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Microplastics are found in agricultural soils worldwide; however, little is known about the impacts of this ubiquitous pollutant on the growth and development of crops. Microfibres are one of the dominant microplastic types found in agricultural soils. Sources of microfibres in the agricultural environment are multiple, including soil amendment applications, wastewater irrigation and atmospheric deposition, with agricultural soils subsequently acting as an accumulating sink for plastics. A key consideration in an agricultural setting is yield; the seed yield is critical, as this is the part with economic value. This study investigates the influence of polyester microfibres, a prevalent type of microplastic in agricultural soils, on the growth and seed yield of Sinapis alba (white mustard). Polyester microfibres were added to soil samples at concentrations of 0.1% and 1% w/w, simulating environmental exposure levels. The study evaluated flower production, seed yield, pod-to-seed ratio, and chlorophyll fluorescence as indicators of plant health and reproductive success. Results revealed significant changes in chlorophyll fluorescence values (Fv/Fm), reduced flower production control (74 ± 37 flowers in the control, 31 ± 27 in the 0.1 treatment and 44 ± 31 in the 1 % treatment), and changes in pod-to-seed ratio (3.5 ± 0.65 seeds per pod in the control, 2.76 ± 0.5 seeds per pod in the 0.1% treatment and 2.83 ± 0.81 seeds per pod in the 1% treatment) in response to polyester microfibre exposure. Polyester microfibres were demonstrated to act as a stressor to S. alba, changing the chlorophyll fluorescence values, reducing the flower number, and in turn, reducing the pod-to-seed ratio. This study provides evidence that microfibres could reduce seed yield but that further research is required to elucidate the mechanisms by which these changes are occurring.
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1 INTRODUCTION
Plastic is an almost ubiquitous manufacturing material, providing significant benefits to many industries (Lusher et al., 2017; Rochman, 2018; De Sousa Machado, 2021); despite the societal benefits being vast, there are no doubts that management of plastic waste and byproducts has developed into a considerable environmental problem (Ilyas et al., 2018). Microplastics are defined as being smaller than 5 mm in size and may be primary microplastics manufactured in this size range (Auta et al., 2017) or secondary, formed via degradation from larger macroplastics (Cole et al., 2011). Research into microplastics has been extensively conducted in the marine environment (Cole et al., 2013; Auta et al., 2017; Sharma and Chatterjee, 2017; Barboza et al., 2018), and studies have more recently explored terrestrial and soil systems (Corradini et al., 2019; Yu et al., 2021; Sajjad et al., 2022; Kedzierski et al., 2023), with excellent progress in the understanding of sources and fate of microplastics. Agricultural soils are recognized as having the potential to be a major sink for microplastics (Nizzetto et al., 2016; Büks and Kaupenjohann, 2020), with estimates suggesting there are between 1.5 and 6.6 million tons of microplastics in agricultural soils globally (Kedzierski et al., 2023).
Microplastic fibres (microfibres) are a prevalent type of microplastic pollution, ubiquitous in aquatic and terrestrial environments (Acharya, 2021). Sources of microfibres are multiple, including being released from textile garments during domestic laundering (Hernandez et al., 2017), cigarette butts and fishing nets (Mishra et al., 2020). In the marine environment, microfibres comprise around 91% of all surface water pollution (Barrows et al., 2018). In soils, the use of biosolids may lead to increased accumulation of microfibres, which have been found to account for 97% of the plastics found in agricultural soils with biosolid application (Corradini et al., 2019). Given the prevalence of microfibres in the environment, research has increasingly begun to investigate the effects of this pollutant in a range of environments (Gago et al., 2018; Lozano and Rillig, 2020; Acharya, 2021).
