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Abstract

Polyethylene microplastics (PE MPs) occur widely in soils, but how particle size and con-
centration relate to earthworm physiological responses and gut bacterial communities re-
mains unclear. We exposed Eisenia fetida to four nominal PE particle sizes (15, 45, 100,
and 200 pm) at three concentrations (0.5%, 2%, and 5%, w/w) for 30 days. Mortality, con-
tainer-level mean body-weight change, cocoon production, gut bacterial communities,
and PICRUSt2-predicted functional potential were assessed. Mean body-weight change
was lower in all 12 PE MP treatments than in the control (Dunnett-adjusted p < 0.001),
with the most negative mean value (-19.50 + 3.80%) observed at 15 um and 5%. Particle
size and concentration had significant main effects on body-weight change, but no signif-
icant interaction. Mortality and cocoon production did not differ significantly from the
control after adjustment. Neither Chaol richness nor Shannon diversity differed signifi-
cantly among groups. Global bacterial community differences were detected (PER-
MANOVA, R? =0.393, p = 0.0001), although unequal dispersion (PERMDISP, p = 0.0069)
and nonsignificant BH-adjusted pairwise comparisons limited their interpretation. None
of the ten dominant phyla or genera tested differed significantly among groups after false-
discovery-rate correction, while LEfSe yielded exploratory discriminatory taxa. Only
three KEGG Level 2 and six Level 3 treatment-control comparisons met the BH-adjusted
significance threshold within their respective comparison families. Overall, container-
level body-weight change showed the most consistent treatment—control differences,
whereas evidence for treatment-specific gut bacterial and predicted functional changes
was more limited under these high-exposure laboratory conditions.

Keywords: Eisenia fetida; soil ecotoxicology; cocoon production; 16S rRNA amplicons;
PICRUSt2

1. Introduction

Plastics have become ubiquitous materials in modern society because of their broad
applications and high durability [1-3]. Large amounts of plastic waste gradually fragment
in the environment, generating microplastics (MPs; particle size <5 mm). These particles
are now widely distributed across terrestrial and aquatic environments [1,2]. Agricultural
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soils are important sinks for MPs and may receive substantial inputs from human activi-
ties [4]. Major sources include the degradation of plastic mulch films [5], organic fertilizer
application [6], and sewage sludge reuse [7]. Microplastics have also been widely detected
in inland waters, providing potential pathways for their redistribution across environ-
mental compartments [8,9]. Long-term plastic film mulching has been associated with
changes in soil microbial communities [10], while studies in aquatic environments have
documented a range of ecotoxicological effects [11]. Recent evidence further indicates that
microplastic contamination can influence soil health and biological processes [12]. In par-
ticular, polyethylene (PE) microplastics have been shown to alter soil microbial commu-
nity assembly and ecosystem multifunctionality [13]. These findings highlight the ecolog-
ical relevance of MP contamination, although its biological effects may vary with particle
properties and exposure conditions.

The potential relationships between MP exposure, gut microbiota, and host physiol-
ogy have received increasing attention. In earthworms, combined exposure to mulch-de-
rived MPs and cadmium has been associated with physiological changes, although the
effects of MPs cannot be isolated from those of cadmium in such experiments [14]. Evi-
dence from vertebrates also suggests that gut microorganisms can influence host meta-
bolic processes. Backhed et al. [15] demonstrated that the gut microbiota contributes to
the regulation of fat storage in mice. Subsequent studies reported that polystyrene MPs
altered gut bacterial communities and metabolic indicators in mice [16,17]. Similarly, stud-
ies in zebrafish and marine fish have described intestinal injury, microbial disturbance,
and metabolic responses following MP exposure [18,19]. However, these findings largely
concern vertebrates and cannot be directly extrapolated to earthworms. Although the in-
ternal distribution and potential toxicity of MPs have also been reviewed in the context of
human health [20], the relationships among MP exposure, gut bacterial communities, and
physiological responses in soil invertebrates require further investigation.

Earthworms play important roles in soil ecosystems and are widely used as model
organisms in terrestrial ecotoxicology [21,22]. Through the ingestion of soil particles and
organic matter, they may be exposed to MPs accumulated in terrestrial environments [23].
Previous studies have reported adverse physiological responses to MP exposure, includ-
ing tissue damage and oxidative stress. MP exposure has also been associated with
changes in earthworm gut bacterial communities. For example, Wang et al. [24] reported
reduced arsenic accumulation and altered gut bacterial composition in earthworms ex-
posed to MPs. Li et al. [25] examined the ecotoxicological effects of different particle-size
ranges of industrial-grade PE and polypropylene microplastics on Eisenia fetida, providing
evidence that particle-size-related responses warrant further investigation. Although
these studies demonstrate that physiological and microbial responses may occur under
MP exposure, the respective effects of PE particle size and exposure concentration have
not been fully characterized within a single factorial experimental framework that also
considers gut bacterial communities and their predicted functional potential. Moreover,
whether organism-level responses are accompanied by corresponding differences in gut
bacterial composition and inferred functional profiles remains uncertain.

In this study, Eisenia fetida was exposed to PE MPs of four nominal particle sizes (15,
45,100, and 200 pum) at three concentrations (0.5%, 2.0%, and 5.0%, w/w) for 30 days. Using
a 4 x 3 factorial design with an additional unamended control, we aimed to (i) determine
the effects of particle size, concentration, and their interaction on earthworm mortality,
biomass change, and cocoon production; (ii) examine treatment-associated variation in
gut bacterial diversity and community composition; and (iii) evaluate differences in mi-
crobial functional potential inferred from 16S rRNA gene data using PICRUSt2. By inte-
grating organism-level endpoints with gut bacterial community analysis and functional
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prediction, this study characterizes responses across controlled PE MP exposure condi-
tions without assuming a causal relationship between microbial changes and earthworm

physiology.

2. Materials and Methods
2.1. Polyethylene Microplastics, Soil, and Earthworms

PE MPs with four nominal particle sizes (15, 45, 100, and 200 um) were custom-or-
dered from Suzhou Xipuneng Plastic Co., Ltd. (Suzhou, China). Particles were rinsed
three times with ultrapure water, immersed in 70% ethanol (Shandong Lircon Medical
Technology Co., Ltd., Dezhou, China) for 30 min, rinsed again, and dried at 60 °C. They
were then stored in clean, covered containers. The supplier did not provide batch-specific
characterization reports. Therefore, the reported particle sizes are nominal, and particle-
size distributions, polymer identity, morphology, and additive content were not inde-
pendently verified.

Artificial soil was prepared by mixing peat moss, kaolin clay, and quartz sand (all
obtained from Tianjin Zhiyuan Chemical Reagent Co., Ltd., Tianjin, China) at a dry-mass
ratio of 1:2:7 (10:20:70), following the formulation in OECD Test Guideline 222 [26] and
Zhang et al. [27]. Calcium carbonate (CaCOs) was added to adjust pH toward the guide-
line target of 6.0 + 0.5, and moisture was set to approximately 60% of maximum water-
holding capacity (WHC). The standardized substrate reduced background variation
among treatments. However, final pH and baseline soil organic carbon (SOC), total nitro-
gen (TN), total phosphorus (TP), NHs-N, NOs-N, and available phosphorus (AP) were
not measured; the target pH should therefore not be interpreted as a verified value.

Adult Eisenia fetida with well-developed clitella and intact body surfaces were se-
lected for the experiment. Earthworms were acclimated in clean substrate for 7 days under
controlled laboratory conditions (20 + 2 °C, 60-80% relative humidity, and a 12 h light/12
h dark photoperiod). Pre-decomposed cow manure was provided as food during acclima-
tion. Before exposure, the earthworms were placed on moist filter paper for 24 h to allow
gut depuration. Healthy and active individuals were then selected for the exposure ex-
periment.

2.2. Exposure Experiment

Four nominal particle sizes (15, 45, 100, and 200 um) were crossed with three PE MP
concentrations (0.5%, 2%, and 5%, w/w; 5, 20, and 50 g kg dry soil). The four size classes
span 15-200 pm to compare smaller and larger nominal fractions within a single factorial
experiment; size-fractionated PE exposures have also been examined in earthworms [25].
The concentrations represent elevated experimental loadings rather than typical agricul-
tural background levels. The resulting 12 PE MP treatments were compared with an una-
mended control (CK). At equal mass, smaller particles may also differ in particle number
and total surface area; these contributions could not be separated experimentally.

