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A B S T R A C T

As a class of emerging persistent organic pollutants (POPs), per- and polyfluoroalkyl substances (PFASs) are 
widely detected in the soil environment, posing a significant threat to the soil ecosystem and human health. 
Therefore, it is necessary to study the ecotoxicological effects of PFASs in soil. In this study, we conducted a 
comprehensive review of the toxic effects of PFASs on earthworms at the individual and sub-individual levels, 
including survival status, body weight, reproduction, oxidative damage, genes, metabolism, and so on. Results 
showed that earthworms exposed to certain concentrations of PFASs display various pathological symptoms on 
their body surfaces, a decrease in body weight and reproductive rate, and even death. The LC50 values of PFOS to 
earthworms (365–1404 mg/kg) are consistently lower than those of PFOA (544–1307 mg/kg) under the same 
exposure condition, indicating a higher toxicity of PFOS compared to PFOA. At the sub-individual level, PFASs 
may induce oxidative stress, DNA damage, aberrant gene expression, and metabolic disruption in earthworms. 
PFOS induced disruption of the nervous and metabolic system, PFHxS disrupted energy balance and elicited 
inflammation, and PFBS induced cell apoptosis in earthworms. Compared to PFOS, PFHxS may induce a greater 
degree of oxidative stress and damage, and 6:2 Cl-PFESA (F–53B) exhibited a greater propensity to disrupt the 
extracellular matrix and induce cellular ferroptosis and apoptosis in earthworms. At environmentally relevant 
concentration levels, PFOA induces significant dysregulation of pathways related to amino acid, energy, and 
sulfur metabolisms within earthworms. Bioavailability and bioaccumulation capacity of PFASs are important 
factors in determining their toxicological effects in soil, which is influenced by the molecular structure of PFASs 
and the combined effects of various environmental factors, such as soil organic matter composition and content, 
pH, PFAS concentrations and exposure duration. Finally, existing research deficiencies and future directions 
about the toxicological research of PFASs on earthworms are proposed, aiming to offer reference for ecological 
risk assessment of PFASs-contaminated soil.

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are a group of anthro
pogenically synthesized persistent organic compounds in which some or 
all hydrogen atoms on the carbon backbone are replaced by fluorine 
atoms (Buck et al., 2011). Due to the hydrophobicity, oleophobicity, 
high surface activity, heat resistance, corrosion resistance, and other 
characteristics of PFASs, they are widely used in packaging, textile, 

leather, fire-fighting foams, shampoo, floor polishing, electroplating, 
and other industrial and civil fields (Wang et al., 2014). The presence of 
high-energy carbon‑fluorine bonds in the molecular structure of PFASs 
makes them difficult to hydrolyze, photolyze and biodegrade, resulting 
in their environmental persistence (Olsen et al., 2007; Tang et al., 2024; 
Wang et al., 2022a; Wang et al., 2024b). In recent years, PFASs have 
been widely detected in environmental media such as soil, sediment, air 
and water, and have been found to migrate and transform to varying 
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degrees in different environmental media (Jin et al., 2015; Shen et al., 
2023; Wang et al., 2024b; Zhu et al., 2024). PFASs can be absorbed by 
plants, and enter animals through ingestion, respiration, and skin con
tact, and accumulate within the bodies, exerting toxicity on the endo
crine, reproductive, immune, and nervous systems, ultimately posing 
harm to ecosystems and human health (Chen et al., 2022; Chen et al., 
2024; Hong et al., 2024; Jian et al., 2017; Jin et al., 2020; Xiang et al., 
2023). Since 2009, perfluorooctane sulfonate (PFOS) and its salts, per
fluorooctane sulfonyl fluoride (PFOSF), perfluorooctanoic acid (PFOA) 
and its salts and related compounds have been successively listed as new 
persistent organic pollutants (POPs), and their production and use have 
been strictly controlled, attracting high attention from many countries 
and organizations worldwide (Lindstrom et al., 2011; Ministry of Ecol
ogy and Environment, 2019; UNEP/POPS/POPRC.15/2, 2019).