The existing studies have shown that plastic microfibres in soils cause changes to soil properties (De Souza Machado et al., 2019; Kwak et al., 2022) and microbial communities (Guo et al., 2021; Liang et al., 2021; Zeb et al., 2022). The addition of microfibres in soil impacts the bulk density (De Souza Machado et al., 2019; Liang et al., 2021), the total porosity (Selonen et al., 2020) and the hydraulic conductivity of soil (De Souza Machado et al., 2019; Zhang et al., 2019), which can affect the root growth of plants and can have knock-on effects on the uptake of nutrients and water (De Souza Machado et al., 2019; Lozano and Rillig, 2020). Changes in nutrient and water availability can ultimately lead to plant stress (defined as external conditions that adversely affect plants’ development and productivity), which impacts survival and reproduction (Shao et al., 2008; Jia, 2023). These factors may mean that microfibres can act as abiotic stressors to plants (Ullah et al., 2021) potentially leading to negative effects on agriculture and food security; thus, an understanding of how microfibres may act as stressors to plants is of key importance.
The germination and reproductive stages of plant development are more sensitive to stress than the vegetative phase (Zinn et al., 2010); in the reproductive stage, stress can result in fewer flowers or decreased seed numbers (Rering et al., 2020). Fertilisation, gametogenesis and embryogenesis are impacted, limiting seed development and lowering crop yields (Begcy and Dresselhaus, 2018). Both biotic and abiotic stresses have been noted to interfere with several key reproductive processes, such as germination, vegetative growth, tiller production, reproductive organ development, reproduction and grain filling (Sehgal et al., 2019). Abiotic stressors such as drought and heat have been noted to cause decreases in seed yield in legumes (Farooq et al., 2017), cereal crops (Dias and Lidon, 2009), and in oil seed rape and in oil seed rape (Hatzig et al., 2018). Stress has been noted to cause changes to photosynthetic tissues, leading to the inhibition of photosynthesis. Stressors such as high temperature have been demonstrated to damage the oxygen-evolving complex of photosystem II (PSII), resulting in disorganisation of the thylakoid membranes (Yamashita et al., 2008). A reduction in photosynthesis ultimately reduces parental resources available for reproduction, subsequently impacting seed yield (Zinn et al., 2010).
Sinapis alba is a cool season crop (being able to tolerate cold temperatures (Baumbauer and Burgess, 2020), with seed maturity being obtained within 80–90 days (Kokotkiewicz and Luczkiewicz, 2015). It is primarily grown in agriculture for the seeds of the crop, which are used in the condiment industry and as a feedstock for biodiesel production (Mitrović et al., 2020). S. alba is cultivated on 60,000–80,000 ha annually, producing 685,000 t of seed (Mitrović et al., 2020). The species is insect and wind-pollinated (Hemingway, 1976) and is a non-mycorrhizal plant which tends to grow in moderately fertile soils (Lambers and Teste, 2013). Non-mycorrhizal plants have evolved specialist root structures which make them capable of extracting all of the required nutrients from soils without the use of mycorrhiza, using a carboxylate-relating phosphorus mining strategy to enable adequate phosphorus for development (Shane and Lambers, 2005). Due to the fact that S. alba has a short cropping cycle and can be grown in a range of soils, it is now a widespread commercial crop globally (Ekanayake et al., 2016). S. alba goes through nine life cycle stages (germination, leaf development, side shoot development, stem elongation, vegetable plant development, flowering, fruit development, ripening and senescence) (Saskatchewan Mustard Commission, 2019). In the current experiment, the S. alba were grown through to senescence to investigate the effects on the full life cycle of the plants, particularly reviewing the effects on seed yield, as with oilseed crops, which is the most important part of the crop.
This study aims investigated the impacts of polyester microfibres on the yield of the oilseed plant S. alba reviewing any potential changes to the reproductive cycle of the plant. It is hypothesised that microfibres may result in plant stress, resulting in changes to the reproductive capacity of the mustard plants. The current study was conducted to assess whether microfibres could result in changes to the reproductive stage of plant development, a key outcome for agriculture. In this study, mustard was grown in soils contaminated with polyester microfibres to assess whether changes occurred to seed number and seed-to-pod ratio.
2 MATERIALS AND METHODS
2.1 Treatments
Three treatments were conducted for this experiment, a control, 0.1% w/w and 1% w/w polyester fibres. Polyester fibres were sourced from The Flocking shop (England); fibres were measured using a Leica stereo microscope (DM2500P) with a magnification of ×100 and photographed using a Leica Pixel Shift Camera (DMC6200). Measurements were calculated using Leica application suite X (version 3.0.14.23224); the fibres had an average length of 519.34 ± 66.67 μm (min = 402.83 μm, max = 1016.02 μm, n = 100) and an average thickness of 15.5 ± 3.69 μm (min = 8.82 μm, max = 27.35 μm, n = 100).
