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A B S T R A C T   

Despite plastics providing great benefits to our daily life, plastics accumulating in the environment, especially 
microplastics (MPs; defined as particles <5 mm), can lead to a range of problems and potential loss of ecosystem 
services. Current research has demonstrated the significant impact of MPs on aquatic systems, but little is known 
about their effects on the terrestrial environment, especially within agroecosystems. Hereby, we investigated the 
effect of MPs type and amount on plant growth, soil microorganisms, and photoassimilate carbon (C) allocation. 
MPs had a negative, dose-dependent impact on plant growth affecting both above- and below-ground produc-
tivity (− 22.9% and − 8.4%). MPs also influenced assimilated 14C allocation in soil (+70.6%) and CO2 emission 
(+43.9%). Although the activity of β-glucosidase was suppressed by MPs, other C- and N-cycling related enzyme 
activities were not affected. The type and amount of MPs in soil greatly altered C flow through the plant-soil 
system, highlighting that MPs negatively affect a range of C-dependent soil functions. Moreover, MPs 
increased the soil microbial biomass (+43.6%; indicated by PLFAs), and changed the structure and metabolic 
status of the microbial community. The evidence presented here suggests that MPs can have a significant impact 
on key pools and fluxes within the terrestrial C cycle with the response being both dose-dependent and MPs 
specific. We conclude that MPs in soil are not benign and therefore every step should be made to minimise their 
entry into the soil ecosystem and potential to transfer into the food chain.   

1. Introduction 

The use of plastic within modern society is endemic with global 
plastic consumption, and subsequent disposal, now exceeding 280 
million tonnes annually (Thompson et al., 2009; Duis and Coors, 2016; 
Machado et al., 2018a). Despite the remarkable benefit of plastics to 
society, there are increasing concerns associated with the vast amount of 
plastic entering our environment and its subsequent resistance to 
degradation (Rochman, 2018). These concerns are supported by esti-
mates that >30% of the world’s plastic waste is disposed of inappro-
priately, with most ultimately entering the soil ecosystem (Jambeck 
et al., 2015; Weithmann et al., 2018). It is likely that most agricultural 
and urban soils are now contaminated by plastics. Of these, micro-
plastics (MPs; particles <5 mm in size), typically formed from the 

disintegration of larger plastic debris, are thought to be the most envi-
ronmentally damaging (Rillig, 2012; Huerta Lwanga et al., 2016). 

Microplastics in aquatic environments have been widely studied and 
are now recognized as having negative impacts on organisms which can 
lead to a loss of marine and freshwater ecosystem functioning (Syberg 
et al., 2005; Cole et al., 2011; Wright et al., 2013; Van Cauwenberghe 
and Janssen, 2014; Sharma and Chatterjee, 2017). The potential effect 
of MPs in terrestrial ecosystems, however, remains largely unexplored 
(Machado et al., 2018a), despite the fact that more than 80% of plastic 
pollution arriving in the oceans was produced, used, and often disposed 
of on land (Rochman, 2018). In terrestrial ecosystems, MPs contami-
nation might be 4–23 fold larger than in the ocean (Horton et al., 2017), 
and soil alone may store more MPs debris than oceanic basins (Nizzetto 
et al., 2016). MPs can enter the soil environment in numerous ways. Of 
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these, the addition of organic wastes to soil (e.g., composts, biosolids) 
which are potentially contaminated with plastics and the use of plastic 
mulch covers are the most common inputs to soil (Huerta Lwanga et al., 
2016; Mahon et al., 2017). Thin plastic mulch films (4–8 μm thick) are 
widely used in agricultural systems to improve plant growth and water 
use efficiency (Ekebafe et al., 2011; Qi et al., 2018). Although extremely 
effective, after crop harvest they are notoriously difficult to recover from 
soil and are rarely recycled. Consequently, plastic films are often 
incorporated into the soil where fragmentation is facilitated by tillage 
and exposure to UV radiation (Liu et al., 2014). Although MPs may 
confer some benefits to agricultural soils (e.g. enhanced C storage, 
structure, aeration), it is thought that these will be far outweighed by the 
potential disbenefits (Qi et al., 2020). 

Microplastics present in soil can be ingested and transferred to larger 
soil organisms, leading to uncertain effects on soil fauna and microor-
ganisms (Nizzetto et al., 2016). Several taxa including plastic-degrading 
bacteria and pathogens were more abundant on MPs polluted soil, 
indicating that MPs can act as a distinct microbial habitat, potentially 
altering the ecological functions of soil ecosystems (Huang et al., 2019). 
Additionally, the exposure of soil to MPs can change the association 
between microbial activity and water stable aggregates (Machado et al., 
2018b), since the diversity and interactions of soil microbes are signif-
icant causal factors in soil aggregation (Lehmann et al., 2017). Although 
MPs pollution on soil macroorganisms has received great attention, 
research investigations of their effects on the microbial community are 
rare, especially the interactions among plant, soil and microbes. As small 
changes in plant-soil-microbe systems by MPs addition may lead to 
significant long-term impacts on a range of soil ecosystem services (e.g., 
C storage, nutrient cycling, pollutant attenuation) (Zang et al., 2018; 
Zhou et al., 2020), it is vital to understand how MPs affect microbial 
communities and below-ground C flow (Zang et al., 2019; Qi et al., 
2020). 

