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Abstract

Biodegradable plastics are not a primary solution to plastic pollution, and empirical ev-
idence on whether they are environmentally friendly remains lacking. In this study, we
systematically compared the toxic effects of traditional microplastics (polypropylene, PP;
polystyrene, PS) with biodegradable microplastics (polylactic acid, PLA; polyhydroxyalka-
noates, PHA) on the haplic phaeozem ecosystem. Through mathematical modeling analysis,
it was found that earthworms initially rely on antioxidant enzymes to resist stress, mid-term
activation of detoxifying enzymes to repair damage, and maintaining physiological balance
through metabolic regulation and immune enhancement in later stages. We elucidated their
mechanism differences: PLA and PP caused severe damage to the antioxidant system and
cell membrane, with PLA mainly relying on POD to clear peroxides and PP relying on GST.
In addition, PLA and PS can induce early neurotoxicity (AChE), while PHA induces late
neurotoxicity. Furthermore, this study provides direct evidence proving that biodegradable
microplastics are not environmentally friendly by breaking through the one-way research
framework of “microplastic biotoxicity” and innovatively constructing a path analysis
model that links biological physiological responses with soil ecological functions. We also
provide a scientific basis to evaluate the ecological risks of microplastic pollution in soil
and the whether biodegradable plastics are truly environmentally friendly.

Keywords: microplastics; Eisenia fetida; haplic phaeozem; factor analysis; principal
component analysis; path analysis

1. Introduction
Since the first successful synthesis in 1907, plastics have been widely utilized across

various industries due to their low production cost, high plasticity, and stable chemical
properties [1]. However, a large amount of plastic waste is improperly managed. Under
the influence of ultraviolet radiation, microbial degradation, mechanical abrasion, and
other environmental factors, unrecycled plastics gradually fragment into particles smaller
than 5 mm in diameter [2], known as microplastics (MPs). Among these, polyethylene
(PE), polypropylene (PP), and polystyrene (PS) are the most common [3]. With the long-
term and continuous accumulation of these microplastics in the soil, they will not only
have a negative impact on soil structure, but also hinder nutrient cycling, reduce water
retention capacity, and pose serious threats to soil biota [4], making them a pressing global
environmental concern [5].
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To mitigate the environmental risks associated with traditional microplastics, the draft
of the Global Plastics Treaty [6] indicates that biodegradable plastics may serve as a potential
means to end plastic pollution. This perspective, coupled with the continuous growth of
human demand for plastics, has led to the global production of biodegradable plastics
reaching 2.47 million tons in 2024, with a projected increase to 5.73 million tons by 2029 [7].
Biodegradable microplastics ultimately degrade carbon dioxide and water, and are therefore
labeled as “eco-friendly” materials [8]. However, whether biodegradable microplastics
are truly environmentally friendly, especially in soil ecosystems, lacks empirical evidence.
Considering that pollution remediation is very difficult, the EU is very cautious about the
use of biodegradable materials. Therefore, the Single-Use Plastics Directive [9] passed
by the European Union in June 2019 imposes restrictions on some oxygen-containing
biodegradable plastic products. The implementation guidance document for this directive,
released in May 2021, further clarifies that biodegradable plastics or biobased plastics still
belong to the category “plastics” and cannot be marked as “biodegradable” when used in
disposable products. This has also raised concerns about the concept of “biodegradability”.

Earthworms are among the most common invertebrates in soil ecosystems. Through
their feeding and burrowing activities, they facilitate the decomposition of organic matter,
enhance soil porosity, and improve the soil’s capacity to retain water and nutrients. As
such, they are often referred to as “ecosystem engineers” of the soil [10,11]. Due to their
widespread distribution, low trophic level, and high exposure potential to environmental
contaminants, earthworms are commonly used as bioindicators for assessing soil pollution
and environmental quality, effectively reflecting the toxicological impacts of pollutants on
terrestrial ecosystems [12].

However, earthworms have numerous response indicators after stress, and when
using traditional biostatistics for data analysis, it is necessary to encompass the entire
physiological and biochemical processes of the organism. As a result, the experimental
content is numerous, the process is complex, and the credibility of the data analysis results is
often poor [13]. At the same time, a single mathematical model suffers from excessive loss of
information during data extraction, loss of biological significance of data in analysis results,
and inaccurate judgment matrices due to the excessive increasing workload [14]—and is
sometimes even unable to correctly explain the biological significance of the model [15].
Therefore, in the ecological toxicology research of earthworms, there is an urgent need for a
combined model of principal component analysis and factor analysis to achieve accurate
and scientific screening of biomarkers, in order to assist in the ecological safety evaluation
and bioremediation research of polluted soil.

In this context, the present study employed Eisenia fetida as the model organism to
investigate the oxidative stress responses induced by exposure to four types of microplas-
tics: PP, PS, PLA (polylactic acid), and PHA (polyhydroxyalkanoates). An innovative
“progressive factor analysis principal component analysis model” is used to identify key
sensitive oxidative stress biomarkers of earthworms exposed to microplastics, thereby elu-
cidating their survival strategies in soil contaminated with microplastics. In addition, the
path analysis method is used to link biological physiological responses with soil ecological
functions to clarify whether biodegradable microplastics are truly environmentally friendly.

2. Materials and Methods
2.1. Characterization of Microplastics

The microplastics used in this study, PP, PS, PLA, and PHA, were 200 mesh
(75 µm ± 10 µm) powders supplied by Zhongxin Plastic Co., Ltd., Guangzhou, China.
The chemical structure of the microplastics was confirmed using a Raman spectrometer
(inVia, Renishaw, Gloucestershire, UK) with a laser wavelength of 785 nm and a wavenum-
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ber range of 200–3000 cm−1. After the microplastics were sputter-coated with gold, their
morphologies were observed using a scanning electron microscope (SU8010, Hitachi,
Tokyo, Japan).

2.2. Test Reagents

Phosphate-buffered saline (PBS, dry powder) was purchased from Coolable Technol-
ogy Co., Ltd., Beijing, China (analytical grade). Each packet was diluted with ultrapure
water to a final volume of 1 L, with a pH of 7.2–7.4. The final buffer composition included
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 2 mM KH2PO4. Medical-grade normal
saline was obtained from local pharmacies.

2.3. Test Soil

The test soil was black soil that was collected from the experimental fields of North-
east Agricultural University (pH: 7.65; organic matter: 17.36%); total nitrogen: 0.901%).
Fresh topsoil samples (0–20 cm depth) were collected, and plant debris, stones, and other
impurities were removed. The soil was air dried and sieved through a 5 mm mesh. Semi-
decomposed cow dung was used as an earthworm feed source, mixed with the soil at a
ratio of 7:3 (w/w) (black soil:cow dung) (microplastic: 0.05 mg/kg, cadmium; lead; nickel:
<0.01 mg/kg). The moisture content was adjusted to 40% of the soil’s maximum water
holding capacity using deionized water, following OECD guidelines [16,17]. The cow dung
was prepared by natural air drying, grinding, and sieving through a 5 mm mesh.