For convenience, treatments were designated as XSL, XSM, and XSH for 15 um PE
MPs; SL, SM, and SH for 45 um PE MPs; ML, MM, and MH for 100 pm PE MPs; and LL,
LM, and LH for 200 um PE MPs, representing low (0.50%), medium (2.0%), and high (5.0%)
concentrations, respectively. Each treatment included three independent biological repli-
cates. The treatment codes and corresponding nominal particle sizes and concentrations
are summarized in Table 1.

Table 1. Nominal polyethylene microplastic exposure groups and treatment codes.

Group Nominal Particle Size (um)  Concentration (% w/w)
CK — 0
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XSL 15 0.5
XSM 15 2.0
XSH 15 5.0
SL 45 0.5
SM 45 2.0
SH 45 5.0
ML 100 0.5
MM 100 2.0
MH 100 5.0
LL 200 0.5
LM 200 2.0
LH 200 5.0

PE MPs were added to the soil in successive portions and mixed thoroughly after
each addition to improve homogeneity. Each container received 1.0 kg dry-weight-equiv-
alent soil plus 5, 20, or 50 g PE MPs, as assigned. The mixtures were placed in 1.0 L glass
containers, each holding ten acclimated adult Eisenia fetida. The study comprised 13
groups, each with three independent containers (39 containers and 390 worms in total).

The 30-day exposure was conducted at 20 + 2 °C, 60-80% relative humidity, and a 12
h light/12 h dark cycle. Every seven days, all containers, including CK, received approxi-
mately 5 g of pre-decomposed, air-dried, finely ground cow manure. Soil moisture was
maintained near 60% WHC by weighing and adding ultrapure water. Containers were
covered with breathable gauze to limit escape while allowing gas exchange. Survival and
visible behavior were monitored during exposure.

2.3. Assessment of Biomass Change, Mortality, and Cocoon Production

Earthworm biomass change, mortality, and cocoon production were assessed after
30 days of exposure. Before exposure, all ten earthworms in each container were individ-
ually weighed, and their mean body weight was calculated as the initial mean body
weight (W,). At the end of the experiment, surviving earthworms were collected, gently
rinsed with ultrapure water, depurated on moist filter paper for 24 h, and individually
weighed. The final mean body weight (W3,) was calculated from the surviving individu-
als in each container. The biomass change rate was calculated as follows:

Biomass change (%) = (W3, —W,) /W, x 100

where W, represents the initial mean body weight of all ten earthworms introduced into
each container, and W3, represents the final mean body weight of the individuals sur-
viving after 30 days. Dead individuals were excluded from the final mean body-weight
calculation. Each container was treated as an independent experimental unit.

Mortality was calculated as the percentage of dead individuals relative to the initial
number of earthworms introduced into each container:

Mortality (%) = Na/No x 100

where No represents the initial number of earthworms, and Nd represents the number of
dead individuals recorded at the end of the exposure period.

Cocoons recovered from each container at day 30 were counted as the reproductive
endpoint. Juveniles were not quantified and were not combined with cocoon counts. This
short-term measure of cocoon production was not intended to replace the standardized
OECD 222 reproduction test, which assesses juvenile output over a longer period.
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2.4. Gut Microbiota Sequencing and Analysis

At day 30, one surviving earthworm was collected from each experimental container
for gut bacterial analysis. Each sample represented an individual earthworm, and no pool-
ing was performed. A total of 39 gut samples were obtained from the 13 experimental
groups, with three independent container-level replicates per group. The selected earth-
worms were rinsed with sterile water and dissected aseptically. The collected gut material
was snap-frozen in liquid nitrogen and stored at =80 °C until DNA extraction.

DNA was extracted from gut samples using the FastDNA SPIN Kit (MP Biomedicals,
Solon, OH, USA) according to the manufacturer’s instructions. The V3-V4 region of the
bacterial 16S rRNA gene was amplified using primers 338F and 806R. Amplicon sequenc-
ing was performed by Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China), us-
ing the Illumina NovaSeq 6000 platform (Illumina, Inc., San Diego, CA, USA) with a 2 x
250 bp paired-end sequencing configuration. Sequencing reads were quality-filtered and
denoised using DADA2 within QIIME 2 (version 2019.4) to generate amplicon sequence
variants (ASVs), which were subsequently assigned taxonomy using the SILVA database
(release 132). The resulting ASV table was rarefied to 74,426 sequences per sample for the
reported community analyses.

Chaol and Shannon indices summarized bacterial richness and diversity. Bray—Cur-
tis dissimilarity among rarefied ASV profiles was visualized with principal coordinate
analysis (PCoA). PERMANOVA tested overall and factorial community patterns, and
PERMDISP assessed heterogeneity in within-group dispersion (Section 2.7).

Phylum- and genus-level relative abundances were summarized for each group. Lin-
ear discriminant analysis effect size (LEfSe, version 1.1.01) was used as an exploratory
screen for treatment-discriminatory taxa; an LDA threshold alone was not considered ev-
idence of confirmed differential abundance.

2.5. Prediction of Gut Microbial Functional Potential

The functional potential of gut microbial communities was predicted based on 165
rRNA gene sequencing data using PICRUSt2 (version 2.3.0). The predicted metagenomic
profiles were annotated against the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database to obtain functional categories at different hierarchical levels.

Predicted KEGG Level 2 and Level 3 profiles were compared between each PE MP
treatment and CK using Welch's t-tests. A total of 36 Level 2 categories and 192 Level 3
pathways were included in the comparisons. Benjamini-Hochberg (BH) correction was
applied separately within each of the 12 treatment-control comparisons and at each
KEGG level, with adjusted g < 0.05 considered statistically significant within the corre-
sponding comparison. Unadjusted p < 0.05 was used to identify nominal differences,
which were distinguished from FDR-adjusted results. These profiles represent predicted
genomic potential, not measured pathway activity. Therefore, differences in predicted
pathway abundance were not interpreted as direct evidence of altered microbial metabolic
activity or earthworm physiological functions.

2.6. Quality Assurance and Contamination Control

Containers and instruments were cleaned before use to minimize contamination dur-
ing experimental preparation and sample handling. The unamended control (CK) was
maintained under the same experimental conditions as the PE MP treatments, except that
no PE MPs were added. Sterile handling procedures were followed during gut dissection
and DNA preparation. Gut material was promptly frozen in liquid nitrogen and stored at
-80 °C until DNA extraction.

DNA extraction blanks and PCR no-template controls (NTCs) were included to mon-
itor potential contamination during DNA extraction and amplification, respectively. Both
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types of negative controls were examined by agarose gel electrophoresis and subjected to
16S rRNA gene amplicon sequencing. No detectable target amplification was observed in
the negative controls, and sequencing-based quality-control analysis did not identify de-
tectable bacterial contamination.

2.7. Statistical Analysis

Analyses were conducted in R 4.4.2. Values are presented as mean + standard devia-
tion (SD) unless noted otherwise. Each container was an independent experimental unit
(n = 3 per group); measurements from worms housed together were summarized at the
container level to avoid pseudoreplication.

Particle size, concentration, and their interaction were tested in factorial models fitted
to the 12 PE MP treatments. CK was excluded because it had no assigned PE particle size
or positive exposure concentration. Mortality was modeled from dead/surviving counts
using a binomial generalized linear model (GLM); biomass change was analyzed using a
Gaussian linear model; and cocoon counts were analyzed using a Poisson GLM. Type II
tests assessed model terms, and model adequacy was evaluated by examining residual
normality for the Gaussian model and Pearson dispersion for the binomial and Poisson
models.

For treatment-control comparisons, all 13 groups were included in separate end-
point-specific models, and the 12 PE MP treatments were compared with CK using Dun-
nett-type contrasts with multivariate-t adjustment. Tukey-adjusted estimated marginal
means were used for pairwise comparisons among concentrations within each particle-
size class and among particle-size marginal means averaged across concentrations. Mar-
ginal particle-size comparisons were interpreted when the interaction was not significant.

