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Abstract

Microplastics (MPs) and pesticides increasingly co-occur in agricultural ecosystems, where
they may jointly affect plant physiology and plant–microorganism interactions. This study
investigated the individual and combined effects of biodegradable poly(butylene adipate-
co-terephthalate) (PBAT), the herbicide metolachlor (MET), and the beneficial fungus
Trichoderma harzianum KKP 534 on wheat (Triticum aestivum). Plant growth, physiological
responses, chlorophyll content, cell membrane damage, antioxidant enzyme activities and
selected metabolomic and lipidomic biomarkers were evaluated. High PBAT concentra-
tions negatively affected wheat growth by reducing root and shoot length and increasing
oxidative stress, as evidenced by elevated TBARS levels, increased antioxidant enzyme
activities (POD, GST, CAT, and SOD), and enhanced membrane damage. Metabolomic and
lipidomic analyses further revealed stress-associated changes in amino acid metabolism
and membrane lipid remodelling. PBAT also adsorbed MET and 2,4-di-tert-butylphenol
(DTBP), potentially altering their bioavailability and environmental behaviour. Although
T. harzianum KKP 534 promoted plant growth and enhanced antioxidant responses under
control conditions, these beneficial effects were attenuated in the presence of PBAT MP. The
results suggest that biodegradable microplastics may influence plant–microbe interactions
and modify pesticide dynamics under controlled conditions, highlighting the need for
further studies in soil-based systems.
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1. Introduction
As microplastic (MP) pollution becomes increasingly pervasive in agroecosystems,

understanding its interactions with economically important crops is essential for evalu-
ating risks to soil health and food-chain contamination [1–3]. The primary source of MP
contamination in agroecosystems is the use of plastic mulching films, with reported MP
concentration in topsoil (0–10 cm) reaching up to 8885 particles/kg and contamination
detected at depths of up to 80 cm [4]. However, the mechanisms through which MPs
affect soil functioning and plant development remain poorly understood [5]. Accumulating
evidence suggests that MPs can influence plant physiology through multiple pathways,
including alterations in soil structure, water repellency, nutrient bioavailability, soil micro-
bial community function, and the induction of oxidative stress in soil organisms [3,6–11].
MPs have also been shown to alter the composition, diversity and metabolic function of
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bacterial communities, disrupting interactions with symbiotic organisms. This may reduce
phosphorus and nitrogen uptake, as well as carbon assimilation in plants, partly through
the inhibition of soil enzyme activity [8,12–14].

Plastic mulch films are widely used in agriculture to improve soil temperature and
moisture, suppress weeds, and increase crop yields and quality [15]. Due to the growing
global demand for food, plastic mulch films are expected to be used more widely, leading
to greater MP accumulation in agricultural soils. As a result, biodegradable materials have
been proposed as a potential alternative. A key advantage of these materials is that, after
use, they can be incorporated into the soil, where they are degraded by microorganisms [16].

Among biodegradable polymers, poly(butylene adipate-co-terephthalate) (PBAT) is
one of the most widely used in Europe. PBAT is characterised by high flexibility, resistance
to abrasion and cracking, and resistance to water and oil; it is also biodegradable in soil
and compostable [17]. These properties make PBAT a common component of agricultural
films and other biodegradable products [18,19]. However, its impact on soil structure,
biological activity, and plant physiology remains insufficiently understood and continues
to be debated [20–22]. Studies have shown that PBAT degradation enhances organic
matter decomposition and CO2 emission [23]. Furthermore, PBAT-derived MPs can alter
rhizosphere ecology and negatively affect plant growth, as demonstrated for pakchoi
(Brassica chinensis L.) [24]. In contrast, no phytotoxic or genotoxic effects were observed in
bioassays with Allium cepa and Lactuca sativa [1], suggesting that PBAT effects are context-
and species-dependent.

Particular attention should be given to interactions between PBAT MPs and wheat
(Triticum aestivum L.), a globally important cereal crop of high agronomic and economic
significance. Wheat is characterised by rapid germination, uniform early development, and
well-defined growth stages, making it a suitable model for controlled studies of MP–plant
interactions. Its sensitivity to soil contaminants and standardised cultivation protocols
facilitate robust comparison of MP impacts on germination, biomass, and physiological
parameters [12,25,26]. Despite existing studies, knowledge of the mechanisms underlying
PBAT MP–plant interactions, including wheat, remains limited and fragmented. Moreover,
MP effects depend on multiple factors including soil type, environmental conditions,
MP concentration and physicochemical properties, co-occurring contaminants, and soil
microbiota structure and activity [2,27].

Importantly, MPs can act as vectors of other contaminants, including pathogens,
pesticides, heavy metals and xenobiotics. This may alter their environmental mobility,
bioavailability, and transfer within food chains, potentially increasing toxicity toward
non-target organisms [28,29]. One such contaminant is metolachlor (MET), a widely used
chloroacetanilide herbicide applied for pre-emergent weed control in cereal crops [25].
MET disrupts very-long-chain fatty acid (VLCFA) elongation by targeting VLCFA synthase,
which is critical for cuticular wax biosynthesis and cell membrane development. As a result,
seedling growth is arrested, and susceptible plants exhibit symptoms such as stunted roots,
swollen hypocotyls, and dark-green, brittle leaves shortly after emergence [30]. The small
particle size, large surface area and hydrophobicity of MPs facilitate the adsorption of
organic pollutants [31]. In our previous study [32], we demonstrated that PBAT can adsorb
MET, suggesting that PBAT-derived MPs may modify its environmental fate, mobility, and
phytotoxicity [29].

Plant growth-promoting fungi, such as Trichoderma spp., are ubiquitous in soils and en-
hance plant growth through multiple mechanisms. They suppress pathogens via mycopar-
asitism, antibiotic production, and competition while also stimulating plant development
and inducing systemic resistance [33]. In addition, they secrete phytohormones, growth-
promoting compounds, and enzymes that improve nutrient availability and uptake [34].
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Trichoderma also enhances plant tolerance to abiotic stresses by activating antioxidant
systems and defence-related pathways [35,36]. Moreover, Trichoderma spp. synthesise
secondary metabolites with bioremediation potential, enabling the degradation of pesticide
residues through enzymatic processes such as hydrolysis and oxidation [32].

To date, no studies have comprehensively evaluated the combined effects of PBAT-
derived microplastics, herbicide contamination, and beneficial soil fungi on plant phys-
iological responses. We hypothesise that PBAT MPs modify MET bioavailability and
phytotoxicity, while Trichoderma harzianum mitigates stress effects through enhanced detoxi-
fication and plant defence mechanisms. Based on the current state of knowledge, this study
aims to systematically evaluate the effects of PBAT MPs on wheat growth, physiological
responses, and stress adaptation under co-exposure to MET and the bioaugmentation agent
Trichoderma harzianum. The results will provide insight into interactions between MPs and
co-occurring contaminants and contribute to understanding the ecological implications of
bioplastics in agroecosystems.

2. Materials and Methods
2.1. Chemicals

PBAT (Ecoflex F Blend C1200, BASF, Ludwigshafen, Germany) was imported in
granular form. The microplastic (MP) mixture was prepared according to our previously
described method [32]. Briefly, the material was mechanically ground and sieved into
different particle size fractions, 1–0.5 mm (40%), 0.5–0.25 mm (40%), and <0.25 mm (20%),
resulting in irregularly shaped particles. Particle morphology and surface characteristics of
the PBAT microplastics were previously characterised using scanning electron microscopy
(SEM) in our earlier study [37], in which irregular, mechanically fragmented particles with
heterogeneous surface structures were confirmed.

The MP mixture was sterilised in 70% ethanol for 1 h and subsequently dried under
sterile conditions in a laminar flow hood prior to use.

Metolachlor (MET), reagents utilised for thiobarbituric acid-reactive substance (TBARS)
determination, peroxidase (POD), glutathione S-transferase (GST) and catalase (CAT) activity
assays, superoxide dismutase (SOD) Activity Assay Kit, and Evans blue were sourced from
Merck (Darmstadt, Germany). Solvents used for liquid chromatography–tandem mass spec-
trometry (LC–MS/MS) analyses were also obtained from Merck. MET stock solutions were
prepared in ethanol. Buffers and other solutions were prepared using ultrapure water. All
other reagents met analytical-grade standards.