Low molecular weight organic substances (LMWOS) appear to 
dominate the total CO2 flux from soil (up to 30%) and strongly affect 
nitrogen (N) cycling at a global scale (Wen et al., 2019a). CO2 fluxes 
originating from soil organic matter (SOM) mineralization are also 
controlled by how the microbial community partitions the LMWOS be-
tween catabolic (i.e. energy yield processes associated with CO2 pro-
duction) and anabolic (i.e. microbial biomass growth) pathways (Jones 
et al., 2018; Zang et al., 2020). Carbon use efficiency (CUE) is commonly 
used to quantify the proportion of C incorporated into new microbial 
biomass, which could have significant influences in response to MPs 
pollution (Wen et al., 2019a, b). However, it remains unclear how 
LMWOS mineralization and CUE respond to the type and amount of MPs 
pollution. 

It is now expected that the negative impacts of plastics on ecosystem 
health will worsen over time as their decomposition rates are extremely 
slow relative to the rate of entry to the system, leading to a progressive 
accumulation within soil (Rillig, 2012; Rillig et al., 2017). It has been 
observed that topsoil near roads in an industrial area might contain up to 
7% of MPs by weight (Fuller and Gautam, 2016), while some researchers 
argue that levels up to 60% by weight may be realistic in highly 
contaminated areas (Huerta Lwanga et al., 2016). In agricultural areas, 
farmers undertaking plasticulture typically use between 5 and 35 kg 
plastic film ha− 1 yr− 1, with residual plastic present in the underlying soil 
varying from 72 to 260 kg ha− 1, depending on the number of years of 
use, percentage of ground covered and film thickness (Liu et al., 2014). 
Due to our poor understanding of plastic behaviour in soil, it is currently 
not possible to make informed decisions on future policies relating to the 
use and disposal of agricultural plastics. The severity of impact, how-
ever, is likely to depend on the type and amount of plastic entering the 
soil. Polyvinyl chloride (PVC) and Polyethylene (PE) are the two most 
common plastics found in soil (Kasirajan and Ngouajio, 2012; Liu et al., 
2014). The aim of this study was, therefore, to explore how different 
types and amounts (1, 5, 10, 20% w/w) of MPs would influence: 1) plant 
growth; 2) assimilated C allocation in the plant-soil system; 3) soil 

microbial community and exoenzyme activity; and 4) the dynamics and 
turnover of LMWOS (glucose and amino acids) in soil. 

2. Materials and methods 

2.1. Soil sampling and preparation 

Soil was collected from the upper layer (0–20 cm) of a lowland (15 m 
altitude) freely-draining Lolium perenne L. dominated grassland field at 
the Henfaes Agricultural Research Station located in Abergwyngregyn, 
Gwynedd, North Wales (53◦14′N, 4◦01′W). The soil is classified as a 
Eutric Cambisol with silty clay loam texture. The mean annual soil 
surface temperature varies from 8 to 10 ◦C and the annual rainfall is 
1050 mm. The soil has no previous history of plastic pollution. This site 
is an experimental site owned by Bangor University, which was estab-
lished more than 50 years ago. The farming history of the site is well 
known. No plastic mulch was applied, and no plastic pollution was 
recorded for the site. The soil was stored in air-permeable polyethylene 
bags after collection and immediately transported back to the labora-
tory. The soil was homogenized and sieved (<5 mm) in a field-moist 
condition and the fine roots and other plant residues removed before 
use. The basic characteristics of the soil were as follows: pH (H2O), 5.7; 
organic C, 35.0 g kg− 1; total N, 2.6 g kg− 1. Further information about the 
experimental site is presented in Jones et al. (2004). 

2.2. Experimental design and set-up 

A pot experiment with completely randomized design and four rep-
licates per treatment was set up in an unheated glasshouse. Five hundred 
grams of soil (dry weight) was placed in pots (11 cm × 8 cm surface area, 
and 17 cm height, n = 36). Two common types of MPs (PVC and PE; 125 
μm; Sigma-Aldrich, St. Louis, USA) were manually incorporated into the 
soil to give concentrations of 1%, 5%, 10%, and 20% of the soil dry 
weight. An additional control treatment was included, with no plastic 
addition but with the equivalent amount of soil disturbance. Subse-
quently, the pots were pre-incubated under field-moist conditions in a 
greenhouse for 2 weeks (Song et al., 2020). After pre-incubation, six 
wheat (Triticum aestivum L.) seeds were sown in each pot and thinned to 
four seedlings per pot after 5 days of growth. Plants were watered every 
three days and the soil moisture was maintained at a gravimetric 
moisture content of 20% throughout the experiment. 

2.3. 14CO2 labeling of plants 

After 30 days, the patterns of C allocation in plant tissues under the 
different treatments were determined using the 14CO2 labeling approach 
described in Hill et al. (2007). Briefly, the pots were put in air-tight 
plastic chambers (1 m × 1 m × 80 cm) before labeling. The chamber 
consisted of a transparent polyethylene film, which was hung from a 
wooden frame and sealed using adhesive tape to avoid gas leakage. 
14CO2 gas was generated by the reaction of Na2

14CO3 and excess HCl. 
Using a syringe, HCl was carefully added to a glass beaker inside the 
chamber containing the Na2

14CO3 solution. Puncture holes caused by the 
syringes were sealed with tape and three fans (5–12 V) in the chamber 
were used to ensure a uniform distribution of 14CO2. Assimilation took 
place within 2 h after the addition of 14CO2 (Hill et al., 2007; Zang et al., 
2019), after which the chamber was removed. 