Chaol and Shannon indices were compared across all 13 groups using Kruskal-Wal-
lis tests. Factorial linear models assessed particle size, concentration, and their interaction
across the 12 PE MP treatments. Bray—Curtis dissimilarity was calculated from rarefied
ASVs and visualized by PCoA with Lingoes correction. Overall and factorial PER-
MANOVA and PERMDISP used 9999 permutations. Factorial PERMANOVA used se-
quential tests (size before concentration), so term estimates depend on that order. Exact
pairwise PERMANOVA was applied to the 13 groups, with BH adjustment performed
across all 78 pairwise comparisons. The 12 treatment-CK comparisons were also evalu-
ated as a separate comparison family. With three samples per group, each 3-versus-3 exact
test has only 20 possible allocations, limiting the smallest attainable p value to 0.1 under
the reported scheme. PERMANOVA results were interpreted alongside PERMDISP to ac-
count for potential differences in within-group dispersion.

Kruskal-Wallis tests compared the ten most abundant phyla and genera across
groups, followed by separate BH adjustments at each taxonomic rank. LEfSe was applied
exploratorily using unadjusted p < 0.05 and LDA score > 2.0. Because these LEfSe findings
were not adjusted for multiple testing, they are reported as candidate discriminatory taxa
rather than validated biomarkers.

For PICRUSt2-predicted KEGG Level 2 categories and Level 3 pathways, each PE MP
treatment was compared with CK using Welch’s t-tests. BH adjustment was performed
separately within each treatment-control comparison and KEGG level. Unadjusted p <
0.05 was considered nominal significance, whereas g < 0.05 indicated significance within
the corresponding BH-adjusted comparison family.
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3. Results

3.1. Effects of Polyethylene Microplastics on Earthworm Survival, Biomass, and
Cocoon Production

Mean mortality varied from 10.00% to 33.33% across PE MP treatments, compared
with 10.00 + 10.00% in CK (Figure 1a). MH (100 pum, 5%) had the highest mean mortality.
No factorial effect was significant (size, p = 0.312; concentration, p = 0.777; interaction, p =
0.650), and no treatment differed significantly from CK after Dunnett adjustment (all ad-
justed p >0.05). Summary statistics, factorial test results, and Dunnett-adjusted treatment-
control comparisons are provided in Tables S1-S3.

The container-level biomass-change index showed clearer treatment—control differ-
ences (Figure 1b). CK showed a positive mean biomass change of 7.22 + 4.06%, whereas
all PE MP treatments had negative values, ranging from -2.55 + 0.51% in LL (200 um,
0.5%) to —=19.50 + 3.80% in XSH (15 pm, 5%). All 12 treatment—CK comparisons were sig-
nificant (Dunnett-adjusted p < 0.001). Particle size (p = 2.85 x 10~) and concentration (p =
1.42 x 107) had significant main effects, but their interaction did not (p = 0.486). Negative
biomass changes were generally greater at smaller nominal particle sizes and higher con-
centrations. All six pairwise comparisons among particle-size marginal means were sig-
nificant (Tukey-adjusted p < 0.05). Detailed concentration and particle-size contrasts are
provided in Tables 54-56.

Mean cocoon production was 4.00 + 1.00 per container in CK and 1.33-9.33 in the PE
MP treatments (Figure 1c). SH (45 pm, 5%) had the highest mean (9.33 + 1.53). Particle size
(p=7.90 x 10?) and concentration (p = 0.013) had significant main effects, with no interac-
tion (p = 0.975). Within the 45 um treatments, SH exceeded SL (Tukey-adjusted p = 0.024).
However, no individual PE MP treatment differed significantly from CK after Dunnett
adjustment (all adjusted p > 0.05).

3.2. Alpha and Beta Diversity of the Earthworm Gut Microbiota

The 16S dataset comprised 39 gut bacterial samples, three per group. Neither Chaol
nor Shannon differed significantly across the 13 groups (Kruskal-Wallis: p = 0.952 and
0.170, respectively; Figure 2A,B). Within the 12 PE MP treatments, neither index showed
significant effects of particle size, concentration, or their interaction (all p > 0.05). Sample-
level alpha diversity indices and the corresponding statistical analyses are provided in
Tables 57-59.

The Bray—Curtis PCoA showed substantial overlap among groups, although some
samples were separated in the ordination (Figure 2C); PCoA1l and PCoA2 accounted for
16.27% and 9.55% of variation, respectively. The global PERMANOVA was significant (R?
=0.393, p = 0.0001). Sequential factorial PERMANOVA across PE treatments also detected
size (R?2=0.109, p = 0.012), concentration (R? = 0.071, p = 0.042), and interaction (R?=0.188,
p = 0.049) terms. However, these sequential tests depended on the order in which factors
were entered, and the results required consideration of differences in multivariate disper-
sion. Detailed global and factorial PERMANOVA results are presented in Tables 510 and
S11.
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Figure 1. Effects of polyethylene microplastics (PE MPs) with different particle sizes and concentra-
tions on earthworm performance after 30 days of exposure. (A) Mortality (%); (B) biomass change
(%); and (C) cocoon production (cocoons per container). Bars represent the mean + standard devia-
tion (SD), and open circles represent individual experimental containers (1 = 3 per treatment). Dif-
ferent lowercase letters indicate significant differences among concentrations within each particle-
size class, whereas uppercase letters indicate differences among particle sizes averaged across con-
centrations (Tukey-adjusted p < 0.05). Asterisks indicate significant differences from the control (CK)
after Dunnett adjustment (* p < 0.05, ** p < 0.01, ** p < 0.001). CK was excluded from the factorial
analyses.

Multivariate dispersion differed significantly among groups (PERMDISP: F = 3.205,
p =0.0069), indicating that the significant PERMANOVA results may reflect differences in
within-group variability as well as group centroids. None of the 78 exact pairwise tests
were significant after BH adjustment (all adjusted p > 0.05), including the 12 treatment-
CK comparisons. With only three samples per group, the minimum attainable p value of
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0.1 in the exact pairwise tests further limited the ability to identify treatment-specific dif-
ferences. PERMDISP and pairwise PERMANOVA results, together with sample-level
PCoA coordinates and dispersion values, are provided in Tables S12-515.
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Figure 2. Effects of PE MP exposure on alpha and beta diversity of earthworm gut microbiota. (A)
Chaol richness index; (B) Shannon diversity index; and (C) principal coordinate analysis (PCoA)
based on Bray-Curtis dissimilarity. Each point represents an individual gut microbial sample (1 =3
per treatment). PERMANOVA and PERMDISP results are shown in panel (C).

3.3. Taxonomic Composition of the Earthworm Gut Microbiota

Taxonomic assignment coverage of the rarefied 16S data is summarized in Table S16.
Actinobacteriota, Firmicutes, and Proteobacteria were the most abundant phyla in CK,
with mean relative abundances of 38.87%, 20.30%, and 15.16%, respectively (Figure 3A).
Firmicutes had numerically higher relative abundances in XSM (34.54%) and SM (36.21%)
than in CK (20.30%), whereas Actinobacteriota remained common throughout. Other
phyla, including Chloroflexi and Patescibacteria, also varied numerically among groups.
Sample-level and treatment-level phylum abundances are provided in Tables S17 and 518.

Demequina, Ilumatobacter, Microbacterium, and Bacillus were among the most
abundant assigned genera (Figure 3B). Demequina represented 12.42% in CK and 8.49%
in LL, while Microbacterium represented 4.44% in CK and 10.83% in SL. Clostrid-
ium_sensu_stricto_1, Romboutsia, and JG30-KF-CM45 also varied numerically, without a
consistent pattern across nominal particle sizes or concentrations. Corresponding genus-
level abundances are provided in Tables 519 and S20.

Kruskal-Wallis tests detected no significant differences among the 13 groups for any
of the ten most abundant phyla or ten most abundant genera after BH correction (all g >
0.05; Table 521). Although some taxa showed nominal p < 0.05 before correction, these
differences did not remain significant after BH adjustment. Thus, the observed abundance
differences are descriptive and do not establish treatment-specific enrichment or depletion
of individual taxa.
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Figure 3. Gut bacterial taxonomic profiles under PE MP exposure: (A) dominant phyla and (B) dom-
inant genera. Bars show group means from three independent containers. Less abundant taxa not
displayed individually were combined as ‘Others’; sample-level abundances are provided in Tables
517 and S19. Colors correspond to the bacterial taxa identified in the legends of panels (A,B).