2.4. Tested Earthworms

The test organism, Eisenia fetida, was sourced from a national ecological farm. Healthy
adult earthworms, over 2 months old, with well-developed clitella and weighing between
300 and 500 mg, were selected. Prior to the experiment, earthworms were rinsed with clean
water to remove surface debris and residual feed. After drying with filter paper, they were
placed on moist filter paper in a dark environment for 24 h to purge intestinal contents.

2.5. Experimental Design

Based on the results of preliminary experiments and previous research findings [18–21],
four microplastic types (PP, PS, PLA, and PHA) were tested at concentrations of 0, 100,
500, 1000, and 1500 mg/kg. Each treatment was replicated five times. The exposure test
was conducted in a 1000 mL wide-mouthed bottle, each containing 120 g of treated test
soil mixed thoroughly with the respective concentration of microplastics. Five depurated
earthworms were placed in each flask. The flasks were covered with plastic film to prevent
moisture loss and incubated in a controlled artificial climate chamber at (20 ± 2) ◦C, 80%
relative humidity, and in complete darkness.

2.6. Sample Collection

According to the sampling requirements of weekly intervals in the OECD guide-
lines [16], the experimental period lasted 35 days. One earthworm was randomly selected
from each flask every 7 days (take a total of 5 earthworms each time). After collection, the
earthworm’s surface was rinsed with deionized water and gently dried using filter paper.
The sample was then transferred to a glass homogenizer, and phosphate-buffered saline
(PBS, pH 7.3) was added at a ratio of 1:9 (w/v, accurate to 0.0001 g) for homogenization. The
resulting homogenate was transferred to a centrifuge tube and centrifuged at 4000 r/min
for 10 min at 4 ◦C. The supernatant was collected and stored at −20 ◦C for subsequent
biochemical analysis. An amount of 10 g soil was taken from each bottle every 7 days,
air-dried naturally, ground and then sieved through a 200 mesh sieve for the determination
of total soil carbon.
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2.7. Determination of Enzyme Indexes

Frozen supernatant samples were thawed at +4 ◦C prior to analysis. The follow-
ing biochemical parameters were determined using standard protocols: the total protein
content was determined by Coomassie Brilliant Blue Colorimetry [22]; peroxidase (POD)
activity was assessed based on the catalytic reaction of POD with hydrogen peroxide [23];
superoxide dismutase (SOD) activity was determined via its specific inhibitory effect on
superoxide anion radicals [24]; glutathione peroxidase (GPX) activity was measured using
2-thio-2,4-dinitrobenzoic acid colorimetry [25]; glutathione-S-transferase (GST) activity
was evaluated by 1-chloro-2,4-dinitrobenzene colorimetry [26]; catalase (CAT) activity
was determined using ammonium molybdate colorimetry [27]; malondialdehyde (MDA)
content was measured via the thiobarbituric acid (TBA) method [28]; acetylcholinesterase
(AChE) activity was analyzed using 1,3,5-trinitrobenzene colorimetry [29]. Soil total carbon
(TC) was measured using the combustion method [30].

2.8. Data Analysis
2.8.1. Factor Analysis

Factor analysis is a multivariate statistical method that reduces dimensionality by
transforming multiple index variables into a few comprehensive factors [14,31]. To min-
imize the impact of variability among oxidative stress indicators, the original data were
normalized and expressed as the percentage change in each test group relative to the sum
across all groups:

U =
xs

∑t
s=1 xst

× 100%

Here, xS represents the oxidative stress indicators, including POD, SOD, CAT, MDA,
AChE, GPX, and GST; t represents the number of samples.

After dimensionality reduction, the n biological markers can be represented as a linear
combination of m common factors (m < n), denoted as F1, F2, . . . Fm. The construction
process of the model refers to the research of Zhou et al. [32].

All statistical analyses were conducted using SPSS software version 19.0.

2.8.2. Principal Component Analysis

Principal component analysis (PCA) [33] is a multivariate statistical method used
to explore correlations among multiple variables. PCA identifies the internal structure
of complex datasets by transforming them into a smaller set of uncorrelated principal
components, thereby simplifying data interpretation [34]. In this study, PCA was applied
to analyze the oxidative stress response of earthworms under microplastic exposure. The
index matrices of the experimental group and the control group were denoted as Xf and
X, respectively:

Xf =


x11 x12 · · · x1g

x21 x22 · · · x2g

· · · · · · · · · · · ·
xn1 xn2 . . . xng

 X0 =


x01 x02 · · · x0n

x01 x02 · · · x0n

· · · · · · · · · · · ·
x01 x02 · · · x0n


The variable sample matrix is then obtained as: ∆X = Xf − X0

In this context, f is the stress time; g is the number of samples, which is the concentra-
tion of microplastic stress; n is the number of oxidative stress indicators, including POD,
SOD, CAT, MDA, AChE, GPX, and GST, measured in earthworms exposed to microplastic-
contaminated soil. To reduce dimensionality while minimizing squared error in the sample
set, coordinate transformation was applied using the Jacobi method to compute the orthog-
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onal transformation matrix. A total of m principal components were then extracted, where
m < n. The Z-score method is used for standardization (Appendix A for detailed process)

Cn
η=1 = εη1Xj1 + εη2Xj2 + · · ·+ εηnXjn, Sn

η=1 =
∣∣∣∑m

η=1 Cn
ηjξη

∣∣∣
All data processing and statistical analysis were conducted using SPSS software

version 19.0.

2.8.3. Path Analysis

After the occurrence of microplastic stress, the oxidative stress index in earthworms is
used as the independent variable Xi and the total carbon content of soil was the dependent
variable Y. A path analysis model was constructed in order to analyze the relationship
between biological physiological responses and soil ecological functions in microplastic-
polluted environments, where

rij represents the simple correlation coefficient between xi and xj; rij represents the
correlation coefficient between xi and y; Pij is the direct path coefficient, which represents
the magnitude of xi directly acting on Y when other variables are fixed. Additionally, rij

was decomposed into the following system of equations:

r1y = P1y + P2yr12 + P3yr13 + · · ·+ Pnyr1n

r2y = P2y + P1yr21 + P3yr23 + · · ·+ Pnyr2n

· · ·
riy = Piy + ∑j ̸=1 Pjyrij(i = 1, 2, · · · , n)

· · ·
rny = Pny + P1yrn1 + P2yrn2 + · · ·+ P(n−1)yrn(n−1)

The remaining diameter coefficient must be ≤ 0.25.

