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Abstract

:

Hydroponic experiments were conducted to investigate the effects of varying particle sizes (5 μm, 0.1 μm, and 0.08 μm) and concentrations (0, 50, 100, 200, 500, 1000, and 2000 mg/L) of polystyrene plastic microspheres (PS-MPs) on the germination and growth of P. sativum seeds in order to investigate the effects of the microplastic environment on crop seed germination and seedling growth. The findings demonstrated that PS-MPs significantly harmed P. sativum seed germination. Specifically, low concentrations or high particle sizes weakened or promoted P. sativum seed germination, indicating varying susceptibilities to PS-MP treatment at different particle sizes. The strongest inhibitory effect on growth was observed under small particle size (0.08 μm) and high concentration (2000 mg/L). Stress had less of an impact on P. sativum in environments with low concentrations of PS-MPs, but in environments with medium and high concentrations, physiological and biochemical indicators like germination rate, stem length, and root length were significantly impacted. Furthermore, the particle size and concentration of PS-MPs had an impact on the growth effect of P. sativum seedlings. The indices of P. sativum seed germination were significantly impacted by the particle size of PS-MPs, despite the fact that PS-MP concentration was low. When the concentration of PS-MPs is low, the effects of varying PS-MP particle sizes on seed germination and root length are as follows: 0.1 μm > 5 μm > 0.08 μm. The concentration of PS-MPs had a significant impact on how it affected the buildup of dry matter and photosynthetic pigment.






Keywords:


microplastics; P. sativum; growth effects; polystyrene












1. Introduction


Plastics having a particle size of less than 5 mm are typically classified as microplastics. The term “microplastics” was initially introduced by British researchers Thompson et al. in 2004 [1]. Microplastics are a relatively new class of environmental pollutants that are difficult to break down, chemically stable, and long-lasting in the environment—studies have shown that they will linger there for up to 1000 years [2]. Long-term environmental exposure to microplastics will cause them to absorb organic pollutants, heavy metals, antibiotics, and other pollutants. The small particles’ density allows them to be carried by air, water, the food chain, and other pathways, while the slightly larger particles’ density may deposit in the water column and cause soil retention [3]. The influence of microplastics on marine ecosystems is currently the subject of numerous studies; these particles are known as the “PM2.5” of marine ecosystems, and the primary research objectives are seawater, fish, shellfish, algae, etc. [4]. The majority of microplastics found in aquatic environments come from terrestrial systems [5], and these systems have a higher abundance of microplastics than marine systems do. In fact, it has been reported that the abundance of microplastics in terrestrial systems is 4–23 times higher than that in oceans [6]. When animals ingest microplastics in terrestrial systems, the microplastics desorb in their bodies, releasing pollutants that have been adsorbed on the microplastics together with plastic additives. This can result in alterations in the behavior of the animals, as well as in cells, tissues, and molecular levels, and death [7]. Plant growth may be impacted by the physical and chemical changes brought about by the buildup of microplastics in the soil, which may also have an impact on soil function and biodiversity [8]. Microplastics have the ability to stick to plant root surfaces, preventing the plants from growing. Once ingested, the microplastics can cause oxidative stress and genetic and cellular toxicity in the body when they reach the stems, leaves, and fruits of the plant [9]. Furthermore, microplastics raise the risk of cancer and chronic illnesses by entering the body through food and common items.



According to Hu Hanwen et al. (2020), microplastics made of polystyrene and polyvinyl chloride have the ability to enter the lymphatic and circulatory systems of humans through the intestinal tract, endangering their health [10]. Large amounts of plastic particles have found their way into agricultural soils as a result of the widespread use of sewage sludge as a way to increase soil productivity and encourage plant growth [11]. According to research conducted over the past five years, the amount of microplastics found in soils worldwide is expected to reach 1.5–6.6 million tons, which is one to two orders of magnitude more than the amount found on the ocean’s surface [12]. In a survey conducted on flood basins in Switzerland, Scheurer et al. (2018) discovered microplastics in 90% of the soil samples [13]. According to some research, the annual amount of microplastics in Australian agroecosystems ranges from 2800 to 19,000 tons [14]. China is among the most microplastic-polluted countries in the world, with the greatest annual discharge of 1.32–3.53 million tons of plastic garbage in coastal areas alone [15]. Microplastics have a substantial impact on biological growth and biomass accumulation, environmental microbial activity and diversity distribution, and the geochemical cycling of soil nutrients, all of which have an impact on the health of soil ecosystems. They can also directly affect the physicochemical properties and material cycles of soil [16].