2.2 Planting conditions
To negate any losses from germinating plants in the plastic-contaminated soil, seeds were germinated in trays with cotton wool and water and planted once the first leaves had appeared, using metal tweezers to transfer them to pots. A total of 200 S. alba seedlings were planted per treatment (with one seed per pot).
Seedlings were planted into polythene plastic pots (Elixir Garden supplies, England; diameter 11 cm, depth 12 cm) with a volume of 1 L. The plant pots were filled with 500 g of John Innes compost No.2 (Westland, UK–pH 6.5). One seedling was planted per pot in one of three concentrations: 0 (control), 0.1% (0.5 g w/w of polyester fibres) or 1% (5 g w/w of plastic fibres) after germinating in cotton wool, giving a total of 200 pots per treatment. The concentrations of polyester microfibres were similar to those which reported noticeable changes in plant responses (Yu et al., 2021; Jia, 2023; Mészáros et al., 2023). As plastic pollution continues, investigating high concentrations could help to represent future scenarios (Ingraffia, Amato, Iovino, et al., 2022). For each pot, the appropriate amount of polyester microfibers for the treatment was weighed and homogenised into the 500 g of soil, the pots were stirred using a clean glass rod and manually shaken; 10 mL of water was added to help homogenise the plastic and soil. As noted by Machado (De Souza Machado et al., 2019), due to the density of the fibres, true homogenisation of plastics into the soil is difficult but was achieved after approximately 5 min of stirring per pot.
Seedlings were transplanted using tweezers into each pot. Plants were kept thoroughly watered throughout the experimental period, with plants being bottom watered by filling the trays with 5 L twice per week. To mitigate the shared effects of planting multiple plants per pot, plants were potted individually. Pots were then placed into trays, which contained 24 pots of one of the treatments (0%, 0.1% or 1%), to avoid any leachates passing to controls or lower concentrations. Therefore, it is not possible to rule out a tray-based effect, however, tray positions were shifted monthly to mitigate a location-based effect. Plants were grown under natural light conditions between April and August, with an average greenhouse temperature of 23.5°C ± 9°C. During the flowering period, fans were placed on timers for 4 hours per day to enable wind pollination of the plants. Due to the location of the greenhouses, it was not possible to encourage insect pollination.
2.3 Chlorophyll fluorescence measurements
Chlorophyll fluorescence is a measurement to gain detailed information on the state of photosystem II (PSII) (Murchie and Lawson, 2013), which is the protein super complex that executes the initial reaction of photosynthesis in higher plants (Coe et al., 2015). Chlorophyll fluorescence measurements are commonly applied in plant stress studies, providing rapid insight into the PSII system (Reiling and Davison, 1992; Maxwell and Johnson, 2000). Chlorophyll fluorescence of PSII was recorded every 2 weeks using a modulated fluorescence system. Thirty fully expanded leaves were selected from thirty plants (one leaf per plant) for each treatment (control, 0.1% w/w, and 1% w/w), and fast fluorescence kinetics were recorded after a 20-min dark adaption period using an Opti-Sciences OS1P chlorophyll fluorometer and dark adaption clips (Opti-Sciences, Inc, Hudson, NH, USA). The dark adaption phase is needed to reverse non-photochemical quenching fluorescence before fluorescence can be measured (Maxwell and Johnson, 2000). In the dark-adapted state, it is possible to measure initial fluorescence (Fo) when all PSII reaction centres are open. Maximal fluorescence (Fm), when all PSII reaction centres are closed, is then assessed with saturating light (Murchie and Lawson, 2013). Fv is variable fluorescence which is the rise from the Fo to the Fm measurement (Ritchie, 2006). The maximal quantum yield for electron transport by open PSII centres is calculated as Fv/Fm = (Fm–Fo)/Fm (Murchie and Lawson, 2013). The optimal Fv/Fm measurements in most plant species are between 0.79–0.83, with significantly lower values indicating photoinhibition, which can indicate stress (Maxwell and Johnson, 2000). Fv/Fo measurements can be used to assess the number and size of the active photosynthetic reaction centres, and changes to this can indicate a change in the rate of electron transport from PSII to the primary electron acceptors. This has been reported in plants exposed to different environmental stressors (Kumar et al., 2020).