3. Results and Discussion
3.1. Characteristics of Microplastics

As shown in Figure 1, the surfaces of PP and PS are smooth and flat, with intact edges,
and without obvious pores, rough protrusions or agglomeration phenomena, and their
overall morphologies are neat and concise. A part of the PLA surface has a rough texture,
and even has porous or uneven structures. PHA presents rod-shaped or fibrous aggregation
structures—not in granular form, but forms clusters composed of slender structures. Raman
spectroscopy was used to identify the characteristic peaks of microplastics in the range of
200–3000 cm−1. As shown in Figure 2, PP exhibited characteristic peaks at 809, 842, 974,
1153, 1331 and 1461 cm−1, corresponding to distinct molecular vibrations [35]. Specifically,
the peaks at 809 and 842 cm−1 are attributed to C-H rocking vibrations, 974 cm−1 to
asymmetric C-C stretching, 1153 and 1331 cm−1 to C-C stretching vibrations, and 1461 cm−1

to C-H bending vibrations [36]. PS showed characteristic peaks at 621, 792, 1002, 1156,
1445, and 1604 cm−1, respectively [37]. Among these, the peaks at 621, 792 and 1445 cm−1

correspond to C-C stretching vibrations, while the peak at 1604 cm−1 is associated with
C-H stretching in the benzene ring [38,39]. Notably, the peak at 1002 cm−1, representing
the ring breathing mode of the benzene ring, was the most prominent and is commonly
used as a diagnostic peak for PS identification [40].
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Figure 1. SEM images of four types of microplastics ((A,C,E,G): 500; (B,D,F,H): 5000).

Figure 2. Raman spectra of four types of microplastics. ((A): PP; (B): PS; (C): PLA; (D): PHA).

For polylactic acid (PLA), a peak at 411 cm−1 was assigned to C=O deformation
vibration, and the peak at 874 cm−1 was due to the (C-COO) stretching of the polymer
chain repeat units. Additional peaks at 1044, 1129, and 1453 cm−1 corresponded to C-CH3

stretching, CH3 in-plane bending, and CH3 asymmetric bending, respectively. The peak at
1767 cm−1 indicated C=O stretching, while the strong peak at 2948 cm−1 was attributed
to symmetric CH3 stretching [41]. PHA showed characteristic peaks at 839, 1059, 1366,
and 1725 cm−1. The peak at 839 cm−1 was related to C-COO stretching, 1059 cm−1 to C-C
stretching, and 1366 cm−1 to C-H rocking vibrations. The peak at 1725 cm−1, associated
with C=O stretching, served as a key marker for identifying PHA [42].
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3.2. Physiological Response of Earthworms Under Microplastic Stress
3.2.1. Oxidative Stress Effects in Earthworms

As shown in Figure 3, under PP stress, the activities of most antioxidant enzymes
in Eisenia fetida peaked at a concentration of 500 mg/kg and subsequently declined with
increasing concentration. Specifically, at 500 mg/kg, the maximum SOD activity was
observed on the 28th day of stress, at 97.62 U/mg prot; the maximum GPX activity was
detected on the 21st day of stress, at 183.66 U/mg prot; and the maximum AChE activity
was noted on the 21st day of stress. At this concentration (500 mg/kg), AChE activity
gradually decreased with the passage of time. Under different stress concentrations and
exposure times, the CAT activity of the PP treatment group was lower than that of the
control group (CK).
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Figure 3. Oxidative stress effect of earthworm under four kinds of microplastic stress.
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Under PS stress (Figure 3), enzyme activities generally increased at 1000 mg/kg, but
declined significantly at 1500 mg/kg. POD and SOD reached their highest activities, 66.02
and 113.16 U/mg prot, respectively, on day 7 under 1000 mg/kg stress, followed by a
gradual decrease at higher concentrations. GST activity peaked at 63.16 U/mg prot on
the 14th day under 1000 mg/kg of PS stress. However, GST activity dropped sharply to
4.89 U/mg prot at 1500 mg/kg.

For PLA stress (Figure 3), most enzyme activities reached their maximum at low
concentrations (100 and 500 mg/kg). For example, the peak activities of POD, SOD,
and AChE were observed at 100 mg/kg on the 7th day of PLA stress. However, with
increasing PLA stress concentration, the activities of POD, SOD, and AChE exhibited a
decreasing trend.

Under PHA stress (Figure 3), most enzyme activities reached their peak at 1000 mg/kg
of PHA stress. The activities of CAT, SOD, AChE, and GST reached their maximum values
at 1000 mg/kg of PHA stress (1.2, 43.65, 12.93, and 47.44 U/mg prot, respectively), and
then decreased with increasing PHA concentration. With the passage of time under this
concentration (1000 mg/kg of PHA stress), the activities of CAT, AChE, and GST gradually
decreased. In contrast, SOD activity exhibited a trend of first decreasing and then increasing
at this concentration.

Overall, except for GST activity under PLA stress and GPX activity under PHA stress,
all other enzyme activities under PS, PLA, and PHA stress were lower than those in the
CK. Both traditional and biodegradable microplastics could inhibit the enzyme activities in
earthworms through oxidative stress [43].

3.2.2. Screening of Sensitive Oxidative Stress Indicators

A factor analysis model was constructed to evaluate the comprehensive eigenvalues,
contribution rates, and factor loadings of oxidative stress indicators under different mi-
croplastic types and exposure durations. Based on this analysis, the key oxidative stress
biomarkers in earthworms were identified (Table 1). Upon exposure to microplastic stress,
large quantities of O2

− were generated in Eisenia fetida, disrupting the organism’s oxida-
tive stress balance [44]. As shown in Table 1, the total protein content an indicator of
metabolic activity fluctuated significantly under oxidative stress. SOD, which catalyzes
the dismutation of O2

− into H2O2 and molecular oxygen (O2), plays a critical initial role
in the antioxidant defense system [45]. Since H2O2 remains biologically harmful, it must
be further decomposed. CAT and POD are key enzymes responsible for the breakdown
of H2O2 into water and oxygen [46]. Accordingly, during the early phase of microplastic
stress (day 7), SOD, POD, and CAT were identified as the most sensitive oxidative stress
biomarkers (Table 1).

Table 1. Screening of sensitive oxidative stress indicators at different stress stages.

Stress Test
Group

Stress Time Day

7 14 21 28 35

PP SOD MDA POD MDA GST
PS POD AChE SOD SOD AChE

PLA CAT GPX POD POD POD
PHA POD POD AChE, MDA AChE SOD

Reactive oxygen species (ROS) also induced lipid peroxidation, resulting in the for-
mation of MDA, a commonly used biomarker for assessing oxidative damage to cell mem-
branes [47]. In this study, MDA was identified as the primary oxidative stress indicator
under PP exposure on days 14 and 28. As shown in Figure 3, MDA levels increased initially



Antioxidants 2025, 14, 1197 9 of 24

with stress duration, peaking on day 28 before declining. These results suggest that lipid
peroxidation began on day 14 and intensified over time, reaching a maximum on day 28,
followed by a potential recovery or enzyme-mediated mitigation. Similar findings have
been reported in Eisenia fetida exposed to LDPE and PS, where oxidative lipid damage was
elevated [48]. The subsequent decline in MDA content may be attributed to the activity of
antioxidant and detoxification enzymes, particularly glutathione S-transferase (GST), which
plays a dual role in cellular defense [49,50]. GST facilitates the conjugation of glutathione
(GSH) with electrophilic substrates to form more water soluble and less toxic derivatives,
which are readily excreted or metabolized. GST also scavenges reactive oxygen species
and lipid peroxidation products, thereby preserving membrane integrity [51]. As shown
in Table 1, GST emerged as the dominant oxidative stress biomarker on day 35, indicating
that prolonged PP exposure activated GST-mediated detoxification pathways. With ex-
tended stress duration, the toxicity of PP progressively intensified, leading to a collapse of
the antioxidant defense system and extensive lipid peroxidation. In response, Eisenia fetida
activated detoxifying enzymes like GST to counteract PP-induced toxicity [32]. Similar
enzyme-mediated defense mechanisms have also been observed in studies investigating
the effects of heavy metals on earthworms [45].