Microplastics can be stored in soil for extended periods of time due to the extreme difficulty of natural degradation. This can result in biotoxic effects on a variety of organisms that depend on the soil environment, posing serious ecological risks, as well as the accumulation of microplastics in organisms that could eventually pass through the food chain and endanger the health and safety of humans and other higher animals [17]. Investigations into the possible negative effects of microplastics on terrestrial ecosystems are desperately needed, given the majority of current research on the distribution and effects of microplastics is concentrated on aquatic habitats. The impacts of microplastics on terrestrial creatures have actually only been the subject of a small amount of research. Liuxiaohong et al. (2022) found that during the seedling growth stage, besides the 0.1% mass fraction of 13 μm sized PE microplastics significantly increasing Zea mays L. plant height, the 0.1% and 0.5% mass fractions of 13 μm sized PE microplastics also significantly increased Zea mays L. root volume and root surface area, while all sizes of PE microplastics inhibited the growth of both Zea mays L. and Cucumis sativus L. seedlings to varying degrees [18]. In a similar vein, Candida berkhout’s gut flora was changed when it was exposed to 80–250 μm polyvinyl chloride (PVC) microplastic particles [19]. According to these findings, animals living in soil are exposed to certain harmful impacts of microplastics. Microplastics can be absorbed by plants and accumulate in leaves, stems, and other plant tissues, according to a study on Lactuca sativa var. ramosa by Li Lianzhen et al. [20]. A different study discovered that nanosized plastic beads can enter Nicotiana tabacum L cells through endocytosis [21]. Triticum aestivum L plants’ elongation, development, and synthesis of photosynthetic pigments are all inhibited by microplastics, which can have an impact on Triticum aestivum L seed germination [22]. According to research by Angel Liu et al. (2017), microplastics may have an impact on Vigna radiata germination and growth by preventing these processes [23]. Bosker et al. (2019) discovered that the germination rate of Oenanthe javanica was dramatically decreased by microplastics of varying particle sizes [24] and that the detrimental effect grew as particle size increased. Giorgetti et al. (2020) discovered that Allium cepa L’s root meristematic zone cells were capable of internalizing polystyrene nanoplastics [25]. Additionally, Abbasi et al. (2020) discovered that microplastics have a detrimental influence on root growth when they are utilized as a carrier to deliver heavy metals (Cd, Pb, and Zn) to the root zone of Triticum aestivum L. [26]. On the other hand, it was also discovered that microplastics might aid in the growth of plants. According to research by Li et al. (2020), the two PVC particle sizes 100 nm–18 m and 18 m–150 m had no discernible impact on the root activity of lettuce [27]; but, the total length, surface area, volume, and diameter of the Lactuca sativa var. ramosa root system were dramatically increased by 0.5% and 1% (w/w) of PVC (100 nm–18 m). Consequently, it is important to consider how soil-borne microplastics affect crop growth.



Common thermoplastic polystyrene has good physicochemical qualities and is used extensively in plastic films, food packaging, and building insulation [28]. To investigate the mechanism of microplastics’ effects on plant growth, three types of polystyrene plastic microspheres with varying particle sizes (5 μm, 1 μm, and 80 nm) were chosen as the tested pollutants in this experiment. P. sativum is a plant belonging to the Leguminosae family. The experiment’s goals were to examine the effects of various microplastic particle sizes and concentrations on P. sativum germination and growth, investigate the effects of microplastics on plant growth, and offer fundamental information and a scientific foundation for assessing the ecotoxicity of microplastics on terrestrial crops.




2. Materials and Methods


2.1. Plant and Microplastic Materials


“Zhong Yang 8” is the test P. sativum cultivar, and it possesses traits including excellent environmental adaptability, rapid development, and tolerance to disease and cold. Sichuan Kexi Seed Industry Co. (Mianyang, China) was the seller. The hydroponic solution employed is Hoagland. Pre-selected high-quality and plump pea seeds were subjected to a 30% concentration of H2O2 solution for 30 min for disinfection, followed by rinsing three times with ultrapure water. Subsequently, the disinfected seeds were soaked in ultrapure water for 6–8 h to facilitate full hydration, after which they were air-dried with filter paper for later use.



The polystyrene microspheres (PS-MPs) used in the hydroponic germination experiment were purchased from the Beijing Leagene Chromatography Technology Development Center, with particle sizes of 5 μm, 0.1 μm, and 0.08 μm, and the solid content of polystyrene microspheres in the solution is 2.5% (m/v) in ultrapure water. Each suspension contained 10 mL of liquid with 250 mg of microspheres. The polyethylene microplastics used in the pot experiment were procured from Guangdong Hengfa Plastic Technology Co., Ltd. (Dongguan, China), comprising three particle sizes—30 mesh (approximately 550 μm), 300 mesh (approximately 50 μm) spherical particles, and 2000 mesh (approximately 6.5 μm) powdered particles—to simulate microplastic pollution in agricultural fields.




2.2. Experimental Treatments


The Xi’an University of Technology Artificial Intelligence Climate Greenhouse hosted the experiment from September to October of 2021. For the hydroponic test, three experimental groups (5 μm, 0.1 μm, and 0.08 μm) were created. Each group was assigned seven concentrations (0, 50, 100, 200, 500, 1000, and 2000 mg/L), for a total of 21 treatments. Each treatment group also had three replicate groups established. Petri dish hydroponics was used in the artificial intelligence climate greenhouse to conduct the germination test. First, each group’s p was lined with filter paper. Next, 15 mL of PS-MP suspensions with varying concentrations and particle sizes were added to each Petri dish (the control group received an equal amount of ultrapure water) (Figure 1). Finally, each Petri dish was filled with 20 treated P. sativum seeds. In the artificial intelligence climate greenhouse, the p was kept at 18 °C, with a humidity of 75%, 40 klx of light intensity, and 12 h of light and 12 h of darkness every day for a period of 7 days. On the day of sowing, we added 5 mL of ultrapure water. Starting from day 2, we added 10 mL of ultrapure water quantitatively at 08:00 and 20:00 each day. Simultaneously, we recorded the germination status of each experimental group, with well-developed root and stem portions and evident leaf growth as reference criteria.




