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Abstract 20 

Plastic residues could accumulate in soils as a consequence of plastic mulching after harvesting, which 21 

results in a serious environmental concern for agroecosystem. As an alternative, biodegradable plastic 22 

films stand as promising products to minimize plastic debris accumulation and soil pollution. However, 23 

the effects of residues from traditional and biodegradable plastic films on the soil-plant system are not well 24 

studied. In this study, we used a controlled pot experiment to investigate the effects of macro- and micro- 25 

sized residues of low-density polyethylene and biodegradable plastic mulch films on the rhizosphere 26 

bacterial communities, rhizosphere volatile profiles and soil chemical properties. Interestingly, we 27 

identified significant effects of biodegradable plastic residues on the rhizosphere bacterial communities 28 

and on the blend of volatiles emitted in the rhizosphere. For example, in treatments with biodegradable 29 

plastics, bacteria genera like Bacillus and Variovorax were present at higher relative abundances and 30 

volatile compounds like dodecanal were exclusively produced in treatment with biodegradable 31 

microplastics. Furthermore, significant differences of soil pH, electrical conductivity and C:N ratio were 32 

observed across treatments. Our study provides evidence for both biotic and abiotic impacts of plastic 33 

residues on the soil-plant system, suggesting the urgent need for more research examining their 34 

environmental impacts on agroecosystem. 35 

 36 
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1. Introduction 39 

Microbial communities are essential for ecosystem functions and services including the decomposition of 40 

organic matter, toxin removal, nutrient cycling, plant growth promotion and suppression of soil-borne 41 

diseases (Brussaard et al., 2007). These functions and services are the results of a multitude of interactions 42 

within distinct soil/rhizosphere microbial taxa and between microbial communities and plants (Bakker et 43 

al., 2014). Secondary metabolites (i.e. volatiles and non-volatiles) play important roles in belowground 44 

microbe-microbe and plant-microbe interactions (van Dam and Bouwmeester, 2016; Weisskopf et al., 45 

2016). For example, plants have the ability to recruit specific soil microorganisms from a distance via root-46 

emitted volatiles (Schulz-Bohm et al., 2018; van Dam et al., 2016). However, relatively little is known 47 

about the extent to which anthropogenic pollution such as microplastics (MPs) can affect belowground 48 

plant-microbe interactions and volatile profiles. 49 

MPs (defined as plastic particles < 5 mm in diameter) are recognised as an emerging threat to both 50 

aquatic and terrestrial ecosystems (Cole et al., 2011; Rillig, 2012). However, the environmental impacts 51 

of MPs on terrestrial ecosystems remain yet largely unknown (Machado et al., 2018a; Ng et al., 2018). 52 

Surprisingly,  recent literatures state that farmlands may store more MPs than oceans (Nizzetto et al., 53 

2016a; Nizzetto et al., 2016b; Van Sebille et al., 2015); and plastic mulching technique has been 54 

considered as the main human activity contributing to MPs pollution in agroecosystems (Machado et al., 55 

2018a; Ng et al., 2018). Plastic mulch films have been increasingly used worldwide due to the well-56 

known short-term benefits (e.g., maintaining soil moisture and temperature, preventing weeds, limiting 57 

soil erosion), all of which ultimately contribute to the enhancement of crop productivity (Gao et al., 58 

2019; Steinmetz et al., 2016). However, the threats of accumulating plastic debris in soil were only 59 

pointed out in recent years (Liu et al., 2014; Yan et al., 2014). Recent studies have shown that the 60 

accumulation of plastic film residues can significantly affect soil quality and crop growth in a negative 61 

way (Dong et al., 2015; Qi et al., 2018) 62 

Biodegradable (Bio) plastic mulch films are expected to degrade completely after being tilled into 63 

the soil (Brodhagen et al., 2017; Kasirajan and Ngouajio, 2012). However, the short- and long-term 64 

ecological influence of Bio plastic mulch films on agroecosystem remain largely unknown 65 

(Bandopadhyay et al., 2018; Sintim and Flury, 2017). In general, knowledge on the degradation or 66 
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persistence of MPs in soils is scarce, mostly due to the lack of established quantitative and qualitative 67 

analytical methods. As such, most of our knowledge is so far based on  sporadic field surveys that examine 68 

MPs in terrestrial ecosystems (Liu et al., 2018; Scheurer and Bigalke, 2018; Zhang and Liu, 2018; Zhou 69 

et al., 2018). Furthermore, it is still unclear how plants respond to the presence of MPs in soil, and how 70 