2.2. Organisms and Growth Conditions

T. harzianum strain KKP 534 from the Industrial Microorganisms Collection at the
Institute of Agricultural and Food Industry (IAFB) in Warsaw, Poland, was used due to
its high potential for MET degradation [32]. For spore suspension preparation, 7-day-old
cultures grown on ZT agar slants were used. The medium contained (g/L): glucose, 4;
Difco yeast extract, 4; agar, 25; and malt extract, 6◦ Balling [BLG], up to 1 L [1◦ BLG = 1 g of
soluble substances extracted from the grain per 100 mL of malt extract]; pH 7.0 [38]. Spores
were harvested using sterile water and adjusted to a final concentration of 107 CFU/mL.

Wheat seeds (Triticum aestivum) were purchased from the Plant breeding Strzelce
Sp. z o.o. IHAR Group, Strzelce, Poland. Seeds were surface-sterilised in 70% ethanol
for 30 s, rinsed twice with distilled water, and incubated for 10 min either in sterile wa-
ter or water with KKP 534 spores. The sterilised MPs were placed in 9 cm Petri dishes
on two layers of filter paper. The filter paper was moistened either with MET solution
(2 µg per dish) or with sterile water. Ten pre-sterilised seeds were placed on each dish,
followed by the addition of 10 mL of distilled water. The seeds were cultivated in the
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plant growth chamber (IL/750/FIT P, Pol-Eko, Wodzisław Śląski, Poland) under controlled
conditions, a 14 h light/10 h dark photoperiod, relative humidity of 40%, and light in-
tensity of 200 µmol/m2/s, following the protocol described by Mironenka et al. [35]. The
experimental setup created a simplified hydroponic-like environment that minimised the
confounding effects of the soil matrix and allowed us to focus on interactions among
PBAT MPs, metolachlor, Trichoderma harzianum, and wheat, based on the models used by
Bernat et al. [39] and Zantis et al. [40].

The experiment was designed as a factorial system including three factors: PBAT
MP concentration, MET presence, and T. harzianum inoculation. Four treatment groups
were established: (1) wheat only (W), (2) wheat inoculated with T. harzianum (W+T),
(3) wheat exposed to metolachlor (W+MET), and (4) wheat exposed to both metolachlor
and T. harzianum (W+T+MET). Within each group, four PBAT MP levels were applied:
0, 50, 100, and 200 mg per dish (Figure S1). This resulted in a total of 16 experimental
variants, with each treatment performed in triplicate. In addition to the absolute control
(W, 0 mg MP), treatments without PBAT MPs (0 mg) in each experimental group (W, W+T,
W+MET, W+T+MET) were used as internal controls. This approach enabled the evaluation
of MP-specific effects within each treatment condition, independent of MET exposure and
T. harzianum inoculation.

The MET dose (2 µg per dish) was selected based on literature reports describing its
widespread agricultural use and environmental occurrence, as well as concentrations com-
monly applied in laboratory phytotoxicity studies [41]. The chosen level was intended to
induce measurable phytotoxic responses while avoiding complete inhibition of germination
and early seedling development, and to remain within the tolerance range of the Tricho-
derma harzianum strain. Elevated MP concentrations were applied to ensure measurable
biological responses under controlled experimental conditions.

2.3. Plant Growth, Biomass and Relative Water Content

The germination rate was calculated as the percentage of germinated seeds relative
to the total number of seeds sown. The seedling vigour index (SVI) was calculated using
Shahid’s [42] method, based on the germination rate and the combined length of shoots
and roots: SVI = germination (%) × seedling length. Plant biomass was assessed based on
the dry weight (DW) of shoots and roots, which were analysed separately.

Relative water content (RWC) was determined on day 20 of cultivation according to
the method of Mironenka et al. [35], with modifications. Fresh weight (FW) of shoots and
roots was measured immediately after harvesting. The samples were then rehydrated in
distilled water for 1 h to obtain full turgor and weighed to determine turgid weight (TW).
Subsequently, the plant material was dried at 60 ◦C until a constant weight was achieved
to obtain dry weight (DW).

The RWC was determined according to the following equation:

RWC(%) = (FW − DW)/(TW − DW) × 100

2.4. Cell Membrane Integrity, Total Phenolic Content and Chlorophyll Content

Cell membrane integrity of root tissues was assessed using 0.25% (w/v) Evans blue
dye. After staining, roots were rinsed three times (30 min each) with distilled water to
remove unbound dye. The samples were then homogenised in 1% (w/v) sodium dodecyl
sulphate (SDS) and centrifuged at 8000× g for 5 min. The absorbance of the supernatant
was measured at 600 nm according to the method of Baker and Mock [43].

Total phenolic content (TPC) was measured using plant material extracted with 80% (v/v)
methanol after homogenisation. The extracts were incubated with Folin–Ciocalteu reagent
(Merck, Darmstadt, Germany), and absorbance was measured at a wavelength of 765 nm
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using a FLUOstar OMEGA microplate reader (BMG LABTECH, Ortenberg, Germany), in
accordance with the protocol [44].

Chlorophyll a and b were extracted from shoot tissue homogenised in liquid ni-
trogen using methanol as a solvent. Chlorophyll concentrations were calculated based
on absorbance measured at 652 nm and 665 nm according to the method described by
Warren [45].

2.5. Microscopic Analysis

The microscopic morphology of the wheat roots was assessed after 20 days of cultiva-
tion using an LSM 510 Meta confocal laser scanning microscope (Carl Zeiss, Oberkochen,
Germany) using a Plan-Neofluar 20× objective (Carl Zeiss, Oberkochen, Germany). Prior
to the experiment, PBAT microplastics were stained with Nile Red according to the method
described previously [32]. This step enabled the visualisation of MP particles during micro-
scopic analysis. After cultivation, plants were carefully removed from the growth system
and rinsed three times with deionised water to remove surface residues. Roots were then
excised into small segments and mounted on glass slides for microscopic observation.

2.6. Lipid Peroxidation Determination

Lipid peroxidation, as an indicator of oxidative damage to cellular membranes, was
determined by measuring thiobarbituric acid-reactive substances (TBARSs), according
to a procedure previously used [39]. In brief, 50 mg of fresh shoot or root tissue was
homogenised in a cooled mortar with 1 mL of 50 mM sodium phosphate buffer at pH 7 con-
taining 1 mM EDTA. Then, 0.2 mL of homogenate was mixed with 0.4 mL of TBA reagent,
consisting of 15 mM thiobarbituric acid (TBA) dissolved in 15% (w/v) trichloroacetic acid
(TCA). The mixture was vortexed for approximately 30 s and incubated in a water bath at
90 ◦C for 30 min. After incubation, the samples were cooled on ice and then centrifuged
at 10,000× g for 10 min The absorbance of the supernatant was measured at 530 nm and
600 nm. The protein concentration in the homogenate was determined by the Bradford
method. The absorbance was measured on a FLUOstar OMEGA microplate reader (BMG
LABTECH, Germany). TBARS content was calculated as malondialdehyde (MDA) equiva-
lents and expressed as nmol per mg of protein.

2.7. Enzyme Activity Determination

For enzymatic assays, 200 mg of fresh plant biomass (shoots and roots were analysed
separately) was frozen in liquid nitrogen and homogenised in a mortar. The powdered
tissue was extracted with 2 mL of ice-cold extraction buffer (0.05 M sodium phosphate buffer
pH 7.8, 1 mM EDTA, 1% PVP). The mixture was collected in 2 mL tubes and centrifuged at
18,000× g at 4 ◦C for 10 min. After centrifugation, the supernatant was transferred into new
tubes and kept on ice. Enzyme activity (POD, GST and CAT) was determined according
to the method of Chen and Zhang [46]. Enzyme activities were expressed as units per
milligram of protein (U/mg protein). The protein content was assayed using the Bradford
method. The superoxide dismutase (SOD) activity was measured using a WST-based assay,
which quantifies the inhibition of superoxide-driven reductions in WST dye at 450 nm,
according to the manufacturer’s recommended method (Merck). The absorbance was
measured on a FLUOstar OMEGA microplate reader (BMG LABTECH).