Before the experiment, a preliminary study was performed to determine the optimal protocol for chlorophyll fluorescence image acquisition; the dark-adapted time was determined by checking the value of maximum PSII. It was observed that after a 20-min dark adaption period, the Fv/Fm values were stable, which was considered the optimal dark adaption period.
2.4 Flowering measurements
The number of flowers were measured from the first flower emergence at 8 weeks for S. alba until senescence had occurred. A maximum of thirty flowering plants per treatment were counted for their number of flowers, and the total number of flowering plants was also recorded for each treatment. A random number generator app was used to determine which flowering plants were counted for their flower number, with plants randomly selected based on the number generated to measure.
2.5 Seed pod measurements
Seeds were harvested once the plant had gone through senescence and the pods had turned brown. The seed pods from thirty plants in each treatment were harvested, with the pods for each plant added to a separate envelope. The thirty plants harvested were determined by a random number generator app (Random Number Generator Plus). Subsequently, each of the 30 selected plants total number of pods per plant was recorded, along with the number of seeds per pod and the individual seed weight. Finally, the seeds were weighed using Mettler Toledo, Pl303.
2.6 Shoot measurements
After the seed pods were harvested, plants were removed from their individual pots, the shoots were measured using a measuring tape, and the lengths of the individual plant were recorded. Root lengths were not recorded in this study because once plants had gone through senescence, the root system was extremely fragile; thus, accurate measurement was not possible.
2.7 Statistical analysis
Statistical analysis was conducted in R version 4.1.2 (R Core Team, 2022), and data were screened for normality using s Shapiro Wilk test and homogeneity of variance using Levene’s test from the car package v3.0.12 (Fox and Weisberg, 2021). Differences in Fv/Fm measurements and Fv/Fo of thirty plants, and the shoot height measurements of all surviving plants were analysed at the final time period using a Kruskal Wallis test considering the differences between concentrations. The number of plants flowering and the number of flowers at the full flowering stage were analysed using a Kruskal Wallis test investigating the difference between concentrations. Where significance was demonstrated, a Dunn’s post hoc test was used to further explore the responses using the dunn. test package v1.3.5 (Dinno, 2017) with an alpha value of 0.05.
The pod-to-seed ratio, mean individual seed weight, number of pods and number of seeds of thirty plants were analysed using a one-way ANOVA, and where significance was demonstrated, a Tukey’s HSD test was used to test differences in the response variable versus the concentration. The pod number and seed number were tested using a Kruskal Wallis test with a Dunn’s post hoc test with an alpha value of 0.05. Data were visualised using ggplot2 (Wickham, 2016) and displayed as the mean ± the standard error of the mean.
A generalized estimating equation (GEE) with a gamma family was used to analyse Fv/Fm, Fv/Fo and flower number by concentration over time using the package geepack v1.3.9 (Halekoh et al., 2006). GEE was used to account for the correlated nature of the data due to the repeated measures, and an exchangeable correlation structure was assumed. GEE also enables an estimate of population-averaged effects, which can be interpreted as the average effect of the concentrations on the selected variables. A gamma family was selected due to the over-dispersed nature of the results, which meant the data did not conform to the assumptions for Poisson distribution.
3 RESULTS
3.1 Chlorophyll fluorometry
There was a statistically significant difference in Fv/Fm measurements for S. alba at the final timepoint (χ2 (2) = 7.62, p = 0.02, n = 30), with the 1% treatment being significantly different to both the control (p = 0.007) and the 0.1% (p = 0.011). No significant difference was demonstrated between the control and the 0.1% treatments (p = 0.432) (see Figure 1). On the final week of measurement (week 16), the Fv/Fm mean measurements for the 1% treatment were 0.741 ± 0.061, compared to the control (0.772 ± 0.052) and the 0.1% (0.773 ± 0.036) (see Figure 2). The results of the GEE model showed significant estimates for S. alba for the concentration (estimate = 0.019, standard error = 0.0009, Wald = 4.35, p = 0.037) and time (estimate = 0.007, standard error = 0.002, Wald = 9.94, p = 0.002). The scale parameter for the model was (estimate = 0.0029, standard error = 0.0006).