MPs affect plant-microbe interactions and the overall composition and function of the rhizosphere 71 

microbiome (Qi et al., 2018; Rillig et al., 2019). The rhizosphere is the critical interface between plant 72 

roots and the soil matrix where beneficial and harmful interactions between plants and microorganisms 73 

take place (Mendes et al., 2013). Moreover, it is important realizing that macro- (Ma) and micro- (Mi) 74 

sized plastic residues may affect plant-microbe interactions and the rhizosphere microbiome in a different 75 

manner. This is likely to occur due to differences in their physicochemical properties and surface/volume 76 

ratio (Brodhagen et al., 2017; Machado et al., 2018a).  77 

Here we conducted a well-controlled pot experiment using wheat plants to test the effect of Ma and 78 

Mi sized low-density polyethylene (LDPE) and Bio plastic residues on the assembly of rhizosphere 79 

bacterial communities, emission of volatile organic compounds and soil properties. To this end, we used 80 

an environmentally relevant concentration of plastic residues (i.e., 1%, w/w) (Fuller and Gautam, 2016; 81 

Machado et al., 2018b; Qi et al., 2018). We hypothesized that plastic residues affect the soil chemistry and 82 

biology, and these effects vary according to plastic types and sizes. 83 

 84 

2. Materials and Methods 85 

2.1 Experimental design and soil sampling 86 

The experimental design comprised two types of plastic mulch films (LDPE and Bio) and two sizes of 87 

plastic residues (Ma and Mi). The Ma size residues were manually cut in rectangular pieces with side 88 

length ranging from 4 mm to 10 mm, and the Mi size residues were frozen ground powders with size 89 

ranging from 50 µm to 1 mm. Additional information on these plastic materials are provided in Figure S1 90 

and reported in a previous study (Qi et al., 2018). Control treatment without plastic residues was also 91 

included. In total, fifty pots were used to grow wheat (Triticum aestivum). They were divided into five 92 

treatments, as follows: (i) LDPE-Ma: addition of 1% (w/w) LDPE macroplastics; (ii) LDPE-Mi: addition 93 
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of 1% (w/w) LDPE MPs; (iii) Bio-Ma: addition of 1% (w/w) Bio macroplastics; (iv) Bio-Mi: addition of 94 

1% (w/w) Bio MPs; (v) Control.  95 

The experiment was conducted in a climate chamber at Unifarm, Wageningen University & 96 

Research (WUR), the Netherlands (March ~ August, 2017). Our test soil was a sandy soil collected by 97 

Unifarm, WUR from the agricultural land in Wageningen, the Netherlands. Further information of the soil 98 

were presented in Figure S2 and reported elsewhere (Qi et al., 2018). To make 1% (w/w) plastic residues 99 

mixture, we spiked 15 g of the respective plastic material in 1500 g test soil for each pot. Wheat seeds 100 

were sowed in the 2 L plastic pots and cultivated under the temperature and light controlled conditions. 101 

The temperature was set at 22 °C during the day and 17 °C during the night, day/night photoperiod (14/10 102 

h) with a light intensity of 300 µmol m-2 s-1. Details of the materials and the cultivation of plants followed 103 

the same protocols as previously described (Qi et al., 2018). The experiment was harvested at two plant 104 

growth stages, i.e. 61st day (2 months) when the flag leaf appeared and 139th day (4 months) after seeds 105 

were sowed when the mature grains developed, representing for vegetative and reproductive growth. At 106 

each time point, five pots were harvested and plants were completely removed from the pots. Rhizosphere 107 

soil samples were collected after gently shaken the roots to remove the loosely adhered soil and they were 108 

immediately stored at -20°C for further analysis. Bulk soil was sampled from pots without plants, air-dried 109 

and stored at room temperature. 110 

 111 

2.2 Measurements of soil properties and plant biomass 112 

The soil pH, electrical conductivity (EC) and C:N ratio are fundamental soil properties which are closely 113 

related to soil chemistry and biology, and therefore they were measured for the collected bulk soil samples. 114 

Before the experiment started, soil pH, EC and C:N ratio of test soil were measured as the initial values. 115 

To determine the pH and EC, a SenTix meter and a conductivity cell TetraCon 325 was used with a soil-116 

to-water ratio of 1:5. For the C:N ratio measurements, five to six milligrams of ground soil were filled in 117 

a small tin cup, gently folded into a solid ball and analyzed by FlashEA 1112 series NC Analyzer (Thermo 118 

Fisher Scientific, CA, USA). For both sampling points, plant shoot and root biomasses were obtained after 119 

drying the plant materials at 70°C. 120 
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Statistical analyses were performed by IBM SPSS Statistics 23 and R version 3.5.0. Comparisons 121 

across treatments for soil properties were conducted by independent one-way analysis of variance 122 

(ANOVA), followed by Tukey HSD test. The level of significance was established at p < 0.05. 123 

 124 

2.3 DNA extraction, Illumina sequencing and bioinformatics analysis 125 

Soil DNA was extracted using the QIAGEN DNeasy PowerSoil Kits (Qiagen Benelux B.V., Venlo, the 126 

