seed-vigor indices were calculated by using different formulae as given below [45].

Germination Rate (GR)

(N74)
GR =-—74) » 100%
N,

Germination Vigor (GV)
GV =2 100%
t
Germination Index (GI)
G =XG;/D;
Vigor Index (VI)
GI xS
Mean Germination Time (MGT) (d)
Z(Di X Gi)
MGT = =———=
Y.Di

where, N is the total number of seeds tested and N33& N74 were the number of seeds
germinated on the 3rd and 7th day of experiment, respectively. D; corresponds to the
iy, day of germination, S represents seedling height on the 7th day, Gi is the number of
germinated seeds corresponding to Di and d represents number of days of experiment.
The germination rate within the specified time period is referred as germination vigor
(GV) of seeds while germination index (GI) represents the sum of the number of seeds
actually germinated per day divided by the number of days. The product of germination
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index and seedling dry weight represent the seed vigor index (VI) whereas mean or average
germination time or speed (MGT) is an important index which measures the germination
status of any seed. Germination rate (GR) is the percentage of the actual number of seeds
germinated in the total number of tested seeds.

2.3. Enzymatic Activity

On the 7th day of the experiment, anti-oxidative enzyme activities of catalase (CAT),
peroxidase (POD) and superoxide dismutase (SOD) in rice seedlings were measured ac-
cording to the enzyme activity kit purchased from Solarbio Company, China. The formulas
reported in the kit were used to measure CAT [46], POD [47,48] and SOD [49,50] activities.
For the determination of enzyme activities, 0.1g of plant tissue was homogenized, and
centrifuged at 8000 rpm at 4 °C for 10 min and the final supernatant was collected which
was used further.

2.3.1. Catalase Activity

A detection sample solution was prepared containing 50 uL reagent 2 + 13 mL reagent
1, mixed thoroughly, and placed on water bath at 25 °C for 10 min. In a quartz colorimetric
dish, 1 mL of detection solution was taken, to which 35 pL supernatant was added and
mixed well for 5 s. The initial absorbance at 240 nm after 30 s was noted (A1) and the
absorbance value after 1 min (A2) was determined immediately. AA was calculated as AA
= A2 — Al. Catalytic degradation of 1umol H,O, per g of tissue/minute in the reaction
system was defined as a unit of activity. CAT activity was calculated as:

CAT(U/g) =67 x AA + W
where, W represents sample quantity (g).

2.3.2. Peroxidase Activity

To a 1 mL glass cuvette, 15 pL of supernatant, 270 pL of distilled water, 520 uL of
Reagent 1, 130 pL of Reagent 2 and 135 uL of Reagent 3 were added in sequence and
the absorbance was measured at 470 nm on a UV-3600 spectrophotometer (Shimadzu,
Kumamoto, Japan). The absorbance was recorded after 30 s (A1) and again after 1 min (A2)
and AA = A2 — Al was calculated. Based on the sample mass, A470 depicted a change of
0.01/minute/g of tissue/ mL of reaction system which is an enzyme activity unit. POD
activity was calculated as:

POD(U/g) =7133AA + W

where, W is sample quantity (g).

2.3.3. Superoxide Dismutase Activity

For SOD estimation, a sample tube with the addition of 90 uL supernatant + 240 uL
Reagent 1 + 6 pL Reagent 2 + 180 uL Reagent 3 + 480 uL distilled water + 30 uL Reagent 5
was prepared. The control test tube was prepared by adding 90 pL supernatant + 240 uL
Reagent 1 + 180 uL Reagent 3 + 486 pL distilled water + 30 pL Reagent 5. Blank tube 1
contained 240 pL Reagent 1 + 6 puL Reagent 2 + 80 pL Reagent 3 + 570 uL distilled water
+ 30 uL Reagent 5, while Blank tube 2 contained 240 puL Reagent 1 + 180 pL Reagent
3 + 576 uL distilled water + 30 pL Reagent 5. Each test tube solution was carefully mixed
and placed on water bath at 37 °C for 30 min. Later, the absorbance at 560nm was measured
in a 1 mL glass colorimeter. The absorbance was denoted as A test, A control, Al blank and
A2 blank. AA test =A test—A control, AA blank =A1 blank-A2 blank, inhibition percentage
= (AA blank —AA test) +AA blank x100%. SOD activity was calculated as:

SOD (U/g) = 11.4inhibition percentage (1 — inhibition percentage) ~ W x F

where, W: sample quantity (g); F: dilution ratio of sample.



Nanomaterials 2022, 12, 3967

6 of 19

2.4. Statistical Analysis

For each concentration, the results were added and processed by Excel 2013 and
presented as mean & SD (standard deviation; n = 9). IBM SPSS 22.0 (IBM, Armonk, NY,
USA) was used to conduct one-way analysis of variance (ANOVA) and Dunnett’s T3 test
was used for post multiple comparison. Microsoft Excel 2013 was used to draw the bar
charts while the box plot method was used to remove outliers from each group.