GPX is an important antioxidant enzyme that catalyzes the redox reaction between
GSH and peroxides, such as H2O2 and superoxide radicals [52]. GPX activity has also
been associated with the growth and reproductive capacity of earthworms [53]. As shown
in Table 1, after 14 days of PLA exposure, GPX was identified as a sensitive oxidative stress
biomarker, suggesting that the growth and reproduction of Eisenia fetida were affected
during this period. This finding is consistent with the results of Shu et al. [53], who reported
that short-term microplastic exposure could elevate GPX activity, thereby inhibiting growth
and reproduction. On day 14, GPX had a factor loading value of 0.856, ranking second only
to GST (loading = 0.994), indicating a strong response. However, as the stress duration
increased, the correlation or “companion” relationship between GPX and GST diminished.
This may be due to the antagonistic interaction between the two enzymes, as they compete
for the common substrate GSH [54]. GPX activity is closely regulated by GSH availability,
and only with sufficient GSH supplementation can GPX function optimally [55]. As shown
in Figure 3, GPX activity increased again after 28 and 35 days of PLA exposure, suggesting
a delayed but persistent oxidative response. Additionally, GPX helps protect the integrity
and functionality of cell membranes from oxidative damage [56]. Interestingly, during
this later stage, POD was identified as a key oxidative stress indicator, and TP content
showed a strong negative loading (−0.997 for POD and −0.968 for TP), indicating a high
level of peroxide accumulation and a decline in antioxidant capacity. These results suggest
that both PLA and PP exposure caused significant damage to the antioxidant defense
system and cell membrane integrity in earthworms. However, the mechanisms differed:
PLA primarily triggered a POD-mediated response to peroxides, while PP induced a
GST-dominant detoxification pathway.

AChE is a critical enzyme in neural signal transmission, responsible for degrading
acetylcholine (ACh) to reduce neural excitation. AChE is widely regarded as one of the most
effective biomarkers to evaluate neurotoxicity caused by environmental pollutants [57].
Elevated AChE activity can lead to acetylcholine depletion, impairing cholinergic signal
transmission and adversely affecting cognition and memory [58]. In this study, AChE
was identified as a sensitive oxidative stress biomarker from day 14 to day 35 under PS
exposure (Table 1). However, Table A2 shows that as early as day 7, AChE exhibited a strong
correlation with POD (factor loading = 0.927), and Figure 3 confirms a gradual increase
in AChE activity beginning on day 14. These findings suggest that PS exposure triggered
early-stage neurotoxicity in earthworms, which progressively intensified over time.
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A similar response was observed under PLA exposure. At day 7, AChE exhibited a
strong correlation with CAT (factor loading = 0.976), indicating early neural disruption.
Previous studies also reported significant increases in AChE activity in earthworms exposed
to PLA, with observable neurotoxic effects [59]. Compared to PP and PHA stress, PS and
PLA induced earlier and more pronounced increases in AChE activity, suggesting that
these microplastics may cause greater neurotoxicity during the early stages of exposure.
The summary is shown in Figure 3. According to Tables A1 and A2, on day 21 of PHA
exposure, AChE and MDA were identified as sensitive oxidative stress biomarkers, with
factor loadings of 0.998 and 0.996, respectively. These results indicate that lipid peroxidation
had occurred in earthworms, leading to cellular damage. The pronounced oxidative stress
response reflected by elevated AChE activity may be attributed to lipid peroxidation in
neural tissues, particularly the rupture of presynaptic vesicles containing neurotransmitters.
This can result in an excessive accumulation of neurotransmitters in the synaptic cleft,
subsequently stimulating increased AChE activity to degrade surplus acetylcholine [60].
Therefore, high AChE loadings of 0.900 and 0.871 were observed during days 28 to 35
under PHA stress, suggesting that PHA-induced neurotoxicity became more pronounced
in the late stages of exposure (Figure 4).

Figure 4. Mechanism diagram of the antioxidant system and nervous system of earthworms under
microplastic stress.

Under PS exposure, SOD was identified as a sensitive oxidative stress indicator be-
tween days 21 and 28 (Table 1). However, Table A2 shows that TP content exhibited the
highest negative loadings during this period, with values of −0.963 and −0.897, respec-
tively. This may be closely related to the immune response of the earthworms. Previous
studies by Yue et al. and Zhou et al. demonstrated that SOD plays a key role in enhancing
phagocyte activity and systemic immune defense [14,61]. Thus, during this stress phase,
metabolic dysfunction likely occurred in earthworms, with impaired protein synthesis
and a shift in energy metabolism towards protein catabolism. In response, SOD activity
increased to enhance immune function, maintain physiological homeostasis, and activate
detoxification enzymes and neural regulation mechanisms. These coordinated responses
help the organism recover from stress-induced damage. Similar physiological responses
have been observed under cadmium exposure in earthworms [17].
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3.3. Relationship Between the Physiological Response of Earthworms and Soil Ecological Functions
Under Microplastic Stress

After standardizing the data Sn
η, an oxidative stress profile was constructed with mi-

croplastic concentration as the horizontal axis (Figure 5A). The results showed that oxidative
stress responses varied across microplastic types and concentrations. Under exposure to
conventional microplastics, PP exhibited a fluctuating trend of increase-decrease-increase,
with the highest oxidative stress observed at 500 mg/kg. In contrast, PS followed a decrease–
increase–decrease pattern, peaking at 100 mg/kg. In both cases, short-term exposure (7 and
14 days) resulted in higher oxidative stress levels than long-term exposure, suggesting that
earthworms rapidly activated their antioxidant defense systems under low-concentration,
short-term stress.

Figure 5. Toxicity of four types of microplastics on earthworms and soil ((A): the degree of oxidative
stress in earthworms; (B): cascade coupling effect diagram; (C): correlation coefficient graph of
earthworm oxidative stress indicators and soil total).
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However, with prolonged exposure and increased concentrations, oxidative stress
levels gradually declined, indicating potential suppression or exhaustion of the antioxidant
defense system, which may result in oxidative damage. This reduction in defense capacity
could be linked to the accumulation of microplastics in the gastrointestinal tract, leading
to intestinal injury, shifts in gut microbiota, and subsequent disruption of antioxidant
functions [21]. Similar findings have been reported in earthworms exposed to polyethy-
lene microplastics (250–1000 µm) and polystyrene microplastics (5 µm and 20 µm), which
induced oxidative stress and physiological disruption [19,62]. Under biodegradable mi-
croplastic exposure (PLA and PHA), oxidative stress patterns were relatively similar. Both
exhibited the highest stress response at 100 mg/kg, with minimal changes in oxidative
stress levels across increasing concentrations. This indicates that exposure to PLA in soil
can inhibit the growth of earthworms, lead to a decrease in earthworm biomass [63], and
also trigger oxidative stress in the body, causing DNA damage [64].

