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Bioplastic (PHBV) addition to soil alters microbial community structure and 
negatively affects plant-microbial metabolic functioning in maize 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Effect of biopolymer PHBV microplastic 
on soil and plant health was 
investigated. 

• PHBV addition caused a dose-dependent 
negative effect on soil and plant health. 

• PHBV addition altered foliar meta-
bolism and reduced plant growth and 
foliar N. 

• PHBV reduced soil microbial activity 
and changed the bacterial community 
structure. 

• Bioplastics may not be environmentally 
benign.  

A R T I C L E  I N F O   
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A B S T R A C T   

Microplastic contamination poses a significant threat to agroecosystem functioning, provoking a move away 
from the use of conventional oil-based plastics in agriculture, to biodegradable alternatives that may be degraded 
over a shorter timescale. The impact of these bioplastics on plant and soil health, however, has received rela-
tively little attention. Here, we investigated the effect of soil loading (0.01%, 0.1%, 1% and 10%) of biobased 
microplastic poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) on soil and plant (Zea mays L.) health and 
function. We showed that PHBV caused a dose-dependent reduction in plant growth and foliar nitrogen (N) 
content while untargeted metabolite analysis revealed significant shifts in foliar metabolic function. These results 
were also reflected in soil, where PHBV led to reduced plant availability of both ammonium and nitrate. Soil 14C- 
isotope tracing and 16S metabarcoding revealed that PHBV suppressed microbial activity, reduced bacterial 
diversity and shifted microbial community structure, inducing a major shift in soil metabolic pathways, and thus 
functioning. Overall, our data suggests that the bioplastic PHBV is not environmentally benign and that 
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contamination levels as low as 0.01% (0.01 mg kg-1) can induce significant short-term changes in both plant and 
soil microbial functioning, with potential implications for long term agroecosystem health.   

1. Introduction 

Plastic pollution is now a ubiquitous phenomenon in all terrestrial 
biomes (Rillig and Lehmann, 2020; Wang et al., 2021; Wang et al., 
2022a). Although much of this plastic is present as macroplastics (> 5 
mm in diameter), it is the presence of micro- (< 5 mm) and nano- (< 0.1 
µm) plastic particles in soil that has drawn most concern (Qi et al., 
2020a; Allouzi et al., 2021; Wang et al., 2022b; Zhang et al., 2022). One 
of the largest sources of plastic contamination in soil is from the use of 
plastic mulch films which are notoriously difficult to completely remove 
from the field at the end of the growing season (Chae and An, 2018). 
This leads to large amounts of mulch film becoming incorporated into 
the soil in subsequent tillage operations. Microplastics can be produced 
from the progressive breakdown of macroplastics due to photo-
degradation and physical degradation, however, they can also be 
introduced into soil following atmospheric deposition (Xu et al., 2020) 
or the input of organic wastes (e.g., biosolids, composts; Zhang et al., 
2020c). It is evident that a more sustainable alternative is required 
(Zhao et al., 2022). As such, it has been suggested that the use of con-
ventional oil-based plastics be progressively phased out and replaced 
with more bio-based plastics made from renewable sources (Riggi et al., 
2012; Yan et al., 2016; Zhao et al., 2021; Chong et al., 2022; Koul et al., 
2022). 

Adequate soil function and quality are key to ecosystem service 
provision, particularly in agroecosystems (i.e., provision of food, fuel 
and fibre) (Bünemann et al., 2018). It is now well established that 
conventional microplastics composed of polyethylene or polypropylene 
can exert a wide range of negative effects on the soil leading to a decline 
in soil quality (Qi et al., 2020a; Zang et al., 2020; Zhou et al., 2022). For 
example, these microplastics can interfere with earthworm growth and 
reproduction, alter microbial activity and function and change the 
physical properties of the soil (de Souza Machado et al., 2019; Rodrí-
guez-Seijo et al., 2019; Lin et al., 2020; Azeem et al., 2021; Wang et al., 
2021; Wang et al., 2022a). In contrast, however, the impact of bio-based 
biodegradable macro- and micro-plastics on soil functioning remains 
largely unknown. A range of studies have shown that biodegradable 
plastic films readily fragment in soil leading to the formation of smaller 
particles (Griffin-LaHue et al., 2022; Yang et al., 2022). This breakdown 
is catalysed by both photooxidation and biodegradation processes 
depending on the chemical nature of the material (Liwarska-Bizukojc, 
2021). Further, evidence suggests that biodegradable plastics can alter 
soil microbial communities by changing the microclimate of the soil 
(Lian et al., 2022; Wang et al., 2022c) and by providing a substrate to 
support microbial growth, particularly fungal taxa (Bandopadhyay 
et al., 2018). It is also likely that this will have both direct and indirect 
effects on the biogeochemical cycling of key nutrients associated with 
soil organic matter (e.g. N, P, S). As most plastic biopolymers contain 
low amounts of N and P, relative to C, this may induce immobilization of 
plant nutrients within the microbial biomass, particularly with fast 
degrading films. However, it has also been suggested that biopolymer 
addition to soil may accelerate nutrient cycling by stimulating microbial 
activity (Bandopadhyay et al., 2018). One approach to holistically assess 
soil biogeochemical cycling is to investigate the soil metabolome, the 
collection of all low molecular weight metabolites that are produced by 
organisms during metabolism (Lankadurai et al., 2013). The metab-
olome is the product of the genome, transcriptome and proteome (Bis-
was and Sarkar, 2018) and has been shown to be sensitive to soil type 
(Withers et al., 2020), environmental stress (Brown et al., 2021) and 
microplastic addition (Sun et al., 2022b). 

In view of the current uncertainty surrounding the sustainability of 
bioplastic use in agriculture, further studies are clearly needed to assess 

their environmental impact. Poly(3-hydroxybutyrate-co-3- 
hydroxyvalerate) (PHBV) is one of the most widely used bioplastics in 
agriculture and can be synthesied from waste products (Chong et al., 
2021a, 2021b). For risk assessment purposes, it would also be useful to 
determine critical thresholds of plastic contamination in soil where 
negative or positive effects on ecosystem service delivery occur. This 
would provide key information to growers and regulators on the safety 
and sustainability of biodegradable macro- and micro-plastics on 
agroecosystems. 