3.4. Exploratory Identification of Discriminatory Bacterial Taxa

The archived LEfSe output comprised 164 taxonomic records across the 13 experi-
mental groups, of which 105 met both screening criteria (unadjusted p < 0.05 and LDA
score > 2.0) (Figure 4; Table 522). The remaining 59 records had LDA scores below 2.0 and
were excluded from the threshold-qualified set. None of the ten dominant phyla or genera
were significant in the separate BH-adjusted Kruskal-Wallis analyses.

The 105 threshold-qualified records spanned several phyla, including Actinobacteri-
ota, Firmicutes, and Proteobacteria, but these exploratory signals did not override the
FDR-adjusted results for dominant taxa.

At finer taxonomic levels, candidates included Microbacteriaceae, Nocardioides sim-
plex, Sphingomonadaceae, and lineages assigned to JG30-KF-CM45. Several records rep-
resented different taxonomic ranks within related bacterial lineages and should not be
interpreted as independent biomarkers. Because LEfSe results were not corrected for mul-
tiple testing and each group contained only three replicates, these taxa should not be
treated as confirmed treatment-specific biomarkers.

Taken together, LEfSe provides hypotheses for follow-up testing rather than firm ev-
idence of changes in specific bacterial lineages.
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Figure 4. Exploratory LEfSe analysis of gut bacterial taxa: (A) discriminant cladogram and (B) rep-
resentative taxa ranked by LDA score. Screening criteria were unadjusted p < 0.05 and LDA score >
2.0. Of the 164 archived taxonomic records, 105 met these criteria (Table S22). No FDR correction
was applied, so the plotted taxa are candidate indicators, not confirmed biomarkers.

3.5. Predicted Functional Profiles of the Earthworm Gut Microbiota

PICRUSt2 inferred 36 KEGG Level 2 categories and 192 Level 3 pathways from the
16S profiles (Figure 5). Amino acid metabolism, carbohydrate metabolism, and metabo-
lism of cofactors and vitamins were prominent Level 2 categories. Most predicted profiles
were similar across groups, with only a few treatment-CK comparisons meeting the BH-
adjusted significance threshold within their respective comparison families.

At KEGG Level 2, three treatment-category comparisons met the within-comparison
BH-adjusted threshold (g < 0.05). Relative to CK, predicted carbohydrate metabolism was
lower in XSM (15 um, 2%; log2FC = -0.052, g = 0.013), predicted amino acid metabolism
was lower in SH (45 um, 5%; log2FC = —0.066, g = 0.017), and the category annotated as
‘Digestive system” was lower in ML (100 pum, 0.5%; log2FC = -1.165, g = 0.047). The last
annotation should not be interpreted as a direct measure of earthworm digestion. Com-
plete treatment—control comparisons for KEGG Level 2 categories are provided in Table
S23.

At KEGG Level 3, 413 of 2304 treatment—pathway tests had nominal p <0.05, but only
six met the BH-adjusted significance threshold within their respective treatment-CK com-
parisons. Five occurred in ML, where predicted secondary bile acid biosynthesis was
higher (log2FC = 0.575, 4 = 0.047), whereas aminobenzoate degradation (log2FC =—0.140, g
=0.047), caprolactam degradation (log2FC = -0.265, g = 0.047), ribosome biogenesis in eu-
karyotes (log2FC =-0.193, g=0.047), and protein digestion and absorption (log2FC=-1.208,
q = 0.047) were lower. The remaining significant comparison occurred in SH, where the
predicted abundance of the pathway annotated as ‘Epithelial cell signaling in Helicobacter
pylori infection” was higher (log2FC = 0.360, g = 0.019). Disease- or host-related pathway
names are KEGG annotations, not evidence of infection or altered host physiology. Com-
plete treatment—control comparisons for KEGG Level 3 pathways are provided in Table
S24.

Other pathways, including the citrate cycle, pyruvate metabolism, vitamin B6 metab-
olism, branched-chain amino acid biosynthesis, and protein export, showed only nominal
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differences in some treatment comparisons. Overall, the results indicate a limited number
of treatment-specific differences in predicted functional potential under the applied cor-
rection scheme, rather than widespread inhibition of bacterial metabolism. The pathway
selections and plotting summaries used for Figure 5 are documented in Tables S25-527,
and treatment-level functional response trends are summarized in Table S28.
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Figure 5. PICRUSt2-predicted KEGG functional profiles under PE MP exposure. (A) Ten representa-
tive KEGG Level 2 categories and (B) selected Level 3 pathways, displayed as treatment—CK com-
parisons; symbol size indicates nominal significance and color indicates the direction of change. (C)
Numbers of Level 3 pathways with nominal increases or decreases relative to CK; red markers de-
note comparisons remaining significant after BH correction. Nominal and FDR-adjusted signifi-
cance are distinguished in the plot; only corrected g < 0.05 results are treated as significant in the

text.

4. Discussion

Across the measured endpoints, biomass change showed the clearest response to PE
MP exposure, whereas mortality and cocoon production had no significant treatment—CK
contrasts. Bacterial alpha diversity showed no detectable differences, and overall beta-
diversity patterns varied alongside unequal dispersion. Only a few PICRUSt2-predicted
pathways remained significant after correction. These contrasting findings argue for as-
sessing organismal and gut bacterial responses separately rather than assuming they
change together.
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4.1. Differential Responses of Earthworm Growth, Survival, and Cocoon Production to
PE Microplastics

Biomass change was the most consistent organism-level response: every PE MP treat-
ment had lower biomass change than CK, with generally more negative values at smaller
nominal sizes and higher concentrations. Earlier earthworm studies have linked PE expo-
sure to ingestion-related stress, tissue injury, oxidative damage, and altered metabolism
[25,28-31]. These mechanisms could increase maintenance costs or reduce energy availa-
ble for growth, consistent with the energy-limited tolerance framework [32]. However,
our experiment did not measure ingestion, oxidative stress, or energy metabolism, so
these remain possible explanations.

The observed changes in mean body weight were broadly consistent with reports of
PE-associated biomass reductions [28,33] and a meta-analysis showing an overall negative
effect of microplastics on earthworm growth [34]. Other studies have reported little
weight change despite biochemical responses [35], or different responses across polymer
types and loading levels [36]. Here, size and concentration showed clear main effects on
biomass change, but no significant interaction; the data therefore do not support a syner-
gistic effect. Model-based marginal main-effect contrasts and their 95% confidence inter-
vals are provided in Table S529. Equal amounts of cow manure were supplied to all con-
tainers, but intake was not measured. Feeding behavior and substrate accessibility may
still have influenced biomass outcomes. Furthermore, because the initial mean body
weight included all ten earthworms, whereas the final mean was calculated only from
surviving individuals, the reported biomass change reflects a comparison of container-
level means rather than paired growth of individual worms. Selective mortality may
therefore have influenced this endpoint.

Mortality was less informative during the 30-day exposure: none of the treatment-
CK differences remained significant. Earlier work likewise shows that sublethal responses
may occur before clear survival effects [33,37], whereas longer exposures have sometimes
increased mortality [28]. Our results therefore support biomass change as the more con-
sistent short-term endpoint, without excluding lethal effects under other conditions. How-
ever, the absence of significant treatment—control differences should not be interpreted as
evidence that mortality was unaffected, particularly given the limited number of replicate
containers.

Cocoon counts varied with size and concentration, but no treatment differed signifi-
cantly from CK after correction. The high mean in SH cannot therefore be interpreted as
reproductive stimulation. Cocoon output may depend on adult condition, reproductive
allocation, or the number of surviving adults, none of which was tested mechanistically
here. Published reproductive responses also vary among experiments [34,35,37,38]. Im-
portantly, cocoons alone do not measure reproductive success because hatching and ju-
venile production were not recorded [26]. The 30-day exposure was shorter than a stand-
ardized OECD 222 reproduction test.

Together, these outcomes show why mortality alone is insufficient to characterize
short-term PE MP responses. The container-level biomass-change index showed more
consistent treatment—control differences than mortality or cocoon production, although
these endpoints describe different aspects of earthworm performance.

Exposure levels are an important limitation. Our 5-50 g kg~! PE MP treatments (5000
50,000 mg kg) substantially exceeded the concentrations estimated in agricultural soil
surveys, including means or ranges of 6.79 mg kg [39] and 3.12-7.99 mg kg [40]. Those
estimates used different sampling and analytical approaches, but they underline that our
treatments are high-loading scenarios. At these levels, physical changes in the substrate
and access to food may also influence body-weight outcomes. The observed effect magni-
tudes should not be extrapolated directly to typical farmland exposure.
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Artificial soil provided a controlled experimental substrate but differs from natural
soil. Because its final pH, nutrients, and other baseline properties were not measured, sub-
strate-related contributions to the responses cannot be assessed directly. Field-relevant
concentrations and well-characterized natural soils are needed to test the generality of
these findings.