Soil is the Earth's precious natural resource and the core of the 
terrestrial ecosystem, serving as the essential foundation for human 
survival. Many studies have shown that PFASs can be detected in various 
soils from industrial pollution sites, residential areas, agricultural fields, 
and so on. The median concentrations of Σ93PFASs were 2670, 1480, 
1340 and 53 ng/g dw, respectively, in soils from four airport areas 
where fire training activities had taken place in Canada (Liu et al., 
2022). The residual concentrations of Σ21PFASs ranged from 0.244 to 
13.6 ng/g dw in soils collected from residential areas in China in 2019 
(Li et al., 2020). In 2023, the Σ17PFASs in the agricultural soils 
(including open-field and greenhouse soils) from the Fen-Wei Plain, 
China, ranged from 0.669 to 3.26 ng/g dw (Shen et al., 2023). PFASs can 
alter the structure of soil microbial communities, inhibit soil enzyme 
activities, and suppress the growth of soil bacteria, consequently dis
rupting the normal function of soil (Xing et al., 2023). In addition, PFASs 
in soil can be absorbed and accumulated by plants and soil animals, 
subsequently leading to toxic effects at the physiological, biochemical, 
and molecular levels (Adu et al., 2023; Li et al., 2023; Munoz et al., 
2020; Xu et al., 2022; Zhu et al., 2021). Overall, PFASs in soil can 
damage soil ecosystem, so it is necessary to conduct ecological risk as
sessments of PFASs-contaminated soils.

Earthworms, as a kind of invertebrate with the largest biomass in 
soil, with principal organs including the digestive system (mouth, 
pharynx, esophagus, crop, gizzard, intestine), nervous system (cerebral 
ganglia, ventral nerve cord), circulatory system (dorsal blood vessel, 
ventral blood vessel), respiratory system (body wall), excretory system 
(nephridia), and reproductive clitellum (Fig. 1) (Wang et al., 2009), play 
a crucial ecological role in soil formation, soil structure and fertility 
conservation, environmental protection, and so on (Jouquet et al., 
2006). Due to the widespread distribution in soil and high susceptibility 
to pollutants, earthworms are often used as indicator organisms of soil 

pollution. This paper comprehensively reviews the research progress on 
the toxicity of PFASs to earthworms at the individual and sub-individual 
levels, with the main types of PFASs involved as shown in Table 1, and 
analyzes the toxicity influencing factors, and puts forward the future 
research trends in the hope of providing guidance for the assessment, 
diagnosis, and remediation of soils contaminated with PFASs.

2. Toxic effects at the individual level

Current studies on the toxicity of PFASs to earthworms at the indi
vidual level primarily focus on indicators such as survival, reproduction, 
weight change, pathological symptoms, and avoidance behavior. 
Furthermore, the selected target pollutants mainly include PFOA and 
PFOS.

Fig. 1. The principal anatomical composition of the earthworms. Modified from Wang et al. (2009).

Table 1 
The basic information regarding PFASs discussed in this paper.

Full chemical name Abbreviation Molecular 
formula

CAS number

Trifluoroacetic acid TFA C2HF3O2 76–05-11
Perfluoropropionic acid PFPrA C3HF5O2 422–64-0
Perfluorobutanoic acid PFBA C4HF7O2 375–22-4
Perfluoropentanoic acid PFPeA C5HF9O2 335–67-1
Perfluorohexanoic acid PFHxA C6HF11O2 307–24-4
Perfluoroheptanoic acid PFHpA C7HF13O2 375–85-9
Pentadecafluorooctanoic 