2.3. Monitoring Indicators and Measurement Methods


2.3.1. Morphological Characteristics of Microplastics


The morphological features of PS-MPs were examined using a transmission electron microscope (TEM, JEM-3010, JEOL, Beijing, China), and the potential maps of the plastic microspheres were tracked using a zeta potential meter (NanoBrook 90Plus Zeta, BIC, Shanghai, China). Transmission electron imaging revealed that PS-MP microspheres of all particle sizes had a consistent spherical morphology and were more evenly distributed throughout the system (Figure 2). There was a considerable difference in the potential values of PS-MPs under various particle size circumstances, as shown by the measurement of the zeta potential at varied concentrations for each particle size (Figure 3). The 5 μm particle size condition had the biggest potential value under the identical concentration conditions, followed by the 0.1 μm potential value and the 0.08 μm minimum. The potential values at different concentrations under the same particle size condition did not differ significantly, suggesting that the PS-MP suspensions were stable at all concentrations and that the produced solutions had an excellent homogeneous solute distribution.




2.3.2. Plant Growth Characteristics


On the 3rd and 7th days of the experiment, the growth status of each treatment’s plants was monitored. After the measurement of fresh weight, the sampled plants were placed in an oven at 105 °C for 30 min for fixation, followed by drying at 85 °C until a constant weight was reached to obtain dry weight. Root and stem lengths of pea plants were directly measured using a vernier caliper, with three randomly selected samples measured per group.



Equations 1 through 6 were utilized to calculate the six indicators for the quantitative evaluation of P. sativum germination characteristics: germination rate (GR), germination vigor (GV), germination index (GI), vigor index (VI), mean germination time (MGT), and inhibition rate (IR):


GR = (N7/N) × 100%



(1)






GV = (N3/N) × 100%



(2)






GI = ∑Gt/Dt



(3)






VI = GI × Ms



(4)






MGT = ∑(F·X)/∑F



(5)






IR = (test group−control subjects)/test group × 100%



(6)




where N is the total number of seeds supplied; N7 is the total number of seeds supplied in 7 d; N3 is the total number of seeds supplied in 3 d; Gt represents the number of germinations within time period t; Dt is the corresponding number of days to germination; Ms is the dry mass of the seedling; and F is the number of new germination of the seed at day X.




2.3.3. Photosynthetic Pigment Content


The spectrophotometric method was used to measure the photosynthetic pigment content of the plants. The absorbance values at 665 nm (chlorophyll a), 649 nm (chlorophyll b), and 470 nm (carotenoids) were measured by an ultraviolet spectrophotometer (T3203S, Shanghai Youke Company, Shanghai, China), and the corresponding photosynthetic pigment contents (mg/L) were calculated according to the Lambert–Beer law using Equations (7)–(10):


   C a  = 13.95  A  665   − 6.88  A  649    



(7)






   C b  = 24.96  A  649   − 7.32  A  665    



(8)






   C T  =  C a  +  C b  = 18.08  A  649   + 6.63  A  665    



(9)






   C r  = ( 1000  A  470   − 2.05  C a  − 114.8  C b  ) / 245  



(10)




where Ca, Cb, CT, and Cr denote a, b content, total chlorophyll content, and carotenoid concentration (mg/L), respectively. A665, A649, and A470 are the absorbance values at the corresponding wavelengths, respectively.





2.4. Data Processing


Data analysis was conducted using SPSS 25.0 software. A Two-factor Analysis of Variance (Two-way ANOVA) was used to examine the effects of particle size, concentration of PS-MPs, and their interaction on seed germination, seedling growth, and root morphology. A multiple comparison analysis with a 95% confidence level (p < 0.05) was selected to examine the variability of the various treatments. The data analysis results were plotted using Origin 9.0 and summarized as mean ± standard deviation.





3. Results


3.1. Effects of PS-MPs on P. sativum Germination and Growth


3.1.1. Germination Rate


Different PS-MP particle sizes and concentrations have varying impacts on P. sativum germination. P. sativum seed germination was clearly inhibited by particle sizes of 0.1 μm and 0.08 μm. At concentrations below 1000 mg/L, the inhibition was essentially the same in all groups under the condition of 0.08 μm; when the concentration increased to 2000 mg/L, the inhibition was further strengthened, and the inhibition rate reached 57.50% under the conditions of 0.1 μm and 0.08 μm (Table 1).



In contrast to the 0.1 μm and 0.08 μm conditions, the P. sativum germination was somewhat promoted by the 5 μm microplastics. PS-MPs promoted P. sativum germination at concentrations below 500 mg/L; at 500 mg/L, P. sativum germination reached its maximum; as concentrations rose, P. sativum germination was gradually inhibited; at 2000 mg/L, the strongest inhibitory effect was observed, and, at this point, the germination rate was only 55.00% (Table 1). Thus, it is evident that the impact of small-sized microplastics on P. sativum germination was not statistically significant, but the impact of microplastics with 5 μm particle size on P. sativum germination was not significant. This indicates that microplastics with small particle sizes have a more substantial impact on germination. The combination of small particle size (0.1 µm, 0.08 µm) and high concentration (>500 mg/L) had a stronger inhibitory effect than the combination of large particle size (5 μm) and low to medium concentration (<500 mg/L) based on a comparison of the results of different particle size and concentration combinations.