[image: Figure 1]FIGURE 1 | The Fv/Fm values of thirty leaves from thirty different S. alba plants across three concentrations of polyester microfibres (0% w/w represented by [image: FX 1], 0.1% w/w by [image: FX 2], and 1% w/w by [image: FX 3]) at various time points, measured bi-weekly. Data are presented as the mean ± standard error of the mean, with n = 30. Jitter has been incorporated at each sampling point to enhance readability.
[image: Figure 2]FIGURE 2 | The Fv/Fo values of thirty leaves from different Sinapis alba plants across the three concentrations of polyester microfibres (0% w/w represented by [image: FX 1], 0.1% w/w by [image: FX 2], and 1% w/w by [image: FX 3]) at different time periods, measured every 2 weeks. Data are displayed as the mean ± the standard error of the mean, n = 30. Jitter has been added to each sampling point to ease readability.
The Fv/Fo measurements demonstrated a significant difference (χ2 (2) = 6.27, p = 0.044, n = 30), and Dunn’s post hoc test indicated that the 1% treatment (mean = 3.07 ± 0.9) was significantly different from the control (p = 0.015, mean = 3.56 ± 1.05). However, there were no significant differences between the 0.1% (mean = 3.49 ± 0.67) and the control (p = 0.49) (see Figure 2). The results of the GEE model showed significant estimates for S. alba for the concentration (estimate = 0.015, standard error = 0.007, Wald = 4.47, p = 0.03) and for time (estimate = 0.0056, standard error = 0.002, Wald = 7.24, p = 0.0071). The scale parameter for the model was (estimate = 0.04, standard error = 0.0085).
3.2 Flower numbers
There were no statistically significant differences in the total number of plants flowering (χ2 (2) = 0.05, p = 0.98, n = 30) as determined by a Kruskal Wallis test. However, at week 11, when plants were in the full flowering stage (defined as 50% of the flowers on the main raceme open (Sasketchewan Mustard Development Commission, 2019), the control had a total of 104 plants flowering, the 0.1% had 84 plants in flower and the 1% had 100 plants flowering (see supporting information Figure 3).
[image: Figure 3]FIGURE 3 | The total number of flowering Sinapis alba plants measured weekly. The three concentrations of polyester microfibres are represented as follows; 0% w/w represented by [image: FX 1], 0.1% w/w by [image: FX 2], and 1% w/w by [image: FX 3]. Jitter has been added to each sampling point to ease readability.
There was a statistically significant difference between the number of flowers produced between treatments at week 11 (Full flowering) (χ2 (2) = 15.526, p = 0.0005) as determined by a Kruskal Wallis test (see Figure 4). The 0.1% and the 1% treatments were significantly different compared to the control (p = 0.0009, p < 0.0001, respectively), but there were no significant differences between the 0.1% and the 1% treatments (p = 0.3). The flowers reached the full flowering stage as of week 11, where the control had an average of 74 ± 37 flowers. The control flower number was 43% higher than the 0.1% treatment (31 ± 27 flowers) and 30% higher than the 1% treatment (44 ± 31 flowers). The control and the 0.1% treatments began flowering as of week eight, but the 1% treatment did not begin until 1 week later, in week nine. The GEE model found that concentration was the only factor that had a significant negative effect on flower numbers (estimate = −0.25, standard error = 0.043, p < 0.001). The estimated scale parameter was 26.4 (standard error = 5.4), and an estimated correlation parameter of 0.245 (standard error = 0.1).
[image: Figure 4]FIGURE 4 | The average flower number of thirty Sinapis alba plants, measured weekly, Data are displayed as the mean ± the standard error of the mean, n = 30 plants. The three concentrations of polyester microfibres are represented as follows; 0% w/w represented by [image: FX 1], 0.1% w/w by [image: FX 2], and 1% w/w by [image: FX 3]. A jitter has been added to each sampling point to ease readability.