2.4. Plant, soil and gas sampling 

The plants and soil were sampled 5 days after labeling. Shoots were 
cut off at the base of the stem and the roots and soil were collected 
separately. Plant roots were removed from the soil by washing with tap 
water. Shoots, roots, and soil were oven-dried (60 ◦C, 24 h), weighed, 
homogenized and then ball-milled before further analysis (Wang et al., 
2020). Soil microbial biomass (14C-MBC) was determined on fresh soil 
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by the chloroform fumigation extraction method (Vance et al., 1987; Wu 
et al., 1990). Given that chloroform may degrade plastic particulates and 
thus result in overestimate of microbial C, we only quantified 14C-MBC 
using this method. For the total microbial biomass, we estimated it as the 
sum of all extracted PLFAs (see below). After destructive sampling, the 
fresh soil was carefully mixed and a 5 g subsample directly extracted 
using 20 ml of 0.05 M K2SO4 (Zang et al., 2016; Wen et al., 2020). 
Another 5 g portion of soil was fumigated with chloroform for 24 h and 
then extracted in the same manner. The non-fumigated extractions were 
used to measure 14C in the dissolved organic C fraction (14C-DOC). The 
14C in the microbial biomass was estimated as the difference in 
K2SO4-extractable 14C between fumigated and non-fumigated soils 
without a correction factor (Glanville et al., 2016). 14CO2 evolved from 
the soil and wheat root compartment was trapped in a 1 M NaOH so-
lution after labeling following the method of Hill et al. (2007). 

The 14C content of the oven-dried plant and soil materials were 
determined by oxidization in an OX400 Biological Oxidiser (RJ Harvey 
Instrument Corp., Hillsdale, USA), with 14CO2 collected in Oxosol scin-
tillant (National Diagnostics, Atlanta, USA). 14C activity was measured 
by liquid scintillation counting using a Wallac 1404 liquid scintillation 
counter with automated quench correction. 14C activities of CO2 in the 
NaOH traps and K2SO4 extracts were measured by mixing 1 ml of this 
solution with 4 ml of HiSafe 3 scintillant (Fisher Scientific, Lough-
borough, UK) and then measured with the Wallac 1404 scintillation 
counter. 

2.5. Measurements 

2.5.1. Phospholipid fatty acid analysis of microbial communities 
After plant harvest, the whole soil from each pot was mixed, ho-

mogenized, and fine roots and residues were carefully removed manu-
ally. Then, 20 g of soil was stored at − 80 ◦C for microbial community 
analysis. Given that phospholipid fatty acids (PLFA) are the main 
component of the cell membrane of all microbes, PLFA analysis was used 
to quantify total microbial biomass and provide a general profile of the 
microbial community (Kim et al., 2018). PLFA was undertaken ac-
cording to the method of Bartelt-Ryser et al. (2005) with taxonomic 
groups ascribed to individual PLFAs using the Sherlock® PLFA Method 
and Tools Package (PLFAD1; Microbial ID Inc., Newark, USA). The soils 
were suspended in a solution of methanol-chloroform-phosphate buffer. 
After filtration, the chloroform phase was separated and the phospho-
lipids were separated from glycolipids and neutral lipids by solid-phase 
extraction. The phospholipids were saponified and methylated to fatty 
acid methyl esters by using an Agilent 6890 gas chromatograph equip-
ped with a flame ionization detector and an Ultra-2 column (Kim et al., 
2018). A total of 70 fatty acids were found in our soil samples but we 
only chose those that represented more than 0.5% of the total PLFAs for 
biomarker and taxonomic group annotation. The fatty acids considered 
to establish the different taxonomic groups are shown in Table S1. 

2.5.2. Soil exoenzyme activity 
Five enzymes related to soil C (β-glucosidase, cellobiohydrolase, and 

xylosidase) and N (leucine aminopeptidases and chitinase) cycling were 
selected as indicators for changes in enzyme activities under MPs 
pollution. Enzyme activities were measured using fluorogenically 
labeled substrates (Wen et al., 2019b; Zhou et al., 2020; Zhang et al., 
2020). Briefly, 1 g of fresh soil was collected from the wheat mesocosms 
at harvest and suspended in 50 ml of sterile water by shaking for 30 min, 
and dispersing for 2 min using low-energy sonication (50 J s− 1). A 50 μl 
aliquot of the soil suspension was pipetted into 96-well black micro-
plates. Afterwards, 50 μl of buffer and 100 μl of the corresponding 
substrates at concentrations of 200 μmol substrate g− 1 soil were added. 
At 0, 30, 60 and 120 min after substrate addition, the microplates were 
measured fluorometrically at an excitation wavelength of 360 nm and an 
emission wavelength of 450 nm (Victor3 1420-050 Multi-label Counter, 
PerkinElmer, USA). 

2.5.3. Low molecular weight organic substrate (LMWOS) mineralization 
A separate incubation experiment was established to evaluate the 

LMWOS mineralization in response to MPs pollution. The mineralization 
rate of LMWOS was investigated following the methods of Boddy et al. 
(2007) and Wen et al. (2019a). Briefly, fresh soil (2 g) was collected from 
the previous pot experiment under different type and amount of 
microplastics pollution. The soil was placed in a 50 ml centrifuge tube 
and equilibrated at 20 ◦C for 3 days prior to substrate addition. Subse-
quently, 200 μl of either 14C-glucose or a 14C-amino acid mixture (<10 
nM; 16 kBq ml− 1; Amersham Biosciences UK Ltd, Chalfont St. Giles, UK) 
was injected into the soil. The amino acid mixture was an equimolar 
mixture of 15 uniformly 14C-labeled L-amino acids (alanine, arginine, 
aspartic acid, glutamic acid, glycine, histidine, isoleucine, leucine, 
lysine, phenylalanine, proline, serine, threonine, tyrosine, and valine; 
pH 5.60). Subsequently, a 14CO2 trap (1 M NaOH, 1 ml) was placed into 
the closed container to capture evolved CO2. The NaOH traps were 
changed at 1, 3, 5, 7, 10, 24, 32, 48, 72, 108, 169 h after LMWOS 
addition to measure the production of 14CO2. The 14C content of the 
NaOH traps was determined as described above. 