Pair-wise comparisons of single and combined toxicity of PP MP and Cd on rice
germination potential were calculated using IBM SPSS Statistics 24 (IBM Corp., Armonk,
NY, USA). Comparisons were done to find which one pollutant (PP and Cd) has the largest
effect on seed germination. The analysis code used was as given below:

UNIANOVA Shoot BY CdPP

/METHOD = SSTYPE (3)

/INTERCEPT = INCLUDE

/PLOT = PROFILE (Cd x PPPP x Cd)

/EMMEANS = TABLES (Cd x PP) COMPARE(Cd)ADJ(SIDAK)
/EMMEANS = TABLES (Cd x PP) COMPARE(PP)ADJ(SIDAK)
/PRINT = DESCRIPTIVE

/CRITERIA = ALPHA (0.05)

/DESIGN = PP x Cd

Pair-wise comparisons were used to check the significant mean differences (I —J) in
germination potential at p <0.05. It shows that

(a) ifI —J<0,Iis more toxic than J whereas if I —J > 0, it means I is less toxic than |
(b) if a group without Cd, 13um PP has a larger effect on seed germination than others
(c) if a group with Cd, 6.5pum PP has a larger effect on seed germination than others

3. Results
3.1. Germination Parameters of Rice Seedlings
3.1.1. Seed Vigor/ Viability

The single and combined effects of PP and Cd on rice seeds were indicated by germi-
nation potential, germination rate, vigor index and average germination rate. The results
revealed that PP with different particle sizes and Cd can significantly hamper the germina-
tion potential, germination index, average germination rate and vigor index of rice seeds
while no significant effect on germination rate was observed. The average germination rate
of the control group was higher than that in other treatment groups. Table 1 shows that
PP MPs with different particle sizes and Cd have an impact on rice seed vigor indices as
compared to the control.

Table 1. Effect of single and combined treatment of PP-MPs and Cd on rice seed vigor/viability.

o o GI on GIon MGT on MGT on

Treatment GV (%) GR (%) Day 3rd Day 7th Vi Day 3rd Day 7th
CK 97% + 6% 2 91% + 9% 2 5.09 + 0.51 2 1145+ 1.182 023 +0.012 2.56 + 0.06 2 2.66 +0.042
Ccd 67% =+ 6% P¢ 88% =+ 8% 2 329 4+ 0.17P 9.26 + (.81 2 0.19 +0.01° 2.77 £ 0.06 2 3.07 4+ 0.28 2P
13 pm PP 47% =+ 6% de 86% =+ 7% 2 2.06+0.19 ¢ 8.92 + 2.06 2 0.18 +£0.01° 292+0.142 325+025P
6.5 um PP 60% =+ 0% <4 79% =+ 5% 2 2.50 £ 0.00 © 8.85 + 0.71 2 0.18 +0.01° 2.83+0.172 327 +0.24P
1B3umPP+Cd  73% =+ 12% P 87% + 12% 2 3.78 + 0.67 P 949 +1.1620 0.20 4+ 0.01° 2.56 +£0.272 347 +0.15°
6.5 umPP + Cd 37% + 6% © 88% + 4% 2 2114+0.19¢ 6.97 £1.20° 0.14+0.01° 2.69 +0.342 3.00 £ 0.002b

Results are shown as mean+S.D (n = 9). The mean values having different lowercase letters (a,b,c,d,e)
along columns represent significant difference within different treatments groups at p < 0.05 using one-way
ANOVA; Tukey’s test. Where CK—Control check; Cd—Cadmium; PP—Polypropylene; GV—Germination vigor;
GR—Germination rate; GI—Germination index; VI—Vigor index; MGT—Mean germination time.

In the compound toxicity, the overall effect was promotional; 13 um PP + Cd showed
an antagonistic effect while 6.5 um PP + Cd treatment synergistically impacted the seed
germination potential, vigor index and average germination rate.
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3.1.2. Germination Vigor

On the 3rd day of the experiment, the size of the seed can indicate the germination
rate and the intensity of seed vigor (%) (Figures S1 and S2 and Table 1). It was observed
that the effect of 13 um PP was greater (47%) than that of 6.5 um sized PP MP (60%). The
seed germination rate was significantly reduced at p < 0.05 as compared to CK (97%). Cd
treatment showed an inhibition of the germination of rice seeds to some extent. In addition,
PP-MP with different particle sizes showed different interactions with Cd. It was observed
that 13 pm PP had an antagonistic effect with Cd, which was higher than that with only
13 um PP MP, but 6.5 pum PP had a synergistic effect with Cd, which showed a significant
increase in the toxicity and resulted in the reduced germination vigor of rice seeds.