Netherlands), following the manufacturer’s protocol. The quantity and quality of extracted DNA samples 127 

were determined using a Nanodrop ND-2000 (Thermo Fisher Scientific, CA, USA), and the DNA integrity 128 

was checked by electrophoresis on agarose gel (1% w/v). The PCRs of bacterial 16S rRNA gene V3-V4 129 

region was performed with the primer set 341F (5’-CCTACGGGNGGCWGCAG -3’) and 785R (5’- 130 

GACTACHVGGGTATCTAATCC -3’). Sequencing was carried out on a single lane of Illumina MiSeq 131 

platform at BaseClear B.V. (Leiden, Netherlands). 132 

The raw FASTQ files of bacterial sequences were analyzed using the Hydra pipeline (DOI: 133 

10.5281/zenodo.597131). In brief, sequences were quality trimmed and chimeric sequences were 134 

removed. After the Hydra pipeline, sequences with ≥97% similarity were clustered into operational 135 

taxonomic units (OTUs). Taxonomic information of the OTUs representative sequences was assigned 136 

using the SILVA database. Prior to statistical analyses, samples were normalized using the cumulative 137 

sum scaling (CSS) method. To improve the normality and homogeneity of the variances, the OTUs table 138 

was z-score transformed. Predicted OTUs that significantly segregated across treatments were identified 139 

by random forest analysis using the Boruta feature selection (Breiman, 2001; Kursa and Rudnicki, 2010). 140 

All statistical inferences and data plotting were done in R version 3.5.0. 141 

 142 

2.4 Volatile trapping and measurement 143 

For the collection of volatiles, polydimethylsiloxane (PDMS)-silicone tubes were conditioned and buried 144 

in the wheat rhizosphere for 20 min before final harvest, as described by Huerta Lwanga et al. (2018). The 145 

PDMS tubes were stored at -20°C before analyzed by GC-Q-TOF (Agilent 7890B GC and the Agilent 146 

7200A QTOF, USA). The measuring conditions and parameters were previously described by Huerta 147 

Lwanga et al. (2018). The acquired mass spectra data were processed with MZmine 2.14.2 (Pluskal et al., 148 
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2010), in a similar way as described by Schulz-Bohm et al. (2015). The identification of volatile 149 

compounds was evaluated using the software AMDIS 2.72. The retention indexes were calculated and 150 

compared with those in the NIST 2014 database and using an available in-house database. The statistical 151 

analysis was performed using MetaboAnalyst V4.0 (http://www.metaboanalyst.ca). 152 

 153 

3. Results and Discussion 154 

3.1 Effect of plastic residues on rhizosphere bacterial community 155 

To study the rhizosphere bacterial community, rhizosphere soils were sampled and examined by high 156 

throughput 16S rRNA amplicon sequencing at 2 and 4 months of wheat growth. The relative abundance 157 

of bacterial OTUs in the wheat rhizosphere at phylum level varied among treatments (Figure 1). Across 158 

treatments, the bacterial community at the phylum level was dominated by Proteobacteria (35.9% of the 159 

total on average) followed by Actinobacteria (14.0%) and Acidobacteria (13.4%) (Figure 1). This range in 160 

phyla composition nicely aligns with other patterns described for the wheat rhizosphere (Donn et al., 2015; 161 

Fan et al., 2018), and this most likely occurs because these phyla also constitute the dominant ones in soils 162 

at a global scale (Delgado-Baquerizo et al., 2018). 163 
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 164 

Figure 1. Bar charts displaying the most abundant bacterial phyla (phyla relative abundance > 1%) in 165 

the community structure of each individual treatment at 2 and 4 months. 166 

The total plant biomass was significantly reduced by the addition of plastic residues at both time 167 

points and the treatments Bio-Ma and Bio-Mi revealed the strongest negative effect (Figure 2A). The 168 

negative effects of plastic residues on wheat development during the growth process were discussed and 169 

reported previously (Qi et al., 2018). Beta-diversity analysis based on Bray-Curtis distances were 170 

conducted to examine the separation among bacterial communities across treatments. The first principal 171 

coordinate axis showed that the rhizosphere soil at 2 and 4 months had distinct bacterial community 172 

structures (Figure 2B). The different treatments were clearly separated along the second principal 173 

coordinate axis and treatments exposed to plastic residues had significantly different bacterial communities 174 

compared to the Control, thus indicating that the presence of plastic residues in the soil had significant 175 

effects on wheat rhizosphere bacterial communities (Figure 2B).  176 
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Furthermore, differential abundance analysis using random forest revealed that specific bacterial 177 

genera (e.g. Bacillus, Variovorax, Comamonadaceae, etc.) were present at higher relative abundances in 178 

treatments with Bio plastics, while some specific genera (e.g. Bradyrhizobium, Cellvibrio, etc.) 179 

significantly increased in relative abundances in the treatment Bio-Mi (Figure 2C). Collectively, these 180 

results indicate that plastic residues can impose selective pressure on distinct microbial taxa as 181 

anthropogenic substrates. In line with that, the presence of LDPE residues also had an effect on the 182 

assembly of the rhizosphere bacterial community. For instance, bacteria taxa affiliated to the genus 183 