2.6. Calculations 

14C data for each replicate were expressed as percentages of total 14C 
recovered in the plant-soil system (Sanaullah et al., 2012; Zang et al., 
2019). The total 14C recovered was calculated as the sum of 14C amount 
in CO2, shoots, roots, and soil as follows:  

Total 14C recovered = 14C–CO2 +
14C-shoot + 14C-root + 14C-soil        (1) 

The 14C incorporation (% of 14C recovered) into CO2, shoots, roots, 
soil, DOC, and microbial biomass were calculated as follows:  

14C incorporation = 14C activity in X / total 14C recovered × 100%         (2) 

where X is the particular pool within the plant-soil system. 
To characterise the rate of LMWOS turnover in soil, a model was 

fitted to the experimental data. Within the model, 14CO2 production was 
apportioned into two pools: 1) the fast pool, where the substrate is 
immediately used for catabolic processes, rapidly influencing CO2 flux; 
2) the slow pool, constitutes the remaining 14C immobilized within the 
microbial biomass (i.e. used for cell growth, maintenance, and ulti-
mately necromass turnover), which is only later broken down and 
respired (Glanville et al., 2012, 2016; Wen et al., 2019a,b). Therefore, 
substrate mineralization was described by a two-step process, double 
first order decay model as follows: 

S= a1 e− k1 t + a2 e− k2 t (3)  

where S is the 14C remaining in the soil (% of total added 14C), a1 and a2 
are pool sizes for the fast and slow mineralization phases (% of total 
added 14C), respectively. Here, a1 represents the fast pool immediately 
used for catabolic processes, whereas a2 represents the slow pool 
immobilized within the microbial biomass. Additionally, k1 and k2 are 
the rate constants (% of total added 14C per hour) for a1 and a2, 
respectively, and t is time (h) (Glanville et al., 2016; Wen et al., 2019a). 
Microbial substrates C use efficiency (SCUE) for each C substrate was 
calculated according to Jones et al. (2018) where:  

Substrate CUE = a2 / (a1 + a2)                                                         (4) 

Thus, substrate CUE was calculated based on the proportion of added 
C incorporated into new microbial biomass. It should be noted that the 
CUE values here are only for the C within the glucose or amino acids 
added (i.e. substrate C use efficiency) and do not account for other C 
compounds also used by the microbial biomass. A full description of the 
model is provided in the supporting references (Glanville et al., 2012, 
2016; Wen et al., 2019a; Jones et al., 2018) should the reader need more 
information. 
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2.7. Statistical analysis 

Each variable was first tested for normality using the Shapiro-Wilk’s 
test, and for equality of variance using Levene’s test. Variables with non- 
normal distributions (PLFAs) or unequal variances (14C incorporation 
into DOC and CUE of amino acid) were logarithmically transformed. 
Differences in plant and soil properties among treatments (MPs 
amounts: 0%, 1%, 5% 10%, 20%; MPs types: PVC and PE) were then 
analysed using one-way ANOVA with Fisher’s least significant differ-
ence (LSD) test. All the differences were considered significant at the P 
< 0.05 level. The PLFA profiles were analysed based on principal 
component analysis (PCA). They were Gram-negative, Gram-positive, 
actinomycetes, putative AM fungi, eukaryote, and fungi, and all of them 
were used for PCA analysis. The mole percentages of individual PLFAs 
were used in the PCA to determine if the PLFA signatures of microbial 
communities varied with treatments. We selected the two main principal 
components (PC) 1 and 2 with an explanation of 56.2% and 29.2%, 
respectively. Statistical analyses were carried out using SPSS v20.0 (IBM 
Inc., Armonk, USA). 

3. Results 

3.1. Shoot and root biomass 

Both PVC and PE affected wheat shoot and root biomass, with the 
magnitude of the response strongly dependent on the amount of MP 
added to the soil (P < 0.05; Fig. 1; Table S2). In addition, wheat growth 
was affected by the type of plastic, albeit to much lesser extent. Relative 
to the unamended control treatment, shoot and root biomass were 
suppressed by 13–53% at low rates of MP addition (i.e. 1% and 5%), 

whereas plant biomass increased by 50–80% at higher MP addition rates 
(P < 0.05; Fig. 1a and b; Table S2). The root-to-shoot ratio was doubled 
with the 20% PVC and 10% PE MP treatments (P < 0.05; Table S2), but 
was unaffected by the low MP doses (Fig. 1c). 