3.1.3. Germination Index (GI)

Figure S3 shows that on the 3rd day of the experiment, PP MPs of different particle
sizes had a significant impact on the germination index of rice seeds as compared with
CK. The germination index of seeds was significantly lower when seeds were exposed
to 13 um PP MP than that of the 6.5 um sized particles. The germination index of rice
seeds exposed to the 13 um PP MP showed relatively large fluctuations, while GI was
relatively stable at the 6.5 pm size. Cadmium treatment significantly (at p < 0.05) affected 3d
germination index of rice seeds, but its effect was lower when compared to CK. However,
the germination index showed a significant increase at p < 0.05 when rice seeds were
exposed to a combination of 13 pm PP and Cd, indicating an antagonistic effect which
further reduced the toxic effect of single pollutant (PP or Cd) treatment. When 6.5um PP
and Cd were used, the toxic effect of PP increased slightly, thereby reduced the germinating
index of seeds, but the fluctuation was relatively stable. On the 7th day of the experiment
(Figure S3), there was no significant difference in germination index at p > 0.05 between
different treatments and CK, except for the 6.5 um PP + Cd treatment. The effect of the
Cd and 6.5 um PP combined treatment resulted in a significant decrease (6.97%) in the
germination index of rice seeds as compared to the control group (11.45%).

3.1.4. Vigor Index

In the present study, seedling dry weight was considered as seed dry weight. Seed
vigor index can give evidence of proper seed germination rate and growth. It can be seen
from Figure 5S4, the vigor index of seeds was significantly (at p < 0.05) lower under 6.5 um
PP + Cd treatment (0.14%) as compared to the control group (0.23%). The toxic effect of
single Cd treatment on the rice seed vigor index was lower than that of PP MPs. The
combined treatment of PP MPs (13 um) and Cd revealed an antagonistic effect through
the reduction in the toxicity of PP and improvement in the vigor index of rice seeds to
some extent.

3.1.5. Mean/Average Germination Time

Table 1 show results comparing the average germination time after 3d and 7d of the
experiment. The lower the value, the higher the average germination time is, and the faster
the seed germination rate is. On the 3rd day of the experiment, there was no significant
difference between the treatments and the CK; only the combined treatment of 13 um
PP + Cd showed a lower average germination time (3.47) than that of CK (2.66), although
the change was insignificant. Single and combined treatment of rice seeds with 6.5 and
13 um PP MPs or Cd revealed no significant difference in the average germination time as
compared to the control.

3.1.6. Germination Rate

Figure S5 depicts the overall germination rate of all the treatments performed in this
study. The effect of a single treatment on the germination rate of rice seeds decreased in
the following trend; 6.5 um PP > 13 um PP > Cd, although the effect was not significant.
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When PP MPs of size 6.5 pm were used to treat rice seeds, the germination rate showed an
insignificant decrease as compared to CK.

Pair-wise comparisons (Table S1) of single and combined toxicity of PP MP and Cd on
rice germination potential revealed that,

(@) Except for 13 um PP MP + Cd treatment, other treatments resulted in significant
difference (at p < 0.05) in the germination potential of rice seeds as compared to
the CK.

(b) When compared with the Cd treatment, the 13 pm PP MP + Cd treatment with CK
has no significant difference, whereas for other treatments it shows a significant mean
difference at p < 0.05.

(c) Single Cd treatment compared with 6.5 um PP MP, 13 um PP MP + Cd treatments has
no significant mean difference, while for other treatments has a significant difference
(atp < 0.05).

(d) The 6.5 um PP MP treatment, when compared with Cd treatment, 13 pm PP treatment
has no significant difference, but for other treatments it has a significant difference (at
p < 0.05).

(e) The 13 um PP MP treatment, when compared with the 6.5 um PP MP, 6.5 um PP
MP + Cd treatments showed no significant differences, but for other treatments it has
a significant difference at p < 0.05.

3.2. Growth Parameters of Rice Seedlings
3.2.1. Growth of Stem and Root of Rice Seedlings

The effect of single treatment of PP MPs (13 and 6.5 um) and Cd on the growth of rice
seedlings is shown in Figures 1 and 2. The rice seeds in the control group showed a fully
developed root system, thick and long taproots, and many fibrous roots which are white
and bright in color and the stems are straight and long and are emerald green in color.

25 00 Root Length 3d rice seedling (mm)
Shoot Length 3d rice seedling (mm)

20.00 -
‘5\ 15.00
g .
S’
<
=
o 10.00
| | a

b cd b Ced b be b
5.00 - I 1 [ I (Il i i I I L I

0.00

CK Cd 13 um PP 6.5umPP 13 pum PP+Cd 6.5 pum
PP+Cd

Figure 1. Effect of single and combined treatment of PP-MP and Cd on root and stem length of
3d rice seedlings. Results are shown in mean £SD (1 = 9). Different letters a, b, ¢, d represent a
significant difference between different treatments groups at the same MP particle size or at the
same cadmium concentration (at p < 0.05), whereas the same letters indicate insignificant differences
between treatments. Where CK—Control check; Cd—Cadmium; PP—Polypropylene.