3.3 Shoot length
There were no statistically significant differences in shoot height for S. alba as determined by a Kruskal Wallis test (χ2 (2) = 2.205, p = 0.3). The mean shoot height for the control was 209 ± 61 cm, the 0.1% w/w 198 ± 45 cm, and the 1% w/w treatment 203 ± 51 cm (see supporting information Figure 5).
[image: Figure 5]FIGURE 5 | displays the shoot heights of Sinapis alba grown in the three treatments (% w/w polyester microfibres), n = 30 plants. Each box represents the interquartile range (IQR) of the data, with the median indicated by the bold horizontal line. Whiskers extend to 1.5 times the IQR, and individual data points beyond this range are plotted as circles.
3.4 Seed measurements
There were no significant differences in the number of pods per plant for either the 0.1 or 1% treatments compared to the control (χ2 (2) = 3.346, p = 0.19) for the S. alba; however, the average number of pods per plant was higher in the control (mean = 120 ± SD = 100 pods), in the 0.1% the average pod number was 22% lower (0.1%, mean = 94 ± SD = 113) and 19% lower in the 1% treatments (1%, mean = 97 ± SD = 103 pods per plant) (see supporting information Figure 6). No significant differences were demonstrated in the total seed number (χ2 (2) = 5.579, p = 0.06); however, the average number of seeds was higher for the control (432 ± 371 seeds), the 0.1% was 32% lower for the average seed number (294 ± 403 seeds) and 29% lower in the 1% treatment (308 ± 354 seeds) (see supporting information Figure 7).
[image: Figure 6]FIGURE 6 | Displays the total pod numbers of Sinapis alba grown in the three treatments (% w/w polyester microfibres), n = 30 plants. Each box represents the interquartile range (IQR) of the data, with the median indicated by the bold horizontal line. Whiskers extend to 1.5 times the IQR, and individual data points beyond this range are plotted as circles. Black points represent outliers within the data.
[image: Figure 7]FIGURE 7 | Displays the total seed numbers for Sinapis alba in the three treatments (% w/w polyester microfibres), n = 30 plants. Each box represents the interquartile range (IQR) of the data, with the median indicated by the bold horizontal line. Whiskers extend to 1.5 times the IQR, and individual data points beyond this range are plotted as circles.
There was a significant difference in the seed-to-pod ratio (F (2,87) = 11.25, p < 0.0001) (see Figure 8), with the control having an average of 3.5 ± 0.65 seeds per pod. The 0.1% seed-to-pod ratio was decreased by 21.15% (2.76 ± 0.5 seeds per pod, p = 0.0001), and the 1% treatment decreased by 19.14% (2.83 ± 0.81 seeds per pod, p = 0.0006). No significant differences were demonstrated between the 0.1% w/w and the 1% w/w treatments (p = 0.9).
[image: Figure 8]FIGURE 8 | shows the seed/pod ratio of Sinapis alba grown in the three treatments (% w/w polyester microfibres), n = 30 plants total seed pods collected. Each box represents the interquartile range (IQR) of the data, with the median indicated by the bold horizontal line. Whiskers extend to 1.5 times the IQR, and individual data points beyond this range are plotted as circles.
The per 100 seed weight was not significantly different (F (2, 87) = 0.151, p = 0.86), with the control having an average seed weight of 0.462 ± 0.197 g, the 0.1% 0.482 ± 0.176 g and the 1% 0.485 ± 0.14 g (See supporting information Figure 9).
[image: Figure 9]FIGURE 9 | Displays the seed weight per 100 seeds in the three treatments (% w/w polyester microfibres), n = 30 plants. Each box represents the interquartile range (IQR) of the data, with the median indicated by the bold horizontal line. Whiskers extend to 1.5 times the IQR, and individual data points beyond this range are plotted as circles.