2.8. Analysis of MP Adsorption Capacity

PBAT microplastics were collected from Petri dishes after cultivation and used for
chemical analysis (100 mg per sample). Prior to extraction, MPs were rinsed three times
with deionised water (5 min each) to remove loosely attached and non-specifically bound
particles and residues. The cleaned microplastics were then extracted with 1 mL of methanol
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and shaken for 30 min to desorb strongly bound compounds from the polymer surface.
The extracts were centrifuged, and the supernatant was collected for further analysis. A
qualitative gas chromatography–mass spectrometry (GC-MS) screening was performed to
identify compounds persistently adsorbed on PBAT microplastics. The chromatographic
data were used for compound identification by library matching, followed by selection
of the most abundant compounds detected across treatments. For this purpose, the gas
chromatograph GC 7890, connected to the mass spectrometer MS 5973C (Agilent, Santa
Clara, CA, USA), was used according to the previously described procedure [38].

2.9. Determination of Phospholipids and Amino Acids

The two-phase extraction system was used for both phospholipid and amino acid
profiling. Briefly, 100 mg of fresh biomass was ground in a frozen mortar with methanol and
extracted using a chloroform:methanol:water system (final ratio of 1:2:0.8, v/v/v). After
phase separation, the chloroform (organic) phase was collected and evaporated to dryness
at room temperature under a fume hood. Before analysis, the residue was re-dissolved in
methanol and vortexed to ensure complete solubilisation.

Lipid profiling was performed using LC-MS/MS, as described previously [32]. Lipid
species were quantified relative to an internal standard and expressed as a percentage of
total phospholipid content. The double bond index (DBI) was calculated using the method
described by Jasinska et al. [47]. The inorganic phase was used to determine amino acids
using LC-MS/MS, as previously described [32].

2.10. Statistical Analysis

For germination and growth analyses, three independent biological replicates were
performed for each treatment, with ten seedlings analysed per replicate (30 seedlings per
treatment in total). For metabolomic, biomass, and water content analyses, five seedlings
were randomly selected from each of the three independent biological replicates for every
experimental variant, resulting in a total of 15 seedlings analysed per treatment. Statistical
analyses were performed using STATISTICA v.13.1 (TIBCO Software Inc., USA), and results
were presented as mean ± standard deviation (SD) using Microsoft Excel 365. The normality
of data distribution was assessed using the Kolmogorov–Smirnov test, and homogeneity of
variance was evaluated using the Brown–Forsythe test. When assumptions of normality
and homoscedasticity were satisfied, one-way ANOVA was applied. For comparisons
among treatments with different PBAT concentrations within each experimental group (W,
W+T, W+MET, W+T+MET), Dunnett’s post hoc test was applied using the corresponding
0 mg MP treatment as the control. For comparisons among experimental groups, Tukey’s
HSD post hoc test was applied.

In cases where assumptions of normality were not met, the non-parametric Kruskal–Wallis
test, followed by appropriate pairwise post hoc comparisons, was applied. A significance
level of p < 0.05 was used throughout the study. In addition to statistical significance, effect
sizes were reported as partial eta-squared (η2p) for ANOVA analyses and epsilon-squared
(ε2) for Kruskal–Wallis tests.

3. Results
3.1. Integrated Analysis of Plant Growth and Physiological Responses

Measurements performed after 20 days of cultivation revealed significant differences
in shoot and root length, as well as dry biomass. In the W and W+T groups, increasing
MP concentrations led to a reduction in shoot and root length (Figure 1a,b, shoot length:
ε2 = 0.620; root length: ε2 = 0.566). The reduction in plant length was accompanied by less
pronounced changes in biomass in the W group, whereas biomass responses were more
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evident in W+T plants (Figure 1c,d). Trichoderma positively influenced plant growth, as
reflected by increased shoot and root length compared to the W group (Figures 1 and 2).
Moreover, Trichoderma mitigated the negative effects of MP, particularly at intermediate
concentrations (Figure 1a,b). In MET-treated groups, plant growth was generally inhibited,
and the presence of Trichoderma did not significantly alleviate this effect. However, in the
W+MET group, root length increased at higher MP concentrations compared to MP-free
controls (Figure 1b).

Figure 1. The shoot (a) and root (b) length; shoot (c) and root (d) dry biomass weight for all configura-
tions containing PBAT MP ranging from 0 to 200 mg. “*” indicates a value significantly different from
the sample without MPs within the same group (Dunnett’s test: * p < 0.05; ** p < 0.01; *** p < 0.001).
(W—wheat, W+T—wheat and Trichoderma, W+MET—wheat and metolachlor, W+T+MET—wheat,
Trichoderma and metolachlor).

The presence of Trichoderma also increased root number, from typically 2–3 roots in W
to 3–5 in W+T (Figure S3 in Supplementary Materials). In MET-treated samples, visible
morphological abnormalities were observed, including shoot deformation and leaf curling.
No clear effect of MET on root number was noticed.

Germination analysis (Figure 2a) revealed a positive effect of Trichoderma under control
conditions, while increasing MP concentrations reduced germination in both W and W+T
groups (η2 = 0.944). In MET-treated samples, germination was consistently lower, regardless
of Trichoderma presence. A similar trend was observed for the seedling vigour index (SVI)
(Figure 2b: ε2 = 0.563). MPs negatively affected the SVI in the W group, while Trichoderma
maintained relatively stable SVI values across MP treatments. In contrast, in the presence
of MET, increasing MP concentrations were associated with a slight increase in the SVI.

Chlorophyll a and b content (Figure 2c,d) decreased with increasing MP concentra-
tions in both the W and W+T groups. Although Trichoderma enhanced chlorophyll levels
under control conditions, this effect diminished at higher MP concentrations. In MET-
treated samples, chlorophyll levels were generally lower, with no consistent trend across
MP treatments.
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Figure 2. Total germination % (a); seedling vigour index (SVI) (b); and concentrations of chlorophyll
a (c) and chlorophyll b (d) for all configurations containing PBAT MPs ranging from 0 to 200 mg.
“*” indicates a value significantly different from the sample without MPs within the same group
(Dunnett’s test: * p < 0.05; ** p < 0.01; *** p < 0.001). (W—wheat, W+T—wheat and Trichoderma,
W+MET—wheat and metolachlor, W+T+MET—wheat, Trichoderma and metolachlor.)

Relative water content (RWC) differed between plant organs and treatments (Table 1),
with large treatment effects observed for both shoots (η2 = 0.942) and roots (η2 = 0.860).
In shoots, significant differences were observed in the W+T group between 0 and
200 mg MPs (p < 0.001). Root RWC increased with MP concentration in W but decreased
in W+MET. Trichoderma increased root RWC under control conditions in both MET and
non-MET treatments.

Table 1. The RWC values of the shoot and roots after 20 days of cultivation for all configurations
containing PBAT MPs ranging from 0 to 200 mg. “*” indicates a value significantly different from
the sample without MPs within the same group (Dunnett’s test: * p < 0.05; ** p < 0.01; *** p < 0.001).
(W—wheat, W+T—wheat and Trichoderma, W+MET—wheat and metolachlor, W+T+MET—wheat,
Trichoderma and metolachlor.)