With the Cd treatment, the root growth was bad; they were underdeveloped, short
and curly, and the color was yellowish brown, while the stem was straight and short and
light yellow in color. When seeds were treated with 13 pm PP, the root growth was normal
and the roots were slender but curly and white in color while the stem was straight and
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short and yellowish green in color. With 6.5 um PP treatment, the root growth was worse
as compared to the 13 um PP, roots were white in color with slender and curly shape and
the stem showed poor growth, being short and wilted and yellowish brown in color.

70.00 Root Length of 7d rice seedling (mm)
a a Shoot Length 7d rice seedling (mm)
60.00 e
a
- 50.00
g
= 40.00 be b
= b
- X ;
2 3000 ed b d
]
20,00
e be
10.00 ‘i I i
0.00
CK Cd L3umPP 65umPP 13pumPP+Cd  6.5um
PP+Cd

Figure 2. Effect of single and combined treatment of PP-MP and Cd on root and stem length of
7-day rice seedlings. Results are shown in mean =+ SD (n = 9). Different letters a, b, ¢, d represent
significant difference between different treatments groups at the same MP particle size or at same
cadmium concentration (at p < 0.05), whereas the same letters indicate insignificant differences
between treatments. Where CK—Control check; Cd—Cadmium; PP—Polypropylene.

3.2.2. Root and Stem Length of 3d and 7d Rice Seedlings

After 3 days of treatment, the control group rice seeds showed a significant increase
at p < 0.05 in the stem and root growth with fully grown new roots, which resulted in a
high standard deviation. To solve this problem, we first used a box plot method in order
to remove group outliers (CK20 root length was 33.00 mm) and the confidence level was
95%. Later, a bar chart with mean =+ standard deviation was constructed for a comparative
analysis between different treatments used in the experiment (Figure 1). As compared
to the CK, the root and shoot length showed a significant reduction (at p < 0.05). The
root length of 3d rice seedling was lower, but there was no significant difference in root
length reduction between different treatments (single or combined), although the lowest
root length reduction under 6.5 um PP treatment was reported. Stem length also showed
a significant reduction as compared to the control, while differences in stem length were
found significant at p < 0.05 within different treatments. The stem length of rice seedling
under 13 um PP + Cd treatment were slightly higher than that of single treatment of 13 um
PP and Cd, while 6.5 pm PP + Cd treatment showed slightly higher stem length than that
of 6.5 pm PP and Cd single treatments. When PP MPs was combined with Cd, the growth
was promoted to some extent, but was worse than that of the control.

Group outliers of 7d rice seedlings were also removed by the box plot method. For
6.5 um PP and Cd composite groups, the outliers of root length included Cd8- 20.60 mm and
Cd9-26.00 mm, and Cd2, Cd5 and Cd7 as 25.70 mm, 25.70 mm and 5.90 mm, respectively.
The outliers of stem length were CK3- 8.44 mm and CK15- 20.50 mm with a confidence
level of 95%. After removing outliers, a bar chart of mean =+ standard deviation was drawn
(Figure 2). It was observed that the growth of root and stem length of rice seedlings in the
control group was best after 7 days, but with high fluctuation.

Cadmium significantly inhibited the root growth of rice seeds, which inhabited the
average root and the stem length to some extent. As compared to CK, the root length of
7d rice seedlings showed a significantly (at p < 0.05) higher reduction when treated with
Cd alone. In addition, a PP of size 6.5 pm in combination with Cd significantly reduced
root length of seedlings, whereas a lesser effect was observed under 13 um PP treatment.
On the application of 6.5 um PP alone, the reduction in stem length of rice seedlings was
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significantly higher, and the co-treatment of 6.5 pm PP + Cd showed a significant steep
decline in the stem growth as compared to CK. Between most of the treatments, a significant
reduction in the stem length of 7d rice seedlings was observed. The results indicate that the
smaller the particle size of PP MPs, the greater influence it showed on the growth of rice
root and stem length. PP MPs can antagonize the effect of Cd by reducing the toxic effects
of single Cd or PP MPs use. Overall, the promotional effect on root length was slightly
greater than the effect on the stem length.

3.2.3. Dry and Fresh Weight of Rice Seedlings

The effect of PP MPs and Cd on dry and fresh weight of rice seedlings is shown in
Figure 3. As compared to the control group, PP MPs with different particle sizes and Cd
both significantly inhibited the fresh weight of rice seedlings. Moreover, when 6.5 pym PP
MPs + Cd were applied, the inhibition rate of fresh weight of rice seedlings was significantly
higher as compared to CK. However, no significant difference in the dry weight of rice
seedlings was observed under all the treatment groups as compared to the control group.

0.1200 a Dry weight (g) * Fresh weight (g)
0.1000
@ 0.0800
%n b b b
3 0.0600 2 I I I b
g I
0.0400
a a a a a a
0.0200 = - = = I L
0.0000
CK Cd 13pum PP 6.5umPP 12 um 6.5 um

PP+Cd PP+Cd

Figure 3. Effect of single and combined treatment of PP-MP and Cd on dry and fresh weight of rice
seedlings. Results are shown in mean + SD (n = 9). Different letters a, b, ¢, d represent a significant
difference between different treatments groups at the same MP particle size or at the same cadmium
concentration (at p < 0.05), whereas the same letters indicate insignificant differences between
treatments. Where CK—Control check; Cd—Cadmium; PP—Polypropylene 3.3. Anti-oxidative
enzyme activity.