The particle-size comparison also has limitations. Only nominal PE sizes were avail-
able; batch-specific size distributions, polymer identity, morphology, and additives were
not independently verified. Equal mass loadings of different sizes also imply different
particle numbers and surface areas, assuming otherwise comparable particle properties.
Our findings therefore identify differences among nominal size treatments, not the inde-
pendent effects of size, particle number, or surface area on toxicity.

4.2. Gut Microbial Community Variation Under PE Microplastic Exposure

Gut bacterial richness and Shannon diversity showed no significant differences
among the experimental groups, despite variation in overall community patterns. Soil in-
gestion continually introduces microorganisms into the earthworm gut, where local con-
ditions may favor some lineages over others [41,42]. Relative-abundance differences can
therefore occur without detectable changes in richness or evenness. Although community
resistance has been proposed as a possible explanation for limited diversity responses [43],
nonsignificant alpha-diversity tests alone cannot demonstrate community resistance or
stability.

Earlier studies reported little change in gut diversity after HDPE or PP exposure [44],
or microbial diversity that remained stable despite other physiological changes under PS
exposure [45]. Other work found shifts in particular bacterial groups after LDPE treatment
[46] or more pronounced diversity changes [47], consistent with broader syntheses [34].
Such variation may reflect earthworm species, MP properties, exposure duration, and en-
vironmental context. Niche differences along the soil-gut—cast continuum may also con-
tribute to variation in gut bacterial communities independently of MP exposure [48].

Although global PERMANOVA was significant, PERMDISP also detected unequal
dispersion. The overall pattern may therefore reflect differences in within-group variabil-
ity as well as in group centroids [49]. No individual treatment differed significantly from
CK after BH correction of the exact pairwise PERMANOVA tests. With n = 3 per group,
the minimum attainable two-group exact p was 0.1, limiting treatment-level inference.
Thus, the overall beta-diversity differences should not be interpreted as evidence that each
PE MP treatment produced a distinct shift in gut bacterial composition.

Gut conditions can select among ingested microorganisms [41,42], while PE MP ex-
posure might alter substrate properties or the bacterial pool entering the gut. Particle in-
gestion and passage could also differ among individuals [47,48,50], although these were
not measured. Importantly, PE MPs were not quantified in gut contents, so actual inges-
tion and potential differences in particle uptake among nominal size classes remain un-
verified. The soil bacterial community was not monitored, so changes in bacteria entering
the gut cannot be separated from changes occurring within it. Actinobacteriota, Firmicu-
tes, and Proteobacteria remained among the most abundant phyla, and none of the ten
most abundant phyla or genera differed significantly among groups after FDR correction.
Relative-abundance data also cannot establish absolute cell-number changes [51]. LEfSe
candidates, including Microbacteriaceae and Sphingomonadaceae, thus remain explora-
tory rather than validated treatment indicators.

Overall, gut bacterial communities showed variation in beta-diversity patterns, but
the adjusted analyses provided limited evidence of treatment-specific changes in individ-
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ual dominant taxa or pairwise community composition. The observations justify examin-
ing microbial responses alongside organismal endpoints but do not establish that gut bac-
terial changes caused the observed differences in container-level biomass change.

4.3. Selective Responses of Predicted Gut Microbial Functions to PE Microplastic Exposure

Compared with the consistent treatment—CK differences in the container-level bio-
mass-change index, PICRUSt2 analysis identified relatively few differences in predicted
gut bacterial functions that met the BH-adjusted significance threshold within individual
treatment—control comparisons. These differences occurred in particular treatments rather
than across a clear size or concentration gradient. The findings therefore provide limited
evidence for a consistent size- or concentration-dependent shift in predicted functional
profiles.

Predicted carbohydrate metabolism was slightly lower in XSM, and predicted amino
acid metabolism was lower in SH. These categories concern the potential processing of
carbon compounds and cellular building blocks. Previous studies have linked earthworm-
associated bacteria to carbon processing [52] and reported functional-profile differences
following PS [53] or PE mulch-derived MPs [54]. However, our small, treatment-specific
differences do not demonstrate broad suppression of nutrient-related microbial functions.

Other studies have directly measured altered tissue, enzyme, or metabolite responses
after MP exposure [31,35,45]. Those outcomes are not equivalent to the 16S-based pathway
predictions reported here. Lower inferred category abundances therefore do not show
that microbial metabolic activity or nutrient assimilation by the earthworms declined.

At Level 3, five of the six comparisons meeting the within-comparison BH-adjusted
significance threshold occurred in ML (100 um, 0.5%). These included lower predicted
aminobenzoate and caprolactam degradation, as well as higher predicted secondary bile
acid biosynthesis. The remaining significant comparison occurred in SH (45 um, 5%), in-
volving a pathway annotated as epithelial cell signaling in Helicobacter pylori infection.
Such pathway labels do not show that the corresponding compounds were present or
metabolized. Moreover, annotations referring to eukaryotic ribosome biogenesis, host di-
gestion, or bacterial infection should not be interpreted as evidence of altered earthworm
physiology. Because KEGG combines annotations from diverse organisms [55], these la-
bels must be interpreted cautiously. The concentration of significant comparisons in ML
also argues against a simple dose-response pattern.

Shared metabolic capabilities across different bacteria could partly explain the lim-
ited variation in predicted profiles [56,57], but functional redundancy was not directly
examined. PICRUSt2 infers potential functions from marker-gene phylogeny and refer-
ence genomes [58,59]; comparisons with shotgun metagenomics show important limita-
tions [60]. The accuracy of these predictions also depends on how well the sampled bac-
terial lineages are represented in reference genomes. Thus, few significant predictions do
not prove unchanged metabolism. Equally, nominal results for the citrate cycle, pyruvate
metabolism, or protein export do not support claims of broad pathway inhibition. These
findings should also be considered in light of the three biological replicates per treatment
and the use of separate BH corrections for individual treatment-control comparisons.

The consistent differences in container-level biomass change, together with the rela-
tively limited differences in predicted bacterial functions, indicate that these endpoints
did not show parallel treatment responses. However, this comparison cannot establish a
mechanistic relationship between gut bacterial functional potential and earthworm body-
weight change. Whether gut bacteria contribute to PE-associated differences in the bio-
mass-change index remains unresolved and will require direct functional and host meas-
urements.
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5. Conclusions

During this 30-day artificial-soil experiment, all 12 PE MP treatments showed lower
container-level mean body-weight change than CK. Particle size and concentration had
significant main effects on this index, but their interaction was not significant. Mortality
and cocoon production showed no significant individual treatment—control differences
after adjustment. Neither Chaol richness nor Shannon diversity differed significantly
among groups. Although the global PERMANOVA was significant, PERMDISP also de-
tected unequal dispersion, and no exact pairwise comparison remained significant after
BH correction. PICRUSt2 predictions showed three significant KEGG Level 2 and six
Level 3 treatment—CK comparisons after BH correction within the respective comparison
families; these results do not demonstrate changes in actual microbial metabolic activity.
Thus, the body-weight change index was the most consistent treatment—control endpoint,
although its calculation from initially introduced and surviving worms may have been
influenced by selective mortality. No causal link between gut bacterial changes and body-
weight responses was established. The high PE loadings, nominal particle sizes, artificial
soil, limited replication, and missing baseline soil measurements constrain field extrapo-
lation. Future studies should combine field-relevant exposures and characterized particles
with measurements of particle ingestion, soil and gut microbiota, microbial activity, and
host physiology.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/toxics14110971/s1. Table S1: Earthworm physiological end-
points by treatment group (mean * SD; three independent containers per group); Table S2: Factorial
effects of particle size, concentration and their interaction on earthworm physiological endpoints;
Table S3: Dunnett-adjusted treatment-control comparisons for physiological endpoints; Table S4:
Concentration contrasts within particle-size classes; Table S5: Marginal particle-size contrasts; Table
S6: Particle-size contrasts within concentration classes; Table S7: Sample-level bacterial alpha diver-
sity indices; Table S8: Factorial analysis of alpha diversity; Table S9: Kruskal-Wallis test of alpha
diversity; Table S10: PERMANOVA results; Table S11: Factorial PERMANOVA results; Table S12:
PERMDISP results; Table S13: Pairwise PERMANOVA comparisons; Table S14: PCoA coordinates;
Table S15: Dispersion values for individual samples; Table S16: Rank-specific taxonomic assignment
coverage of rarefied 16S data; Table S17: Dominant bacterial phyla at sample level; Table S18: Dom-
inant bacterial phyla by treatment group; Table S19: Dominant bacterial genera at sample level; Ta-
ble 520: Dominant bacterial genera by treatment group; Table S21: Kruskal-Wallis and FDR results
for dominant taxa; Table 522: Complete exploratory LEfSe output and threshold-screening status;
Table 523: Differential KEGG Level 2 pathways; Table 524: Differential KEGG Level 3 pathways;
Table S25: KEGG Level 3 pathways selected for Figure 5; Table S26: KEGG Level 2 summary used
for Figure 5; Table S27: KEGG Level 3 summary used for Figure 5; Table S28: Functional response
trends among PE MP treatments; Table 529: Model-based marginal main-effect contrasts with 95%

confidence intervals.