3.1.2. Germination Potential


When compared to the control group, 5 μm PS-MPs did not significantly affect P. sativum germination potential at concentrations below 100 mg/L. However, when the concentration exceeded 100 mg/L, 0.1 μm, a considerable promotion impact was seen. Only at low concentrations (50 mg/L) did PS-MPs significantly promote P. sativum germination potential; at low concentrations (<100 mg/L), 0.08 μm PS-MPs significantly promoted P. sativum germination potential. The germination potential of P. sativum was not affected by concentrations of 100 mg/L; however, concentrations greater than 100 mg/L resulted in a significant inhibitory effect. At 500 mg/L, the germination potential of P. sativum was only 40.00%, which was 33.00% lower than that of the control group (Table 1), demonstrating a significant inhibitory effect.




3.1.3. Germination Index


In this experiment, the germination index of P. sativum was not significantly affected by 5 μm PS-MPs; however, under specific concentration conditions, the germination index was significantly affected by 0.1 μm and 0.08 μm PS-MPs. The germination index of P. sativum seeds was enhanced by 0.1 μm PS-MPs, and they demonstrated greater promotion when the concentration of PS-MPs exceeded 500 mg/L. In contrast, 0.08 μm PS-MPs demonstrated a significant inhibition in this condition, and the germination index fell by 28.64% when exposed to 2000 mg/L PS-MPs in comparison to the control group. P. sativum seed germination index was significantly inhibited by three different types of particle sizes of microplastics; the lowest concentration size was 5 µm (not found in the test) > 0.1 µm (500 mg/L) > 0.08 µm (200 mg/L), small particle size (0.08 µm). Table 1 shows that PS-MPs were more likely to exert inhibitory effects and alter the germination index of P. sativum seeds.




3.1.4. Average Germination Time


In comparison to the control group, the mean germination time of seeds under exposure conditions exceeding 200 mg/L could be significantly shortened by 5 μm PS-MPs, whereas the mean germination time of P. sativums under concentration conditions less than 100 mg/L could be significantly shortened by 0.08 μm PS-MPs, and the mean germination time of P. sativums was not significantly affected by 0.1 μm PS-MPs (Table 1). When compared to the other experimental groups, 0.08 μm PS-MPs had a significant effect under the 200 mg/L exposure condition under the same concentration conditions. According to the aforementioned findings, small particle size PS-MPs had a more notable negative impact on the average germination time of P. sativum seeds and were more detrimental to the seeds’ quick germination under these circumstances.



The germination index and vigor index did not exhibit a significant interaction with the germination properties of P. sativum seeds, according to the two-way ANOVA results. On the germination characteristics of P. sativum seeds, however, germination potential, germination rate, and germination time demonstrated noteworthy interaction effects.



The absence of any discernible interaction between the germination index and vigor index suggests that the effects of microplastic particle size and concentration on P. sativum seed germination may be independent of one another or may not be correlated at all. This could be due to the fact that the size and concentration of microplastic particles exhibit varying physiological processes or biological mechanisms that influence germination traits, resulting in inconsistent effects on germination.



This might point to a more intricate relationship when there is an interaction between germination potential, germination rate, and germination time. One explanation for this could be that during the germination process of P. sativum seeds, germination potential, germination rate, and germination time interact or are regulated. This could be due to variations in the physiological conditions of P. sativum seeds at various germination stages, or interactions between these indicators as a result of interactions with the environment.





3.2. Effects on P. sativum Root Length and Stem Length


Figure 4 shows a plot showing the impact of microplastics on P. sativum sprouts’ root length. The figure illustrates that while the root elongation of P. sativum sprouts treated with 5 μm microplastics did not approach statistical differences (p > 0.05), the root growth was stimulated. It is evident that when exposed to 5 μm microplastics, P. sativum sprouts’ root growth was encouraged and their root system grew longer, albeit this difference was not statistically significant (p > 0.05). The exposure to 100 mg/L and 500 mg/L microplastics corresponded to the length of the P. sativum roots, respectively. P. sativum sprouts exposed to microplastics at doses of 100 mg/L and 500 mg/L had root lengths of 46.24 mm and 45.36 mm, respectively; at higher exposure concentrations, the root length of the sprouts was significantly affected by the application of 0.1 μm microplastic treatment. P. sativum root length was considerably increased by the 0.1 μm microplastic treatment at higher exposure doses; the corresponding root lengths for the 500, 1000, and 2000 mg/L treatments were 50.13 mm, 53.45 mm, 55.16 mm, and 55.16 mm, respectively; 53.45 mm and 55.16 mm, respectively, increased by 48.53%, 58.37%, and 63.44% in comparison to the control. The promotion effect grew steadily as the concentration of microplastic increased.