3.2.4. Catalase (CAT) Activity

Figure 4 shows that CAT activity of rice seedlings in the control group was the highest
(87.70U/¢g), while the CAT activity of rice seedlings in the other treatments declined.

The results indicated that the stress response of rice seedlings to 13 um PP, 6.5 um
PP, Cd and their combined treatment was observed through CAT enzyme activity which
removes the abnormal concentration of hydroxyl radicals present in plants. In rice seedling
stem, a single treatment of 6.5 pm PP and a combination of PP MP with Cd revealed
a significant increase in the CAT activity within different treatments, which depicts the
production of high oxidative stress in rice seedlings due to PP MP exposure. Rice seedling
root revealed significant differences in CAT activity under all treatments as compared to
CK, while 6.5 uym PP MP in combination with Cd showed a significant increase in CAT
activity as compared to CK. Single Cd treatment showed a significant (at p < 0.05) decrease
in the CAT activity of rice seedlings in both stem and root as compared to CK. Overall,
the antagonistic effect was observed between both PP and Cd when used in combination,
which can reduce the toxicity of single pollutant.
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Figure 4. Effect of PP MPs and Cd on catalase activity (CAT) of rice seedlings. Results are shown in
mean + SD (n = 9). Different lowercase letters a, b, c and d represent significant difference between
different treatments groups at the same MP particle size or at the same cadmium concentration
(at p <0.05), whereas the same letters indicate insignificant differences between treatments. Where
CK—Control check; Cd—Cadmium; PP—Polypropylene.

3.2.5. Peroxidase (POD) Activity
The highest POD enzyme activity (7949.21 U/g) of rice seedlings was observed in the
control group (Figure 5).

9000.00 - Stem © Root
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CK Cd BumPP 65umPP 13um 6.5 pum
PP+Cd PP+Cd
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Figure 5. Effect of PP MPs and Cd on peroxidase activity (POD) of rice seedlings. Results are
shown in mean + SD (n = 9). Different lowercase letters a, b, ¢, d, e and f represent a significant
difference between different treatments groups at the same MP particle size or at the same cadmium
concentration (at p < 0.05), whereas the same letters indicate insignificant differences between
treatments. Where CK—Control check; Cd—Cadmium; PP—Polypropylene.

As compared to the control group, the POD enzyme activity of rice seedlings showed
a significant decrease (at p < 0.05) under PP MPs and Cd pollution. The effect of different
particle sizes of PP MPs showed a significant decrease in the POD activity of rice stem,
where the effect of 13 um PP treatment was more prominent (a decline in POD activity) as
compared to 6.5 um PP. Single treatment of Cd and co-treatment of 13 um PP + Cd showed
a promotional effect on rice stem by a significant increase in POD activity. When PP MPs
and Cd were applied in combination, the POD activity of roots decreased significantly. It
was observed that both 13 and 6.5 pm PP MPs sizes in combination with Cd significantly
decreased the POD activity of rice root, with a more prominent effect in smaller size PP MP,
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whereas single treatment of PP MP revealed a promotional effect, i.e., an increase in rice
root POD activity.

3.2.6. Superoxide Dismutase (SOD) Activity

Superoxide dismutase can scavenge superoxide anions (O, ™) and inhibit the formation
of formazan. The inhibition rate of the standard used in SOD analysis inhibits the formation
of formazan. During SOD analysis of rice seedlings, the inhibition rate of the standard was
not close to 50%, which resulted in high SOD activity. Figure 6 reflects SOD activities of
rice stem and root, i.e., the stress response of seedlings, under the application of PP MP
and Cd. As compared to the control group, rice stem and root SOD activities under single
Cd application showed a significant increase at p < 0.05. In single PP MPs treatment, the
SOD activity of rice seedling stem was increased significantly. Under the combined effect
of PP MP and Cd, SOD activity of rice roots increased significantly (at p < 0.05), while the
activity in the stem showed an insignificant effect.

5000.00 - Stem Root

4500.00 I
4000.00
3500.00 -
3000.00 -
2500.00 -+
2000.00 - c
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CK Cd 1B3um PP 6.5 um PP 13 um 6.5 um
PP+Cd PP+Cd

SOD activity (U/g)

Figure 6. Effect of PP MPs and Cd on superoxide dismutase activity (SOD) of rice seedlings. Results
are shown in mean + SD (n = 9). Different lowercase letters a, b, ¢, d and e represent a significant
difference between different treatments groups at the same MP particle size or at the same cadmium
concentration (at p < 0.05), whereas the same letters indicate insignificant differences between
treatments. Where CK—Control check; Cd—Cadmium; PP—Polypropylene.