This study, therefore, aimed to determine whether biobased micro-
plastics pose a risk to plant and soil health. This was assessed using a 
combination of untargeted metabolomics to assess functional changes 
between treatments, and 14C-labled glucose tracing as a proxy for mi-
crobial growth potential. Pure micro-bioplastic was chosen, as much of 
the current literature does not disentangle the effect of pure bioplastic 
from the plastic additives, e.g. plasticisers (Aguilar et al., 2020) and UV 
stabilisers (Sun et al., 2022a). Specifically, we hypothesized that; (i) the 
biodegradable nature of the bioplastic would promote soil microbial 
activity in a dose-dependent manner, (ii) the high C:N:P ratio of the 
bioplastic would induce nutrient immobilization (e.g. N and P), and (iii) 
increased root-microbial competition for nutrients would suppress plant 
growth. 

2. Materials and methods 

2.1. Soil sampling 

Soil was collected from the Ahp horizon (0–10 cm depth) of a 
recently ploughed field at the Henfaes Research Centre, Abergwyn-
gregyn, North Wales (53◦14’29”N, 4◦01’15”W). The soil is classified as a 
freely draining Eutric Cambisol (IUSS Working Group WRB, 2015) or 
Typic Hapludalf (US Soil Taxonomy) with crumb structure and sandy 
clay loam texture. The site has a temperate oceanic climate regime with 
long term (> 10 y) mean annual air temperature of 10.8 ◦C and annual 
rainfall of 1066 mm y–1. The site has no previous history of plastic 
mulching or organic waste inputs likely to contain plastics (e.g. com-
posts, biosolids). Prior to collecting the soil, the site had a land use 
history of cereal production (e.g. wheat, barley, maize) and grassland 
(Lolium perenne L.) in rotation. After collection, the soil was transported 
to the laboratory and sieved to pass 5 mm to remove stones and plant 
litter. This sieve size was used to minimise changes in soil structure and 
microbial activity (Jones and Willett, 2006). Field soil physicochemical 
properties are summarised in Table 1. 

2.2. Experimental design 

The experiment used the biobased microplastic PHBV (1–15 µm 
diameter; [COCH2CH(CH3)O]m[COCH2CH(C2H5)O]n; TianAn Biologic 
Materials Ltd, Ningbo City, China). PHBV is a co-polymer of hydrox-
ybutyrate and hydroxyvalerate and is used for biodegradable plastic 
manufacture and undergoes photodegradation and biodegradation in 
the environment to produce microplastics (Imam et al., 1999; Wei and 
McDonald, 2016). PHBV was mixed with individual batches of soil (n =
10) at rates of 0.01, 0.1, 1 or 10% on a gravimetric basis. Loading rates 
were chosen to represent ‘homogenous mixing in soil’ ‘heterogenous 
mixing in soil’, ‘plastic contamination hotspots in soil’, and ‘field plastic 
waste dump sites’. These rates were chosen based on field observations 
and reports on the abundance of microplastics in typical soils under 
plastic mulch films (Huang et al., 2020; Qi et al., 2020a). The soil hot-
spots reflect the highly heterogenous distribution of plastic waste in a 
field after tillage, while the field waste hotspot loading rate reflects 
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plastic waste disposal sites at field margins. For context, for a typical 15 
µm thick PHBV film with a density of 1.25 g cm-3, the annual loading 
rate in the top 10 cm of soil would be 0.188 t ha-1 equivalent to 0.02% on 
a gravimetric basis, assuming a soil bulk density of 1.05 g cm-3 and 
homogenous mixing. 

The batches of plastic-contaminated soil (0.5 kg) were then placed in 
individual opaque polyethylene plastic pots (1 litre). A control set of 
pots were also established containing no plastic. There were 10 repli-
cates for each treatment. A pre-germinated maize seedling (Zea mays L. 
cv. Debalto; KWS Seeds Inc., Bloomington, MN, USA; roots 2 cm long) 
was then sown in each pot and the plants were placed in a greenhouse 
with automated ventilation and mean air temperature of 20 ◦C, 
reflecting conditions at the field site described in Section 2.1. All pots 
were weighed at the start of the experiment. The pots were reweighed 
five times a week and the amount of water lost by evaporation and 
transpiration was replaced with deionised water accordingly (Dumroese 
et al., 2015). The height of the shoots was measured weekly. 

A Rhizon® MOM sampler (5 cm long, 0.15 µm pore size; Rhizosphere 
Research Products B.V., Wageningen, The Netherlands) was inserted in 
the centre of the pot at a 45◦ angle to recover soil solution. On a twice 
weekly basis, samples of soil solution were recovered 30 min after wa-
tering by attaching a sterile pre-evacuated vacutainer (VWR Interna-
tional, Wayne, PA) to the Rhizon® and leaving it in place overnight. The 
average recovery of soil solution was 5.3 ± 0.4 ml. 

The plants were fertiliesed at 4 weeks, to ensure nutrients did not 
limit plant growth or function, fertiliser was added at a rate equivalent 
to 100 kg N ha-1, 20 kg P ha-1 and 50 kg K ha-1 (as NH4NO3, KH2PO4 and 
KCl) to all the pots. The experimental growth period lasted 8 weeks in 
total, at this point the pots were destructively sampled. The shoots were 
cut at the soil surface and weighed. Subsequently, 1.5 g of shoot material 
was immediately placed in a glass vial, frozen at − 80 ◦C (72 h) to 
quench metabolic activity and then freeze-dried (48 h) for subsequent 
metabolomic analysis. The remaining shoot material was weighed, 
placed in paper bags and oven dried (80 ◦C, 24 h). A subsample of soil 
(50 g) was also immediately placed at − 80 ◦C to quench metabolic 
activity and freeze-dried for metabolomic analysis and microbial com-
munity assessment. 