Saccharibacteria were higher in relative abundance in the treatments with LDPE plastics (Figure 2C). 184 

Regarding the effect of the sizes of plastic residues, bacterial community structures in the 185 

treatments Bio-Mi and Bio-Ma were clearly separated, as shown in the non-metric multidimensional 186 

scaling (NMDS) plot (Figure 2B). This suggests that different sizes of plastic residues may exert different 187 

influences on the rhizosphere microbiome. Plausibly, the physicochemical surface properties of plastic 188 

residues may play specific roles in their effects. Comparable results were reported for an aquatic ecosystem 189 

where the shape of plastic debris (i.e. plastic sheet and dolly rope) significantly affected the bacterial 190 

community composition of the biofilm formed on the plastic debris (De Tender et al., 2017). Considering 191 

numerous types, sizes and shapes of MPs in the ecosystem (Cole et al., 2011), it is critical to further study 192 

how the physical and chemical properties of plastic residues influence their environmental effects. 193 
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194 

Figure 2. (A) Total biomass of wheat in each treatment for samples collected after 2 and 4 months. (B) 195 

Beta-diversity biplot of bacterial communities displayed by non-metric multidimensional scaling 196 

(NMDS); (C) Relative abundance of significantly different OTUs across treatments identified by random 197 

forest analysis. 198 

Overall, our results clearly revealed that Bio plastics had stronger effects on the composition of 199 

the wheat rhizosphere bacterial communities. One possible explanation is that the chemical composition 200 



  

 11  

 

of LDPE and Bio plastic are very different. The Bio plastics used in this study consisted mainly of pullulan, 201 

polyethylene terephthalate and polybutylene terephthalate, while the LDPE mulch film is a linear 202 

hydrocarbon polymer consisted of ethylene monomers. On the other hand, LDPE is a polymer resistant to 203 

degradation with remarkable chemical inertness (Restrepo-Flórez et al., 2014). Considering that the period 204 

of our experiment was restricted to four months, it is plausible that Bio plastics had a quick and abrupt 205 

effect on the soil microbial community and activity, especially the smaller Bio plastic size (Mi, 50 µm – 1 206 

mm in this study) (Bandopadhyay et al., 2018; Haider et al., 2019).  207 

Moreover, soil bacteria are known to be attracted by easily degradable root exudates and mucilage 208 

present in plant roots and in soil (Lugtenberg and Kamilova, 2009). Following this line of reasoning, it is 209 

also possible to speculate that the presence of Bio plastic residues in soil may also attract and/or favour 210 

specific bacterial taxa and interfere with belowground plant-microbe interactions. Since only bacterial 211 

communities were investigated in this study, it is likely to observe impacts on other organismal taxa (e.g. 212 

fungi,  archaea and protists) in this system, thus resulting in more complex impacts on biological 213 

interactions in the rhizosphere. (Fan et al., 2018). We propose that the negative effects on plant growth are 214 

– at least in part – caused by the influence of plastic residues on the rhizosphere microbiome and the 215 

potential disruption of beneficial plant-microbe interaction.  216 

 217 

3.2 Effect of plastic residues on rhizosphere volatile organic compounds 218 

Secondary metabolites (both volatile and non-volatile) play important roles in plant-microbe interactions. 219 

More specifically, the chemical composition of volatile metabolites in the rhizosphere is crucial for soil 220 

below-ground interactions (Massalha et al., 2017). In this study, we collected and analysed the volatiles 221 

emitted in the rhizosphere of wheat at the end of the experiment. Our results revealed that the addition of 222 

plastic residues significantly affected the blend of volatiles emitted in the rhizosphere (Figure 3). The PLS-223 

DA score plots showed that the treatments Bio-Ma and Bio-Mi had significantly different blends of volatile 224 

compounds compared to the LDPE and Control treatments (Figure 3A). The heatmap clearly displays that 225 

some compounds were exclusively produced in treatments with Bio plastics. Furthermore, differences in 226 

volatile profiles were observed between the treatments with different plastic sizes (Figure 3B). 227 