4 DISCUSSION
Microplastics and microfibres have been extensively incorporated into agricultural landscapes, either intentionally through agricultural practices such as the application of mulch films or through pollution (Huerta-Lwanga et al., 2022). In this study, microfibres have been demonstrated to show impacts on the reproductive phase of S. alba’s life cycle, from flower number to seed-to-pod ratio. The results from the chlorophyll fluorescence testing indicate that the maximum efficiency of PSII was reduced in the 1% treatment. Fv/Fm can indicate stress, photoinhibition, and the downregulation of photosynthesis (Jägerbrand and Kudo, 2016); thus, the lowered values for the 1% treatment indicate that microfibres were acting as an abiotic stressor for S. alba. Research into terrestrial plants has found a reduction in the Fm/Fv values when microplastics are added to soils. Colzi et al. (2022) assessed the impacts of different types of microplastics on the growth of Cucurbita pepo (field pumpkin), finding that PVC and PE induced a significant decrease in Fv/Fm measurements from concentrations of 0.02%, noting that this response was dose dependant. However, in the current research, 0.1% w/w of polyester microfibres in soil did not induce any changes to the Fv/Fm measurements, which could be linked to the type of plastics used, as Colzi et al. (2022) noted that of the four plastics tested, only two (polyethylene and polyvinyl chloride) had impacts at the concentrations tested (0.02, 0.1% and 0.2% w/w).
The study conducted by Gao et al. (2018) clearly demonstrated that exposure to polyethylene microplastics (0.25, 0.5, and 1 mg mL-1, size = ∼ 23 μm) in a hydroponic system caused a significant decrease in Fv/Fm measurements in Lactuca sativa (lettuce) plants. Their results strongly suggest that effective pigments involved in photosynthesis were reduced, and the PSII reaction centres were damaged due to microplastic exposure. However, it is worth noting that the concentrations and sizes of the plastic used in their study were much higher and plastic sizes smaller, than those used in the current study. Gao et al. (2018) suggested that the microplastics attached to the roots of the lettuce caused changes in photosynthetic activity. However, this is unlikely to occur in the current study due to the sizes of the plastics used. For the S. alba in this study, it appears that polyester microfibres impacted the efficacy of photosystem II at the highest concentration. This study and the ones discussed above demonstrate that microplastics can act as a stressor on plants, causing effects on PSII. Changes to PSII change nutrient availability for plants; thus, this will likely impact the nutrient availability for seed production, which could help to explain the impacts on the pod-to-seed ratio demonstrated in this study. Teng et al. (2022) found that Nicotiana tabacum (tobacco) seedlings exposed to low-density polyethylene at concentrations of 0.1% had reduced photosynthetic activity after 48 days of culture. The authors suggested that when the microplastics were too large to be absorbed by the plants, indirect factors such as changes to soil properties or reduced nutrient transport could explain the changes demonstrated to the photosynthetic performance. Additionally, the authors suggested that accumulation of reactive oxygen species, inhibition of leaf pigment synthesis and the prevention of electron transport between PSII and PSI occurred when exposed to polyethylene microplastics. Wu et al. (2019) hypothesised that stress from nanoplastics slows down the PSII electron transport rate, resulting in a build-up of electrons which amplifies photoinhibition resulting in a rise in reactive oxygen species. Thus, similar interactions could be occurring for S. alba, though further testing would be needed to confirm whether this is the mechanism by which changes to PSII are occurring. It is considered here that changes to the soil properties could have resulted in the changes to PSII, by altering nutrient availability, however, further research is needed to confirm this.
Shoot lengths were not significantly different for the S. alba grown in the different treatments, which concurs with research by Qi et al. (2018), who found no significant differences in shoot height for Triticum aestivum (wheat) grown in soil contaminated with LDPE microplastic films harvested at 4 months. Ohashi et al. (2009) found that although seed parameters for Glycine max (soybean) were changed during drought stress, such as decreased pod thickness, no significant differences were demonstrated in stem growth. Due to the difficulties in measuring the roots post senescence, root measurements were not taken during this study, however, research has suggested that changes to rooting structures do occur (Bosker et al., 2019; Lozano and Rillig, 2020). However, this was not measured in the current study.