2.3. Soil and plant analysis 

At plant harvest, soil N availability was evaluated by performing a 
1:5 (w/v) soil-to-0.5 M K2SO4 extract (200 rev min-1, 1 h), centrifuging 

the extracts (18,000 g, 5 min) and analysing the NH4
+ and NO3

- con-
centration colorimetrically according to the salicylate procedure of 
Mulvaney (1996) and vanadate method of Miranda et al. (2001), 
respectively. Plant-available P was evaluated by performing a 1:5 (w/v) 
soil-to-0.5 M acetic acid extract (200 rev min-1, 1 h), centrifuging the 
extracts (18,000 g, 5 min) and analysing the P concentration colori-
metrically according to the molybdate blue method of Murphy and Riley 
(1962). Available Na, K and Ca in the same 0.5 M acetic acid extracts 
was determined with a Sherwood model 410 flame photometer (Sher-
wood Scientific Ltd, Cambridge, UK). Soil pH and electrical conductivity 
(EC) were measured in a 1:2.5 (w/v) soil:distilled H2O extract after 
shaking (200 rev min-1, 10 min) using standard electrodes. Total C and N 
of the soil and shoots at harvest were determined on oven-dried soil 
(105 ◦C, 24 h) and plants (80 ◦C, 24 h) using a TruSpec® CN analyser 
(Leco Corp., St Joseph, MI). Soil organic matter was quantified by 
loss-on-ignition in a muffle furnace (450 ◦C, 16 h) (Ball, 1964), although 
it must also be noted that this technique will oxidise the bioplastic in the 
sample as well as the native SOM. The pH, EC, NO3

- and NH4
+ concen-

trations in soil solution recovered using the Rhizon samplers were 
determined as described above for the soil extracts. 

2.4. Untargeted plant and soil metabolomic sample preparation, 
extraction, and analysis 

Plant shoot and soil samples (n = 5) were randomly selected from the 
10 replicate pots. Post-lyophilisation, the samples were ground to a fine 
powder using a MM200 stainless-steel ball mill (Retsch GmbH, Haan, 
Germany) before being transferred to sterile polypropylene 1.5 ml 
microfuge tubes. Samples were then shipped on dry ice (− 78.5 ◦C) to the 
West Coast Metabolomics Center (UC Davis Genome Center, Davis, CA, 
USA) for untargeted primary metabolism analysis. 

Untargeted primary metabolism extraction was performed as 
described by Brown et al. (2021). Briefly, extraction consisted of vor-
texing a 1:0.025 (w/v) soil/plant-to-3:3:2 (v/v/v) MeCN/IPA/H2O so-
lution, before shaking for 5 min at 4 ◦C, centrifuging and an aliquot of 
the supernatant recovered for analysis. Metabolite analysis was per-
formed on a 6890 GC (Agilent Technologies Inc., Santa Clara, CA) 
coupled to a Pegasus III TOF MS (Leco Corp.), injected via a Gerstel CIS4 
with dual MPS Injector (Gerstel, Muehlheim, Germany) using the 
chromatographic parameters described in Fiehn et al. (2008). Chroma-
TOF vs. 2.32 was used for data pre-processing before being further 
processed in the metabolomics BinBase database as described in Fiehn 

Table 1 
Influence of PHBV microbioplastic addition rate on key soil and plant properties at the end of the experimental trial. Results are expressed on mean dry weight basis ±
SEM (n = 10) unless otherwise stated. Letters denote significant differences between treatments using either an ANOVA with a Tukey Post-hoc test for data that 
conformed to parametric parameters or a Kruskal-Wallis test with a Bonferroni corrected Dunn Post-hoc test for non-parametric data (p < 0.05). * represents p < 0.05, 
* * represents p < 0.01, * ** represents p < 0.001.   

Soil PHBV application rate (% by weight) aANOVA/bKruskall  

0% 0.01% 0.1% 1% 10%  

Soil       
pH 5.74 ± 0.05b 5.74 ± 0.04b 5.89 ± 0.05ab 5.99 ± 0.02a 5.81 ± 0.04b * **b 

EC (μS cm− 1) 41.3 ± 3.7c 54.2 ± 9.3c 67.4 ± 4.4bc 97.3 ± 5.5b 144.4 ± 13.1a * **a 

Organic matter (%) 5.41 ± 0.45bc 4.80 ± 0.59c 5.77 ± 1.01bc 6.42 ± 0.26b 16.18 ± 0.61a * **b 

Moisture (%) 25.7 ± 0.7cb 16.4 ± 2.0d 21.0 ± 1.4 cd 29.0 ± 2.3ab 33.4 ± 0.5a * **a 

NO3
- (mg N kg− 1) 0.60 ± 0.16ab 2.23 ± 0.99ab 1.37 ± 0.28a 0.55 ± 0.09b 0.84 ± 0.21ab *b 

NH4
+ (mg N kg− 1) 4.53 ± 1.38a 2.32 ± 0.99ab 1.64 ± 0.41bc 1.10 ± 0.14 cd 0.77 ± 0.08d * **b 

PO4
3- (mg P kg-1) 20.0 ± 0.6a 17.3 ± 0.7ab 16.1 ± 1.1b 14.2 ± 1.4b 16.1 ± 0.6b * *a 

C:N ratio 9.72 ± 0.75c 9.68 ± 0.43cb 9.19 ± 0.29c 10.8 ± 0.21b 37.4 ± 1.84a * **b 

Na (mg kg-1) 39.6 ± 2.1 34.5 ± 1.4 40.2 ± 2.7 40.4 ± 2.3 45.0 ± 3.5  
K (mg kg-1) 244 ± 31a 110 ± 15c 158 ± 15bc 234 ± 11a 190 ± 7ab * **a 

Ca (mg kg-1) 1230 ± 32a 1221 ± 26a 1380 ± 123a 1260 ± 40a 1035 ± 21b * **b 

Microbial CUE 0.65 ± 0.02b 0.69 ± 0.01ab 0.73 ± 0.01a 0.67 ± 0.02ab 0.71 ± 0.02ab * **a 

Plant       
Height (cm) 70.3 ± 1.2a 62.9 ± 2.0b 49.1 ± 1.5c 24.0 ± 0.9d 24.3 ± 1.0d * **b 

Shoot biomass (g plant-1) 3.55 ± 0.11a 2.51 ± 0.20b 1.78 ± 0.19c 0.70 ± 0.12d 0.68 ± 0.15d * **a 

Foliar C:N ratio 42.1 ± 2.1c 51.6 ± 3.3bc 54.0 ± 2.2bc 61.9 ± 8.0ab 73.8 ± 3.1a * **b 

EC, electrical conductivity; Microbial CUE, microbial carbon use efficiency. 
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et al. (2008). 