3.2. Assimilated 14C allocation in the plant-soil system 

Regardless of MP pollution, plant shoots were the main sinks for 
assimilated CO2, incorporating more than 50% of the total 14C recovered 
(Fig. 2a). 14C incorporation into the shoots was increased by PVC 
addition compared to the unamended control, especially at low rates of 
MP addition (i.e. 1% and 5%; Fig. 2a). Low PVC additions decreased 14C 
incorporation into the roots from 36% to 20% of the total 14C recovered 
(Fig. 2b), but no effect was observed at 20% PVC addition. The 14C 
remaining in soil was 2–3 times higher with 1% and 5% of PVC treat-
ments compared to the control (Fig. 2c), while the lower 14CO2 emis-
sions were observed in the treatments with low PVC addition than high 
PVC addition (Fig. 2d). 14C incorporation into the soil microbial biomass 
and DOC pool represented <3% of the total 14CO2 assimilated, regard-
less of the MP type and amount. Compared to the control, low amounts 
of PVC addition (i.e. 1% and 5%) increased 14C incorporation into the 
microbial biomass, but it was decreased in the high PVC treatments (i.e. 
10% and 20%; P < 0.001; Fig. 2e). Similarly, 14C incorporation into DOC 
increased with PVC concentration compared to the control (P < 0.05; 
Fig. 2f). However, PE addition had no effect on 14C incorporation into 
these pools in the plant-soil system (P > 0.05). 

3.3. Soil microbial community 

Total soil microbial PLFAs increased with MP addition, regardless of 
the added amount (Fig. 3). Specifically, total PLFAs for the control soil 
was 95 nmol g− 1 and this increased by 2.0, 1.3 and 1.6 times with 5%, 
10% and 20% of PVC addition (P < 0.001; Table S3), respectively. 
However, the total PLFAs was only slightly enhanced (17–45%) by PE 
addition and did not show strong variation across the different addition 
rates (Fig. 3). MP addition slightly increased Gram-negative bacteria, 
but decreased Gram-positive bacteria (Fig. 4c,e). Actinomycetes 
increased with PVC addition, whereas PE addition decreased actino-
mycetes (Fig. 4g). PE addition did not affect the amount of putative AM 
fungi and total fungi, however, PVC addition stimulated AM fungi but 
suppressed the general fungal community (Fig. 4d, f). Eukaryotes 
increased with PE addition but was not affected by PVC addition. The 
PCA calculated from six variables (PLFA fingerprint) explained 85% of 
the total variance (Fig. 4). The six variables were correlated with prin-
cipal components (PC) 1 and 2 in different directions (Fig. 4). The Gram- 
negative and Gram-positive bacteria were most strongly correlated with 
PC2, which separated the MPs addition from the control soil. The acti-
nomycetes, putative AM fungi, eukaryote, and fungi were more related 
to PC1, which separated the responses of microbial communities to PVC 
and PE addition. The different amount of PVC addition showed small 
within-treatment (i.e. same MP concentration) variance and showed 
separation from each other, indicating a dose effect. However, the 
different amount of PE inputs showed large within-group variance along 
PC2 and were overlapping. 

3.4. Soil exoenzyme activity 

As an overall indicator of microbial status, exoenzyme activity was 
only slightly altered by MP addition. The activity of β-glucosidase and 
xylosidase were reduced by 16–43% with PVC input compared to that of 
the control (P < 0.05; Fig. 5a and b). This was supported by the 
depressed microbial activity as evidenced by the lower soil respiration 
with PVC addition (Fig. S1). Moreover, PVC input had no effect on 
cellobiohydrolase (P > 0.05) and N-related leucine aminopeptidase ac-
tivities (P > 0.05; Fig. 5c–e; Table S3). However, PE addition did not 
affect these C- and N-cycling related enzyme activities (P > 0.05; 

Fig. 1. Effects of microplastics type and amount on wheat shoot (a) and root 
biomass (b) and root-to-shoot ratio (c). The microplastics used here were 
polyvinyl chloride (PVC) and polyethylene (PE) at soil addition rates of 1%, 5%, 
10%, and 20% by soil dry weight. Left parts: Impact of microplastics on plant 
performance over the range of amounts added. Values are means ± standard 
errors (n = 4). Right parts: Summary of the effect of microplastic types on plant 
performance combining the amounts added. The black points are outliers 
beyond the 10th and 90th percentiles; the boxes are 25th and 75th percentiles; 
the central thin horizontal line represents the median, and the central bold 
horizontal line represents the mean. The black, orange, and green represent the 
microplastic types as control, PVC, and PE, respectively. Note the different 
scales on the y-axis in the figures. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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Table S2). 

3.5. Dynamics and turnover of low molecular weight organic substrates 

The total loss of 14CO2 from the soil decreased with increasing PVC 
addition (P < 0.05; Fig. S2), regardless of LMWOS type and amount. 
However, no clear trend was observed with PE addition. Both types of 
MP resulted in changes in microbial CUE for glucose (Fig. 6). PVC 
addition significantly stimulated microbial substrates CUE, showing a 

dose-dependent effect (Fig. 6a and b). Although the trend of PE addition 
was not as clear as PVC addition, it also slightly increased CUE for amino 
acids (P < 0.05). 