Shoot RWC [%] Root RWC [%]

Amount of
PBAT MP 0 mg 50 mg 100 mg 200 mg Amount of

PBAT MP 0 mg 50 mg 100 mg 200 mg

W 80.99 ± 2.86 81.02 ± 3.45 85.03 ± 3.64 86.86 ± 4.26 W 62.20 ± 14.76 70.43 ± 10.24 78.12 ± 5.13 * 72.08 ± 1.18

W+T 81.77 ± 1.76 83.51 ± 2.61 84.11 ± 1.72 87.52 ± 1.26 *** W+T 77.68 ± 4.97 65.54 ± 3.87 * 78.95 ± 9.48 73.48 ± 2.51

W+MET 84.84 ± 6.15 88.16 ± 0.73 82.86 ± 4.88 75.37 ± 8.72 W+MET 80.76 ± 5.59 80.84 ± 8.90 76.07 ± 4.48 62.26 ± 4.34 **

W+T+MET 88.46 ± 0.99 90.74 ± 0.87 89.74 ± 4.21 87.78 ± 2.31 W+T+MET 89.13 ± 5.33 78.67 ± 4.71 ** 80.21 ± 1.82 ** 90.55 ± 3.09

Fluorescence microscopy revealed that PBAT microplastic particles adhered to root
surfaces and root hairs (Figure 3). Despite thorough rinsing, particles remained attached,
indicating strong adhesion. However, the internalisation of MPs within root tissues could
not be conclusively confirmed.
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Figure 3. The picture of the wheat roots grown in the presence of PBAT under a fluorescence
microscope. On the left side, a cut section of the root with root hairs is shown and on the right side,
the apex of the root. The arrows indicate the presumed fragments of MP PBAT particles adhering
to the root surface that fluoresce orange due to prior staining with Nile Red dye. The images were
acquired using a Plan-Neofluar 20× objective.

Qualitative GC-MS analysis demonstrated that PBAT MP particles adsorbed several
compounds during cultivation, including metolachlor (MET) and 2,4-di-tert-butylphenol
(DTBP) (Figure S4 in the Supplementary Materials). Quantitative estimation indicated
that 100 mg of PBAT MPs adsorbed up to 0.49 µg of MET under the tested conditions,
corresponding to approximately 25% of the initial MET amount.

3.2. Assessment of Oxidative Stress in Plant Tissues

Cell membrane integrity, assessed by Evans blue uptake, indicated increased mem-
brane damage in the presence of MPs across all experimental groups (Figure 4a). The extent
of dye accumulation increased with MP concentration, suggesting a dose-dependent effect.
The presence of Trichoderma reduced membrane damage, whereas MET-treated samples
showed higher dye uptake compared to non-MET treatments. Lipid peroxidation, mea-
sured as TBARSs, showed a general increase in both shoots and roots with increasing MP
concentrations (Figure 4b,c). Trichoderma significantly reduced TBARS levels compared to
the corresponding W samples, including in MET-treated variants. However, this protective
effect was less pronounced at higher MP concentrations. Effect sizes for lipid peroxidation
(TBARS) indicated a strong treatment effect in both tissues, with η2 = 0.944 for leaves and
η2 = 0.903 for roots.

Total phenolic content (TPC) varied depending on treatment and MP concentration
(Table 2). In roots, TPC generally increased with MP concentration, with significant dif-
ferences observed at 100 and 200 mg in most groups. In the W group, a clear increase
in TPC was observed with increasing MP levels. The presence of Trichoderma stabilised
TPC levels in shoots under MP exposure and maintained relatively consistent values in
roots under combined MP and MET treatments. In contrast, MET in combination with
MPs increased TPC levels in shoots, while in roots, higher MP concentrations reduced TPC
compared to MP-free controls within the same group. Overall, MP exposure was associated
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with increased oxidative stress markers, while Trichoderma partially mitigated these effects,
particularly at lower MP concentrations.

Figure 4. Evans blue uptake by roots (a); the TBARSs in shoots (b) and roots (c) for all configurations
containing PBAT MPs ranging from 0 to 200 mg. “*” indicates a value significantly different from
the sample without MPs within the same group (Dunnett’s test: * p < 0.05; ** p < 0.01; *** p < 0.001).
(W—wheat, W+T—wheat and Trichoderma, W+MET—wheat and metolachlor, W+T+MET—wheat,
Trichoderma and metolachlor.)

Table 2. The total phenolic content (TPC) values of the shoot and roots after 20 days of cultivation for
all configurations containing PBAT MPs ranging from 0 to 200 mg. “*” indicates a value significantly
different from the sample without MPs within the same group (Dunnett’s test or Kruskal–Wallis test:
* p < 0.05; ** p < 0.01; *** p < 0.001). (W—wheat, W+T—wheat and Trichoderma, W+MET—wheat and
metolachlor, W+T+MET—wheat, Trichoderma and metolachlor.)

Shoot TPC [µg/mL/g Biomass] Root TPC [µg/mL/g Biomass]

Amount of
PBAT MP 0 mg 50 mg 100 mg 200 mg Amount of

PBAT MP 0 mg 50 mg 100 mg 200 mg

W 323.47 ± 31.67 384.30 ± 13.05 417.87 ± 10.34 *** 399.12 ± 20.59 ** W 242.69 ± 4.17 272.60 ± 15.79 347.02 ± 30.95 *** 373.52 ± 50.32 ***

W+T 384.20 ± 25.14 405.76 ± 6.33 395.46 ± 7.18 356.45 ± 50.19 W+T 352.36 ± 39.43 303.89 ± 3.99 * 340.96 ± 6.39 417.62 ± 52.68

W+MET 377.48 ± 9.04 384.71 ± 8.81 455.53 ± 4.69 *** 404.03 ± 3.85 *** W+MET 318.25 ± 4.61 337.16 ± 23.76 266.16 ± 35.06 ** 290.66 ± 4.23 *

W+T+MET 454.92 ± 9.06 392.75 ± 11.42 *** 475.53 ± 13.44 ** 485.55 ± 16.00 *** W+T+MET 316.86 ± 4.72 345.49 ± 16.60 284.44 ± 19.34 425.38 ± 56.70
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To further assess oxidative stress responses, the activities of four antioxidant en-
zymes (CAT, SOD, GST, POD) were analysed in shoots and roots. In shoots, Trichoderma
significantly increased CAT and SOD activity compared to the W control without MPs
(Figure 5a,b). Increasing MP concentrations generally enhanced CAT activity in the W,
W+MET and W+T+MET groups, whereas in the W+T group an opposite trend was ob-
served. SOD activity increased with MP concentration in the W group, while in W+MET a
decreasing trend was observed at higher MP levels. MET-treated samples showed overall
higher SOD activity compared to W, although a decline was observed at the highest MP
concentration. GST activity increased with MP concentration across all groups (Figure 5c),
whereas POD responses depended strongly on treatment configuration (Figure 5d).

Figure 5. Activities of antioxidant enzymes in shoots: CAT (a), SOD (b), GST (c), and POD (d)
after 20 days of cultivation for all configurations containing PBAT MPs ranging from 0 to 200 mg.
“*” indicates a value significantly different from the sample without MPs within the same group
(Dunnett’s test: * p < 0.05; ** p < 0.01; *** p < 0.001). (W—wheat, W+T—wheat and Trichoderma,
W+MET—wheat and metolachlor, W+T+MET—wheat, Trichoderma and metolachlor.)

In roots, CAT activity increased with MP concentration in W and W+MET, and to a
lesser extent in W+T, while an opposite trend was observed in W+T+MET (Figure 6a). SOD
activity increased significantly with MP concentration in the W group and was further
enhanced by the presence of Trichoderma in selected treatments (Figure 6b). POD activity
increased with increasing amounts of MPs in most groups, with the exception of W, where
no consistent trend was observed (Figure 6d). GST activity showed variable responses
depending on treatment (Figure 6c). In general, MP exposure increased GST activity in
the W and W+T groups, while in W+MET higher MP concentrations were associated with
reduced activity. In summary, the enzymatic responses depended on both MP concentration
and treatment type (presence of MET and/or Trichoderma).
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Figure 6. Activities of antioxidant enzymes in roots: CAT (a), SOD (b), GST (c), and POD (d)
after 20 days of cultivation for all configurations containing PBAT MPs ranging from 0 to 200 mg.
“*” indicates a value significantly different from the sample without MP within the same group
(Dunnett’s test: * p < 0.05; ** p < 0.01; *** p < 0.001). (W—wheat, W+T—wheat and Trichoderma,
W+MET—wheat and metolachlor, W+T+MET—wheat, Trichoderma and metolachlor.)