4. Discussion

It has been observed that the highly hydrophobic nature of MPs polymers have
the potential for leaching and adsorbing different contaminants, such as heavy metals,
polychlorinated biphenyls (PCBs), polycyclic organo-chlorine pesticides and aromatic
hydrocarbons [51-53]. For many years, research on MPs and heavy metals has revealed
the harmful effects on the different stages of plant growth and development (germination,
photosynthesis, enzymes activity, etc.), but studies based on the exploration of the effects
caused by the co-occurrence of MP and heavy metals and other contaminants effects are
still limited. To the best of our knowledge, our study reported single and co-toxic effects
of PP MP and heavy metal Cd on rice germination and growth for the first time, and
showed that the presence of MP can reduce the harmful effects of Cd on seed germination
parameters. Seed germination represents an important stage in plant life which strongly
affects agricultural yield [54]. A delay in seed germination and seedling malformation
can affect plant development and growth, which ultimately results in a decline in crop
production [55]. In the present study, the combined treatment of PP and Cd showed
an overall reduction in the toxic effects produced due to single treatment to a certain
extent. Both 13 and 6.5 um PP MPs showed a significant inhibitory effect, while PP in
combination with Cd synergistically affected rice seed vigor. Kim et al. [55] reported an
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increase in seed vigor of Pisum sativum seeds under single MP treatment and attributed it
to an increase in the protein and amino acid content, while no changes were observed in
Cu + MP treatment. Giorgetti et al. [9], in their study, showed that polystyrene MPs can
affect nutrients absorption and thereby seed vigor of Allium cepa due to the adhesion of
MPs particles onto the seed surface which further affects stomata functioning.

For any plant, the higher the germination index (GI), the higher the seed vigor, indi-
cating that the seed is growing in a better condition. In 3d rice seedling, a decrease in GI
was observed under the single treatment of PP MP, while the combined treatment showed
an antagonistic effect of PP MP + Cd on the germination index. GI showed significant
differences in 3d rice seedlings as compared to insignificant changes in 7d seedlings, which
can be attributed to the aggregate formation by PP MP with time that could have further
affected the water absorption by seeds. Similarly, Calero et al. [56] showed the deposition
of MPs on the surface of Glycine max seed pores causes physical blocking, which results in
slow water and nutrient uptake, thereby resulting in a delay in seed germination, while De-
beaujon et al. [57] observed a decline in germination in Arabidopsis seeds capsule pores due
to PE MP accumulation. Seed germination is generally promoted by the creation of pores
for better uptake of water, improvement in the enzyme system, loosening of the cell wall
and starch hydrolysis enhancement [58]. A study by Xin et al. [51] reported an improve-
ment in the germination index due to water uptake by new pores formed by polymeric
poly-succinimide nano-particles on the outer surface of the seed coat. Bosker et al. [16]
also observed a negative effect of MP on the germination of the terrestrial vascular plant
Lepidium sativum through the blocking of pores of the seed sac. Wang et al. [45] observed
a promoting effect of 6.5 um sized polyethylene (PE) MP on the germination index of
soybean seeds, while 13.5 um PE showed a smaller effect on the GI of mung bean seeds.
Single Cd treatment showed a less toxic effect on the rice seed vigor index than that of
PP MPs, whereas the combined treatment of 13 pm PP MP + Cd revealed an antagonistic
effect which resulted in the reduced toxicity of PP and an improvement in the vigor in-
dex. Similarly, Lian et al. [59] observed an improvement in the germination rate and seed
vigor in wheat seeds when exposed to polystyrene nano-plastics which were attributed to
the changes in energy production metabolic pathways such as the TCA cycle, starch and
galactose metabolism. Single and combined treatment of rice seeds in the present study
did not reveal significant differences in the average germination time when compared
to the CK. Similarly, Wang et al. [45] observed no significant effect of 13 um PE MP on
the mean germination time of soybean and mung bean seeds, and found that small sized
(6.5 um) PE-MP insignificantly decreased the MGT of soybean seeds which can be due to
aggregate forming nature of MP, which reduces their availability to the plants [60]. The
germination rate is one of the most important indicators of seed viability. The present study
revealed an insignificant effect of PP MP, Cd and a combination of PP + Cd treatments on
the germination rate of rice seeds. On the contrary, an inhibition in the germination rate
due to MP toxicity has been reported in garden cress when treated with PS MP of size
4.8 um [61]; and lettuce when treated with PS MP [59].