The promoting effect of microplastic increased gradually as its concentration increased; when treated with 0.08 μm microplastic, the root length of each treatment group changed with concentration before declining. Each treatment group’s root length under the 0.08 μm microplastic treatment showed a trend of decreasing with concentration, reaching a maximum when the concentration reached 500 mg/L. Under these conditions, the root length was 46.85 mm, which differed significantly from the control group’s root length. The root length under these conditions was 46.85 mm, which was considerably different from the control’s value (p < 0.05), but there was no statistically significant difference between the other treatments and the control (p > 0.05). The maximum value was attained at 500 mg/L.



Figure 5 illustrates how microplastics affect the growth of P. sativum seedlings. The image illustrates how exposure to microplastics with bigger particle sizes favorably influenced P. sativum sprout growth. When exposed to 5 μm microplastic, the length of the P. sativum sprouts increased gradually as the concentration increased, but under 50 mg/L exposure, there was a modest decrease in the length of the sprouts. The length of the P. sativum sprout seedlings increased gradually under 5 μm microplastic treatment as the concentration increased. However, under 50 mg/L exposure, the length of the seedlings decreased slightly, and this difference did not reach a statistically significant level when compared to the control group (p > 0.05). The promotion impact became stronger when the concentration surpassed 50 mg/L, and the exposed P. sativum sprouts’ seedling length ranged from 35.08 to 44.86 mm, exceeding that of the control.



When compared to the control, the seedling length of P. sativum sprouts exposed to microplastics rose by 3.94% to 42.31%, measuring between 35.08 and 44.86 mm. The 0.1 μm microplastic treatment resulted in a significant difference (p < 0.05) in the promotion effect on P. sativum seedling length when compared to the control at concentrations of 200–2000 mg/L. This effect increased as the concentration changed. (p < 0.05), the length of the P. sativum seedlings under 200, 500, 1000, and 2000 mg/L concentration, reached 45.16 mm, 51.5 mm, and 51.5 mm, respectively, on the seventh day of the experiment. Upon reaching the seventh day of the experiment, the P. sativum seedlings under 200, 500, 1000, and 2000 mg/L concentrations measured 45.16 mm, 51.40 mm, 51.75 mm, and 57.70 mm, respectively. These values showed significant increases (p < 0.05) of 33.81%, 52.30%, 53.33%, and 70.96% when compared to the control group. There was a significant difference (p < 0.05) between the 0.08 μm microplastic treatment and the control treatment, with the concentration of microplastic exposure. The length of P. sativum shoot seedlings was progressively inhibited as the concentration of 0.08 μm microplastics was exposed to higher levels.



All things considered, the smaller particle size microplastics had an inhibitory effect on the normal growth of P. sativum sprouts. The length of the P. sativum sprouts in each group of 200–2000 mg/L treatment was 32.95 mm, 28.74 mm, 25.43 mm, and 24.33 mm; these decreased by 2.37%, 14.84%, 24.65%, 27.91%, and 27.91%, respectively, compared with the control, which was 27.91%.




3.3. Effects on Substance Accumulation


The effects of varying microplastic particle sizes and concentrations on material accumulation during P. sativum germination are depicted in Figure 6. When comparing the fresh weight of P. sativum seedlings in each experimental group to the other two particle size treatments, the 0.08 μm particle size revealed a decrease. The water content of P. sativum seedlings in each concentration group under the 0.08 μm particle size condition showed a slight decrease compared with the treatment of unadulterated PS-MPs, indicating that small-sized microplastics might have a negative effect on the water accumulation of P. sativum seedlings (Figure 6b). However, the remaining two groups of microplastic particle sizes had no significant effect on dry weight (Figure 6a). On the other hand, there was no discernible variation in water content across the groups with varying PS-MP concentrations (Figure 6c).




3.4. Effects on Photosynthetic Pigments


By taking part in photosynthesis, which creates the elements required for plant growth, chlorophyll is essential to the healthy development of plants. The content of P. sativum carotenoids a and b showed an overall trend of reducing and subsequently increasing with the increase in microplastic concentration, as shown in Figure 7, under the same particle size conditions. Following seven days of germination, the experimental groups’ levels of a and B exhibited an overall trend of declining and then increasing in response to concentration increases, with a notable increase noted under high concentration (1000 mg/L, 2000 mg/L) circumstances.



While the concentration conditions in the range of 50–500 mg/L demonstrated a significant inhibitory effect, the high concentration conditions significantly promoted the production of a, which was increased by 61.67% (5 μm, 2000 mg/L), 38.75% (0.1 μm, 1000 mg/L), and 29.35% (0.08 μm, 2000 mg/L) compared with the control group. Even at a concentration of 1000 mg/L, microplastics with a particle size of 0.08 μm demonstrated a noteworthy suppression of P. sativum a production (Figure 7a). At high concentrations, microplastics had a considerable impact on b synthesis; at lower quantities, the effect was not significant (Figure 7b). The range of the ratio in each experimental group was between 2.5 and 3.0 (Figure 7c), and the effect was not significant across the groups, according to the results of the ratio of a to b content in each experimental group. At 500 mg/L, the measured carotenoid contents of each particle size test group increased by 16.72% (5 μm), 24.84% (0.1 μm), and 26.13% (0.08 μm), relative to the control group. The low concentration gradient had no significant effect. Medium and high concentrations of microplastics significantly promoted the production of carotenoids when compared with the control group (Figure 7d).