3.3. Metabolomic and Lipidomic Characterisation of Stress-Related Biomarkers

Changes in amino acid profiles revealed distinct responses to MPs, MET, and Tricho-
derma treatments (Figure 7). Proline levels increased in both shoots and roots under MP
exposure, indicating a stress-related accumulation pattern across most groups. This trend
was less consistent in the W+T+MET group. Glutamate showed elevated levels in MET-
treated samples at higher MP concentrations, particularly in both plant organs. In contrast,
no consistent trend was observed in the W and W+T groups. Alanine content increased
in response to MPs in the W and W+MET groups, whereas relatively stable levels were
observed in W+T. An opposite trend was noted in W+T+MET samples. Tryptophan and
phenylalanine exhibited treatment-dependent responses, with more pronounced changes
observed in roots than in shoots. In general, MP exposure increased their levels in the W
and W+T groups, while combined stress conditions (W+T+MET) resulted in a decreasing
trend. Hydroxyproline and phosphocholine showed variable responses across treatments,
indicating modifications in cell wall and membrane-associated processes.

Phospholipid-related indices showed treatment- and concentration-dependent changes
(Figure 8). The double bond index (DBI) increased in shoots with MP exposure in most
groups (Figure 8a), while a decreasing trend was observed in W+T+MET. In roots, the
DBI remained relatively stable across treatments, with a slight decrease at higher MP con-
centrations in the W+T+MET group. The PC/PE ratio increased with MP concentration
in most groups (Figure 8b), except W+T+MET, where an opposite trend was observed
in both shoots and roots. Lysophospholipid ratios (LPC/PC and LPE/PE) showed an
overall increase in MET-treated samples and in combined stress conditions (W+T+MET),
particularly in roots (Figure 8c,d). In contrast, lower values were observed in the W and
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W+T groups under MP exposure. The overall phospholipid profiles for the groups studied
are presented in the Supplementary Materials: Figure S5 for shoots and Figure S6 for roots.

Figure 7. Changes in the profile of selected amino acids and related metabolites in wheat shoots
(a) and roots (b) after 20 days of cultivation for all configurations containing PBAT MPs ranging from
0 to 200 mg. Color intensity reflects the magnitude of the measured parameter, with darker shades
indicating higher values and lighter shades indicating lower values. Because raw values were used
for visualization, each heatmap panel has an independent color scale. (W—wheat, W+T—wheat and
Trichoderma, W+MET—wheat and metolachlor, W+T+MET—wheat, Trichoderma and metolachlor.)

Figure 8. Phospholipid modification markers in shoots and roots after 20 days of cultiva-
tion for all configurations containing PBAT MPs ranging from 0 to 200 mg. (a) Double bond
index (DBI), (b) phosphatidylcholine to phosphatidylethanolamine ratio (PC/PE), (c) lysophos-
phatidylethanolamine to phosphatidylethanolamine ratio (LPE/PE), and (d) lysophosphatidylcholine
to phosphatidylcholine ratio (LPC/PC). Color intensity reflects the magnitude of the measured
parameter, with darker shades indicating higher values and lighter shades indicating lower values.
Because raw values were used for visualization, each heatmap panel has an independent color scale.
(W—wheat, W+T—wheat and Trichoderma, W+MET—wheat and metolachlor, W+T+MET—wheat,
Trichoderma and metolachlor.)
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4. Discussion
The introduction of biodegradable polymers as alternatives to conventional plastics

has gained considerable attention in recent years. Nevertheless, their degradation in open
environments remains highly variable, as numerous physical, chemical, and biological
factors can significantly influence degradation rates [48]. Although toxicity tests on selected
organisms have confirmed their general safety, interactions with co-occurring environmen-
tal stressors are still insufficiently understood [49]. In agroecosystems, MP contamination
can reach substantial levels, particularly in systems using plastic mulching, where con-
centrations exceeding 8000 particles/kg soil and up to 324.5 kg/ha have been reported,
and contamination increases over time [4,50]. When converted to mass-based estimates,
these values indicate that environmentally relevant microplastic loads can vary widely
depending on soil depth, particle size distribution, and degradation state.

In the present study, PBAT was applied in the range of 50–200 mg per Petri dish,
which represents a simplified and controlled laboratory exposure system rather than a
direct field-equivalent concentration. The applied doses were selected to ensure detectable
biological responses under short-term experimental conditions and to enable comparisons
of dose-dependent effects.

At the same time, metolachlor (MET), a widely used herbicide, is characterised by
high environmental mobility and persistence, leading to its detection in both soil and
aquatic systems [41,51]. In this study, we examined whether PBAT-derived microplastics
modify wheat responses to metolachlor and interfere with the growth-promoting activity
of Trichoderma harzianum. The results show that PBAT MPs acted not only as a stress factor
but also as a modifier of herbicide bioavailability and plant–fungus interactions.

In this study, co-exposure to PBAT MPs and MET negatively affected wheat growth,
particularly at higher MP concentrations. These findings are consistent with previous re-
ports demonstrating reduced biomass and growth inhibition in plants exposed to biodegrad-
able microplastics [12,52,53]. Similarly, reduced germination under the increasing MP
concentrations observed here aligns with earlier findings for cereal crops [40]. However,
MP effects could vary depending not only on the concentration and type of plastic but also
on the plant species and growing conditions [40,54].

The growth-promoting effect of T. harzianum, previously demonstrated in wheat [35],
was evident under control conditions but was reduced in the presence of PBAT MPs
and MET. This suggests that biodegradable microplastics may interfere with beneficial
plant–fungus interactions. Such interference may arise through several non-mutually exclu-
sive mechanisms, including altered fungal physiology, adsorption of signalling molecules
or fungal metabolites onto MP surfaces, and direct physical interactions between MP
particles and root tissues [9,26,32,55]. MPs adhering to roots may reduce gas exchange,
transpiration and nutrient uptake, induce oxidative stress, and disrupt plant hormone
production and function [56–60]. In addition, MPs may indirectly affect plant metabolism
through interactions with root exudates and nutrient availability, influenced by surface
charge and physicochemical properties [61].

Studies indicate that Trichoderma-induced resistance is mediated by fungal elicitors
and involves changes in plant hormone signalling, including the salicylic acid, jasmonic
acid, and ethylene pathways [36,62]. It is therefore possible that the adsorption or reten-
tion of signalling molecules on MP surfaces contributed to the reduced effectiveness of
T. harzianum, although this mechanism requires further verification. The ability of MPs to
adsorb various compounds has been repeatedly confirmed [63–65], including both organic
compounds and heavy metals. However, interactions between PBAT MPs and plant- or
fungus-derived metabolites remain poorly understood.
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In this study, adsorption of both MET and 2,4-di-tert-butylphenol (DTBP) on PBAT
MPs was confirmed. DTBP, a compound with known antimicrobial activity produced by
Trichoderma spp. [66,67] and some plants [68,69], may exhibit reduced bioavailability when
bound to MPs, potentially altering its biological function.

It has been confirmed that micro- and nanoparticles can penetrate plant tissues, in-
cluding the stele of wheat [28,58]. Microplastics may therefore act as vectors for pesti-
cides, increasing their environmental mobility and potential transfer through the food
chain [29,31,70]. The interaction between PBAT MPs and MET observed in this study is
consistent with previously reported sorption behaviour [32]. This mechanism could partly
explain the reduced phytotoxicity of MET observed at higher MP concentrations, partic-
ularly in root growth and selected physiological parameters. It should be acknowledged
that sterilisation and ethanol treatment may have modified the surface properties of PBAT,
potentially affecting its adsorption capacity for metolachlor and other compounds, and
this should be considered when interpreting the results. However, similar physicochem-
ical changes are also expected under environmental weathering conditions, suggesting
that the observed behaviour remains environmentally relevant. Relative water content
(RWC), a key indicator of plant water status under stress conditions [71], limited variation
across most treatments. In general, no consistent trend associated with MP concentration
was observed, which may be related to the controlled, high-humidity conditions of the
experimental system. Nevertheless, selected differences were noted between treatments. In
particular, the presence of Trichoderma increased RWC compared to the corresponding W
groups, which is consistent with reports indicating that plant growth-promoting microor-
ganisms can enhance water retention and stress tolerance through activation of defence
pathways [25,72]. In contrast, MET exposure did not lead to a consistent decrease in RWC,
and in some cases even resulted in higher values compared to untreated controls. This may
reflect compensatory physiological responses under moderate stress conditions rather than
direct water deficit [71].