Author Contributions: Conceptualization, HW. and Y.W.; methodology, Y.Z. and H.W.; software,
X.C,; validation, Y.Z. and Y.H.; formal analysis, L.C., X.C. and Y.L.; investigation, L.C., Y.Z. and
Y.H.; resources, Y.W.; data curation, L.C. and Y.H.; writing —original draft preparation, L.C.; writ-
ing—review and editing, Y.W.; supervision, HW.; funding acquisition, Y.W. All authors have read

and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 32500400, and the Fundamental Research Funds for the Central Universities, grant number
2572025AW22.

Institutional Review Board Statement: Not applicable.

https://doi.org/10.3390/toxics14110971


https://doi.org/10.3390/toxics14110971

Toxics 2026, 14, 971 17 of 20

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw 16S rRNA gene amplicon sequencing data generated in this
study have been deposited in the NCBI Sequence Read Archive (SRA) under BioProject accession
number PRJNA1530731. The supporting data are available in the GitHub repository at
https://github.com/ink430/earthworm-polyethylene-microplastics-data (accessed on 27 October
2026).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Lim, X.Z. Microplastics are everywhere—But are they harmful? Nature 2021, 593, 22-25. https://doi.org/10.1038/d41586-021-
01143-3.

2. DPilapitiya, P.G.C.N.T.; Ratnayake, A.S. The world of plastic waste: A review. Clean. Mater. 2024, 11, 100220.
https://doi.org/10.1016/j.clema.2024.100220.

3. Rusli, A,; Othman, M.B.H.; Ku Marsilla, K.I. Plastics in high heat resistant applications. In Reference Module in Materials Science
and Materials Engineering; Elsevier: Amsterdam, The Netherlands, 2021. https://doi.org/10.1016/B978-0-12-820352-1.00073-0.

4. Nizzetto, L.; Futter, M.; Langaas, S. Are Agricultural Soils Dumps for Microplastics of Urban Origin? Environ. Sci. Technol. 2016,
50, 10777-10779. https://doi.org/10.1021/acs.est.6b04140.

5. Liu, M.T,; Lu, S.B.; Song, Y.; Lei, L.L.; Hu, ].N.; Lv, WW.; Zhou, W.Z.; Cao, CJ.; Shi, H.H.; Yang, X.F.; et al. Microplastic and
mesoplastic pollution in farmland soils in suburbs of Shanghai, China. Enwviron. Pollut. 2018, 242, 855-862.
https://doi.org/10.1016/j.envpol.2018.07.051.

6. Weithmann, N.; Moller, ].N.; Loder, M.G.].; Piehl, S.; Laforsch, C.; Freitag, R. Organic fertilizer as a vehicle for the entry of
microplastic into the environment. Sci. Adv. 2018, 4, eaap8060. https://doi.org/10.1126/sciadv.aap8060.

7. Li, X, Chen, L; Mei, Q.;; Dong, B.; Dai, X.; Ding, G.; Zeng, E.Y. Microplastics in sewage sludge from the wastewater treatment
plants in China. Water Res. 2018, 142, 75-85. https://doi.org/10.1016/j.watres.2018.05.034.

8.  Zhang, K; Shi, H.; Peng, J.; Wang, Y.; Xiong, X.; Wu, C.; Lam, P.K.S. Microplastic pollution in China’s inland water systems: A
review of findings, methods, characteristics, effects, and management. Sci. Total Environ. 2018, 630, 1641-1653.
https://doi.org/10.1016/j.scitotenv.2018.02.300.

9. Horton, A.A,; Walton, A.; Spurgeon, D.J.; Lahive, E.; Svendsen, C. Microplastics in freshwater and terrestrial environments:
Evaluating the current understanding to identify the knowledge gaps and future research priorities. Sci. Total Environ. 2017,
586, 127-141. https://doi.org/10.1016/j.scitotenv.2017.01.190.

10. Hu, Z.E,; Xiao, M.-L.; Ding, J.-N.; Ji, ].-H.; Chen, ]J.-P.; Ge, T.-D.; Lu, S.-B. Response Characteristics of Soil Microbial Community
Under Long-term Film Mulching. Huan Jing Ke Xue 2022, 43, 4745-4754. https://doi.org/10.13227/j.hjkx.202201237.

11. Li, X,; Chen, Y.; Zhang, S.; Dong, Y.; Pang, Q.; Lynch, L; Xie, C.; Guo, Z.; Zhang, P. From marine to freshwater environment: A
review of the ecotoxicological effects of microplastics. Ecotoxicol. — Environ.  Saf. 2023, 251, 114564.
https://doi.org/10.1016/j.ecoenv.2023.114564.

12.  Chen, L; Qiu, T.Y.; Huang, F.Y.; Zeng, Y.; Cui, Y.X,; Chen, J.; White, ].C.; Fang, L.C. Micro/nanoplastics pollution poses a po-
tential threat to soil health. Glob. Change Biol. 2024, 30, e17470. https://doi.org/10.1111/gcb.17470.

13. Liu, Z; Wen, J; Liu, Z.; Wei, H.; Zhang, J. Polyethylene microplastics alter soil microbial community assembly and ecosystem
multifunctionality. Environ. Int. 2024, 183, 108360. https://doi.org/10.1016/j.envint.2023.108360.

14. Jiang, X.; Wang, X.; Kah, M.; Li, M. Environmentally relevant concentrations of microplastics from agricultural mulch and cad-
mium negatively impact earthworms by triggering neurotoxicity and disrupting homeostasis. J. Hazard. Mater. 2024, 476,
135158. https://doi.org/10.1016/j.jhazmat.2024.135158.

15. Béckhed, F.; Ding, H.; Wang, T.; Hooper, L.V.; Koh, G.Y.; Nagy, A.; Semenkovich, C.F.; Gordon, J.I. The gut microbiota as an
environmental factor that regulates fat storage. Proc. Natl. Acad. Sci. USA 2004, 101, 15718-15723.
https://doi.org/10.1073/pnas.0407076101.

16. Lu, L; Wan, Z.Q.; Luo, T.; Fu, ZW,; Jin, Y.X. Polystyrene microplastics induce gut microbiota dysbiosis and hepatic lipid me-
tabolism disorder in mice. Sci. Total Environ. 2018, 631-632, 449-458. https://doi.org/10.1016/j.scitotenv.2018.03.051.

17. Jin, Y.X; Lu, L; Tu, W.Q,; Luo, T.; Fu, Z.W. Impacts of polystyrene microplastic on the gut barrier, microbiota and metabolism

of mice. Sci. Total Environ. 2019, 649, 308-317. https://doi.org/10.1016/j.scitotenv.2018.08.353.

https://doi.org/10.3390/toxics14110971


https://doi.org/10.3390/toxics14110971

Toxics 2026, 14, 971 18 of 20

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Qiao, R.X,; Deng, Y.F.; Zhang, S.H.; Wolosker, M.B.; Zhu, Q.D.; Ren, H.Q.; Zhang, Y. Accumulation of different shapes of mi-
croplastics initiates intestinal injury and gut microbiota dysbiosis in the gut of zebrafish. Chemosphere 2019, 236, 124334.
https://doi.org/10.1016/j.chemosphere.2019.07.065.