Interestingly, distinct volatiles were found only in the Bio-Mi treatment (Table S1), such as high amounts 228 
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of dodecanal. Dodecanal is known to be produced by bacteria and to have negative effects on both fungal 229 

and plant growth (Kai et al., 2007; Vespermann et al., 2007). In addition, a recent study indicated that 230 

some volatiles are the by-products of bacterial MPs decay in soil (Huerta Lwanga et al., 2018). Several 231 

studies conducted in the past decades indicated that volatile compounds can have plant growth-inducing 232 

or growth-inhibiting effects, e.g. through the modulation of plant hormonal balance, metabolism, and 233 

nutrient acquisition (Fincheira and Quiroz, 2018). Although the mechanisms of differential volatile 234 

emissions in the rhizosphere remain largely unknown, the variations observed for volatiles in the presence 235 

of plastic residues might be – at least in part – another reason accounting for the observed negative effects 236 

of plastic residues on wheat growth. 237 

238 

Figure 3. (A) Score plot based on partial least square-discriminant analysis (PLS-DA) of volatile profiles 239 

emitted in the rhizosphere of wheat at 4 months; (B) Heatmap displaying the volatile profiles in the 240 

rhizosphere of wheat. Each column represents three collated replicate measurements per treatment. 241 

Coloured cells on the map correspond to the concentration value per compound (blue: low abundance; red: 242 

high abundance). 243 

 244 

3.3 Effect of plastic residues on soil chemical properties 245 
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To gain a comprehensive biogeochemical understanding of plastic residues in soil, there has been an 246 

increasing awareness with respect to the potential impacts of MPs pollution on soil physicochemical 247 

properties (Machado et al., 2018b). Here, we specifically tested for variations in soil pH, EC and C:N ratio 248 

in our experimental system. For all treatments, an increase in pH and decrease in EC were observed as 249 

compared to the initial values (Table 1). For both time points, LDPE-Mi had the highest EC (390 ± 119.39 250 

µS/cm at 2 months, 179 ± 76.73 µS/cm at 4 months) and Bio-Mi had the lowest EC (130 ± 48.42 µS/cm 251 

at 2 months, 75 ± 15.58 µS/cm at 4 months) (Table 1). Although soil acidification and decrease in EC are 252 

known as challenges for sustainable agriculture (Miao et al., 2010), both soil pH and EC are influenced by 253 

many factors and they should not be correlate with crop growth directly (Atkinson et al., 2010; Humphreys 254 

et al., 2011). In addition, Dong et al. (Dong et al., 2015) studied big size of plastic mulch film residues (0 255 

- 200 cm2) in cotton field with the density gradient ranging from 250 to 2000 kg hm-2 and found that the 256 

increase of residual mulch films impacted soil quality, e.g. increased pH, decreased organic matter, and 257 

negatively affected the overall nutrient availability. In that study, they proposed that the distinct tolerance 258 

to plastic residues of two varieties of cotton may be caused by their different root systems (Dong et al., 259 

2015).  260 

 261 

Table 1. Soil pH, electrical conductivity (EC) and C:N ratio values measured for the bulk soil samples 262 

in each treatment collected at 2 and 4 months. 263 

    pH (initial 6.55±0.047)   EC (initial 411±18.33) µS/cm   C:N ratio (initial 16.67±1.008) 
   mean SD sig   mean SD sig   mean SD sig 

2M 

LDPE-Ma 6.74 0.059 b  250 56.50 bc  16.28 1.015 bc 

LDPE-Mi 6.79 0.137 ab  390 119.39 a  23.32 5.130 a 

Bio-Ma 6.81 0.115 ab  182 86.01 cd  15.56 0.577 c 

Bio-Mi 6.90 0.045 a  130 48.42 d  19.59 3.120 ab 

Control 6.72 0.075 b  339 68.07 ab  15.94 0.579 c 
             

4M 

LDPE-Ma 6.86 0.064 B  136 54.05 AB  15.98 0.804 B 

LDPE-Mi 6.91 0.070 AB  179 76.73 A  19.43 2.234 A 

Bio-Ma 6.91 0.041 AB  106 42.05 B  15.72 0.466 B 

Bio-Mi 6.96 0.126 AB  75 15.58 B  18.84 1.485 A 

Control 7.01 0.094 A   103 52.38 B   15.84 0.593 B 

2M: 2 months harvest; 4M: 4 months harvest; SD: standard deviation; lowercase letters in column sig 264 

mean significant differences at 2 months; uppercase letters in column sig mean significant differences at 4 265 

months. 266 
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For the C:N ratio, treatments with Mi size residues (i.e. LDPE-Mi and Bio-Mi) had significantly 267 

higher values compared to the Control at both time points (Table 1). The treatment LDPE-Mi had the 268 

highest C:N ratio at 2 (23.32 ± 5.130) and 4 months (19.43 ± 2.234) across all treatments (Table 1). 269 

Together with the effects of plastic residues on rhizosphere bacterial communities and volatile profiles, 270 

our experiment provides strong pieces of  evidence supporting the biotic and abiotic impacts of plastic 271 

residues on the soil-plant system. Recently, it was also observed that the exposure of soil to four different 272 

types of MPs with concentrations of up to 2%, affected the microbial activity and soil physical properties 273 

(e.g. bulk density and water holding capacity) (Machado et al., 2018b). Plastic particles have a relatively 274 

high content of carbon, but most of it is relatively inert, which hinders the ready decomposition of MPs 275 