2.5. Soil microbial community analysis 

Fresh soil was placed into a MoBio PowerMag Soil DNA Isolation 
Bead Plate (MoBio Laboratories Inc., Carlsbad, CA). DNA was extracted 
following MoBio’s instructions on a KingFisher Flex robot (Thermo 
Fisher Scientific Corp, Waltham, MA). Bacterial 16S rRNA genes were 
PCR-amplified with dual-barcoded primers targeting the V4 region 
(515F 5’-GTGCCAGCMGCCGCGGTAA-3’, and 806R 5’-GGAC-
TACHVGGGTWTCTAAT-3’), as per the protocol of Kozich et al. (2013). 
Amplicons were sequenced with an Illumina MiSeq using the 300-bp 
paired-end kit (v.3) (Illumina Inc., San Diego, CA). Sequences were 
denoised, taxonomically classified using Silva (v. 138) as the reference 
database, and clustered into 97%-similarity operational taxonomic units 
(OTUs) with the ‘mothur’ software package (v. 1.44.1) (Schloss et al., 
2009). 

The potential for contamination was addressed by co-sequencing 
DNA amplified from samples and from template-free controls (nega-
tive control) and extraction kit reagents processed the same way as the 
samples. A positive control consisting of cloned sulfur-oxidizing bacteria 
(SUP05) DNA, was also included. OTUs were considered putative con-
taminants (and were removed) if their mean abundance in controls 
reached or exceeded 25% of their mean abundance in the samples. OTUs 
were filtered if they had fewer than 3 counts and occurred in fewer than 
10% of the samples. Sequencing read files analysed in this study can be 
accessed from the National Center for Biotechnology Information 
(project PRJNA856841). 

2.6. Soil microbial activity 

At the end of the experiment, soil microbial activity was measured by 
adding 14C-[U]-glucose (Lot 3632,475; PerkinElmer Inc., Waltham, MA; 
0.5 ml, 16 kBq ml-1, 10 mM) to 5 g of soil contained in a sterile 50 cm3 

polypropylene centrifuge tube. Experimentation was performed with 5 
replicates. After addition of the 14C-gluose, a 1 M NaOH trap (1 ml) was 
suspended above the soil to catch any respired 14CO2. The tubes were 
then hermetically sealed and incubated at room temperature (20 ± 1 ℃) 
in the dark. The NaOH traps were replaced after 1, 2, 4, 7, 22, 48, 72 and 
168 h, post glucose application. The efficiency of the NaOH traps was >
98% (as determined by collecting 14CO2 generated from adding excess 
0.1 M HCl to 0.001 M NaH14CO3). The amount of 14C in the NaOH traps 
was measured by mixing with Optiphase HiSafe 3 liquid scintillation 
cocktail (PerkinElmer Inc., Waltham, MA, USA) and placing on a Wallac 
1404 scintillation counter (Wallac EG&G, Milton Keynes, UK) with 
automated quench correction. 

2.7. Data processing and statistical analysis 

All statistical and graphical analysis was performed in the R envi-
ronment (v 4.1.1; R Core Team, 2021), and graphical analysis was 
constructed using the ‘ggplot2’ package (Wickham, 2016), unless 
otherwise stated. Analysis was deemed significant if p < 0.05. 

Only metabolites that were present in > 10% of either soil or plant 
samples were taken forward for analysis, to reduce analysis bias. All 
metabolomic statistical analysis was performed using generalized log-
arithm transformed (glog) and Pareto scaled data. A principal compo-
nent analysis (PCA) was constructed for the plant and soil metabolite 
data using the ‘vegan’ package (Oksanen et al., 2020), to reduce the 
dimensionality of the dataset and give a visual representation of data 
variance. The PCA was quantitively evaluated with Permutational 
multivariate analysis of variance (PERMANOVA) using ‘adonis2’ in 
‘vegan’ and pairwise comparisons were performed in ‘RVAideMemoire’ 
(Hervé, 2021), with false discovery rate (‘fdr’) correction (Benjamini 
and Yekutieli, 2001). Treatment comparisons were further illustrated 
using a heatmap constructed using Metaboanalyst 5.0 (Pang et al., 2020, 

2021). One-way ANOVA (analysis of variance) was also performed to 
identify significant differences in compound concentrations between 
treatments. 

From the 16 S data, alpha diversity was calculated using the Shannon 
index on raw OTU abundance tables after filtering out contaminants, as 
described in Section 2.4. The significance of diversity differences be-
tween treatments was tested using an ANOVA model followed by a post 
hoc Tukey HSD test using the ‘agricolae’ package (de Mendiburi, 2021). 
To obtain the overall variance in microbial composition, the similarities 
in microbial beta diversity across samples and location treatments were 
visualized by principal coordinates analysis (PCoA) multidimensional 
scaling ordinations based on Bray-Curtis dissimilarity in ‘vegan’, PER-
MANOVA and pairwise comparisons performed, as described above. 

Soil chemical and physical characteristics and plant health were 
visually assessed for normality and homogeneity. For data that did not 
conform to parametric assumptions even after using log10 trans-
formation (pH, NO3-N, NH4-N, soil C:N, SOM, Ca, plant height, plant C: 
N) a Kruskal-Wallis test (‘stats’ package; R Core Team, 2021) was used to 
assess the similarities between MP treatments, otherwise a one-way 
ANOVA was used (EC, PO4-P, Na, K). 14C microbial activity (i.e., total 
14CO2 production as a percentage of 14C labelled glucose applied after 
168 h) was also tested by ANOVA. Microbial C use efficiency was 
calculated from the 14CO2 mineralization data using the kinetic 
modelling approach of Jones et al. (2018). 

