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Plants are highly vulnerable to diseases and environmental stresses during germination
because germination is the most critical stage of their life cycle (Tug & Yaprak, 2019).
Microplastics (MPs) are often used in agricultural ecosystems as plastic mulch or
greenhouse cover. Therefore, there is a possibility of their excessive accumulation in the
soil, which greatly affects seed germination (De Silva et al., 2022). On the other hand, lead
(Pb) contamination disrupts germination and early growth stages, thus harming the
physiology and morphology of seeds (Seneviratne et al., 2019).Experiments were conducted
as factorials based on a completely randomized design with three replications. The desired
solutions were prepared by calculating the amount of Pb, and PVC-MP by five
concentrations of Pb (0, 250, 500, 750, and 1000 uM) and five concentrations of PVC-MP
(0, 1, 2, 4, and 6% wi/w). Three replicates of foxtail millet (Setaria italica L.) seeds were
disinfected with a 2% sodium hypochlorite solution and washed with distilled water. This
study showed that foxtail millet seeds were able to germinate under conditions of Pb toxicity
up to 1000 puM, but the germination percentage and root tolerance index were significantly
reduced. This indicates the tolerance of foxtail millet seeds to Pb stress. Despite
environmental concerns regarding MP contamination, the results show that the presence of
PVC in the culture medium, even at low concentrations, has a positive effect on seed
germination under Pb toxicity.
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EXTENDED ABSTRACT

Introduction

Plants are highly susceptible to environmental stresses
during germination, as it represents the most critical stage
of their life cycle (Tug & Yaprak, 2019). Microplastics
(MPs), commonly used in agricultural systems as plastic
mulch or greenhouse coverings, have the potential to
accumulate excessively in soil, which can adversely
affect seed germination (De Silva et al., 2022).
Concurrently, lead (Pb) contamination disrupts
germination and early growth stages, negatively
impacting seed physiology and morphology (Seneviratne
et al., 2019). While previous studies on the combined
effects of MPs and heavy metals have primarily focused
on seedling growth, limited research has explored their
impacts during germination (Zong et al., 2021).
Moreover, existing findings on the interactive effects of
MPs and heavy metals during germination remain
inconsistent. Foxtail millet (Setaria italica) is recognized
as a suitable model for studying plant responses to
environmental stress (Pant et al., 2016; Shi et al., 2018).
Given the current knowledge gap, this study aimed to
examine the effects of lead (Pb) and polyvinyl chloride
microplastics (PVC-MPs) on key indicators of foxtail
millet seed germination under combined stress
conditions.

Materials and Methods

Experiments were conducted as factorials based on a
completely randomized design with three replications.
The desired solutions were prepared by calculating the
amount of Pb and PVC-MP at five concentrations of Pb
(0, 250, 500, 750, and 1000 uM) and five concentrations
of PVC-MP (0, 1, 2, 4, and 6% wi/w). Three replicates of
foxtail millet (Setaria italica L.) seeds were disinfected
with a 2% sodium hypochlorite solution and washed with
distilled water. Then, they were placed in a sterile 15 cm
Petri dish on a layer of sterile filter paper, and 20 ml of
the desired solution was added to each Petri dish. The
Petri dishes were kept for seven days at 25°C. Therefore,
several parameters such as germination percentage
(ISTA, 1999), germination rate (ISTA, 1999), vigor
index (ISTA, 1999), mean germination time (Ellis &
Roberts, 1981), weight of mobilized seed reserve (Soltani
et al., 2006), seed reserve utilization efficiency (Soltani
et al., 2006), seed reserve depletion efficiency (Soltani et
al., 2006), root tolerance index (Valivand et al., 2019),
toxicity level (Valivand et al., 2019), and germination
inhibition (Pignattelli et al., 2020) were calculated.