(Rillig, 2018). Thus, the carbon in plastic residues could affect the carbon cycle and soil microorganisms 276 

(Rillig et al., 2018). Furthermore, it was recently proposed that due to the slow degradation rate, the 277 

progressive accumulation of MPs in soils can result in a very wide C:N ratio that leads to microbial 278 

immobilization (Rillig et al., 2019). 279 

 280 

4. Conclusion 281 

Here we showed that both LDPE and Bio plastic mulch film residues have strong (albeit different) effects 282 

on wheat growth, rhizosphere bacterial community composition and structure, rhizosphere volatile profiles 283 

and soil chemical properties. Given the rapid and worldwide increasing accumulation of plastic fragments 284 

in soils, a better understanding of the impact of such residues on complex interactions that take place in 285 

the soil-plant system is urgently needed. In this sense, this study provides initial pieces of evidence that 286 

highlight how plants, soil microbes and chemistry respond to plastic residues under controlled 287 

experimental conditions. As such we advocate for further research efforts aiming at developing prospective 288 

experimental designs and field surveys to broaden our understanding of the mechanisms by which 289 

conventional and biodegradable plastics affect the soil ecosystem, particularly in agricultural settings. 290 

 291 

Acknowledgements 292 

This research was funded by the National Natural Science Foundation of China (41877072), the Natural 293 

Science Basic Research Plan in Shaanxi Province of China (2019JQ-639) and the EU Horizon 2020 project 294 



  

 15  

 

(ISQAPER: 635750). We are thankful for the financial support from the China Scholarship Council (CSC: 295 

201604910510). We also thank Henny Gertsen for his assistance in preparing the plastic materials, and 296 

Mattias de Hollander for bioinformatics support. This is an NIOO-KNAW publication number 6829. 297 



  

 16  

 

References 298 

Atkinson, C.J., Fitzgerald, J.D., Hipps, N.A., 2010. Potential mechanisms for achieving agricultural 299 

benefits from biochar application to temperate soils: a review. Plant and Soil 337, 1-18. 300 

Bakker, M.G., Schlatter, D.C., Otto-Hanson, L., Kinkel, L.L., 2014. Diffuse symbioses: roles of plant-301 

plant, plant-microbe and microbe-microbe interactions in structuring the soil microbiome. Mol Ecol 23, 302 

1571-1583. 303 

Bandopadhyay, S., Martin-Closas, L., Pelacho, A.M., DeBruyn, J.M., 2018. Biodegradable Plastic 304 

Mulch Films: Impacts on Soil Microbial Communities and Ecosystem Functions. Front Microbiol 9, 305 

819. 306 

Breiman, L., 2001. Random Forests. Machine Learning 45, 5-32. 307 

Brodhagen, M., Goldberger, J.R., Hayes, D.G., Inglis, D.A., Marsh, T.L., Miles, C., 2017. Policy 308 

considerations for limiting unintended residual plastic in agricultural soils. Environmental Science & 309 

Policy 69, 81-84. 310 

Brussaard, L., de Ruiter, P.C., Brown, G.G., 2007. Soil biodiversity for agricultural sustainability. 311 

Agriculture, Ecosystems & Environment 121, 233-244. 312 

Cole, M., Lindeque, P., Halsband, C., Galloway, T.S., 2011. Microplastics as contaminants in the marine 313 

environment: a review. Mar Pollut Bull 62, 2588-2597. 314 

De Tender, C., Devriese, L.I., Haegeman, A., Maes, S., Vangeyte, J., Cattrijsse, A., Dawyndt, P., Ruttink, 315 

T., 2017. Temporal Dynamics of Bacterial and Fungal Colonization on Plastic Debris in the North Sea. 316 

Environ Sci Technol 51, 7350-7360. 317 

Delgado-Baquerizo, M., Oliverio, A.M., Brewer, T.E., Benavent-Gonzalez, A., Eldridge, D.J., Bardgett, 318 

R.D., Maestre, F.T., Singh, B.K., Fierer, N., 2018. A global atlas of the dominant bacteria found in soil. 319 

Science 359, 320-325. 320 

Dong, H.D., Liu, T., Han, Z.Q., Sun, Q.M., Li, R., 2015. Determining time limits of continuous film 321 

mulching and examining residual effects on cotton yield and soil properties. Journal of Environmental 322 

Biology 36, 677-684. 323 

Donn, S., Kirkegaard, J.A., Perera, G., Richardson, A.E., Watt, M., 2015. Evolution of bacterial 324 

communities in the wheat crop rhizosphere. Environ Microbiol 17, 610-621. 325 



  

 17  

 

Fan, K., Weisenhorn, P., Gilbert, J.A., Chu, H., 2018. Wheat rhizosphere harbors a less complex and 326 

more stable microbial co-occurrence pattern than bulk soil. Soil Biology and Biochemistry 125, 251-327 