3. Results 

3.1. Soil physicochemical properties and plant health 

Addition of PHBV to soil significantly affected some key aspects of 
soil chemistry and plant health, as summarised in Table 1. These 
changes were strongly evidenced by a significant reduction in plant 
height (H(4) = 40.3, p < 0.001) and shoot biomass (F(4,32) = 53.6, p <
0.001) with increasing PHBV loading rate. At high PHBV loadings the 
plants also showed the presence of anthocyanins in the leaves and had a 
lower foliar C:N ratio (H(4) = 25.11, p < 0.001) (Table 1). Prior to 
fertilization, the amount of available NO3

- and NH4
+ in soil solution 

decreased in a dose-dependent manner with increasing PHBV addition 
with effects seen at the lowest PHBV addition rate (Table S1). After 
fertilisation, while there were some significant differences between 
treatments (H(4) = 12.28, p < 0.05), soil NO3

- concentrations showed 
variability with no consistent trend evident with bioplastic application, 
whereas soil NH4

+ concentrations decreased with increasing PHBV 
loading (H(4) = 28.31, p < 0.001) (Table 1). A significant increase in EC 
(F(4,42) = 27.97, p < 0.001) with increasing PHBV loading was also 
observed during the experiment (Table S1) and at plant harvest 
(Table 1). As expected, the amount of soil organic matter was signifi-
cantly higher under the 10% loading rate due to the presence of C in the 
PHBV (H(4) = 27.66, p < 0.001) (Table 1). Correspondingly, the C:N 
ratio of the soil also increased significantly under the 1% and 10% 
loading rate compared to the control (H(4) = 30.20, p < 0.001). 

3.2. Soil primary metabolites 

Untargeted primary metabolomic analysis tentatively identified 85 
compounds that were present in > 10% of soil samples. Of these com-
pounds, 31 showed statistically significant differences between treat-
ments (p < 0.05) by ANOVA analysis. In terms of the overall soil 
metabolome, PCA revealed a gradient of metabolome change with 
increasing PHBV loading, with divergence from the control treatment 
occurring increasingly at higher loading rates (Fig. 1). PERMANOVA 
revealed significant differences between PHBV loading rates (F = 5.37, 
p < 0.001). Further pairwise comparisons showed significant differences 
between centroids of all treatments (p < 0.05), except 1% and 10% 
loading (p = 0.09) (Fig. 1). Heatmap analysis showed similar grouping 
trends with 1% and 10% loading rates clustering closely. In terms of 
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individual metabolites, there were two groupings (Fig. 2), Response A 
contained a number of compounds (n = 25) which were present in 
relatively lower concentrations under the higher PHBV loading rates 
compared to the Control treatment. Of these, 21 compounds were 
significantly lower (p < 0.05). In contrast, Response B had a much more 
variable response to PHBV loading. A heatmap of all metabolites 
detected in the samples, can be found in supplementary information 
(Fig. S1). 

3.3. Plant primary metabolites 

Untargeted primary metabolomic analysis tentatively identified 200 
compounds that were present in > 10% of plant leaf samples. Of these 
compounds, 114 showed statistically significant differences between 
treatments (p < 0.05) by ANOVA analysis. In terms of the overall plant 
metabolome, PCA revealed a similar trend to soil, demonstrating a 
gradient of metabolome change with increasing PHBV loading, with 
strong divergence from the control treatment occurring at higher 
loading rates (Fig. 3). PERMANOVA revealed significant differences 

Fig. 1. PCA ordination analysis of the whole soil metabolite profile under 
different PHBV microbioplastic addition rates. Analysis was based on Euclidean 
distance with ellipses representing 95% confidence intervals for each treatment. 

Fig. 2. Influence of PHBV microbioplastic addition rate on the metabolome of soil cultivated with maize (Z. mays). Heatmap showing expression profiles of soil 
treatment groups based on the 50 most significant tentatively identified metabolites as classified by ANOVA p-value (p < 0.03). Metabolites shown were present in 
> 10% of samples and were subsequently clustered using Euclidean distance and Ward linkage. Data were normalised using a log transformation and Pareto scaling. 
The colour of samples ranges from red (relatively more abundant) to blue (relatively less abundant), indicating metabolite concentration z-score. Response A 
compounds (n = 25) were present in relatively lower concentrations under the higher PHBV loading rates compared to the Control treatment. In contrast, Response B 
had a much more variable response to PHBV loading. 
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between PHBV loading rates (F = 5.30, p < 0.001). Further pairwise 
comparisons showed significant differences between centroids of all 
treatments (p < 0.05), except 1% and 10% loading (p = 0.30) (Fig. 3). 
Heatmap analysis showed similar grouping trends with 1% and 10% 
loading rates clustering closely. In terms of individual metabolites, there 
were four distinct responses to PHBV loading. Response A compounds 
(n = 21) were found in significantly (p < 0.05) elevated concentrations 
at higher PHBV loading rates (1% and 10%) compared to the other 
treatment (Fig. 4, response A). Response B compounds (n = 9) were 
more variable and were generally found in significantly lower concen-
trations in the Control treatment compared to other treatments 
(p < 0.05). In Response C (n = 20), compounds were found in signifi-
cantly lower relative concentrations in the 1% and 10% loading rate 
treatments compared to the Control and 0.01% and 0.1% loading rates 
(p < 0.05). A heatmap of all metabolites detected in samples, can be 
found in supplementary information (Fig. S2). 

3.4. Soil 16S bacterial community 

On average 22137 quality-filtered reads were generated per sample. 
From these, 6457 OTUs (not including those occurring total count < 3) 
were clustered across all 16S rRNA gene reads. Proportional abundance 
of 16S bacterial phyla varied significantly across, with the proportions of 
proteobacteria increasing with PHBV loading rates. At loading rates of 
1% and 10% it was the dominant 16S bacterial phyla. Conversely, 
proportional abundances of firmicutes and gemmatimonadetes 
decreased with PHBV loading. Equally several phyla, verucomicrobia 
and acidobacteria, increased in abundance at lower (0.01% and 0.1%) 
PHBV loading rates compared to the Control and higher (1% and 10%) 
PHBV loading (Fig. S3). This was reflected in a significant decline in 
alpha diversity (Shannon index, accounting for richness and evenness) 
in the 10% loading rate compared all other treatments (p < 0.001) 
(Fig. 5B). In terms of bacterial beta diversity PCoA (Fig. 5A) we observed 
a large separation between treatments which was further confirmed by 
PERMANOVA (R2 = 0.74, p < 0.001) and pairwise comparisons 
showing significant separation between all centroids (R2 > 0.31, 
p < 0.05). 