Based on the changes in total soil carbon under different microplastic stresses shown
in Figure 5B, it can be concluded that under traditional microplastic stress, the content
of total soil carbon is relatively high. This may be due to the fact that soil structure (e.g.,
porosity and aggregate stability) is a key factor determining soil carbon sequestration
capacity [65]. The decomposition process of microplastics indirectly regulates the stability
of organic matter by altering soil structure [66]. Previous studies have confirmed that
traditional microplastics (e.g., PE and PVC) can increase the proportion of small-particle
aggregates in soil. These small-particle aggregates mainly immobilize organic carbon
through chemical reactions, which significantly reduces the decomposition rate of organic
carbon and thus is more conducive to long-term soil carbon sequestration [67]. At the same
time, the hydrophobicity of PP and PS particles can reduce the hydraulic conductivity of
soil capillary pores, decrease the loss of organic matter via water leaching, and further
promote the accumulation of soil organic matter [68].

The decomposition of biodegradable microplastics (e.g., PLA and PHA) exerts a “dy-
namic impact” on soil structure. In the initial stage, similar to traditional microplastics,
biodegradable microplastics promote the formation of small-particle aggregates. However,
as their degradation progresses, these biodegradable microplastics continue to release
soluble organic matter, which further binds soil particles and gradually forms large-particle
aggregates [69]. The carbon immobilization by large-particle aggregates mainly relies on
physical encapsulation, and their turnover rate is relatively fast. Compared with the chem-
ically stable carbon immobilization by small-particle aggregates, their long-term carbon
sequestration capacity is weaker [70]. Another study has confirmed that adding polyester
(PET) ultrafine fibers (a type of non-biodegradable microplastics) to soil significantly re-
duces soil bulk density and the number of water-stable aggregates, further reflecting the
potential damage of such non-biodegradable microplastics to soil structure [71]. In addition,
earthworm activity accelerates the degradation process of biodegradable microplastics and
promotes their release of more soluble organic matter, and these soluble organic compounds
are more prone to leaching and loss with soil water, ultimately leading to a decrease in total
soil carbon content [72].

Similarly to traditional microplastics, the antioxidant defense system of earthworms
can effectively mitigate oxidative stress at low concentrations. However, as the concen-
tration increases and surpasses the antioxidant threshold, this defense system becomes
overwhelmed and ultimately fails [73]. Among the four types of microplastics tested, PS
exhibited the highest toxicity. This may be attributed to the rapid formation of a protein
corona, a layer of adsorbed proteins on the PS surface upon contact with biological systems,
which enhances its biological reactivity and toxicity [74]. Moreover, the relatively high sur-
face charge and polarity of PS particles may increase their affinity for cell membranes and
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biomolecules, facilitating cellular uptake and prolonging retention time in organisms [75].
These interactions can stimulate ROS production, disrupt membrane integrity, and promote
lipid peroxidation [76].

Degradable microplastics can undergo hydrolysis or biodegradation in soil to form
soluble organic substances such as oligomers or monomers [77], thereby increasing soil
organic carbon. And the increase in biodegradable microplastics is significantly greater
than that of traditional non-biodegradable microplastics [78]. However, in this study, as
shown in Figure 5B, the soil organic matter content in the PP and PS stress groups was
significantly higher than that in the PLA and PHA stress groups. However, the cascading
coupling effect value was significantly higher in the PLA and PHA stress groups than in the
PP and PS stress groups. On the one hand, this may be due to the “substrate competition”
between the degradation process of biodegradable microplastics and the organic matter
mineralization process mediated by earthworms, which amplifies the “obstacles” to both
parties. Due to the release of a large amount of carbon sources that are easily utilized by
microorganisms during the degradation process of biodegradable plastics, their changes in
microbial community turnover and structure are stronger than those of traditional plas-
tics [79,80], leading to the gradual succession of microbial communities to predominantly
eutrophic microorganisms (r strategy) [81]. As a typical countermeasure organism, earth-
worms compete with soil microbial communities for high-energy and easily utilizable
substrates, especially when resources are limited or external stress occurs.

On the other hand, it may be caused by the toxic effects of additives in plastic products.
Although the ultimate goal of biodegradable microplastics is to mineralize plastic products
into carbon dioxide and water, commercially produced PLA and PHA plastic products
typically contain additives (such as plasticizers, nucleating agents, masterbatch, and an-
tioxidants) that gradually release into the surrounding environment as the plastic degrades.
Biodegradable microplastics can affect the physiological and biochemical processes of or-
ganisms, causing growth inhibition, oxidative stress, and inducing cell damage [82]. In this
study (Appendix C), the path analysis model showed that the remaining path coefficients
were all less than 0.25, and the model validation passed. This indicates that there is a
close cascade coupling effect between oxidative stress indicators in earthworms and soil
total carbon content after the occurrence of microplastic stress. Further research found
(Figure 5C) that the highest cumulative pathway effect coefficient of the PLA stress group
was 1.328, while the PHA stress group could reach 1.648. Both were much higher than the
PP and PS stress groups (the former was 0.904; the latter was 0.971). This also confirms that
biodegradable microplastics are not friendly to soil ecosystems. In the future, it is necessary
to further evaluate their ecological toxicity and focus on studying the aging, degradation,
release of intermediate products and additives of biodegradable microplastics in soil.

4. Conclusions
This study is the first to integrate the oxidative stress effect of microplastics on Eisenia

fetida with the competition between the degradation of biodegradable microplastics and
earthworm-mediated organic mineralization for substrates, and construct a joint pathway
analysis model of biological physiological responses and soil ecological functions. This
model realizes the cross-scale correlation between individual physiological toxicity and
ecosystem function, providing a new framework for quantifying the comprehensive harm
of microplastics and filling the gap in the physiological–ecological linkage in the ecological
safety assessment of degradable plastics.

The stage pattern of oxidative stress markers, SOD, POD, and CAT, are warning
markers in the early stage (day 7); POD, GST, and GPX dominate free radical scavenging
and cell repair in the middle stage; and SOD activates the immune–detoxification–neural
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synergistic mechanism to cope with long-term stress in later stages, providing a basis for
temporal dynamic assessment. The toxicity mechanism of different microplastic types,
PLA, PHA, PP, and PS, all cause significant damage to the antioxidant defense system
and cell membrane integrity of earthworms, but PLA relies on POD to clear peroxides
and PP relies on GST for detoxification. PLA- and PS-induced nerve damage occurs in
the early stages of exposure, while the neurotoxic effects of PHA manifest in later stages
of stress. This thus provides key evidence revealing the long-term risks of biodegradable
plastics. Risk confirmation of biodegradable microplastics: although PLA and PHA are
biodegradable, they inhibit earthworm-mediated organic mineralization through substrate
competition and cause oxidative stress and nerve damage, confirming that they are not
environmentally friendly, especially in soil ecosystems.