4. Discussion


Using RDA analysis, the effects of PS content and particle size on P. sativum seed germination, seedling growth, and root morphology were examined in this study (Figure 8). The RDA sorting results for P. sativum revealed that the correlation coefficients between the PS features in the first and second axes and the indicators of corn growth and development were 0.902 and 0.712, respectively, and that the eigenvalues of the first two sorting axes were 0.387 and 0.266. Comparing treatments with and without the addition of polystyrene microplastics (PS-MPs), it was discovered in this study that the inclusion of PS-MPs could have a noteworthy impact.



Microplastics have been found to possess attributes such as hydrophobicity and low density. The specific surface area of microplastics increases with decreasing particle size, making it simpler for them to adhere to surfaces or seed roots. This prevents water absorption while also impairing plant respiration, which in turn influences the growth and development of roots and shoots [29,30].



The germination of P. sativum seedlings was significantly inhibited by smaller particle sizes (0.1 μm, 0.08 μm) of polystyrene microplastics; however, this inhibitory effect was reduced when the particle size increased to 5 μm, and a more significant inhibitory effect was only observed at high concentrations (>1000 mg/L). In the study of wheat seed germination conducted by Lian Gaphan et al., it was discovered that all three types of microplastics that were inhibited at low to medium concentrations (<500 mg/L) had an inhibitory effect on wheat seed germination with a range of 2.86% to 20% [31], which is comparable to the findings of the present study, which showed that P. sativum has different sensitivities to the toxicity of microplastics of different particle sizes.



The germination rate demonstrated that the lowest inhibitory concentrations of various particle size conditions on P. sativum seeds were in the range of 0.08 μm < 0.1 μm < 5 μm. The small-sized microplastics were more likely to enter the root cortex or even the mid-column through the plasma-exosome barrier and the free space of the root cell interstitial space, and under the same relatively low concentration conditions, they could therefore have obvious toxic effects. Simultaneously, microplastics with small particle sizes have a tendency to aggregate. When the aggregated particle size of PS-MPs is greater than the root system’s pore size, PS-MPs adsorb and accumulate on the surface of plant root cells, causing a physical blockage that hinders the plant’s ability to absorb water and nutrients, thereby impeding the normal growth of P. sativum seeds [32].



Plant growth is a direct indicator of whether or not they are contaminated by toxins. Exogenously supplied PS-MPs have a direct impact on P. sativum seedling growth, as evidenced by characteristics like dry matter buildup and water uptake. Seed germination is attenuated and biomass is reduced by PS-MPs [33]. By comparing the fresh weight and dry weight, it was discovered that the behavior of water uptake is where PS-MPs have the greatest effect on P. sativum seedlings’ material accumulation. Particle size had a greater impact on the fresh weight of the experimental groups than on the dry weight, which the PS-MPs had less of an impact on. According to van Weert et al. [34], plants with more developed root systems will come into direct contact with the microplastics in the sediment in the surrounding environment. This will affect how well the root system functions, hence, reducing the plant’s ability to absorb water. The plant’s fresh weight is influenced by the root system’s intake of water. Plant fresh weight declines with decreasing particle size, and P. sativum seedlings exhibit a reduction in water content, indicating that plant water content is impacted. By preventing plant roots from absorbing water and nutrients, microplastics have the potential to drastically change the biomass of plants. Smaller particle sizes of microplastics have a greater specific surface area and are more likely to adhere to the surfaces of roots or seeds. This causes a decrease in water content by obstructing cellular pores and other pathways, which inhibits water absorption and respiration [35,36]. Owing to its small particle size, it can go through the xylem conduit to the above-ground portion, where it can impact stem development. Microplastics can go up the plant through transpiration after entering the mid-column. They can go from the roots to the stems and leaves through their pores, and then they can travel through the exoplasmic body pathway to the veins in the leaves. Microplastics may be able to penetrate cell walls and membranes for extended periods of time and enter the interior of the cell, where they may change nutrient and water absorption and transport, induce oxidative stress, and interfere with normal plant growth and development [37]. This study demonstrated how exposure to microplastics can have a major impact on a plant’s ability to absorb water through its roots.



The experiment’s findings demonstrate that PS-MPs have a notable inhibitory effect on P. sativum seed germination and seedling growth, which may be connected to toxicity consequences. Particle size and concentration both affect P. sativum seed germination and seedling growth in response to PS-MPs. More study is required to understand the intrinsic mechanism underlying this growth suppression, the toxicity consequences, and the plant’s adsorption and uptake of PS-MPs. The mechanism of PS-MP growth suppression on P. sativum, the toxicity effect, the mechanism of PS-MP adsorption and uptake by plants, and the high concentration of microplastics in the simulated environment in the current experiment require more investigation. The findings of this study offer fundamental information and a solid scientific foundation for researching the biological impacts of microplastics in various conditions and comprehending how they affect crop germination and seedling growth.