The present study clearly showed the antagonistic effect of the combined toxicity of
larger sized PP MPs and Cd on the germination index, vigor index and average germination
speed of rice seeds, while a synergistic effect was demonstrated due to the smaller sized PP
MP + Cd on the germination rate. The co-existence of MPs and heavy metals such as Cd,
Cu, etc., has been reported to affect the bioavailability and toxicity of heavy metals [62]. The
phytotoxic effects in plants can increase with an increase in the MPs adsorption capacity,
which is influenced by their shape, size and type. Similarly, Wang et al. [60] reported
negative effects of high-density polyethylene (HDPE) and PS MP on maize growth and
observed an increase in the phytotoxicity in combination with Cd, and attributed this
toxicity to the increase in soil diethylenetriaminepentaacetic acid (DTPA)-extractable Cd
concentrations which can be easily available to plants. The inhibition effect of Cd in the
presence of small-sized PP MP was observed in the present study and the negative effects
of PP + Cd were higher than those of PP alone. This can be attributed to the ability of MPs



Nanomaterials 2022, 12, 3967

14 of 19

in reducing the acid-soluble fraction and organically increasing the bound fraction of Cd.
Similarly, Xu et al. [63] reported a decrease in the Cd availability in sediments when treated
with aged polyethylene terephthalate. Zhang et al. [64] observed that the increase in the soil
organic carbon and sucrose activity act as important key factors which can affect Cd uptake
by Brassica chinensis shoots and roots, respectively. De Souza Machado [8] reported that the
smaller size of PS (2-3 mm, 2%) can exert a positive effect on the growth of spring onion,
while Kim et al. [65] found macro-sized expanded PS (8.3 mm) showed no adverse impacts
on crops (mung bean, lettuce, and rice). These differences in plant response suggest the
particle size of MPs has an important phytotoxicity-determining factor, and the same MPs
can reveal varied impacts on different plant species growing in different soil medium.

The antagonistic effect of a single application of PP MPs on root and stem growth of
rice seedlings was observed in the present study, while the co-treatment of PP MPs and Cd
showed an overall reduction in the toxicity caused by a single treatment. Seedling growth
malformations and a decrease in root size in seeds when exposed to plastic debris has been
reported earlier, and this malfunctioning was attributed to cytotoxic effects [66] and water
deficit conditions which resulted in slow energy generation [13]. The worst effects of Cd
treatment was observed on the root and stem growth of rice seedlings, while the effect of
PP MPs of 6.5 pm showed poor root and stem growth as compared to 13 um-sized particles.
The inhibition in growth and biomass accumulation in rice can be linked to the Cd toxicity
related mechanistic changes. Additionally, our results showed an overall reduction in
the toxic effects on rice growth under the co-treatment of Cd and PP MP, and this similar
effect was reported by Wang et al. [39] who attributed an improvement in the growth
inhibition rate of cadmium on bitter grass due to presence of original polyvinyl chloride
(PVC) MP. In addition, Dong et al. [67] in their study showed an interaction of MP particles
with root exudates of Indica rice plant which reduced iron plaques formation, thereby
inhibiting heavy metal arsenic uptake in plants. Dong et al. [68] showed the co-exposure
of arsenic and MP which resulted in reduced leaf biomass and total chlorophyll content,
and the inhibition of arsenic uptake in rice and carrot seedlings, respectively. On the
contrary, Gu et al. [40] reported a synergistic inhibition in the root growth of wheat under
the application of PVC MPs and low Cd concentration, while Wang et al. [69] revealed
phytotoxic effects of a high-dose of high-density polyethylene (HDPE) and Cd on maize
growth. Moreover, Zou et al. [28] showed low-density polyethylene (LDPE) MP in high
concentrations (1.35 mg/kg) alone or in combination with Cd can inhibit the Solanum
nigrum L. growth, rather than reducing Cd toxicity. The fresh weight of rice seedlings in
the present study was significantly inhibited by PP MPs and Cd with the inhibition rate
reaching more than 60%. However, the combination of 6.5 um PP MPs + Cd produced the
highest inhibiting effect. Similarly, Yang et al. [70] reported a significant reduction in the
fresh weight of Chinese cabbage due to use of general-purpose polystyrene at 10-20 g/kg
(or with the sizes of <25 and 48-150 um). Similar results were observed in our earlier
study [45] where an insignificant effect of PE-MPs of 13 um size on the dry weight of
soybean sprouts was reported. The present study revealed a significant difference (at
p < 0.05) in the fresh weight of rice seedlings but not for the dry weight, which can be
attributed to the ability of fresh rice seedlings to retain water. Fresh weight represents the
weight of plant biomass after harvesting and may contain 75-80% moisture content, while
dry weight can be obtained when a plant is exposed to drying for some time, which can
reduce the water content in a plant and make it moisture-free.