3.5. Soil microbial activity 

The microbial community demonstrated a rapid use of 14C-labelled 
glucose in all treatments consistent with previous studies in this soil (Hill 
et al., 2008). Within the first 7 h there was a distinct separation in 14C 
mineralisation rate between higher PHBV loading rates (1% and 10%) 
and the Control and lower loading rate treatments (0.01% and 0.1%) 
(Fig. 6). However, beyond 24 h further differences in the overall trends 

in 14C mineralisation became apparent, with PHBV application at all 
rates above 0.01% causing a significant reduction in microbial activity 
(F(4,21) = 9.88, p < 0.001) relative to the Control treatment (Fig. 6). 
Small but differences were apparent in microbial C use efficiency be-
tween the treatments (F(4,21) = 3.36, p = 0.028), however, there was no 
clear dose-dependent pattern. 

4. Discussion 

4.1. Functional changes in the soil-plant metabolome 

While terrestrial plastic pollution has been identified as a major 
threat to the soil ecosystem (de Souza Machado et al., 2018), little 
research has focused on how bioplastics affect the biochemical profile of 
the soil and associated vegetation. Here, we observed significant 
changes in both the soil (Fig. 1) and maize plant metabolome (Fig. 3), 
with evidence that the response was strongly dose-dependent. In soil, 
the most significant response was related to a relative reduction in 
several compounds under higher (1% and 10%) PHBV loading rates 
(Response A, Fig. 2). While in maize plants, the most significant 
response was related to a relative increase in a number of compounds 
under higher (1% and 10%) PHBV loading rates (Response A, Fig. 4). 

4.1.1. Plant leaf metabolome 
Plant compounds in response A were varied, however, a number of 

compounds related to the TCA cycle (citric acid, α-ketoglutarate and 
isocitrate) had accumulated relative to other treatments. Usually, the 
enzymes that underpin the interconversion of the TCA cycle metabolic 
intermediaries are tightly regulated (Zhang and Fernie, 2018), and 
accumulation of compounds suggests inefficient energy production 
and/or nutrient imbalance (e.g. P deficiency; Fernie and Martinoia, 
2009). A number of saccharide compounds and derivatives (maltotriose 
(osmotic regulator; Kaplan et al., 2007), 6-deoxyglucose (potential 
glycolytic inhibitor; Pajak et al., 2020), ribonic acid (cellular growth; 
Aguiar et al., 2018), ribose (coding, decoding and regulation; Mahoney 
et al., 2018) and xylulose (glucose signalling compound; Uyeda, 2021)) 
were also present in Response A. This suggests altered shoot carbohy-
drate metabolism under higher plastic loading. Compounds identified in 
Response A lend themselves to be candidate biomarker compounds for 
stress attributed to bioplastic exposure. It should be noted, however, 
that, it is unlikely that bioplastics would be found in the highest loading 
concentrations (10%) in the field, apart from in waste plastic burial 
hotspots. Also, while proline has previously been suggested as a poten-
tial (bio)marker for ecotoxicity related to bioplastics in plants (Mar-
tin-Closas et al., 2014), in this study proline was not detected in the plant 
samples. 

Lactic acid was also found to be significantly higher in the Response 
B compounds, even at low PHBV levels (0.01%). This provides evidence 
that the plants were exhibiting stress symptoms, potentially in response 
to PHBV-induced hypoxia in the soil, leading to the generation of lactic 
acid though anaerobic respiration, and subsequent transport to the 
shoots (Eprintsev et al., 2018). Response C (Fig. 4) comprised of com-
pounds present in higher concentrations in the leaves of either the 
Control or low PHBV treatments (0.01% and 0.1% loading) relative to 
the higher loading rate (1% and 10%). This suggests a suppression of 
anabolic and catabolic processes related to these compounds under 
plastic treatments, potentially due to increased root-microbial compe-
tition for resources (de Souza Machado et al., 2019; Yi et al., 2021). 

Many of the compounds identified (e.g. fructose, mannose and 
phytol; full list in Fig. S1) may also be precursor compounds to further 
metabolite creation particularly for secondary metabolites. Secondary 
metabolism in plants is integral to their fitness, making them competi-
tive in their environment (through sensing, signalling and defence; 
Clemensen et al., 2020). Further exploration of potential biomarker 
compounds (through untargeted metabolomics) is therefore recom-
mended, to determine whether these biomarkers are conserved on 

Fig. 3. PCA ordination analysis of maize (Z. mays) aboveground biomass 
metabolite profile under different PHBV microbioplastic addition rates. Anal-
ysis was based on Euclidean distance with ellipses representing 95% confidence 
intervals for each treatment. 
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exposure to different types of plastic. Additionally, plant growth and 
biomass quality was reduced even at the lowest PHBV loading rate, 
suggesting that the effect threshold lies below a loading rate of 0.01%. 
We therefore accept hypothesis (iii) and conclude that phytotoxicity and 
agroecosystem service provision is likely to be negatively affected in 
most field situations (Zhang et al., 2020b). 

In summary, the plant leaf metabolome showed a significant, dose- 
dependant response to PHBV loading in the soil, suggesting changed 
leaf function. This was supported by the reduced plant growth and 
biomass quality, suggesting that PHBV-associated stress was substantial 
from loading rates as low as 0.01%. Extrapolated to a wider scale, this 
may have significant impacts on crop yields over long temporal periods. 
Additionally, we also identify a novel group of potential metabolic 
biomarkers for bioplastic associated stress. 