5. Conclusions


In this study, hydroponics was used to study the effects of microplastics on the physiological and biochemical characteristics of P. sativum seed germination, morphology, biomass, photosynthetic pigment content, and other characteristics at different particle sizes and concentrations, to reveal the toxic effects of microplastics on P. sativum, and to provide basic data and theoretical references for the ecological risk assessment of microplastics. The main conclusions are as follows:



The combination of small particle size and high concentration conditions had the most significant inhibitory effect on P. sativum germination. A trend of 0.08 μm < 5 μm < 0.1 μm was seen in the threshold values of microplastics at different particle sizes during seed germination. Among them, 0.08 μm could significantly reduce the vigor and seed germination index, whereas 5 μm and 0.1 μm could only significantly reduce these variables at high concentrations, indicating that only 0.1 μm and 5 μm could significantly reduce the vigor and seed germination index. The vigor index is only at high concentrations, exhibiting a trend of 5 μm = 0.1 μm.



While seedling length was restricted at 0.08 μm particle size and increased biomass accumulation of P. sativum seedlings, high concentrations of microplastics considerably enhanced the root development behavior of P. sativum. Concurrently, the impact of microplastics on photosynthetic pigment synthesis has shown a tendency to decline at low concentrations, recover at higher concentrations, and then promote at high concentrations.



Both microplastic particle size and concentration affected the growth of P. sativum seedlings; however, at low concentrations of microplastic exposure, the effect of microplastic particle size on P. sativum seed germination was more significant, affecting the germination rate, root length, and other aspects of P. sativum seeds. When P. sativum seed germination, root length, and other indices were exposed to low concentrations of microplastics, the impact of microplastic particle size on these indicators was more pronounced. Microplastics at low concentrations demonstrated a tendency of 0.08 μm < 5 μm < 0.1 μm for their inhibitory influence on the germination rate and root length of P. sativum seeds, while their effect on photosynthetic pigments, biomass accumulation, and other associated.
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Figure 1. Polystyrene microplastic hydroponic test setup with different concentrations and particle sizes. 
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Figure 2. Morphology and distribution characteristics of polystyrene plastic microspheres. (a) TEM image of 5 μm PS-MPs; (b) TEM image of 0.1 μm PS-MPs; (c) TEM image of 0.08 μm PS-MPs. 
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Figure 3. Potential value diagram of PS-MPs with different particle sizes. 
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Figure 4. Adding the effect of different particle sizes of PS-MPs on the root length of P. sativum with a growth period of 7 days. (a) Statistical plot of the results of the effect of PS-MPs with a particle size of 0.08 μm on root length; (b) Statistical plot of the results of the effect of PS-MPs with a particle size of 0.1 μm on root length; (c) Statistical plot of the results of the effect of PS-MPs with a particle size of 5 μm on root length. Note: Different lowercase letters indicate significant differences between treatments with different microplastic concentrations at the same particle size (p < 0.05). 
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Figure 5. Adding the effect of different particle sizes of PS-MPs on the stem length of P. sativum with a growth period of 7 days. (a) Statistical plot of the results of the effect of PS-MPs with a particle size of 0.08 μm on stem length; (b) Statistical plot of the results of the effect of PS-MPs with a particle size of 0.1 μm on stem length; (c) Statistical plot of the results of the effect of PS-MPs with a particle size of 5 μm on stem length. Note: Different lowercase letters indicate significant differences between treatments with different microplastic concentrations at the same particle size (p < 0.05). 
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Figure 6. Effect of PS-MPs on P. sativum seed material accumulation. (a) Statistical chart of fresh weight results; (b) statistical chart of dry weight results; (c) statistical chart of moisture content results. Note: Different lowercase letters indicate significant differences between treatments with different microplastic concentrations at the same particle size (p < 0.05). 
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Figure 7. Effect of PS-MPs on P. sativum seeds photosynthetic pigments. Note: Different lowercase letters indicate that polystyrene plastics with particle sizes of 0.08 μm, 0.1 μm, and 5 μm were significantly different between treatments at different concentrations (p < 0.05); (a) statistical results of the effect of different concentrations of polystyrene plastic on a; (b) statistical results of the effect of different concentrations of polystyrene plastic on b; (c) statistical results of the effect of different concentrations of polystyrene plastic on chlorophyll chla/chlb ratio; (d) statistical results of the effect of different concentrations of polystyrene plastic on carotenoid. 
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Figure 8. Redundancy analysis of seed germination and seedling growth of P. sativum seeds by PS. Note: PS: particle size; C: concentration; GR: germination rate; GP: germination potential; GI: germination index; VI: Vitality Index; AGT: average germination time; SHLR: seedlings have long roots; SHLS: seedlings have long stems. 
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Table 1. Effects of PS-MPs on growth characteristics of P. sativum seeds.
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PS Particle Size (μm)

	
PS Concentration (mg/L)

	
Germination Vigor (%)

	
Germination Rate (%)

	
Germination Index

	
Vitality Index

	
Average Germination Time (d)