Yin, L.Y,; Liu, H.Y.; Cui, HW.; Chen, B.J; Li, L.L.; Wu, F. Impacts of polystyrene microplastics on the behavior and metabolism
in a marine demersal teleost, black rockfish (Sebastes schlegelii). |. Hazard. Mater. 2019, 380, 120861. https://doi.org/10.1016/j.jhaz-
mat.2019.120861.

Wu, P.F,; Lin, S.Y.; Cao, G.D.; Wu, ].B; Jin, H.B.; Wang, C.; Wong, M.H.; Yang, Z.; Cai, Z.W. Absorption, distribution, metabo-
lism, excretion and toxicity of microplastics in the human body and health implications. J. Hazard. Mater. 2022, 437, 129361.
https://doi.org/10.1016/j.jhazmat.2022.129361.

Rodriguez-Seijo, A.; Lourenco, J.; Rocha-Santos, T.A.P.; da Costa, J.; Duarte, A.C.; Vala, H.; Pereira, R. Histopathological and
molecular effects of microplastics in Eisenia andrei Bouché. Environ. Pollut. 2017, 220, 495-503. https://doi.org/10.1016/j.en-
vpol.2016.09.092.

Cui, W.; Gao, P.; Zhang, M.; Wang, L.; Sun, H.; Liu, C. Adverse effects of microplastics on earthworms: A critical review. Sci.
Total Environ. 2022, 850, 158041. https://doi.org/10.1016/j.scitotenv.2022.158041.

Xu, G,; Liu, Y.; Song, X.; Li, M.; Yu, Y. Size effects of microplastics on accumulation and elimination of phenanthrene in earth-
worms. ]. Hazard. Mater. 2021, 403, 123966. https://doi.org/10.1016/j.jhazmat.2020.123966.

Wang, H.-T.; Ding, J.; Xiong, C.; Zhu, D.; Li, G Jia, X.-Y.; Zhu, Y.-G.; Xue, X.-M. Exposure to microplastics lowers arsenic
accumulation and alters gut bacterial communities of earthworm Metaphire californica. Environ. Pollut. 2019, 251, 110-116.
https://doi.org/10.1016/j.envpol.2019.04.054.

Li, B.; Song, W.; Cheng, Y.; Zhang, K ; Tian, H.; Du, Z.; Wang, J.; Wang, ].; Zhang, W.; Zhu, L. Ecotoxicological effects of different
size ranges of industrial-grade polyethylene and polypropylene microplastics on earthworms Eisenia fetida. Sci. Total Environ.
2021, 783, 147007. https://doi.org/10.1016/j.scitotenv.2021.147007.

OECD. Test No. 222: Earthworm Reproduction Test (Eisenia fetida/Eisenia andrei). In OECD Guidelines for the Testing of Chemicals,
Section 2; OECD Publishing: Paris, France, 2016. https://doi.org/10.1787/9789264264496-en.

Zhang, J.; Li, D,; Lu, C,; Wang, X.; Wang, J.; Wang, ]J.; Li, B.; Du, Z.; Yang, Y.; Zhu, L. Negative effects of polyvinyl chloride
microplastics and the plasticizer DnOP on earthworms: Co-exposure enhances oxidative stress and immune system damage in
earthworms. J. Hazard. Mater. 2024, 480, 136338. https://doi.org/10.1016/j.jhazmat.2024.136338.

Huerta Lwanga, E.; Gertsen, H.; Gooren, H.; Peters, P.; Salanki, T.; van der Ploeg, M.; Besseling, E.; Koelmans, A.A.; Geissen, V.
Microplastics in the terrestrial ecosystem: Implications for Lumbricus terrestris (Oligochaeta, Lumbricidae). Environ. Sci. Technol.
2016, 50, 2685-2691. https://doi.org/10.1021/acs.est.5b05478.

Chen, Y.; Liu, X,; Leng, Y.; Wang, J. Defense responses in earthworms (Eisenia fetida) exposed to low-density polyethylene mi-
croplastics in soils. Ecofoxicol. Environ. Saf. 2020, 187, 109788. https://doi.org/10.1016/j.ecoenv.2019.109788.

Rodriguez-Seijo, A.; da Costa, J.P.; Rocha-Santos, T.; Duarte, A.C.; Pereira, R. Oxidative stress, energy metabolism and molecu-
lar responses of earthworms (Eisenia fetida) exposed to low-density polyethylene microplastics. Environ. Sci. Pollut. Res. 2018,
25, 33599-33610. https://doi.org/10.1007/s11356-018-3317-z.

Chen, K,; Tang, R; Luo, Y.; Chen, Y.; El-Naggar, A.; Du, J.; Bu, A.; Yan, Y.; Lu, X;; Cai, Y.; et al. Transcriptomic and metabolic
responses of earthworms to contaminated soil with polypropylene and polyethylene microplastics at environmentally relevant
concentrations. J. Hazard. Mater. 2022, 427, 128176. https://doi.org/10.1016/j.jhazmat.2021.128176.

Sokolova, .M. Energy-limited tolerance to stress as a conceptual framework to integrate the effects of multiple stressors. Integr.
Comp. Biol. 2013, 53, 597-608. https://doi.org/10.1093/icb/ict028.

Angmo, D.; Dutta, R,; Singh, J.; Chowdhary, A.B.; Quadar, J.; Thakur, B.; Kaur, H.; Sharma, M.; Singh, S.; Vig, A.P. Biochemical
responses, growth and reproduction of earthworm in low density polyethylene (LDPE). Environ. Qual. Manag. 2023, 33, 223—
237. https://doi.org/10.1002/tqem.22041.

Zhong, H.; Mathieu, J.; Liu, C.; Lavelle, P.; Dai, J.; Lu, Y.; Zhang, C. Meta-analysis reveals contrasting effects of biodegradable
and conventional microplastics on earthworm fitness, physiology, and gut microbiota. Soil Biol. Biochem. 2026, 216, 110108.
https://doi.org/10.1016/j.s0ilbio.2026.110108.

Yang, X.; Zhang, X.; Shu, X.; Gong, J.; Yang, J.; Li, B.; Lin, J.; Chai, Y.; Liu, J. The effects of polyethylene microplastics on the
growth, reproduction, metabolic enzymes, and metabolomics of earthworms Eisenia fetida. Ecotoxicol. Environ. Saf. 2023, 263,
115390. https://doi.org/10.1016/j.ecoenv.2023.115390.

Liu, X.; Dong, W.; Gao, H.; Wang, K.; Liu, X.; Yan, C. Ecotoxicological effects of soil microplastic types and concentrations on
earthworms. Environ. Pollut. 2026, 393, 127720. https://doi.org/10.1016/j.envpol.2026.127720.

https://doi.org/10.3390/toxics14110971


https://doi.org/10.3390/toxics14110971

Toxics 2026, 14, 971 19 of 20

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Ding, W.; Li, Z.; Qi, R.; Jones, D.L.; Liu, Q.; Liu, Q.; Yan, C. Effect thresholds for the earthworm Eisenia fetida: Toxicity comparison
between conventional and biodegradable microplastics. Sci. Total Environ. 2021, 781, 146884. https://doi.org/10.1016/j.sci-
totenv.2021.146884.

Sobhani, Z.; Panneerselvan, L.; Fang, C.; Naidu, R.; Megharaj, M. Chronic and transgenerational effects of polyethylene micro-
plastics at environmentally relevant concentrations in earthworms. Environ. Technol. Innov. 2022, 25, 102226.
https://doi.org/10.1016/j.eti.2021.102226.

Hu, J.; He, D.; Zhang, X.; Li, X.; Chen, Y.; Gao, W.; Zhang, Y.; Ok, Y.S,; Luo, Y. National-scale distribution of micro(meso)plastics
in farmland soils across China: Implications for environmental impacts. ]. Hazard. Mater. 2022, 424, 127283.
https://doi.org/10.1016/j.jhazmat.2021.127283.

Qi, R;; Tang, Y.; Jones, D.L.; He, W.; Yan, C. Occurrence and characteristics of microplastics in soils from greenhouse and open-
field cultivation using plastic mulch film. Sci. Total Environ. 2023, 905, 166935. https://doi.org/10.1016/j.scitotenv.2023.166935.
Aira, M,; Pérez-Losada, M.; Crandall, K.A.; Dominguez, ]J. Composition, structure and diversity of soil bacterial communities
before, during and after transit through the gut of the earthworm Aporrectodea caliginosa. Microorganisms 2022, 10, 1025.
https://doi.org/10.3390/microorganisms10051025.