4.1.2. Soil-plant metabolome 
With regard to the soil, it was impossible to separate the microbial 

metabolic response from the plant root exudate response as all soil 

within the pots was likely to be influenced by the maize roots. The most 
evident change was the reduction in the relative abundance of com-
pounds associated with high levels of PHBV loading, as well as some 
separation between the control samples and lower PHBV loading rates 
(Fig. 1). This grouping contained a mix of compound classes, including 
saccharides, alcohols and amino acids, many of which are associated 
with root-rhizosphere plant-microbe signalling (Fig. 2 Response A; 
Chaparro et al., 2013; Moe, 2013; Hennion et al., 2019). A relative 
reduction in these compounds compared to the control and lower 
loading rate (0.01% and 0.1%) treatments may suggest altered root 
exudation and rhizosphere function, consistent with previous research 
on bioplastics in soil (Qi et al., 2020b; Zhou et al., 2021b). However, 
further work is clearly needed to critically assess how bioplastics affect 
the quantity and quality of rhizodeposits and the effect on soil biological 
quality. 

Typically, in a healthy soil, microbial (particularly bacterial) meta-
bolism and growth, and therefore the associated biochemical profile, is 
primarily limited by water availability, then the quality and quantity of 

Fig. 4. Influence of PHBV microbioplastic addition on the metabolome of maize (Z. mays) aboveground biomass. Heatmap showing expression profiles for each 
treatment based on the 50 most significant tentatively identified metabolites as classified by ANOVA p-value. Metabolites shown were present in > 10% of samples 
and were subsequently clustered using Euclidean distance and Ward linkage. Data were normalised using a log transformation and Pareto scaling. The colour of 
samples ranges from red (relatively more abundant) to blue (relatively less abundant), indicating metabolite concentration z-score. Response A illustrates compounds 
(n = 21) that were found in significantly (p < 0.05) elevated concentrations at higher PHBV loading rates (1% and 10%) compared to the other treatment. Response B 
compounds (n = 9) were more variable and were generally found in significantly lower concentrations in the Control treatment compared to other treatments 
(p < 0.05). Response C compounds (n = 20) were found in significantly lower relative concentrations in the 1% and 10% loading rate treatment compared to the 
Control and 0.01% and 0.1% loading rates (p < 0.05). 
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C substrates, and finally macro- and micro- nuturient concentrations 
(Aanderud et al., 2018). Often, an influx of C into the soil can lead to 
changes in the C source preference of the soil microbial community with 

more labile, accessible substrates being used over more recalcitrant, 
energetically demanding substrates, potentially explaining why micro-
bial activity was suppressed (Fig. 6). Bioplastic (biodegradable plastics, 
not biosynthesised plastic) is designed to break down relatively rapidly 
(months to year) once disposed of in the enevironment (Liwarska-Bi-
zukojc, 2021). For example, biodegradation of PHBV has been estimated 
to occur over 70 days to 22 months (Arcos-Hernández et al., 2013; 
Salomez et al., 2019), adding substantial amounts of C substrates to soil 
in a short period, particularly at high bioplastic loading rates (+ 1%), 
and altering the soil stoichiometry (reducing microbial C limitation) (Qi 
et al., 2020b). This is likely to lead to immobilisation of soil inorganic, 
available N (Brown et al., 2022a) as the microbial community continues 
to grow (Table 1). Over time this may lead to oligotrophic soil niches 
favouring specific microoganisms (as illustrated here with dominance of 
bacteria in the families Betaproteobacteria and Caulobacteraceae under 
high PHBV loading (Fig. S2), disscussed in Section 4.2). 

Here, the bioplastics were applied directly as microplastic particles, 
so it is likely that the high surface to volume ratio increased the sus-
ceptibility to, and therefore, the speed of degradation. It is likely that in 
some cases some of these bioplastic hydrolysis products are bioavailable 
and used in preference to native soil C sources, leading to a shift in 
microbial metabolome (and associated transcriptome and enzymatic 

Fig. 5. A) PCoA ordination of microbiome composition similarity among samples. Soil 16S OTU abundances microbiome under different PHBV microbioplastic 
addition rates. Analysis was based on Bray-Curtis dissimilarities with ellipses representing 95% confidence intervals for each treatment. B) Boxplot of 16S micro-
biome alpha diversity in response to PHBV microbioplastic addition. 

Fig. 6. Microbial mineralisation of 14C-labelled glucose to 14CO2 in soil over 1 
week (168 h) under different PHBV microbioplastics loading rates. Treatments 
were replicated in quintuplicate (n = 5), and error bars indicate the SEM. 
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proteome) (Qi et al., 2020b; Sun et al., 2022b). We therefore reject 
hypothesis (i) as microbial activity was in fact suppressed in the pres-
ence of bioplastic in comparison to the control treatment. 

To summarise, this study is one of the first to explore changes in the 
soil metabolome associated with bioplastics addition. Overall, the plant- 
soil metabolome response was similar to that of the maize leaves, 
demonstrating a dose-dependant response to PHBV loading in the soil 
suggesting a change in plant-microbial functioning, likely induced by 
the increase in bioplastic-associated-C leading to changes in soil stoi-
chiometry. Overall, more work is required to understand the long-term 
implications to these change in metabolic function, and soil-microbe- 
plant interactions. 

4.2. Soil bacterial community and microbial activity response 

Changing soil nutrient stoichiometry and the availability of labile C 
will not only shift microbial metabolism but also affect the structure of 
the soil microbial community (Aanderud et al., 2018). Here, we saw 
significant divergence in the community composition from the un-
amended control at all microplastic loading rates (Fig. 5A), particularly 
at bioplastic loading rates above 0.01%. Further, a significant reduction 
in alpha diversity was observed at 10% PHBV loading (Fig. 5B). A 
number of studies on bioplastics in soil have reported alteration of the 
soil microbial community (Li et al., 2014; Zhang et al., 2019; Tanunchai 
et al., 2021), while others reported no significant change (Bando-
padhyay et al., 2020). Generally, while a large amount of functional 
redundancy exists within the soil (Louca et al., 2018; Jia and Whalen, 
2020), a significant reduction in alpha diversity is likely to impact on the 
ability of the soil to function, particularly in an agroecosystem context (i. 
e., production of food; Wagg et al., 2014; Zhou et al., 2021a). 