Plants under the adverse effect of pollutants such as MP and heavy metals can trigger
the production of a high number of free radicals and reactive oxygen species (ROS) [71].
In response to these radicals, plants activate their anti-oxidative defense system which
includes enzymes such as catalase (CAT), peroxidase (POD) and super oxide dismutase
(SOD) [66]. These enzymes catalyze various reactions to balance free radicals and reactive
oxygen species in plants and help in the removal of excessive ROS in order to protect the
plant from being attacked and inducing cell damage [13]. Therefore, the measurement
of a plant’s oxidase activity can characterize the stress level in plants generated from the
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outside environment [72]. In the present study, the interaction between PP MPs and Cd
showed a significant increase in the activity of CAT, POD and SOD enzymes. Increased
concentration of the CAT enzyme activity indicates high H,O, production due to external
stresses which produces oxidative stress. In the present study, CAT activity was found to be
lower for CK root as compared to CK stem. This could be attributed to the natural presence
of HyO, in aboveground parts of a plant, i.e., stem, leaf, generally produced during the
process of photosynthesis and photorespiration [73]. Additionally, CAT activity in root
and shoot parts varies among species and it depends on the diverse chemical composition
and morphological /anatomical structure of the plant parts [74]. Overall, high POD activity
was observed in the root part of rice seedlings due to the higher adsorption of PP MPs
in comparison to the stem part. The decrease in root POD activity can be attributed to
increased absorption and enrichment of Cd in rice roots which would have increased the
stress of Cd on the roots. Additionally, a toxic effect on rice stem showed a reduction when
treated with a combination of PP MPs and Cd. PP MPs might have increased the rate
of adsorption and desorption of Cd and its migration in the different plant parts, which
resulted in a high accumulation of Cd in roots as compared to stem. The production of
high levels of anti-oxidative enzymes and reactive oxygen species (ROS) in response to
MP pollution have been already reported in plants such as wheat, rice, cress, cucumber,
lettuce, onion, maize, etc., [13,17,58,66,71,72,75,76]. Gong et al. [13] reported an increase in
oxidative stress due to MP pollution as the main toxicity mechanism in crops. MP particles
of >150 um size showed a significant increase in Oye- and H,O, in roots of rice seedlings,
while particles sizes of 75-150 um were found to increase membrane instability in maize
seedlings due to the production of higher amounts of H,O; [69]. In the present study, an
increase in the oxidative stress of the rice seedlings was clearly visible through an increase
in CAT and SOD activities under PP MPs and Cd combined stress. Dong et al. [67,68]
and Jia et al. [43] reported similar results in their studies, where the co-occurrence of MPs
and heavy metals increased the oxidative stress in plants. Similar co-toxic effects of MP
such as PS, LDPE MPs, and heavy metals such as Cu, Cd on S. nigrum antioxidant enzyme
activities and photosynthesis has also been observed in past literature [20,28]. Previous
studies have found SOD as a vital enzyme system in plants [77], which was also observed
in our results. However, the exact mechanisms behind the induction of oxidative stress
by MP is still unclear, as many studies have attributed a ROS increase to plant surface
injuries due to MP abrasion [78]; chemical compounds leaching from absorbed MP [79];
water deficit condition due to change in soil structure [8,80]; and a disruption in the process
of photosynthesis [53].

The response of particular plant species to contaminants such as MP and heavy metals
vary not only in their physical and chemical properties, but also depend on the type of plant
and its surrounding environment. These types of studies using different combinations of
MPs, heavy metals and plant species are needed to be carried out in order to understand
the behavior, bioavailability, fate, and toxic effects of co-occurring MPs and toxic heavy
metals in different types of soil ecosystems.

5. Conclusions

Contaminants such as micro-plastics and heavy metals are of major concern due to
their ubiquitous nature. Studies based on combined effects of different types of MPs and
heavy metals on germination and growth in terrestrial plants are still scarce. The present
study was an attempt to explore the single and combined action of PP MP and Cd on seed
germination, shoot/root growth of rice seedlings. In addition, the effect of PP MP and
heavy metal Cd on anti-oxidative enzymes activities of stem and root were also studied.
Single treatment of PP MP and Cd revealed an inhibitory effect on rice seed vigor, while
no significant effect on the germination was observed. The interaction between PP and
Cd showed the alleviation of stress by increasing CAT, POD and SOD enzyme activities.
The present study concluded that the single treatment of PP and Cd can increase the toxic
effects on the seed germination and growth of rice seedlings, whereas co-treatment of both
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PP MPs and Cd showed an overall reduction in the toxicity to some level. The present
work can provide a scientific basis and efficient experimental methods for studying the
migration, absorption and enrichment mechanism of MP and Cd in rice and other higher
plants. Our study can be used as a baseline study to understand the current knowledge
gap regarding MPs toxicity and their interaction with other contaminants present in the
surrounding environment. In future, large-scale experiments should be carried out using
different shape, size and polymer type of MPs and contaminants such as heavy metals
co-occurring in the natural environment to reveal their irreversible impacts on plants and
soil ecosystems. It will be of great significance to evaluate the risks associated with MP and
heavy metal pollution to food crops and vegetables and their migration and accumulation
in the food chain.
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combined treatment of PP-MP and Cd on germination vigor of rice seeds, Figure S2: Effect of single
treatment of PP MPs and Cd on germination vigor of rice seeds, Figure S3: Effect of single and
combined treatment of PP-MPs and Cd on 3rd and 7th day mean germination index of rice seeds,
Figure S4: Effect of single and combined toxicity of PP MPs and Cd on vigor index of rice seeds,
Figure S5: Effect of single and combined toxicity of PP MPs and Cd on germination rate of rice seeds.
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