Thakuria, D.; Schmidt, O.; Finan, D.; Egan, D.; Doohan, F.M. Gut wall bacteria of earthworms: A natural selection process. ISME
J. 2010, 4, 357-366. https://doi.org/10.1038/isme;j.2009.124.

Shade, A.; Peter, H.; Allison, S.D.; Baho, D.L.; Berga, M.; Biirgmann, H.; Huber, D.H.; Langenheder, S.; Lennon, ].T.; Martiny,
J.BH.; et al. Fundamentals of microbial community resistance and resilience. Front. Microbiol. 2012, 3, 417.
https://doi.org/10.3389/fmicb.2012.00417.

Cheng, Y.; Song, W.; Tian, H.; Zhang, K,; Li, B.; Du, Z.; Zhang, W.; Wang, J.; Wang, ]J.; Zhu, L. The effects of high-density
polyethylene and polypropylene microplastics on the soil and earthworm Metaphire guillelmi gut microbiota. Chemosphere 2021,
267,129219. https://doi.org/10.1016/j.chemosphere.2020.129219.

Tang, R.; Ying, M.; Luo, Y.; El-Naggar, A.; Palansooriya, K.N.; Sun, T.; Cao, Y.; Diao, Z.; Zhang, Y.; Lian, Y; et al. Microplastic
pollution destabilized the osmoregulatory metabolism but did not affect intestinal microbial biodiversity of earthworms in soil.
Environ. Pollut. 2023, 320, 121020. https://doi.org/10.1016/j.envpol.2023.121020.

Papazlatani, C.; Garbeva, P.; Huerta Lwanga, E. Effect of microplastic pollution on the gut microbiome of anecic and endogeic
earthworms. FEMS Microbiol. Lett. 2024, 371, fnae040. https://doi.org/10.1093/femsle/fnae040.

Li, K.; Zhang, M.; Xu, L.; Zhang, G.; Bai, X.; Zheng, W.; Huang, Y. Disruption of microbiota induced by polyethylene microplas-
tics alters defense response of earthworms Eisenia fetida. Appl. Soil Ecol. 2024, 200, 105452. https://doi.org/10.1016/j.ap-
s0il.2024.105452.

Meng, K.; Harkes, P.; Huerta Lwanga, E.; Geissen, V. Microplastics exert minor influence on bacterial community succession
during the aging of earthworm (Lumbricus terrestris) casts. Soil Biol. Biochem. 2024, 195, 109480. https://doi.org/10.1016/j.s0il-
bi0.2024.109480.

Anderson, M.].; Walsh, D.C.I. PERMANOVA, ANOSIM, and the Mantel test in the face of heterogeneous dispersions: What
null hypothesis are you testing? Ecol. Monogr. 2013, 83, 557-574. https://doi.org/10.1890/12-2010.1.

Jiang, X.; Cao, J.; Ye, Z.; Klobucar, G.; Li, M. Microplastics —Back to Reality: Impact of pristine and aged microplastics in soil on
earthworm Eisenia fetida under environmentally relevant conditions. Environ. Sci. Technol. 2023, 57, 16788-16799.
https://doi.org/10.1021/acs.est.3c04097.

Gloor, G.B.; Macklaim, ].M.; Pawlowsky-Glahn, V.; Egozcue, ]J.J]. Microbiome datasets are compositional: And this is not op-
tional. Front. Microbiol. 2017, 8, 2224. https://doi.org/10.3389/fmicb.2017.02224.

Zhu, G.; Schmidt, O.; Luan, L.; Xue, J.; Fan, J.; Geisen, S.; Sun, B.; Jiang, Y. Bacterial keystone taxa regulate carbon metabolism
in the earthworm gut. Microbiol. Spectr. 2022, 10, e01081-22. https://doi.org/10.1128/spectrum.01081-22.

Yang, Y.; Xu, G.; Yu, Y. Microplastics impact the accumulation of metals in earthworms by changing the gut bacterial commu-
nities. Sci. Total Environ. 2022, 831, 154848. https://doi.org/10.1016/j.scitotenv.2022.154848.

Tian, H.; Zheng, C.; Huang, X.; Qi, C,; Li, B.; Du, Z,; Zhu, L.; Wang, J.; Wang, ]. Effects of farmland residual mulch film-derived
microplastics on the structure and function of soil and earthworm Metaphire guillelmi gut microbiota. Sci. Total Environ. 2024,
915, 170094. https://doi.org/10.1016/j.scitotenv.2024.170094.

Kanehisa, M.; Furumichi, M.; Sato, Y.; Ishiguro-Watanabe, M.; Tanabe, M. KEGG: Integrating viruses and cellular organisms.
Nucleic Acids Res. 2021, 49, D545-D551. https://doi.org/10.1093/nar/gkaa970.

https://doi.org/10.3390/toxics14110971


https://doi.org/10.3390/toxics14110971

Toxics 2026, 14, 971 20 of 20

56.

57.

58.

59.

60.

Louca, S.; Polz, M.E.; Mazel, F.; Albright, M.B.N.; Huber, J.A.; O’Connor, M.I;; Ackermann, M.; Hahn, A.S; Srivastava, D.S.;
Crowe, S.A.; et al. Function and functional redundancy in microbial systems. Nat. Ecol. Evol. 2018, 2, 936-943.
https://doi.org/10.1038/s41559-018-0519-1.

Allison, S.D.; Martiny, ]J.B.H. Resistance, resilience, and redundancy in microbial communities. Proc. Natl. Acad. Sci. USA 2008,
105, 11512-11519. https://doi.org/10.1073/pnas.0801925105.

Langille, M.G.L; Zaneveld, J.; Caporaso, ].G.; McDonald, D.; Knights, D.; Reyes, ].A.; Clemente, ].C.; Burkepile, D.E.; Vega Thur-
ber, R.L.; Knight, R.; et al. Predictive functional profiling of microbial communities using 165 rRNA marker gene sequences.
Nat. Biotechnol. 2013, 31, 814-821. https://doi.org/10.1038/nbt.2676.

Douglas, G.M.; Maffei, V.]J.; Zaneveld, J.R,; Yurgel, S.N.; Brown, J.R.; Taylor, C.M.; Huttenhower, C.; Langille, M.G.I. PICRUSt2
for prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685-688. https://doi.org/10.1038/s41587-020-0548-6.
Matchado, M.S.; Rithlemann, M.; Reitmeier, S.; Kacprowski, T.; Frost, F.; Haller, D.; Baumbach, J.; List, M. On the limits of 16S
rRNA gene-based metagenome prediction and functional profiling. Microb. Genom. 2024, 10, 001203.
https://doi.org/10.1099/mgen.0.001203.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/toxics14110971


https://doi.org/10.3390/toxics14110971

	1. Introduction
	2. Materials and Methods
	2.1. Polyethylene Microplastics, Soil, and Earthworms
	2.2. Exposure Experiment
	2.3. Assessment of Biomass Change, Mortality, and Cocoon Production
	2.4. Gut Microbiota Sequencing and Analysis
	2.5. Prediction of Gut Microbial Functional Potential
	2.6. Quality Assurance and Contamination Control
	2.7. Statistical Analysis

	3. Results
	3.1. Effects of Polyethylene Microplastics on Earthworm Survival, Biomass, and  Cocoon Production
	3.2. Alpha and Beta Diversity of the Earthworm Gut Microbiota
	3.3. Taxonomic Composition of the Earthworm Gut Microbiota
	3.4. Exploratory Identification of Discriminatory Bacterial Taxa
	3.5. Predicted Functional Profiles of the Earthworm Gut Microbiota

	4. Discussion
	4.1. Differential Responses of Earthworm Growth, Survival, and Cocoon Production to  PE Microplastics
	4.2. Gut Microbial Community Variation Under PE Microplastic Exposure
	4.3. Selective Responses of Predicted Gut Microbial Functions to PE Microplastic Exposure

	5. Conclusions
	References


     W 0 ¯


     W 30 ¯


  Biomass   change   （ % ） = （    W 30 ¯ −    W 0 ¯ ） /    W 0 ¯ × 100


     W 0 ¯


     W 30 ¯