260. 328 

Fincheira, P., Quiroz, A., 2018. Microbial volatiles as plant growth inducers. Microbiol Res 208, 63-75. 329 

Fuller, S., Gautam, A., 2016. A Procedure for Measuring Microplastics using Pressurized Fluid 330 

Extraction. Environ Sci Technol 50, 5774-5780. 331 

Gao, H.H., Yan, C.R., Liu, Q., Ding, W.L., Chen, B.Q., Li, Z., 2019. Effects of plastic mulching and 332 

plastic residue on agricultural production: A meta-analysis. Science of the Total Environment 651, 484-333 

492. 334 

Haider, T.P., Volker, C., Kramm, J., Landfester, K., Wurm, F.R., 2019. Plastics of the Future? The 335 

Impact of Biodegradable Polymers on the Environment and on Society. Angew Chem Int Ed Engl 58, 336 

50-62. 337 

Huerta Lwanga, E., Thapa, B., Yang, X., Gertsen, H., Salánki, T., Geissen, V., Garbeva, P., 2018. Decay 338 

of low-density polyethylene by bacteria extracted from earthworm's guts: A potential for soil restoration. 339 

Science of the Total Environment 624, 753-757. 340 

Humphreys, M.T., Raun, W.R., Martin, K.L., Freeman, K.W., Johnson, G.V., Stone, M.L., 2011. 341 

Indirect Estimates of Soil Electrical Conductivity for Improved Prediction of Wheat Grain Yield. 342 

Communications in Soil Science and Plant Analysis 35, 2639-2653. 343 

Kai, M., Effmert, U., Berg, G., Piechulla, B., 2007. Volatiles of bacterial antagonists inhibit mycelial 344 

growth of the plant pathogen Rhizoctonia solani. Arch Microbiol 187, 351-360. 345 

Kasirajan, S., Ngouajio, M., 2012. Polyethylene and biodegradable mulches for agricultural applications: 346 

a review. Agron. Sustainable Dev. 32, 501. 347 

Kursa, M.B., Rudnicki, W.R., 2010. Feature Selection with the Boruta Package. Journal of Statistical 348 

Software 36, 1-13. 349 

Liu, E., He, W., Yan, C., 2014. ‘White revolution’to ‘white pollution’—agricultural plastic film mulch 350 

in China. Environmental Research Letters 9, 091001. 351 



  

 18  

 

Liu, M., Lu, S., Song, Y., Lei, L., Hu, J., Lv, W., Zhou, W., Cao, C., Shi, H., Yang, X., He, D., 2018. 352 

Microplastic and mesoplastic pollution in farmland soils in suburbs of Shanghai, China. Environmental 353 

Pollution (Barking, Essex : 1987) 242, 855-862. 354 

Lugtenberg, B., Kamilova, F., 2009. Plant-Growth-Promoting Rhizobacteria, Annual Review of 355 

Microbiology. Annual Reviews, Palo Alto, pp. 541-556. 356 

Machado, A.A.D., Kloas, W., Zarfl, C., Hempel, S., Rillig, M.C., 2018a. Microplastics as an emerging 357 

threat to terrestrial ecosystems. Global Change Biology 24, 1405-1416. 358 

Machado, A.A.d.S., Lau, C.W., Till, J., Kloas, W., Lehmann, A., Becker, R., Rillig, M.C., 2018b. 359 

Impacts of Microplastics on the Soil Biophysical Environment. Environ Sci Technol 52, 9656-9665. 360 

Massalha, H., Korenblum, E., Tholl, D., Aharoni, A., 2017. Small molecules below-ground: the role of 361 

specialized metabolites in the rhizosphere. Plant J 90, 788-807. 362 

Mendes, R., Garbeva, P., Raaijmakers, J.M., 2013. The rhizosphere microbiome: significance of plant 363 

beneficial, plant pathogenic, and human pathogenic microorganisms. FEMS Microbiol Rev 37, 634-663. 364 

Miao, Y., Stewart, B.A., Zhang, F., 2010. Long-term experiments for sustainable nutrient management 365 

in China. A review. Agronomy for Sustainable Development 31, 397-414. 366 

Ng, E.-L., Huerta Lwanga, E., Eldridge, S.M., Johnston, P., Hu, H.-W., Geissen, V., Chen, D., 2018. An 367 

overview of microplastic and nanoplastic pollution in agroecosystems. Science of the Total Environment 368 

627, 1377-1388. 369 

Nizzetto, L., Futter, M., Langaas, S., 2016a. Are Agricultural Soils Dumps for Microplastics of Urban 370 

Origin? Environ Sci Technol 50, 10777-10779. 371 

Nizzetto, L., Langaas, S., Futter, M., 2016b. Pollution: Do microplastics spill on to farm soils? Nature 372 