acid
PFOA C8HF15O2 335–67-1

Perfluorononanoic acid PFNA C9HF17O2 375–95-1
Perfluorobutanesulfonic 

acid
PFBS C4HF9O3S 375–73-5

Perfluorohexanesulphonic 
acid

PFHxS C6HF13O3S 355–46-4

Perfluorooctanesulfonic acid PFOS C8HF17O3S 1763-23-1
6:2 Fluorotelomer 

carboxylic acid
6:2 FTCA C8H3F13O2 53,826–12-3

6:2 Fluorotelomer sulfonic 
acid

6:2 FTSA C8H5F13O3S 27,619–97-2

6:2 Fluorotelomer 
sulfonamidoalkyl betaine

6:2 FTAB C15H19F13N2O4S 34,455–29-3

6:2 Chlorinated 
polyfluoroalkyl ether 

sulfonate

6:2 Cl-PFESA C8HClF16O4S 73,606–19-6

N-ethyl perfluorooctane 
sulfonamide ethanol

N-EtFOSE C12H10F17NO3S 1691-99-2

Acetic acid, 2,2-difluoro-2- 
[[2,2,4,5-tetra- fluoro-5- 
(trifluorometoxy)-1,3- 

dioxolan-4-l]oxy]-, 
ammonium salt

cC6O4 C6H4F9NO6 1,190,931–27- 
1
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2.1. Survival status

The acute toxicity test for earthworms, a method in which the pol
lutants are exposed at a high dose once or multiple times within a short 
period, with the survival status as the endpoint, assesses the toxicity 
level of pollutants by determining the median lethal concentration 
(LC50). Due to its short testing duration and easy operation, the acute 
toxicity testing method is widely used in ecotoxicological assessment of 
earthworms. The LC50 values of PFASs for earthworms in existing 
literature are shown in Table 2. The filter paper contact method deter
mined the 24-h LC50 values of 25.7 to 32.4 μg/cm2 for PFOA and 20.5 to 
24.2 μg/cm2 for PFOS, while the 48-h LC50 ranged from 19.3 to 26.7 μg/ 
cm2 for PFOA and 13.6 to 15.0 μg/cm2 for PFOS. According to the 
classification criteria for determining the toxicity of chemicals to 
earthworms using the filter paper contact method (Roberts and Dor
ough, 1984), the LC50 values measured mostly ranged from 10 μg/cm2 to 
100 μg/cm2, indicating high toxicity, whereas only one study measured 

that the 24 h-LC50 and 48 h-LC50 of PFOA for earthworms were 235 and 
144 μg/cm2 respectively, indicating moderate toxicity (Feng, 2016). 
Determined through the soil cultivation method, the 7-day LC50 range of 
PFOA and PFOS for earthworms (Eisenia fetida) was found to be 711 to 
1307 mg/kg and 405 to 1404 mg/kg, respectively, while the 14-day 
LC50 values ranged from 544 to 1001 mg/kg for PFOA and 365 to 
984 mg/kg for PFOS. According to the globally unified toxicity grading 
standard (ISO 11268-1, 2012), the LC50 values obtained through both 
artificial soil and natural soil methods fall within the range of 300 to 
2000 mg/kg, indicating low toxicity. The 14d-LC50 of PFOA or PFOS for 
earthworms measured by soil test was lower than 7d-LC50, and the 48 h- 
LC50 measured by filter paper method was also lower than 24 h-LC50, 
indicating that the longer the exposure time, the greater the toxicity to 
earthworms. The LC50 of PFOS for earthworms was generally lower than 
that of PFOA, indicating that PFOS exhibited greater toxicity compared 
to PFOA. The fact that the LC50 of 6:2 Cl-PFESA for earthworms (7d- 
LC50: 1118 mg/kg, 14d-LC50: 816 mg/kg) was lower than that of PFOS 

Table 2 
The median lethal concentration (LC50) of PFASs to earthworms.

Compound Exposure 
medium

Earthworm species Exposure concentration Exposure 
time

LC50(95 % Cl) References

PFOA Artificial soil Eisenia fetida 500, 750, 1125, 
1690, 2530 mg/kg

7 d 
14 d

1307 mg/kg 
1001 mg/kg

(Joung et al., 2010)

PFOS 100, 160, 256, 
410, 655, 1050 mg/kg

7 d 
14 d

405 mg/kg 
365 mg/kg

PFOA Artificial soil Eisenia fetida 50, 250, 400, 470, 
540, 600, 800 mg/kg

14 d 760 mg/kg (Zheng et al., 2016)