Results and Discussion

Following the increase in Pb concentration, the seed
germination percentage decreased. In the presence of
PVC-MP particles, more seeds germinated compared to
the Pb treatment alone. For instance, in a 1000 uM Pb
and 1% PVC-MP treatment, the germination percentage
increased by 36.8% compared to the same Pb
concentration. Other studies (Zhong et al., 2021) have
also observed a decrease in the toxicity and
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bioavailability of heavy metals in the presence of MPs,
likely due to the ability of MPs to absorb heavy metals
(Wang et al., 2020b). Modelling has described this
mechanism as the chemical adsorption of Pb on the
surface of MP particles (Lin et al., 2021). Co-stress of Pb
and PVC-MP also resulted in a decrease in the seed
germination rate. In the treatment of 500 uM Pb with 6%
PVC-MP, the seed germination rate was 26.3% lower
than that of the treatment of 500 M Pb alone. It has been
demonstrated that the coexistence of heavy metals and
microplastics (MPs) can influence the toxicity of heavy
metals and decrease the germination rate (Patil et al.,
2021). In the co-contamination of Pb and MP treatments,
the mean germination time was less than that of Pb stress
alone at the investigated levels. Thus, with increasing p
PVC-MP concentration, the average seed germination
time increased. The presence of MP particles under Pb
stress increased the vigor index compared to Pb stress
alone; however, this increase in vigor decreased with
increasing PVC-MP concentration. For instance, at a
level of 750 pM Pb, the presence of 1% and 6% PVC-MP
increased the seedling vigor index by 50.3% and 37.6%,
respectively. In some cases, MPs can bind to root
surfaces (Yang et al., 2021c) and reduce root activity
(Dong et al., 2022c), thereby also reducing the uptake of
heavy metals by roots (Liu et al., 2023a). At the
beginning of germination, metabolic processes begin
with the absorption of water by the seed, which increases
respiration and the activation and synthesis of enzymes.
This is followed by the digestion of materials stored in
the seed and their transfer to the embryo, resulting in cell
division and embryo growth (Bareke, 2018). The
presence of pollutants such as Pb and PVC-MP can
disrupt this process, reducing the weight of the mobilized
reserves by increasing the concentration of Pb and PVC-
MP. The lowest seed reserve utilization efficiency was
observed at the highest Pb level, and the presence of MPs
led to a significant increase in this index. This
phenomenon can likely be attributed to the fact that MPs,
acting like a “nanocatalyst,” can positively induce o-
amylase activity to accelerate the hydrolysis of seed
starch granules. This increases the availability of soluble
sugars, providing more energy for seedling growth (Lian
et al., 2020a). Increasing Pb concentration resulted in a
decrease in the efficiency of seed reserve depletion. Even
at a concentration of 250 uM, which caused the least
toxicity, it resulted in a 29.8% reduction in the desired
trait. The presence of PVC-MP also caused a decrease in
this index. Recently, Ge et al. (2021) emphasized in their
review that seeds are very sensitive to MPs. MPs can
easily penetrate the seed coat due to their small particle
size (Dietz & Hertz, 2011; Jiang et al., 2019). Co-stress
of Pb with PVC-MP improved stress conditions and
increased root tolerance compared to Pb stress alone. At
a concentration of 750 uM Pb, the presence of 4% PVC-
MP resulted in a 40.1% increase in the root tolerance
index under Pb toxicity. Previous studies have also
shown that the presence of MP particles reduces heavy
metal toxicity (Lian et al., 2020b). The highest toxicity
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level was observed at a concentration of 1000 uM Pb.
The application of PVC-MP particles led to the
adjustment of stress conditions and a reduction in Pb
toxicity for foxtail millet seedlings. These results may be
due to the adsorption of heavy metals by MP particles,
which reduces the destructive effects of Pb on seedling
growth (Wang et al., 2020c). The presence of PVC-MP
particles under Pb toxicity reduced the inhibition of seed
germination compared to Pb stress alone. Therefore, MP
particles can be considered effective in reducing stress
caused by metal pollutants (Mangal et al., 2020).

Conclusion

This study demonstrated that foxtail millet (Setaria
italica) seeds are capable of germinating under lead (Pb)
toxicity conditions up to 1000 uM, although both the
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germination rate and root tolerance index were
significantly reduced. These findings suggest that S.
italica exhibits a degree of tolerance to Pb-induced stress.
Notably, despite growing environmental concerns
regarding microplastic (MP) contamination, the presence
of polyvinyl chloride (PVC) particles in the growth
medium, even at low concentrations, had a stimulatory
effect on seed germination under Pb stress. These results
underscore the need for further investigation into the
complex interactions between MPs and heavy metals
during the early stages of plant development. A deeper
understanding of these interactions could contribute to
the development of more effective strategies for
managing soil contamination, enhancing germination
success, and improving plant performance under
combined abiotic stress conditions.
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, " and " indicate significant effect at the 5% and 1% of probability level, and non-significant effect, respectively
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Table 2- Comparison of the mean effects of the interaction between lead and polyvinyl chloride on the percentage and
rate of germination, seed vigor index, and mean germination time in foxtail millet seed
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Fig. 1- The weight of mobilized seed reserve in response to different levels of lead (Pb) and polyvinyl chloride (PVC)
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Table 3- Analysis of variance (mean squares) of studied traits on the seed reserve utilization efficiency, seed reserve
depletion efficiency, root tolerance index, seedling toxicity level, and germination inhibition in foxtail millet seed
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*, ™ and ™ indicate significant effect at the 5% and 1% of probability level, and non-significant effect, respectively
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Fig. 2- Seed reserve utilization efficiency in response to different levels of lead (Pb) and polyvinyl chloride (PVC)
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Fig. 3- Seed reserve depletion efficiency in response to different levels of lead (Pb) and polyvinyl chloride (PVC)
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Table 4- Comparison of the mean effects of the interaction between lead and polyvinyl chloride on the root tolerance
index, seedling toxicity level, and germination inhibition in foxtail millet seed
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