In summary, these findings provide new insights into the different toxicity mechanisms
of traditional and biodegradable microplastics, and provide a scientific basis to evaluate
the ecological risks of microplastic pollution in soil and whether biodegradable plastics are
truly environmentally friendly.
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TBA thiobarbituric acid
AChE acetylcholinesterase

Appendix A
Z-Score Method for Standardization

Standardization of data. In this study, the Z-score method was used to standardize
the original data, calculated as: xpq

′ =
xpq−xq

Sq
, where p = 1, 2, · · · , j; q = 1, 2, · · · , n;

xq=
1
j ∑

j
p=1 xpq; S2

Q = 1
j−1 ∑

j
p=1

(
xpq − xq

)2

Next, the correlation coefficient matrix of the sample matrix is computed as:

R =


r11 r12 · · · r1n

r21 r22 · · · r2n

· · · · · · · · · · · ·
rn1 rn2 . . . rnm


To perform principal component extraction, the eigenvectors and eigenvalues of the

correlation matrix R are calculated. The Jacobi method is used to solve the characteristic
equation: |R − λI|= 0 , λ1 > λ2 > · · · λn ≥ 0. The corresponding eigenvectors for each
eigenvalue λφ are:

C(q) =
{

C(q)
1 , C(q)

2 , · · · , C(q)
n

}
, q = 1, 2, · · · , n

These eigenvectors satisfy the orthogonality condition:

C(q)C(k) = ∑n
p=1 C(q)

p C(k)
p =

{
1 (q = k)
0 q ̸= k

Selection of the principal component. When the variance of the first m principal
components P1, P2, · · · , Pm(m < n) and the proportion a of the total variance meet the
following conditions, the first m components P1, P2, · · · , Pm(m < n) are selected as 1, 2, . . . ,
m principal components.

α =
∑m

φ=1 λφ

∑n
φ=1 λφ

≥ 0.85

To perform statistical analysis, the score of each principal component Cηj and the
comprehensive score of each sample Sη were calculated using the following formulas: The
number of principal components η = 1, 2, . . . , m; the number of oxidative stress indicators
of microplastic j = 1, 2, . . . , 7; stress concentration n = 12 . . . 9.

Cn
η=1 = εη1Xj1 + εη2Xj2 + · · ·+ εηnXjn , Sn

η=1 =
∣∣∣∑m

η=1 Cn
ηjξη

∣∣∣
Appendix B
Extraction and Interpretation of the Main Factors

Taking an eigenvalue greater than 1 as the extraction standard, the number of the
main factors under different micro plastic stress was obtained. The cumulative contribution
rates of the main factors extracted were 82.259–100.000%, except for the treatment of PLA
exposure for the 35th day, which was 76.798%. Among them, the contribution rate of the
14th day under PP and PLA stress, the 21st day under PP stress, and the 28th day under PS
stress was more than 95%, and the cumulative contribution rate of variance after rotation
did not change, indicating that the common factors extracted by each group can represent
most of the information in the original data.
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Table A1. Eigenvalue, contribution rate and cumulative contribution rate of the main factors.

Principal
Factor

Sum of Extracted Square Loads Sum of Rotating Square Loads

Eigen Value Contribution
Rate%

Cumulative
Contribution

Rate%

Eigen
Value

Contribution
Rate%

Cumulative
Contribution

Rate%

Fpp-7-1 5.424 67.803 67.803 5.282 66.022 66.022
Fpp-7-2 1.773 22.167 89.97 1.916 23.948 89.97
Fps-7-1 5.772 72.147 72.147 4.399 54.989 54.989
Fps-7-2 1.754 21.92 94.067 3.126 39.078 94.067
Fpla-7-1 7.07 88.371 88.371 - - -
Fpha-7-1 6.356 79.455 79.455 4.522 56.521 56.521
Fpha-7-2 1.178 14.731 94.186 3.013 37.665 94.186

Fpp-14-1 5.018 62.723 62.723 5.004 62.55 62.55
Fpp-14-2 1.682 21.022 83.745 1.383 17.292 79.841
Fpp-14-3 1.019 12.733 96.478 1.331 16.636 96.478
Fps-14-1 4.276 53.456 53.456 3.641 45.508 45.508
Fps-14-2 1.823 22.784 76.24 1.997 24.961 70.469
Fps-14-3 1.387 17.338 93.577 1.849 23.109 93.577
Fpla-14-1 3.705 46.307 46.307 3.091 38.638 38.638
Fpla-14-2 2.894 36.176 82.483 2.999 37.491 76.129
Fpla-14-3 1.327 16.591 99.074 1.836 22.945 99.074
Fpha-14-1 4.403 55.039 55.039 3.667 45.84 45.84
Fpha-14-2 2.4 30.005 85.044 3.136 39.204 85.044

Fpp-21-1 4.662 58.274 58.274 3.55 44.37 44.37
Fpp-21-2 1.772 22.149 80.423 2.516 31.449 75.819
Fpp-21-3 1.413 17.657 98.08 1.781 22.261 98.08
Fps-21-1 6.586 82.321 82.321 - - -
Fpla-21-1 6.796 84.951 84.951 - - -
Fpha-21-1 7.261 90.765 90.765 - - -

Fpp-28-1 3.148 39.348 39.348 2.845 35.566 35.566
Fpp-28-2 2.446 30.574 69.922 2.666 33.328 68.895
Fpp-28-3 1.95 24.38 94.302 2.033 25.408 94.302
Fps-28-1 3.894 48.67 48.67 3.71 46.379 46.379
Fps-28-2 2.283 28.536 77.206 2.396 29.95 76.329
Fps-28-3 1.611 20.141 97.347 1.681 21.018 97.347
Fpla-28-1 5.164 64.546 64.546 4.521 56.517 56.517
Fpla-28-2 2.224 27.805 92.351 2.867 35.834 92.351
Fpha-28-1 5.018 62.729 62.729 3.588 44.853 44.853
Fpha-28-2 1.562 19.53 82.259 2.993 37.407 82.259

Fpp-35-1 4.091 51.132 51.132 3.682 46.03 46.03
Fpp-35-2 1.795 22.433 73.565 2.009 25.113 71.143
Fpp-35-3 1.533 19.163 92.728 1.727 21.585 92.728
Fps-35-1 4.254 53.176 53.176 3.818 47.725 47.725
Fps-35-2 2.612 32.654 85.83 3.048 38.105 85.83
Fpla-35-1 4.138 51.719 51.719 3.336 41.704 41.704
Fpla-35-2 1.892 23.654 75.373 2.64 33 74.704
Fpla-35-3 1.328 16.602 91.974 1.382 17.27 91.974
Fpha-35-1 4.628 57.856 57.856 4.393 54.908 54.908
Fpha-35-2 1.515 18.943 76.798 1.751 21.891 76.798

Notes: Fa-b-c represents the C major factor of PP, PS, PLA and PHA microplastics stress on the B day.
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Appendix C
Analysis of Factor Load Matrix

In order to solve practical problems, we should not only extract the main factors, but
also understand the practical significance of each factor. Therefore, it is necessary to rotate
the factor load matrix to better explain the practical significance of each factor. In this
study, the maximum variance method is used to rotate the load matrix of the original factor
orthogonally, and SPSS 19.0 is used to calculate the factor load matrix after rotation, so as
to ensure that each factor can be interpreted more accurately. This indicates the main factor
load of eight indicators (TP, POD, CAR, MDA, SOD, AchE, GST, and GPX) on that day, and
reflects the correlation between the main factor and the original data.