537, 488-488. 373 

Pluskal, T., Castillo, S., Villar-Briones, A., Oresic, M., 2010. MZmine 2: modular framework for 374 

processing, visualizing, and analyzing mass spectrometry-based molecular profile data. BMC 375 

Bioinformatics 11, 395. 376 

Qi, Y., Yang, X., Pelaez, A.M., Huerta Lwanga, E., Beriot, N., Gertsen, H., Garbeva, P., Geissen, V., 377 

2018. Macro- and micro- plastics in soil-plant system: Effects of plastic mulch film residues on wheat 378 

( Triticum aestivum ) growth. Science of the Total Environment 645, 1048-1056. 379 



  

 19  

 

Restrepo-Flórez, J.-M., Bassi, A., Thompson, M.R., 2014. Microbial degradation and deterioration of 380 

polyethylene–A review. International Biodeterioration & Biodegradation 88, 83-90. 381 

Rillig, M.C., 2012. Microplastic in Terrestrial Ecosystems and the Soil? Environ Sci Technol 46, 6453-382 

6454. 383 

Rillig, M.C., 2018. Microplastic Disguising As Soil Carbon Storage. Environ Sci Technol 52, 6079-384 

6080. 385 

Rillig, M.C., de Souza Machado, A.A., Lehmann, A., Klümper, U., 2018. Evolutionary implications of 386 

microplastics for soil biota. Environmental Chemistry. 387 

Rillig, M.C., Lehmann, A., de Souza Machado, A.A., Yang, G., 2019. Microplastic effects on plants. 388 

New Phytol. 389 

Scheurer, M., Bigalke, M., 2018. Microplastics in Swiss Floodplain Soils. Environ Sci Technol 52, 390 

3591-3598. 391 

Schulz-Bohm, K., Gerards, S., Hundscheid, M., Melenhorst, J., de Boer, W., Garbeva, P., 2018. Calling 392 

from distance: attraction of soil bacteria by plant root volatiles. ISME J 12, 1252-1262. 393 

Schulz-Bohm, K., Zweers, H., de Boer, W., Garbeva, P., 2015. A fragrant neighborhood: volatile 394 

mediated bacterial interactions in soil. Front Microbiol 6, 1212. 395 

Sintim, H.Y., Flury, M., 2017. Is Biodegradable Plastic Mulch the Solution to Agriculture’s Plastic 396 

Problem? Environ Sci Technol 51, 1068-1069. 397 

Steinmetz, Z., Wollmann, C., Schaefer, M., Buchmann, C., David, J., Troger, J., Munoz, K., Fror, O., 398 

Schaumann, G.E., 2016. Plastic mulching in agriculture. Trading short-term agronomic benefits for 399 

long-term soil degradation? Sci Total Environ 550, 690-705. 400 

van Dam, N.M., Bouwmeester, H.J., 2016. Metabolomics in the Rhizosphere: Tapping into 401 

Belowground Chemical Communication. Trends Plant Sci 21, 256-265. 402 

van Dam, N.M., Weinhold, A., Garbeva, P., 2016. Calling in the Dark: The Role of Volatiles for 403 

Communication in the Rhizosphere, in: Blande, J.D., Glinwood, R. (Eds.), Deciphering Chemical 404 

Language of Plant Communication. Springer International Publishing, Cham, pp. 175-210. 405 



  

 20  

 

Van Sebille, E., Wilcox, C., Lebreton, L., Maximenko, N., Hardesty, B.D., Van Franeker, J.A., Eriksen, 406 

M., Siegel, D., Galgani, F., Law, K.L., 2015. A global inventory of small floating plastic debris. 407 

Environmental Research Letters 10, 124006. 408 

Vespermann, A., Kai, M., Piechulla, B., 2007. Rhizobacterial volatiles affect the growth of fungi and 409 

Arabidopsis thaliana. Appl Environ Microbiol 73, 5639-5641. 410 

Weisskopf, L., Ryu, C.M., Raaijmakers, J.M., Garbeva, P., 2016. Editorial: Smelly Fumes: Volatile-411 

Mediated Communication between Bacteria and Other Organisms. Front Microbiol 7, 2031. 412 

Yan, C., He, W., Turner, N., 2014. Plastic-film mulch in Chinese agriculture: Importance and problems. 413 

World Agriculture 4, 32-36. 414 

Zhang, G.S., Liu, Y.F., 2018. The distribution of microplastics in soil aggregate fractions in 415 

southwestern China. Science of the Total Environment 642, 12-20. 416 

Zhou, Q., Zhang, H.B., Fu, C.C., Zhou, Y., Dai, Z.F., Li, Y., Tu, C., Luo, Y.M., 2018. The distribution 417 

and morphology of microplastics in coastal soils adjacent to the Bohai Sea and the Yellow Sea. 418 

Geoderma 322, 201-208. 419 