The effect of MPs on plant growth and development may also result from changes in
key physiological processes, including ion homeostasis, redox regulation, and changes in
chlorophyll content and photosynthetic efficiency [61]. Numerous studies have reported
the negative impact of MPs on chlorophyll a and b content, carotenoid levels, and Rubisco
activity in various plant species [73–75]. In the case of PBAT MPs, reduced photosynthetic
efficiency in Arabidopsis thaliana L. has been linked to decreased expression of gene encod-
ing light-harvesting chlorophyll a/b-binding proteins (LHCBs) [21]. Similar trends were
observed in the present study, where PBAT MP exposure led to a reduction in chlorophyll
content in wheat. The stimulatory effect of Trichoderma on pigment production was also
diminished in the presence of MPs, suggesting interference with plant–microbe signalling
or metabolic regulation. However, in systems containing metolachlor, Trichoderma partially
mitigated the negative effects of the herbicide on chlorophyll levels, particularly chlorophyll
b. The presence of MPs in these combined systems appeared to disrupt these interactions,
leading to altered pigment accumulation patterns.

The Evans blue assay is widely used to assess plasma membrane integrity, as the
dye selectively penetrates cells with compromised membranes and serves as a reliable
indicator of stress-induced cellular damage [43]. In this study, PBAT MPs significantly
increased Evans blue uptake in wheat roots, indicating enhanced membrane damage and
confirming the detrimental impact of MPs on cellular integrity. Although direct evidence of
Evans blue responses under Trichoderma treatment is limited, previous studies have shown
that Trichoderma reduces dye uptake in plant tissues, suggesting improved membrane
stability [76]. This is consistent with our observations, where the presence of Trichoderma
reduced membrane damage compared to untreated controls. In contrast, exposure to
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metolachlor increased Evans blue uptake, indicating enhanced membrane permeability
and cellular damage, likely associated with disrupted lipid metabolism and oxidative
stress [77].

The TBARS assay further supported these findings by revealing increased lipid perox-
idation under MP exposure. TBARS levels increased proportionally with MP concentration
across all treatments, indicating enhanced oxidative damage to cellular membranes. At the
same time, T. harzianum exerted a protective effect, significantly reducing TBARS levels
both in the presence and absence of MET. These results are consistent with previous studies.
Zhang et al. [78] demonstrated that Trichoderma suppresses salt stress in wheat by enhancing
antioxidant defence mechanisms, including increased proline accumulation and reduced
malondialdehyde (MDA) levels. Similarly, Kang et al. [79] showed that exposure to con-
ventional plastics (PE, PET, PA, PS) increased ROS production and MDA content in Pisum
sativum, with photodegraded MPs further intensifying lipid peroxidation. Comparable
effects were also observed by Adamczyk et al. [44], where increasing concentrations of
PBAT-based MPs led to elevated MDA levels in lettuce leaves. Moreover, increased TBARS
levels in response to herbicide exposure have previously been reported in wheat [39]. In the
present study, the combined presence of MPs and MET resulted in an overall intensification
of oxidative stress markers, suggesting additive or synergistic effects of these stressors,
which may pose a potential risk to crop productivity under co-contamination scenarios.

The production of ROS is considered one of the first plant responses to stress [80].
This key process activates plant defence mechanisms, including the induction of resistance-
related genes and the production of protective metabolites, which contribute to cell wall
reinforcement and defence against pathogens. To prevent excessive ROS accumulation,
plant cells activate antioxidant systems, including enzymes such as SOD, CAT, POD and
GST [36,81,82].

As a first line of defence, SOD catalyses the conversion of superoxide radicals (•O2
−)

into hydrogen peroxide (H2O2), which is less reactive but still potentially harmful [9,46,83].
Therefore, increased SOD activity observed in samples exposed to higher concentrations of
MPs, MET, or Trichoderma suggests enhanced ROS generation in plant tissues. However,
in the W+MET and W+T+MET groups, a decrease in SOD activity at the highest MP
concentration was observed, which may indicate reduced herbicide bioavailability due to
adsorption onto MP particles. CAT decomposes H2O2, produced by SOD or generated by
photorespiration, into water and oxygen, protecting cells from oxidative damage, and is
particularly active in peroxisomes, where H2O2 concentrations are high [80,83]. Consistent
with its role in photorespiration and photosynthesis, relatively high CAT activity was
observed in shoot tissues. POD, on the other hand, removes H2O2 in cellular compartments
where CAT activity is limited and is also involved in phenolic metabolism, cell wall
lignification, and defence responses [83].

Previous studies have shown that Trichoderma spp. can induce ROS formation as part of
a priming mechanism, which is associated with increased antioxidant enzyme activity [84].
In the present study, Trichoderma treatment significantly increased SOD activity in both
shoots and roots, and CAT in shoots, which is in accordance with earlier reports [36,78].
Mastouri et al. [81] also demonstrated that Trichoderma-colonised tomato plants exhibit
higher activity of antioxidant enzymes, including SOD, CAT, and enzymes involved in
ascorbate–glutathione cycling, particularly under stress conditions. The results obtained
are in accordance with this finding, as increased POD activity in shoots and SOD activity
in both shoots and roots were observed in the presence of Trichoderma. GSTs, which are
involved in the detoxification of xenobiotics, can also function as antioxidants [85,86].
Zou et al. [87] reported that plant resistance to herbicides is strongly associated with GST
activity. In this study, GST activity in shoots increased with rising MP concentrations
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across all treatments, indicating the activation of detoxification pathways in response to
PBAT exposure. However, in roots, an opposite trend was observed in the W+MET group,
where GST activity decreased with increasing MP concentration, which may be related
to reduced herbicide availability due to adsorption onto MP surfaces. The presence of
Trichoderma did not induce a significant increase in GST activity. Taken together, these results
suggest that PBAT microplastics modulate ROS homeostasis and stimulate antioxidant
defence mechanisms. Increased activities of antioxidant enzymes may reflect the activation
of protective responses aimed at limiting oxidative damage; however, they may also
indicate an elevated oxidative burden requiring enhanced ROS detoxification. Therefore,
the observed enzymatic responses should be interpreted both as evidence of plant defence
activation and as an indication of stress intensity. The concurrent increase in TBARS
levels further suggests that antioxidant responses were not always sufficient to completely
prevent oxidative damage. Metolachlor may further increase ROS generation by disrupting
lipid metabolism and membrane integrity, leading to sustained oxidative stress responses
in plant tissues.

Plant defence mechanisms can respond to MPs not only through the activation of
antioxidant enzymes but also via increased production of non-enzymatic antioxidants, such
as phenolic compounds [44]. Total phenolic content (TPC) is commonly used as an indicator
of phenylpropanoid pathway activity and reflects the accumulation of phenolic metabolites
involved in plant stress responses. The increase in TPC observed with rising PBAT MP
concentrations suggests enhanced activation of this pathway, likely associated with oxida-
tive stress and increased ROS levels. The trend is consistent with the observed changes in
phenylalanine-derived metabolites, supporting the involvement of the phenylpropanoid
pathway, which is commonly upregulated under stress conditions and contributes to an-
tioxidant defence [88]. These results further support the role of oxidative stress as a key
driver of metabolic reprogramming in response to PBAT microplastics.

Microplastic exposure has been reported to induce oxidative stress and metabolic
reprogramming in plants, particularly affecting amino acid metabolism (e.g., phenylalanine
and tyrosine) and the phenylpropanoid pathway, leading to changes in phenolic compound
accumulation and carbon metabolism [89]. These findings are consistent with the present
study, where PBAT MPs induced broad metabolic alterations in wheat tissues. The analysed
marker amino acids exhibited tissue-specific responses, with distinct patterns observed
between roots and shoots, suggesting differential metabolic adaptation to MP exposure.
Under natural conditions, roots are directly exposed to MPs, whereas shoots primarily
reflect systemic responses resulting from disrupted root function or, in some cases, limited
translocation of plastic particles to aerial tissues [55,58,59]. In the experimental system
used in this study, heterogeneous contact between roots and MPs may have contributed to
variability between samples and the absence of strictly linear trends.