	
5

	
0

	
60.00 ± 5.00 bc

	
92.50 ± 22.91 a

	
11.23 ± 0.36 Aa

	
26.16 ± 2.66 Aa

	
3.16 ± 0.10 Aa




	
50

	
60.00 ± 5.00 Bbc

	
77.50 ± 13.23 Bb

	
9.66 ± 1.58 Aab

	
21.55 ± 6.00 Aab

	
3.07 ± 0.54 Aa




	
100

	
56.67 ± 2.89 c

	
87.50 ± 10.41 Aa

	
10.88 ± 0.77 Aab

	
26.72 ± 4.21 Aa

	
2.78 ± 0.88 Aab




	
200

	
66.67 ± 2.89 Aa

	
75.00 ± 2.89 Bb

	
11.10 ± 0.79 Ba

	
24.89 ± 1.09 Aa

	
2.23 ± 0.29 Cab




	
500

	
58.33 ± 2.89 Abc

	
52.50 ± 5.00 Cc

	
9.09 ± 1.23 Bb

	
23.58 ± 5.33 Ba

	
2.20 ± 0.27 Bab




	
1000

	
65.00 ± 5.00 Aab

	
50.00 ± 11.55 Bc

	
9.25 ± 1.33 Bab

	
18.96 ± 5.97 Bb

	
1.93 ± 0.57 Bb




	
2000

	
66.67 ± 2.89 Aa

	
50.00 ± 8.66 ABc

	
9.51 ± 1.61 Aab

	
23.54 ± 8.31 Aa

	
2.22 ± 0.50 Ab




	
0.1

	
0

	
60.00 ± 5.00 bc

	
92.50 ± 22.91 a

	
11.23 ± 0.36 Aab

	
26.16 ± 2.66 Aab

	
3.16 ± 0.10 Aab




	
50

	
76.67 ± 7.64 Aa

	
92.50 ± 10.41 Aa

	
11.32 ± 3.87 Aab

	
24.94 ± 12.77 Aab

	
2.70 ± 0.90 Aab




	
100

	
60.00 ± 5.00 bc

	
95.00 ± 12.58 Aa

	
11.01 ± 1.70 Aab

	
22.69 ± 4.87 ABb

	
2.90 ± 0.61 Aab




	
200

	
53.33 ± 2.89 Bc

	
97.50 ± 10.41 Aa

	
11.08 ± 1.00 Aab

	
26.62 ± 9.08 Aab

	
2.53 ± 0.13 Bab




	
500

	
65.00 ± 5.00 Ab

	
100.00 ± 14.43 Aa

	
12.63 ± 1.72 Aa

	
32.57 ± 7.20 Aa

	
2.66 ± 0.65 Aab




	
1000

	
68.33 ± 2.89 Aab

	
67.50 ± 7.64 Ab

	
13.13 ± 1.12 Aa

	
30.75 ± 3.88 Aa

	
1.85 ± 0.08 Ba




	
2000

	
55.00 ± 5.00 Bc

	
55.00 ± 2.89 Ac

	
8.24 ± 0.81 Bb

	
21.35 ± 2.74 Ab

	
2.30 ± 0.24 Ab




	
0.08

	
0

	
60.00 ± 5.00 a

	
92.50 ± 22.91 a

	
11.23 ± 0.36 Aa

	
26.16 ± 2.66 Aa

	
3.16 ± 0.10 Aa




	
50

	
56.67 ± 2.89 Ba

	
50.00 ± 17.56 Cc

	
10.88 ± 0.89 Bab

	
19.81 ± 2.57 Ab

	
2.20 ± 0.57 Bbc




	
100

	
53.33 ± 2.89 a

	
57.50 ± 11.55 Bbc

	
9.93 ± 1.77 Bab

	
21.66 ± 5.84 Bab

	
1.97 ± 0.26 Bc




	
200

	
43.33 ± 2.89 Cb

	
62.50 ± 7.64 Cb

	
7.44 ± 1.32 Cb

	
14.08 ± 3.90 Bb

	
2.83 ± 0.38 Aab




	
500

	
40.00 ± 5.00 Bb

	
67.50 ± 2.89 Bb

	
7.60 ± 1.24 Bb

	
16.95 ± 2.11 Cb

	
2.58 ± 0.59 Aabc




	
1000

	
53.33 ± 2.89 Ba

	
55.00 ± 10.41 Bb

	
7.61 ± 1.97 Bb

	
13.20 ± 3.90 Cc

	
2.93 ± 0.27 Aab




	
2000

	
55.00 ± 5.00 Ba

	
42.50 ± 13.23 Bc

	
8.07 ± 1.57 Bb

	
17.28 ± 3.01 Bb

	
2.66 ± 0.31 Aabc




	
F particle size/concentration/each other numerical value

	
36.47/14.27/17.34

	
18.26/8.85/2.46

	
5.44/5.54/0.63

	
4.92/3.82/0.896

	
5.31/6.32/0.59




	
Pparticle size/concentration/each other numerical value

	
<0.001/<0.001 < 0.001

	
<0.001/<0.001/0.022

	
0.008/<0.001/0.076

	
0.013/0.007/0.546

	
<0.001/<0.001/0.039








Note: different capital letters in the same row indicate significant differences (p < 0.05) between treatments with different microplastic particle sizes at the same concentration; different lowercase letters in the same column indicate significant differences (p < 0.05) between treatments with different microplastic concentrations at the same particle size (same below).
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