4. Discussion 

4.1. Microplastics effects on plant growth 

Microplastics contamination of soil alters plant growth, which was 
evidenced by plastic-induced changes in C allocation and above- and 
below-ground biomass production (Figs. 1 and 7). The effect of MPs on 
plant growth can be ascribed to a range of factors including: 1) direct 
toxicity of the plastic on the plant (mainly by nanoparticles); 2) direct 
toxicity from contaminants present in the plastic (e.g. metals, plasti-
cisers); and 3) indirect effects on plant growth via changes in soil 
properties and microbial communities (Saarma et al., 2003; Gu et al., 
2017; Rillig et al., 2019 Qi et al., 2020). Our results showed that the 
response was dependent on both the type and amount of MPs within the 
soil (Fig. 7), however, it did not show a classic dose-dependent response 
(e.g. S-shaped curve described by a multi-parameter log-logistic equa-
tion) as seen for many soil-borne xenobiotics (i.e. reduced growth as 
dose rate increases; An et al., 2004; Dimkpa et al., 2013). Given that the 
PVC and PE used in the current study were pure, the different impact of 
MPs type on the plant-soil system may be attributed to the material it-
self. However, as we still possess limited information about the different 
responses to PVC and PE, further studies are needed to explore the un-
derlying mechanisms in more depth. It could be that the differences 
relate to the microstructure of the plastics, their crystallinity and/or 
reactivity. It should be noted that similar differences in ecological 
response to PVC and PE have been noted in marine systems (Rochaab 
et al., 2020). We observed that the reduction in plant biomass was most 
acute at low MPs additions. This could be attributed to a direct toxic 
effect by nanoparticles existing in the added MPs. It is accepted that 
nanoparticles can be taken up by plants and can induce damage to tis-
sues (Navarro et al., 2008), although the mechanisms still remain poorly 
understood (Yang et al., 2017). The MPs used in this study contained no 
plasticisers, however, we cannot completely eliminate the presence of 
other contaminants which might have affected plant development (e.g. 
nonylphenol; Bokern and Harms, 1997). Currently, we do not know if 
MPs size will have an effect on plant and soil microbial biomass 
(Machado et al., 2018a), however, it is generally hypothesized that the 
toxic effects on biota will increase with decreasing MPs size (Yang et al., 
2017; Machado et al., 2018a). The plastic particles tested here were 

Fig. 2. Effects of microplastics type and amount on the allocation of 
photosynthetically-fixed C, as a percentage of the total 14C recovered, to shoots 
(a), roots (b), soil (c), CO2 emission (d), microbial biomass (e), and dissolved 
organic C (f). The microplastics used here were polyvinyl chloride (PVC) and 
polyethylene (PE) with increasing concentrations of 1%, 5%, 10%, and 20% by 
soil dry weight. Left parts: Impact of microplastics on 14C incorporation over 
the range of amounts added. Values are means ± standard errors (n = 4). Right 
parts: Summary of the effect of microplastic type on 14C incorporation 
combining all treatments. The black points are outliers beyond the 10th and 
90th percentiles; the boxes are 25th and 75th percentiles; the central thin 
horizontal line represents the median, and the central bold horizontal line 
represents the mean. The black, orange, and green represent the microplastic 
types as control, PVC, and PE, respectively. Note the different scales on the y- 
axis in the figures. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 3. Effects of microplastics type and amount on total PLFAs. The micro-
plastics used here were polyvinyl chloride (PVC) and polyethylene (PE) at soil 
addition rates of 1%, 5%, 10%, and 20% by soil dry weight. Left parts: Impact of 
microplastics on PLFAs over the range of concentration added. Values are 
means ± standard errors (n = 4). Right parts: Summary of the effect of 
microplastic types on PLFAs combining the amounts added. The black points 
are outliers beyond the 10th and 90th percentiles; the boxes are 25th and 75th 
percentiles; the central thin horizontal line represents the median, and the 
central bold horizontal line represents the mean. The black, orange, and green 
represent the microplastic types as control, PVC, and PE, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 4. Principal component analysis of the soil microbial PLFA fingerprints: Gram-negative bacteria, Gram-positive bacteria, fungi, putative AM fungi, eukaryote, 
and actinomycetes (a). Correlation circle describing the correlation between microbial community and the two PCs (b). Different colours represent the three 
treatments: control (circles and black), polyvinyl chloride (PVC; rhombus and orange) and polyethylene (PE; triangles and green) addition. The darker colours 
represent higher microplastics concentration treatments. Ellipses show the within-group variance. PC1 and 2 explained 56.2% and 29.2% of the inertia, respectively. 
The arrows illustrate the effects of microplastics (corresponding to both PC1 and 2, i.e. x and y-axis). Effect of microplastics type and amount on the relative 
abundance of different microbial taxonomic groups (PLFAs) in soil (c, d, e, f, g, and h). The microplastics used here were polyvinyl chloride (PVC) and polyethylene 
(PE) with an increasing concentration of 1%, 5%, 10%, and 20% by soil dry weight. The effect of microplastics on each microbial group was estimated as the relative 
changes to the control. Values are means ± standard errors (n = 4). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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relatively large in comparison to the size of the pores in the root cell wall 
(4 nm; Carpita et al., 1979; Carpita, 1982) and based on studies with 
metal nanoparticles are unlikely to be taken up into root cells (Sanaullah 
et al., 2012). Further work using microscopy, however, is needed to 
differentiate between MPs sorbed to the root surface versus those pre-
sent within the root itself. 

In contrast to most xenobiotic studies, we found that plant biomass 
was enhanced under high MPs addition rates. We assume that the 
changes in soil properties caused by MPs contribute strongly to the 
increased plant growth. For example, MPs have been suggested to lower 
soil bulk density (Machado et al., 2018b), which could directly reduce 
penetration resistance for plant roots, and enhanced soil aeration, and 
thus increase root growth (Rillig et al., 2019). Furthermore, MPs input 
also shows a positive relationship with soil water holding capacity but a 
negative relationship with water stable aggregates (Machado et al., 
2018b). Changes in soil bulk density, water holding capacity, and soil 
aggregates can alter root growth and subsequently plant biomass (Wen 

et al., 2020). We also found that the effect of MPs was greater on root 
rather than shoot growth, as proved by the enhanced root-to-shoot ratio 
with higher MPs addition treatments. However, the mechanistic un-
derstanding of MPs addition on the performance of plant and soil still 
needs further exploration. 