Significant changes in metabolites associated with the glutamate–proline and shiki-
mate pathways are consistent with activation of stress-related metabolic responses, in-
cluding osmoprotection and phenylpropanoid metabolism [88,90]. Additionally, increased
levels of O-phosphocholine may suggest membrane remodelling and perturbation, par-
ticularly under combined exposure to MPs and MET. The presence of Trichoderma further
modulated these responses, suggesting that this fungus may contribute to the modulation
of plant metabolic responses under stress conditions [91]. This is consistent with previous
reports demonstrating that Trichoderma enhances stress tolerance through metabolic repro-
gramming, including increased proline accumulation and reduced lipid peroxidation [78].

The observed changes in membrane lipid composition suggest substantial remodelling
of cellular membranes in response to PBAT microplastic exposure and interacting stress
factors. The increase in the double bond index (DBI) in shoots suggests enhanced fatty acid

https://doi.org/10.3390/app16136569

https://doi.org/10.3390/app16136569


Appl. Sci. 2026, 16, 6569 18 of 25

unsaturation, which is generally interpreted as being associated with increased membrane
fluidity and may reflect an adaptive response to stress, although it may also increase
susceptibility to lipid peroxidation under oxidative conditions. In contrast, the decrease in
the DBI observed under combined stress conditions may reflect a compensatory mechanism
aimed at maintaining membrane stability [47].

The increase in the phosphatidylcholine-to-phosphatidylethanolamine (PC/PE) ra-
tio further supports membrane remodelling, as shifts in this ratio are associated with
changes in membrane organisation and stability under stress conditions. The altered
pattern observed under combined treatments suggests a disruption of normal adaptive
responses. The accumulation of lysophospholipids (LPC and LPE), particularly in roots
exposed to combined stress, indicates increased phospholipid turnover and activation of
phospholipase-mediated pathways, which are closely associated with stress signalling
and membrane degradation. These lipidomic changes are consistent with mechanisms
described for PBAT-induced stress, where microplastic exposure leads to oxidative damage
and membrane remodelling [47].

The differential effects observed in the presence of Trichoderma suggest that this fungus
modulates lipid metabolism and membrane dynamics, particularly influencing lysophos-
pholipid levels, thereby regulating oxidative stress responses rather than fully preventing
membrane damage. Furthermore, the presence of MPs and MET may also affect the
metabolism and lipid profile of Trichoderma, potentially altering its interactions with the
plant [41]. Overall, these findings suggest that microplastic exposure, especially in combina-
tion with herbicide stress, induces both adaptive and damage-related changes in membrane
lipid composition, with the balance between membrane remodelling and oxidative degra-
dation depending on the intensity and combination of stress factors.

It should be noted that the present study was conducted using a single Trichoderma
harzianum strain (KKP 534), which limits the generalisation of the observed effects. Different
Trichoderma strains may vary substantially in their plant growth-promoting capacity, stress
tolerance, metabolite production, and interactions with both microplastics and pesticides.
Therefore, the responses observed in this study should be interpreted as strain-specific
rather than representative of the entire Trichoderma genus.

Disregarding environmental variability, the chemical composition of the plastic mate-
rial plays a significant role in determining its biological effects. Zantis et al. [40] demon-
strated that biodegradable MPs composed of starch and PBAT MPs exert stronger effects
on plants than conventional PE MPs. Similarly, Meng et al. [52] reported a greater reduc-
tion in plant biomass following exposure to biodegradable plastics (85% PBAT, 10% PLA,
5% CaCO3) compared to low-density polyethylene (LDPE-MP). These findings suggest
that biodegradable plastics may, in some cases, exert stronger biological effects than con-
ventional polymers [40]. An additional factor to consider is the potential contribution of
PBAT degradation products, such as adipic acid and terephthalic acid. However, sup-
plementary experiments conducted under the same conditions showed that exposure to
these compounds (0.5, 5, and 10 µg per Petri dish) did not significantly affect wheat shoot
length, root length, or biomass after 20 days. Although the Trichoderma strain used in this
study can degrade PBAT [37], the experimental period was likely too short for degradation
products to accumulate at biologically relevant levels. Therefore, the observed responses
were more likely associated with the PBAT microplastic particles themselves, although
effects of degradation products under longer-term exposure cannot be excluded.

MPs may also alter plant–fungal interactions, with potentially complex consequences
for plant health [92]. The variability of environmental conditions, together with the di-
versity of plastic types and co-occurring contaminants, presents a major challenge for
reconstructing natural systems under laboratory conditions. Furthermore, the interactions
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between MPs and other xenobiotics remain insufficiently understood, despite their potential
implications for agricultural productivity. Several limitations of the present study should
therefore be acknowledged. The experiment was conducted in a Petri dish system rather
than in soil, which does not fully reflect the physical, chemical, and biological complexity of
agricultural environments. In addition, the study was limited to a 20-day exposure period
and focused on early wheat development; therefore, the observed responses represent
short-term physiological and metabolic adjustments. Longer-term experiments may reveal
additional effects associated with microplastic ageing, degradation, and prolonged plant
exposure. Although Trichoderma was included as a model beneficial microorganism, the
broader microbial community was not analysed. Future studies incorporating microbiome
analyses would provide a more comprehensive understanding of microplastic-mediated
effects on plant–microbe interactions. Finally, only a single wheat cultivar was examined,
and plant responses may vary among genotypes. Therefore, caution should be exercised
when extrapolating these findings to other wheat cultivars or crop species.

Therefore, further research under more realistic soil conditions is needed to evaluate
the impact of MPs on economically important crops and their associated microbiota under
conditions of co-contamination. Such studies provide a foundation for understanding
complex environmental interactions and for designing experimental systems that better
reflect natural conditions.

5. Conclusions
The present study demonstrates that PBAT-derived microplastics can adversely affect

early wheat development and interfere with beneficial plant–microbe interactions under
conditions of herbicide co-exposure. PBAT MP exposure reduced germination, seedling
vigour, and plant growth, while simultaneously enhancing oxidative stress responses, as
evidenced by increased TBARS levels and the activation of antioxidant enzymes (POD,
GST, CAT, and SOD).

In addition to oxidative stress, PBAT MPs induced substantial metabolic and structural
alterations in plant tissues. Changes in amino acid profiles, including metabolites associated
with proline and phenylalanine pathways, suggest metabolic reprogramming linked to
stress adaptation. Lipidomic analyses further revealed membrane remodelling, reflected
by alterations in the DBI, PC/PE ratio, and lysophospholipid levels, indicating a balance
between adaptive responses and membrane damage under stress conditions.

Although T. harzianum promoted plant growth and enhanced antioxidant capacity
under control conditions, PBAT MPs partially attenuated these beneficial effects, suggesting
disruption of plant–fungus interactions. PBAT MPs showed sorption affinity toward meto-
lachlor, suggesting that biodegradable microplastics may simultaneously reduce acute phy-
totoxicity while altering herbicide availability, persistence, and environmental transport.