The common degree indicates the degree to which the information contained in each
variable can be interpreted by the extracted principal components. The closer the value is
to 1, the better. In all treatment groups, the commonality reached the highest of 1, most
of which was greater than 0.8, indicating that most of the information of variables can be
explained by the main factor, and the information of variables is less lost, and the overall
effect of factor extraction is ideal. On the 21st day of PLA stress, the commonality of POD,
CAT, MDA and AchE was greater than 0.9, that of SOD and GPX was greater than 0.8,
and that of GST was 0.393, which was the smallest among all the experimental groups,
indicating that the information of POD, SOD, CAT, MDA, AchE and GPX were retained
relatively completely and the extraction effect was ideal.

Taking the 7th day under PP stress as an example to explain the significance of each
main factor, Fpp-7-1 (the first main factor), the eigenvalue was 5.424, the contribution rate
was 67.803%, and the contribution rate after rotation was 66.022%. The main correlation
indexes are SOD and GPX, which are highly correlated. The maximum factor load in the
positive axis direction is SOD (the factor load after rotation is 0.983), and the maximum
factor load in the negative axis direction is GPX (the factor load after rotation is −0.98).
The load of the two indexes in the first main factor is greater than 0.98, and is more closely
related to the first main factor fpp-1-1.

Table A2. Factor load matrix and common degree of variables.

Principal Factor
Feature Vector

TP POD CAT MDA SOD AChE GST GPX

Fpp-7-1 −0.919 0.277 0.934 0.975 0.983 0.738 0.255 −0.98
Fpp-7-2 −0.357 −0.756 −0.287 0.036 0.183 0.642 0.828 0.044

Communalities 0.972 0.649 0.956 0.952 1 0.956 0.751 0.963

Fps-7-1 −0.724 0.957 0.184 0.766 0.769 0.927 0.062 0.941
Fps-7-2 −0.676 0.273 0.909 0.576 0.578 0.327 0.959 −0.277

Communalities 0.788 0.995 0.985 0.929 0.976 0.945 0.907 0.962

Fpla-7-1 −0.986 0.941 0.998 0.955 0.968 0.976 0.925 −0.749

Communalities 0.971 0.886 0.996 0.912 0.936 0.952 0.856 0.561

Fpha-7-1 −0.814 0.97 0.817 0.916 0.919 0.503 0.558 −0.059
Fpha-7-2 −0.558 0.027 0.553 0.376 0.379 0.686 0.806 −0.996

Communalities 0.974 0.942 0.973 0.98 0.987 0.724 0.96 0.995
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Table A2. Cont.

Principal Factor
Feature Vector

TP POD CAT MDA SOD AChE GST GPX

Fpp-14-1 −0.987 0.862 0.159 0.966 0.955 0.927 0.088 0.74
Fpp-14-2 −0.139 −0.385 0.954 0.237 0.016 0.312 −0.179 −0.345
Fpp-14-3 −0.059 0.324 −0.148 −0.032 0.152 −0.204 0.954 −0.475

Communalities 0.997 0.997 0.958 0.991 0.935 0.998 0.949 0.893

Fps-14-1 0.506 −0.731 0.855 0.104 −0.945 0.96 0.224 −0.491
Fps-14-2 −0.698 0.574 −0.431 0.957 0.088 0.144 0.225 −0.025
Fps-14-3 −0.213 0.361 0.261 0.053 0.273 0.046 0.898 0.849

Communalities 0.788 0.995 0.985 0.929 0.976 0.945 0.907 0.962

Fpla-14-1 0.351 −0.044 −0.084 0.252 −0.659 −0.861 0.856 0.994
Fpla-14-2 −0.933 0.067 0.98 0.938 −0.253 0.466 −0.014 0.038
Fpla-14-3 0.047 0.993 −0.169 0.201 0.703 0.113 −0.516 0.062

Communalities 0.996 0.993 0.995 0.984 0.993 0.971 0.999 0.993

Fpha-14-1 −0.073 0.971 0.136 0.636 0.816 −0.179 −0.967 0.814
Fpha-14-2 −0.973 0.23 0.944 0.772 0.508 0.588 0.111 −0.183

Communalities 0.953 0.996 0.91 1 0.924 0.378 0.947 0.696

Fpp-21-1 −0.884 0.929 0.923 0.328 0.142 0.903 −0.025 0.331
Fpp-21-2 −0.466 0.319 −0.061 0.927 −0.217 0.349 0.62 0.883
Fpp-21-3 −0.03 0.098 0.332 0.138 0.947 −0.247 0.777 −0.279

Communalities 1 0.974 0.966 0.987 0.965 0.997 0.989 0.968

Fps-21-1 −0.963 0.839 0.821 0.949 0.953 0.938 0.941 0.84

Communalities 0.928 0.704 0.674 0.901 0.908 0.879 0.886 0.705

Fpla-21-1 −0.971 0.991 0.954 0.985 0.909 0.952 0.627 0.93

Communalities 0.944 0.982 0.911 0.97 0.827 0.906 0.393 0.864

Fpha-21-1 −0.976 0.992 0.98 0.996 0.93 0.998 0.794 0.938

Communalities 0.952 0.984 0.961 0.993 0.864 0.997 0.631 0.88

Fpp-28-1 −0.455 0.932 0.854 0.932 0.16 −0.36 −0.072 −0.113
Fpp-28-2 −0.878 0.223 0.013 −0.068 0.974 0.914 0.203 0.128
Fpp-28-3 −0.117 0.049 0.378 −0.348 −0.159 0.186 0.934 −0.905

Communalities 0.991 0.92 0.872 0.993 1 0.999 0.92 0.849

Fps-28-1 −0.897 0.317 0.919 −0.609 0.988 0.082 0.223 0.746
Fps-28-2 −0.37 0.915 0.36 0.219 0.054 0.955 −0.03 −0.573
Fps-28-3 −0.176 0.247 −0.052 0.761 −0.078 −0.057 0.973 0.226

Communalities 0.972 0.999 0.978 0.998 0.985 0.922 0.998 0.936

Fpla-28-1 −0.997 0.896 0.246 0.83 0.572 0.858 −0.354 0.887
Fpla-28-2 −0.032 0.4 0.91 −0.332 −0.72 −0.497 0.894 −0.449