4.2. Microplastics-induced changes in 14C allocation in the plant-soil 
system 

To our knowledge, this is the first time the effect of MPs pollution on 

Fig. 5. Effects of microplastics type and amount on soil enzyme activities: b- 
glucosidase (a), xylosidase (b), cellobiohydrolase (c), leucine aminopeptidases 
(d), and chitinase (e). The microplastics used here were polyvinyl chloride 
(PVC) and polyethylene (PE) with an increasing concentration of 1%, 5%, 10%, 
and 20% by soil dry weight. Left parts: Impact of microplastics on soil enzyme 
activities over the range of amounts added. Values are means ± standard errors 
(n = 4). Right parts: Summary of the effect of microplastic types on soil enzyme 
activities combining the amounts added. The black points are outliers beyond 
the 10th and 90th percentiles; the boxes are 25th and 75th percentiles; central 
thin horizontal line represents median, and central bold horizontal line repre-
sents the mean. The black, yellow, and blue represent the microplastic types as 
control, PVC, and PE, respectively. Note the different scales on the y-axis in the 
figures. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 6. Effects of the type and amount of microplastics on microbial carbon use 
efficiency. The microplastics used here were polyvinyl chloride (PVC) and 
polyethylene (PE) at soil addition rates of 1%, 5%, 10%, and 20% by soil dry 
weight. Left parts: Impact of microplastics on PLFAs over the range of con-
centration added. Values are means ± standard errors (n = 4). Right parts: 
Summary of the effect of microplastic types on PLFAs combining the amounts 
added. The black points are outliers beyond the 10th and 90th percentiles; the 
boxes are 25th and 75th percentiles; the central thin horizontal line represents 
the median, and the central bold horizontal line represents the mean. The black, 
orange, and green represent the microplastic types as control, PVC, and PE, 
respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 

Fig. 7. Schematic overview of microplastics threat to the plant-soil system. The 
green box in the left shows the assimilated 14C allocation to shoot, root, soil, 
CO2 emission, microbial biomass, and dissolved organic C as affected by 
microplastics. The black box in the right shows the changes in the plant-soil 
system as affected by microplastics. The red and blue numbers represent the 
positive and negative effects of microplastics, respectively. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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the allocation of photosynthetic C in the plant-soil system has been 
investigated. Generally, MPs seem to increase C allocation to the shoot, 
which was more pronounced at low rates of PVC addition, and is in 
agreement with the slightly reduced root-to-shoot ratio (Fig. 7). A 
greater proportion of C was allocated to the shoots rather than roots 
under low PVC concentration additions possibly due to the phytotoxic 
effect of nanoplastics seen in overall root growth (especially with 1% of 
MPs addition) (Navarro et al., 2008). At increasing MPs concentrations, 
the physical effect (e.g. soil aeration and bulk density) may counteract 
the phytotoxic effect (Rillig et al., 2019). Similarly, the increased aera-
tion may stimulate greater native soil organic matter turnover and 
relieve any nutrient limitations on growth. Therefore, compared to low 
PVC input, the reduced soil bulk density and increased water holding 
capacity with the high PVC additions might benefit higher C allocation 
to roots rather than to shoots (Sanaullah et al., 2012; Machado et al., 
2018b; Wen et al., 2020). However, the PE input has no significant effect 
on C allocation to shoot and root regardless of the amount added. This 
highlights the complexity of photosynthetic C allocation as affected by 
different types of MPs. In future studies, a wider range of MPs types and 
amounts should be applied to evaluate their effect on C, N and P cycling 
in the plant-soil system. 

The proportion of 14C allocation to the soil was increased with low 
PVC concentration but no effect was seen at high concentrations. We 
ascribe this to increased root stress and rhizodeposition at low PVC 
addition rates. PVC inputs reduced the root-to-shoot ratio of incorpo-
rated 14C, which means lower 14C remaining in soil per unit of root 
compared with the control. This is possibly attributed to increased mi-
crobial activity and root exudate turnover at higher concentrations of 
PVC contamination. Similarly, 14CO2 emissions increased at high PVC 
concentrations, which may be linked to enhanced root respiration 
(higher root biomass than control) and microbial respiration (higher 
turnover of root exudates) (Kuzyakov and Domanski, 2002; Zang et al., 
2017). This is also supported by the higher CO2 emission under high PVC 
concentration compared to the unamended control during wheat 
growth. MPs could also increase dissolved organic matter and nutrient 
contents in soil (Liu et al., 2017), and thus increase CO2 release and plant 
growth. The increased 14CO2 release with PVC additions could also be 
attributed to enhanced soil aeration and/or lower soil bulk density and 
decreased water stable aggregates (Dorodnikov et al., 2009; Machado 
et al., 2018b). The increased 14C-DOC under a low rate of PVC addition 
is indicative of a higher root exudation rate or suppressed 
root-associated microorganisms (Sanaullah et al., 2012; Zang et al., 
2017). However, our results showing unchanged or even increased total 
PLFAs along with higher 14C incorporation into the microbial biomass 
with low PVC inputs does not support this. Therefore, the lower root C 
allocation with PVC input induced a redistribution of C to aboveground 
biomass and root exudation, potentially indicating higher C sequestra-
tion with small amounts of PVC pollution. Remarkably, assimilated C 
allocation in the plant-soil system was not affected by PE addition, 
indicating that the type of MPs is important in determining the impact 
on C cycling in agroecosystem. The different effect of PVC and PE on C 
allocation was mainly observed belowground (soil, respiration, micro-
bial biomass, and DOC) rather than aboveground (shoot). This we 
attribute to the different effect of PVC and PE on our observed changes in 
the size and activity of the soil microbial biomass and its composition (as 
supported by PLFAs, enzyme activities and CO2 evolution). Our results 
highlight that MPs could affect soil ecosystem services through changes 
in plant and soil function in addition to their direct toxicity. 