PFOS 50, 250, 400, 
470, 540, 600 mg/kg

14 d 478 mg/kg

PFOA Natural soil Eisenia fetida 560, 640, 720, 
800, 880, 960 mg/kg

7 d 
14 d

850 mg/kg 
811 mg/kg

(Yuan et al., 2017)

Filter paper 16, 20, 24, 
28, 32, 36 μg/cm2

24 h 
48 h

32.4 μg/cm2 

26.3 μg/cm2

PFOS Natural soil 320, 400, 480, 
560, 640, 720 mg/kg

7 d 
14 d

628 mg/kg 
541 mg/kg

Filter paper 4, 8, 12, 
16, 20, 24 μg/cm2

24 h 
48 h

21.3 μg/cm2 

15.0 μg/cm2

PFOA Artificial soil Eisenia fetida 100, 307.2, 786.4, 
1000, 1268.3 mg/kg

7 d 965 mg/kg (Zhu, 2015)

120, 242.8, 491.5, 
868,1268.3 mg/kg

14 d 933 mg/kg

Filter paper 10, 20, 30, 
40, 50 μg/cm2

24 h 
48 h

25.7 μg/cm2 

19.3 μg/cm2

PFOA Artificial soil Eisenia fetida 50, 100, 200, 
400, 800 mg/kg

7 d 
14 d

711 mg/kg 
544 mg/kg

(Feng, 2016)

Filter paper 50, 100, 150, 
200, 300 μg/cm2

24 h 
48 h

235 μg/cm2 

144 μg/cm2

PFOA Artificial soil Eisenia fetida 560, 640, 720, 
800, 880, 960 mg/kg

7 d 
14 d

817 mg/kg 
793 mg/kg

(Xu et al., 2012)

PFOS Artificial soil Eisenia fetida 100, 491.5, 786.4, 
1000, 1258 mg/kg

7 d 
14 d

936 mg/kg 
857 mg/kg

(Yao et al., 2013)

Filter paper 7.5, 10, 30, 
40,50 μg/cm2

24 h 
48 h

24.2 μg/cm2 

15.0 μg/cm2

PFOS Artificial soil Eisenia fetida 50, 250, 400, 470, 
540, 600 mg/kg

14 d 478 mg/kg (Zheng et al., 2013b)

PFOS Artificial soil Eisenia fetida 560, 640, 720, 800, 
880, 960 mg/kg

14 d 955 mg/kg (Xu et al., 2011)

Natural soil 320, 400, 480, 560, 
640, 720, 800 mg/kg

14 d 542 mg/kg

Filter paper 4, 8, 12, 16, 
20, 24 μg/cm2

24 h 
48 h

20.5 μg/cm2 

13.6 μg/cm2

6:2 Cl-PFESA Natural soil Eisenia fetida 108, 215, 431, 646, 861, 1076, 1615, 2153 mg/ 
kg

7 d 
14 d

1118 mg/kg 
816 mg/kg

(Ge et al., 2023)

PFOS 114, 228, 457, 685, 913, 1141, 1712, 2283 mg/ 
kg

7 d 
14 d

1404 mg/kg 
984 mg/kg

PFHxS Artificial soil Eisenia fetida 1, 10, 150, 250, 
500, 750, 1000 mg/kg

14 d 271 mg/kg (Samarasinghe et al., 
2023)Natural soil 207 mg/kg

PFOA Natural soil Aporrectodea 
caliginosa 
(juvenile)

0.5, 2.3, 4.6, 
9.2, 18.4 mg/kg

28 d 15.7 mg/kg (Delor et al., 2023)