Communalities 0.995 0.962 0.889 0.799 0.846 0.983 0.925 0.988

Fpha-28-1 −0.859 0.462 −0.183 0.693 0.392 0.9 −0.8 0.721
Fpha-28-2 −0.27 0.787 0.895 0.475 0.891 0.21 0.086 0.654

Communalities 0.81 0.834 0.834 0.705 0.947 0.854 0.647 0.948

Fpp-35-1 −0.114 −0.335 0.896 0.906 −0.409 −0.881 0.991 −0.096
Fpp-35-2 0.157 0.773 0.335 −0.194 0.343 0.379 −0.113 −0.982
Fpp-35-3 0.969 −0.293 0.105 0.376 −0.72 0.032 −0.061 −0.163

Communalities 0.977 0.795 0.925 1 0.803 0.921 0.999 1

Fps-35-1 0.541 −0.908 0.6 0.797 0.072 0.949 −0.461 −0.767
Fps-35-2 −0.781 −0.274 0.785 0.124 0.952 0.237 −0.771 0.418

Communalities 0.902 0.9 0.976 0.65 0.911 0.957 0.807 0.763

Fpla-35-1 −0.968 0.898 0.129 0.361 0.746 0.304 −0.247 0.858
Fpla-35-2 0.046 0.004 −0.901 0.453 0.643 0.558 −0.919 0.229
Fpla-35-3 0.105 0.329 −0.058 0.798 0.132 −0.771 0.05 −0.086
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Table A2. Cont.

Principal Factor
Feature Vector

TP POD CAT MDA SOD AChE GST GPX

Communalities 0.95 0.915 0.831 0.972 0.987 0.998 0.909 0.796

Fpha-35-1 −0.899 0.744 0.6 0.822 0.885 0.871 −0.042 0.673
Fpha-35-2 −0.378 0.534 0.215 −0.077 0.449 −0.344 0.974 −0.054

Communalities 0.951 0.838 0.406 0.681 0.985 0.876 0.95 0.456

Appendix D
Principal Component Comprehensive Score Chart

Based on the PCA model, linear regression equations for the principal components of
each experimental group were established. Using the variance contribution rate of each
principal component as a weighting factor, the scores of principal components (Cn

ηj, sum-
marized in Figure 5) and comprehensive evaluation scores (Sn

η, summarized in Table A2)
were calculated for the treatment groups at different exposure durations.
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Figure A1. Principal component comprehensive score chart.
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Appendix E
Partial Results of Path Analysis

Table A3. Summary of path analysis model.

Stress
Concentration (PP) Factor Direct Path

Coefficient Indirect Path Coefficient Coefficient of
Determination

Total Indirect
Coefficient

Total
Effect

PP

100 mg/kg

→X1 →X5 →X6

0.947
X1 −0.894 0.392 0.086 0.478 0.417
X5 −0.749 0.468 −0.116 0.352 0.396
X6 0.517 −0.148 0.168 0.020 0.537

500 mg/kg

→X3 →X5 →X7

0.971
X3 −1.248 0.103 0.431 0.534 0.715
X5 0.519 −0.247 −0.696 −0.943 0.424
X7 1.094 −0.492 −0.330 −0.821 0.273

1000 mg/kg

→X1 →X2 →X3

0.994
X1 −2.104 1.167 0.427 1.594 0.510
X2 1.467 −1.674 0.291 −1.383 0.084
X3 0.519 −1.731 0.823 −0.908 0.389

1500 mg/kg

→X1 →X3 →X4

0.999
X1 −0.403 −0.054 0.297 0.242 0.160
X3 −0.184 −0.119 0.852 0.733 0.550
X4 1.145 −0.104 −0.137 −0.241 0.904

PS

100 mg/kg

→X2 →X3 →X5

0.998
X2 −0.277 0.414 −0.084 0.330 0.053
X3 0.463 −0.248 −0.243 −0.491 0.028
X5 1.056 0.022 −0.107 −0.085 0.971

500 mg/kg

→X2 →X3 →X7

0.980
X2 1.279 −0.391 −0.643 −1.035 0.245
X3 −0.986 0.508 −0.262 0.246 0.741
X7 0.708 −1.162 0.365 −0.798 0.090

1000 mg/kg

→X2 →X6 →X7

0.999
X2 −1.175 0.254 0.231 0.485 0.690
X6 0.335 −0.891 −0.224 −1.115 0.781
X7 0.892 −0.304 −0.084 −0.388 0.504

1500 mg/kg

→X1 →X4 →X7

0.988
X1 −2.255 1.335 0.324 1.659 0.596
X4 1.586 −1.898 0.187 −1.711 0.125
X7 0.528 −1.385 0.560 −0.824 0.296

PLA

100 mg/kg

→X2 →X4 →X7

0.980
X2 2.041 0.010 −2.274 −2.264 0.223
X4 −0.273 −0.072 −0.339 −0.411 0.683
X7 2.408 −1.928 0.038 −1.889 0.519

500 mg/kg

→X1 →X3 →X6

0.988
X1 −0.992 −0.538 1.289 0.751 0.241
X3 1.027 0.520 −0.994 −0.475 0.553
X6 1.576 −0.812 −0.648 −1.460 0.116

1000 mg/kg

→X4 →X6 →X7

0.999
X4 0.088 −0.574 −0.117 −0.691 0.603
X6 −0.941 0.054 0.151 0.205 0.736
X7 0.716 −0.014 −0.199 −0.213 0.503

1500 mg/kg

→X1 →X3 →X7

0.998
X1 −0.751 −0.156 −0.025 −0.181 0.931
X3 0.339 0.346 0.004 0.349 0.688
X7 0.215 0.086 0.006 0.092 0.307

PHA

100 mg/kg

→X3 →X4 →X5

0.998
X3 −0.845 −0.061 −0.083 −0.144 0.989
X4 −0.147 −0.349 −0.031 −0.380 0.527
X5 0.105 0.664 0.043 0.707 0.812

500 mg/kg

→X2 →X6 →X7

0.999
X2 0.944 −0.123 0.141 0.018 0.962
X6 −0.191 0.609 0.041 0.649 0.458
X7 −0.230 −0.579 0.034 −0.546 0.776
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Table A3. Cont.

Stress
Concentration (PP) Factor Direct Path

Coefficient Indirect Path Coefficient Coefficient of
Determination

Total Indirect
Coefficient

Total
Effect

1000 mg/kg

→X2 →X3 →X4

0.958
X2 0.166 −0.212 −0.067 −0.278 0.112
X3 −0.459 0.077 0.366 0.442 0.017
X4 −1.071 0.010 0.157 0.167 0.904

1500 mg/kg

→X1 →X2 →X3

1.000
X1 −0.065 −0.221 −0.079 −0.300 0.366
X2 0.750 0.019 0.029 0.049 0.798
X3 0.592 0.009 0.037 0.046 0.638

→a: Indirect path effect through indicator a.
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