4.3. Microplastics alterations in the size and structure of the soil microbial 
community 

Generally, both PVC and PE input increased soil microbial biomass, 
as proved by the higher total PLFAs associated with both MPs types 
(Figs. 3 and 7). These results are consistent with the increased microbial 
activity in a loess soil with up to 28% by weight of polypropylene 

contamination (Liu et al., 2017). The PCA illustrated the similarities 
between the low PVC input and the control soil (Fig. 4). Both PVC and PE 
additions resulted in a shift from a Gram-positive to a more 
Gram-negative dominated microbial community structure suggesting 
that MPs addition stimulated soil C cycling. However, it should be noted 
that the PLFA method cannot thoroughly separate Gram-negative and 
Gram-positive microbial community due to the limitation in biomarkers 
(Frostegård et al., 2011). Compared to PE, the effect of PVC input on soil 
microbial community shows a dose effect (i.e. microbial community 
responds differently at different doses). MPs addition favours microbial 
activity as indicated by the higher 14C incorporation into microbial 
biomass and DOC, thus increasing C-substrates which can facilitate 
microbial growth (Liu et al., 2017). Wang et al. (2016) demonstrated 
how soil microbial C and N decreased by more than 30% with the 
addition of plastic residues, however, these results were observed with 
the addition of macro-rather than micro-plastics. Given that MPs have 
an impact on both soil physical and chemical parameters (depending on 
particle size and amount) (Machado et al., 2018b), MPs pollution can be 
expected to differentially affect different components of the microbial 
community. Additionally, MPs can also act as an abundant and distinct 
microbial habitat (i.e. new biofilm surfaces; McCormick et al., 2014), 
which could potentially stimulate particular microbial groups. More-
over, changes in soil structure (e.g. soil aggregation and bulk density) by 
MPs may result in a shift in soil microbial community composition, and 
further affect plant growth (Rillig et al., 2019), although there is little 
knowledge about the direction of changes and functional consequences. 

4.4. Microplastic effects on C substrate turnover in soil 

Overall, the presence of MPs did not increase the mineralization of 
low molecular weight C in soil (Fig. 6). In marine systems, the surface of 
MPs has been proven to attract and absorb organic chemical pollutants 
from the water column, particularly those which are hydrophobic (Mato 
et al., 2001). However, the substrates used here were hydrophilic and 
carried no charge and are therefore very unlikely to interact strongly 
with plastic surfaces. Our results do, however, suggest that PVC, and to a 
lesser extent PE, reduced their mineralization. We ascribe this not to 
reduced uptake of substrate by the microbial community but due to 
differences in C partitioning within the community. This is evidenced by 
the differences in microbial C use efficiency (CUE). Given that PVC 
increased microbial biomass (supported by PLFAs) but reduced the 
LMWOS mineralization, the main driver for C mineralization under MPs 
pollution was the microbial community shift rather than biomass. 
Overall, CUE increased at higher MPs concentrations, specifically for 
PVC. This is attributable to (i) an increased allocation of C to cell 
maintenance (defence and repair) in response to MPs stress, (ii) the 
presence of an additional C supply which changes how metabolites are 
used within the cell, (iii) growth of the microbial community, (iv) a shift 
in microbial community structure and associated C metabolism (e.g. 
fungal-to-bacterial ratio). The increase in microbial-PLFA data provides 
direct evidence to support (iii) and (iv), however, we cannot discount (i) 
and (ii) which could also be occurring simultaneously. 

5. Conclusions 

Our results clearly show that MPs (especially PVC) negatively affect 
plant growth and can cause significant shifts in the size, activity, 
structure, and functioning of the soil microbial community. MPs 
generally had a minor effect on assimilated 14C allocation in shoot and 
root, but increased that allocated to the soil (+70.6%) and CO2 emission 
(+43.9%). This clearly indicates that both PVC and PE have the ability 
to greatly alter C partitioning within the plant-soil system. It is expected 
that this will also lead to significant downstream impacts on the cycling 
of other macronutrients (e.g. N and P). Moreover, MPs increased the soil 
microbial biomass (+43.6%; indicated by PLFAs), and changed the 
structure and metabolic status of the microbial community (indicated by 
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PLFAs and LMWOS mineralization). The evidence presented here sug-
gests that MPs can have a significant impact on key pools and fluxes 
within the terrestrial C cycle with the response being both dose- 
dependent and MP-specific. As the effects of MPs on soil functioning 
are likely to be multifactorial, involving changes in the chemical, bio-
logical and physical attributes of the soil, further multi-scale study is 
clearly needed to enable the design of effective mitigation measures. In 
addition, further work should be undertaken on different types, for-
mulations and sizes of MPs to gain a more holistic evaluation of their 
impact on the plant-soil system. 
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