Overall, the findings demonstrate that PBAT-derived microplastics are not biologically
inert in the experimental system used in this study and can modulate plant physiology,
oxidative balance, membrane dynamics, and responses to co-occurring contaminants. This
study contributes to our understanding of interactions among PBAT MPs, beneficial fungi,
and herbicide contamination during early wheat development. Nevertheless, long-term
soil-based and field-scale studies are required to fully assess the ecological consequences of
biodegradable microplastics under realistic environmental conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/app16136569/s1. Figure S1: Experimental design scheme. (W—wheat,
W+T—wheat and Trichoderma, W+MET—wheat and metolachlor, W+T+MET—wheat, Trichoderma
and metolachlor). Figure S2: Isolation of microorganisms from wheat roots after cultivation under
the experimental conditions. Fungal colonies were isolated on PDA selective medium supplemented
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with chloramphenicol. Photographs were taken after 2 days (a) and 4 days (b) of incubation. The
yellow–orange coloration of the colonies indicates carotenoid pigment production, which is associ-
ated with antioxidant properties. The most intense pigment accumulation was observed in isolates
obtained from the W+T+MET 0 mg treatment. (W+T—wheat and Trichoderma, W+T+MET—wheat,
Trichoderma and metolachlor). Figure S3: Selected wheat samples after 20 days of cultivation in
Petri dishes, taken from groups with 200 mg PBAT MPs (a); selected Petri dishes containing wheat
cultures from W and W+T groups with different concentrations of PBAT MP (b). (W—wheat,
W+T—wheat and Trichoderma, W+MET—wheat and metolachlor, W+T+MET—wheat, Trichoderma
and metolachlor). Figure S4: Mass spectra of compounds adsorbed by PBAT MPs obtained using
GC-MS. Figure S5: Changes in the phospholipid profile of shoots after 20 days of cultivation for
all configurations containing PBAT MPs ranging from 0 to 200 mg. (W—wheat, W+T—wheat and
Trichoderma, W+MET—wheat and metolachlor, W+T+MET—wheat, Trichoderma and metolachlor).
Figure S6: Changes in the phospholipid profile of roots after 20 days of cultivation for all configura-
tions containing PBAT MPs ranging from 0 to 200 mg. (W—wheat, W+T—wheat and Trichoderma,
W+MET—wheat and metolachlor, W+T+MET—wheat, Trichoderma and metolachlor). Table S1: Pair-
wise comparisons of length of wheat shoots using the Kruskal-Wallis test; significant differences were
evaluated at p < 0.05. Table S2: Pairwise comparisons of length of wheat roots using the Kruskal-
Wallis test; significant differences were evaluated at p < 0.05. Table S3: Pairwise comparisons of dry
shoot weight using Tukey’s HSD post hoc test; significant differences were evaluated at p < 0.05. Table
S4: Pairwise comparisons of dry root weight using Tukey’s HSD post hoc test; significant differences
were evaluated at p < 0.05. Table S5: Pairwise comparisons of SVI using the Kruskal-Wallis test;
significant differences were evaluated at p < 0.05. Table S6: Pairwise comparisons of germination
using Tukey’s HSD post hoc test; significant differences were evaluated at p < 0.05. Table S7: Pairwise
comparisons of chlorophyll a level using the Kruskal-Wallis test; significant differences were evalu-
ated at p < 0.05. Table S8: Pairwise comparisons of chlorophyll b level using the Kruskal-Wallis test;
significant differences were evaluated at p < 0.05. Table S9: Pairwise comparisons of shoot RWC using
Tukey’s HSD post hoc test; significant differences were evaluated at p < 0.05. Table S10: Pairwise
comparisons of root RWC using Tukey’s HSD post hoc test; significant differences were evaluated
at p < 0.05. Table S11: Pairwise comparisons of Evans blue uptake using Tukey’s HSD post hoc
test; significant differences were evaluated at p < 0.05. Table S12: Pairwise comparisons of shoot
TBARS concentration using Tukey’s HSD post hoc test; significant differences were evaluated at
p < 0.05. Table S13: Pairwise comparisons of root TBARS concentration using Tukey’s HSD post hoc
test; significant differences were evaluated at p < 0.05. Table S14: Pairwise comparisons of shoot
TPC concentration using the Kruskal-Wallis test; significant differences were evaluated at p < 0.05.
Table S15: Pairwise comparisons of root TPC concentration using the Kruskal-Wallis test; significant
differences were evaluated at p < 0.05. Table S16: Pairwise comparisons of shoot CAT activity using
Tukey’s HSD post hoc test; significant differences were evaluated at p < 0.05. Table S17: Pairwise
comparisons of root CAT activity using Tukey’s HSD post hoc test; significant differences were
evaluated at p < 0.05. Table S18: Pairwise comparisons of shoot SOD activity using Tukey’s HSD
post hoc test; significant differences were evaluated at p < 0.05. Table S19: Pairwise comparisons of
root SOD activity using the Kruskal-Wallis test; significant differences were evaluated at p < 0.05.
Table S20: Pairwise comparisons of shoot GST activity using Tukey’s HSD post hoc test; significant
differences were evaluated at p < 0.05. Table S21: Pairwise comparisons of root GST activity using
Tukey’s HSD post hoc test; significant differences were evaluated at p < 0.05. Table S22: Pairwise
comparisons of shoot POD activity using Tukey’s HSD post hoc test; significant differences were
evaluated at p < 0.05. Table S23: Pairwise comparisons of root POD activity using Tukey’s HSD post
hoc test; significant differences were evaluated at p < 0.05.
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Abbreviations
The following abbreviations are used in this manuscript:

PBAT Poly(butylene adipate-co-terephthalate)
MP Microplastic
TBARS Thiobarbituric acid-reactive substance
ROS Reactive oxygen species
POD Peroxidase
GST Glutathione S-transferase
CAT Catalase
SOD Superoxide dismutase
MET Metolachlor
DTBP 2,4-di-tert-butylphenol
VLCFA Very-long-chain fatty acid
LC–MS/MS Liquid chromatography–tandem mass spectrometry
IAFB Institute of Agricultural and Food Industry
SVI Seedling vigour index
DW Dry weight
RWC Relative water content
FW Fresh weight
TW Turgid weight
SDS Sodium dodecyl sulphate
TPC Total phenolic content
TBA Thiobarbituric acid
TCA Trichloroacetic acid
MDA Malondialdehyde
EDTA Ethylenediaminetetraacetic acid
PVP Polyvinylpyrrolidone
DBI Double bond index
LHCB Light-harvesting chlorophyll a/b-binding protein
PC Phosphatidylcholine
PE Phosphatidylethanolamine
LPC Lysophosphatidylcholine
LPE Lysophosphatidylethanolamine

References
1. de Souza Machado, A.A.; Lau, C.W.; Kloas, W.; Bergmann, J.; Bachelier, J.B.; Faltin, E.; Becker, R.; Görlich, A.S.; Rillig, M.C.

Microplastics Can Change Soil Properties and Affect Plant Performance. Environ. Sci. Technol. 2019, 53, 6044–6052. [CrossRef]
[PubMed]

https://doi.org/10.3390/app16136569

https://doi.org/10.1021/acs.est.9b01339
https://www.ncbi.nlm.nih.gov/pubmed/31021077
https://doi.org/10.3390/app16136569


Appl. Sci. 2026, 16, 6569 22 of 25

2. Qi, R.; Jones, D.L.; Li, Z.; Liu, Q.; Yan, C. Behavior of microplastics and plastic film residues in the soil environment: A critical
review. Sci. Total Environ. 2020, 703, 134722. [CrossRef] [PubMed]

3. Liu, Y.; Xiao, M.; Shahbaz, M.; Hu, Z.; Zhu, Z.; Lu, S.; Yu, Y.; Yao, H.; Chen, J.; Ge, T. Microplastics in soil can increase nutrient
uptake by wheat. J. Hazard. Mater. 2022, 438, 129547. [CrossRef] [PubMed]

4. Li, S.; Ding, F.; Flury, M.; Wang, Z.; Xu, L.; Li, S.; Jones, D.L.; Wang, J. Macro- and microplastic accumulation in soil after 32 years
of plastic film mulching. Environ. Pollut. 2022, 300, 118945. [CrossRef] [PubMed]

5. Gu, J.; Ford, T.; Mitton, B.; Mitchell, R. Research on biodeterioration of plastics. Int. Biodeterior. Biodegrad. 2024, 186, 105699.
6. Li, C.; Moore-Kucera, J.; Lee, J.; Corbin, A.; Miles, B.M.C.; Inglis, D. Effects of biodegradable mulch on soil quality. Appl. Soil Ecol.

2014, 79, 59–69. [CrossRef]
7. Fei, Y.; Huang, S.; Zhang, H.; Tong, Y.; Wen, D.; Xia, X.; Wang, H.; Luo, Y.; De, B. Response of soil enzyme activities and bacterial

communities to the accumulation of microplastics in an acid cropped soil. Sci. Total Environ. 2020, 707, 135634. [CrossRef]
[PubMed]

8. Liu, Y.; Huang, Q.; Hu, W.; Qin, J.; Zheng, Y.; Wang, J.; Wang, Q.; Xu, Y.; Guo, G.; Hu, S. Effects of plastic mulch film residues on
soil–microbe–plant systems under different soil pH conditions. Chemosphere 2021, 267, 128901. [PubMed]
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