Further, as the soil within the pots used in this experiment is likely to 
be dominated by rhizosphere interaction, it is highly likely that the 
change in the soil bacterial community be indicative of changing plant- 
microbe interaction. Plant health plays an important role in shaping the 
rhizosphere microbiome, influencing the quality and quantity of rhizo-
deposits (Sasse et al., 2018; Walters et al., 2018). The effects of abiotic 
stress on plant root exudates and associated rhizosphere community are 
well documented (Olanrewaju et al., 2018). To date, however, little 
research has focused on how plastics may alter root exudation and the 
impact of this on plant-microbiome interaction and (agro)ecosystem 
function. 

In terms of the microbial community activity, as measured by 14C- 
labelled glucose mineralisation, all bioplastics treatments had reduced 
mineralisation rates compared to the untreated control (Fig. 6). Glucose 
is often seen as a model substrate as it is used as a labile C source utilised 
ubiquitously across soil microorganisms (Blagodatskaya and Kuzyakov, 
2013; Gunina and Kuzyakov, 2015). However, here, addition of 
14C-labelled glucose at relatively low concentration (10 mM) did not 
seem to be used in preference to bioplastic derived C substrates, 
potentially due to the microbial community being metabolically primed 
to use bioplastic substrate, as the enzymatic proteome has previously 
been shown to be sensitive to bioplastic addition (Zhou et al., 2021b). 
However, while PHBV is a bioplastic and is capable of being fully 
degraded to CO2, H2O and microbial biomass C (Salomez et al., 2019), 
the specific metabolic decomposition pathways and potential metabolic 
end-/by-products have yet to be fully elucidated; these will be key in 
fully understanding the impact on soil biology and biochemistry. 

4.3. Soil chemistry 

Microbioplastic incorporation had a major effect on the chemistry of 
the soil, even at lowest PHBV addition rate. Our results gave clear evi-
dence that PHBV induced the microbial immobilization of available N in 
a dose-dependent manner (Table 1; Table S1) (Reid et al., 2022; Shi 
et al., 2022). This also correlated well with the decline in plant growth 
and reduced N content in the maize shoots. Conversely, PHBV led to an 

increase in soil EC suggesting that other ions were accumulating in the 
soil due to reduced plant demand caused by the lack of available N 
(Heiniger et al., 2003). There was also some evidence that available P 
was reduced under higher bioplastic loading treatments compared to the 
control (Table 1; Aanderud et al., 2018). 

4.4. Bioplastics in the soil system – implications and outlook 

Bioplastics have been rapidly replacing conventional plastic mulch 
films in agriculture, to prevent plastic (and micro- and nano- plastic) 
accumulation in agricultural soils. This shift in management, however, 
may have significant implications for soil and plant health and agro-
ecosystem service provision (Rillig et al., 2019; Zhang et al., 2020a; 
Sridharan et al., 2021). Due to their higher biotic and abiotic breakdown 
rates, bioplastics are less recalcitrant, leading to significant amounts of C 
substrate becoming available to the soil biological community. As such 
this may not eliminate the threat of plastics to soil system, merely 
change the dynamics of microplastic formation and their persistence. 
Arguably in the short- to medium-term, conventional plastics provide 
little problem in the soil system (Brown et al., 2022b), although nano-
plastic transport and uptake may become a persistent issue in the future 
(Mateos-Cárdenas et al., 2021; Wahl et al., 2021). However, the rapid 
breakdown of bioplastics is likely to increase the availability and chronic 
effect of additives which may contribute up to 70% of bioplastic mass 
(Nizzetto et al., 2016; Steinmetz et al., 2016), increase the speed of 
micro-bioplastic formation with unknown consequences to soil and 
plant health (Fojt et al., 2020) and availability of C may lead to native 
soil organic matter priming. These issues should therefore be explored in 
a range of soil and crop types as a matter of urgency to better understand 
the legacy of bioplastics in soil. 

Bioplastics is a catch-all term and includes both biodegradable 
plastics and plastics from renewable biomass sources (Coppola et al., 
2021). This may be misleading (Dilkes-Hoffman et al., 2019; Nanda-
kumar et al., 2021), as bioplastics from renewable biomass may still be 
persistent in the environment for long time periods. Ultimately, bio-
plastic degradation will vary significantly between plastic type due to 
the inherent chemical composition as well as the prevailing climate 
conditions (Satti et al., 2018). Long-term field scale studies are therefore 
recommended to better understand changes in soil physiochemistry and 
function as mesocosm studies may overestimate soil responses to plastic 
loading (Brown et al., 2022b; Greenfield et al., 2022). 

5. Conclusions 

While research on the impact of bioplastics on soil and plant function 
is a nascent field, there is growing evidence that bioplastic may provide 
just as much, if not more, of a threat to soil, plant and ecosystem health 
due to its labile, unstable nature. This study begins to assess the 
biochemical impact of pure bioplastic addition, however, much more 
must be done to understand the full extent of the effect, particularly on 
long-term agroecosystem productivity. PHBV bioplastic loading rates at 
1% and above (representing hotspots, or bioplastic accumulation) 
caused significant changes in the soil metabolome and microbial com-
munity likely associated with changing function. We observed strong 
negative effects on plant health and metabolic function at loading rates 
of 1% and above. We attribute this effect to the rapid influx of labile C 
substrates into the soil, leading to an alleviation in metabolic C limita-
tions. This increased C turnover is likely to have significant implications 
for soil C cycling and ecosystem service provision, the extent of which 
should be the subject of future field and laboratory study. Overall, this 
study suggests that the bioplastic PHBV is not environmentally benign 
and that contamination levels as low as 100 mg kg–1 can induce sig-
nificant short-term changes in plant-soil-microbial functioning. 
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Statement of environmental implication 

This manuscript is of high environmental relevance; biodegradable 
plastics have been widely adopted in the agricultural sector as a ‘green’ 
alternative to conventional plastic mulch films, which are used globally 
to improve yields. While bioplastic mineralise more readily than con-
ventional plastic, the impact of this accessible carbon source on soil and 
plant health has not been widely explored. Our results suggest that 
bioplastics may negatively affect soil and plant health at relatively low 
loading rates, which is likely to reduce crop yields and threaten food 
security in the long term, as such, they should be considered a hazardous 
material. 
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