When considering floral development, the total flower number for S. alba was significantly different when comparing those grown in plastic-contaminated soils versus the control, with a decrease of 43% and 40% for the 0.1% and 1% treatments. There were, however, no significant changes to the total number of flowering plants. Abiotic stresses can cause floral bud abortion and reduce the flower number, leading to decreased reproductive success (Smith and Zhao, 2016). Stress-related changes can also result in reductions in nectar production, which can result in changes to plant-pollinator interactions (Descamps et al., 2021). Reduced flower numbers have been demonstrated when considering other stressors, such as drought and temperature stress. Su et al. (2013) found that drought stress reduced flower number in Arabidopsis thailiana (Thale cress), and Descamps et al. (2018) found similar results when Borago officinalis (borage) were grown in drought conditions, demonstrated that stress responses can result in reduced flower numbers. Barnabás et al. (2008) suggested that stressful environments limit cell division in the meristem and reduce the transport of nutrients to different plant tissues, thus changing overall resource partitioning, which could explain the reduction in flower number. Another strategy that Descamps et al. (2021) suggested is that plants may sacrifice young floral buds and reduce new bud formation to enable nutrients to support the continued development of older flowers and immature seeds. Further research is needed to understand the mechanisms that plants employ in microplastic contaminated soils, which results in the reduction of the total flower number. Nevertheless, it is clear that microfibres are acting as a stressor on S. alba plants, as demonstrated by the changes to the PSII and flower number.
The reduction in flower number is likely to have further impacts on total yield (Pang et al., 2017), which correlates with the results of this study finding a reduction in seed-to-pod ratio. Additionally, although not statistically significant, the pod number and total seed number per plant were lower in the 0.1% and 1% treatments compared to the control. As initially hypothesised, the addition of polyester microfibres resulted in changes to the pod-to-seed ratio. Seed filling is the final stage of growth, involving diverse biochemical processes and is impart regulated by leaf photo assimilation processes, delivering the nutrients needed for seed development, such as sucrose, starch, proteins, and fats (Sehgal et al., 2018). This may explain changes demonstrated in the pod and seed number and the seed/pod ratio for the 1% treatment, where PSII was disrupted compared to the control (Sehgal et al., 2019). However, as changes were also demonstrated to the 0.1%, where no changes were shown in PSII, other factors not measured in this study, such as stomatal conductance, chlorophyll content, and inhibited carbon fixation enzymes, may be important (Kaushal et al., 2013).
Conversely, if changes were demonstrated in the root biomass, a reduction in vital minerals such as potassium, calcium, iron, or magnesium would result in reduced seed production (Marles, 2017). This could occur due to changes to the soil structure as a result of the addition of polyester microfibres, as demonstrated by Machado et al. (2019), who found an increase in root biomass but a decrease in the root diameter when 2% w/w polyester microfibres were added to soils.
While this study provides valuable insights into the potential effects of polyester microfibres on S. alba, there is a need for further research to fully understand their impact. Future research should consider how significant the effects demonstrated to the seed/pod ratio would be in a typical agricultural landscape. This could enable an understanding of the economic losses that could result from adding microplastics to agricultural lands. However, field trials are difficult with emerging pollutants, and modelling based studies looking at reduction in crop yields would be beneficial.
In addition, further research is needed into different crops to review whether polyester microfibres have similar effects on crops as on S. alba. This is important because crops differ in their growth and development patterns. Understanding how microfibres affect different crops could help to develop strategies to mitigate their impact on agriculture and food production.
Overall, the study on S. alba highlights the potential risks associated with microfibre pollution, and the need for further research to assess their impact on agricultural ecosystems. By investigating the effects of microplastics on different crops and their mechanisms of action, we can develop strategies to minimize their impact and ensure the sustainability of our food production systems.
5 CONCLUSION
In conclusion, the findings of this study suggest that polyester microfibers can have a significant impact on S. alba, an important agricultural crop. Our research has shown that these microfibers can act as an abiotic stressor, negatively affecting the plant’s reproductive capacity and seed yield. Additionally, changes to photosystem II, a key protein complex involved in photosynthesis, have been observed, with potential impacts on crop yield.
To further understand the mechanisms behind these changes, future research should examine seed filling, nutrient status, and root development to understand the role that these play in the reproductive capacity of the plant when exposed to microfibres. Further investigation into the effects of polyester microfibers on other plant species and agricultural crops can help us better understand the scope of this issue and develop strategies to reduce its impact.
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