PFOS 0.3, 1.7, 3.5, 
6.9, 13.9 mg/kg

31.7 mg/kg

PFOA+PFOS 0.4, 0.7, 1.8, 3.6, 5.4, 
7.3, 14.5, 29.0 mg/kg

9.91 mg/kg
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(7d-LC50: 1404 mg/kg, 14d-LC50: 984 mg/kg) suggested that the novel 
substitute 6:2 Cl-PFESA exhibit greater toxicity compared to PFOS (Ge 
et al., 2023), consistent with previous findings in studies involving 
humans (Liu et al., 2023), mice (Zhang et al., 2018), and zebrafish (Gui 
et al., 2023). Xu et al. (2011) reported that the 14d-LC50 of PFOS for 
earthworms measured by natural soil and artificial soil methods were 
542 and 955 mg/kg, respectively. Similarly, Samarasinghe et al. (2023)
reported that the 14d-LC50 of PFHxS for earthworms measured by nat
ural soil and artificial soil methods were 207 and 271 mg/kg, respec
tively. These two studies suggested that the toxicity of PFOS and PFHxS 
to earthworms in natural soil may differ from that in artificial soil. It is 
well known that, unlike artificial soil, various factors such as concomi
tant chemical substances, microorganisms, and physicochemical prop
erties of soil present in natural soil may influence the bioavailability and 
toxicity of PFASs. Therefore, when conducting toxicity experiments, it is 
recommended to preferentially use natural soil as the research medium 
as it closely resembles the natural environmental conditions, thereby 
providing more accurate results reflecting the actual toxicity caused by 
contaminated soil.

Some studies set up longer exposure time and lower exposure con
centrations to investigate the subacute toxic effects of PFASs on earth
worms. Feng (2016) conducted a 28-day PFOA exposure experiment 
using natural soil and revealed a significant decrease in the survival rate 
of earthworms at the concentration of 50 mg/kg. However, He et al. 
(2016) also conducted a 28-day PFOA exposure experiment using nat
ural soils collected from Williamstown (New South Wales) and Edin
burgh (South Australia), finding that even at the highest concentration 
of 100 mg/kg, all earthworms survived. Of particular concern was the 
significant reduction in earthworm (Eisenia fetida) survival observed 
following a 21/28-day exposure to environmentally relevant concen
tration (200 ng/g) of PFOA or PFOS (Han et al., 2023). In addition to 
using artificially contaminated soils, a few studies also directly used 
naturally contaminated soils for toxicity testing. Exposing earthworms 
to three different soil samples collected near an Australian firefighting 
training area with detected concentrations of PFOS at 1.83 mg/kg, 9.26 
mg/kg, and 16.2 mg/kg, respectively for a duration of 30 days, resulted 
in complete mortality of earthworms in the highest concentration soil, 
while all earthworms survived in the other two soils with a reduction in 
body weight of approximately 50 % (Das et al., 2015). These indicate 
that the toxic effects have a great relationship with the composition and 
physicochemical properties of soils. Moreover, the natural environ
mental conditions are complex, which are often characterized by a 
combination of multiple pollutants, so the toxic effect on earthworms 
may be more serious.

In the toxicological study of earthworms, the most commonly 
selected earthworm is Eisenia fetida. This is primarily due to its high 
sensitivity to pollutants and strong reproductive capacity, as well as its 
short lifecycle. Only Zareitalabad et al. (2013) investigated the effects of 
PFOA and PFOS at three concentrations (1, 100, and 500 mg/kg) on 
endogeic earthworm (Aporrectodea caliginosa). The results showed that 
all earthworms survived at the concentration of 1 mg/kg, and the sur
vival rate was less than 40 % at the concentration of 100 mg/kg, and all 
earthworms died at the concentration of 500 mg/kg. Delor et al. (2023)
found that the 28d-LC50 values of PFOA, PFOS and PFOA&PFOS for 
juvenile endogeic earthworm (Aporrectodea caliginosa) were 15.7, 31.7, 
and 9.91 mg/kg, respectively. These 28-day LC50 values are more than 
ten times lower than the 7d/14d-LC50 values of PFOA and PFOS for 
Eisenia fetida (Table 2). We hypothesize that this difference may be 
attributed to the weaker resistance of juvenile worms to pollutant stress, 
variability in earthworm species, and differences in exposure duration. 
The co-exposure of PFOA and PFOS resulted in the LC50 lower than that 
of individual exposures, indicating that the combined toxicity of PFOA 
and PFOS to earthworms may exhibit synergistic effects. Additionally, in 
this study, the LC50 of PFOA for earthworms was lower than that of 
PFOS, contrary to the previously mentioned possibility of PFOA's acute 
toxicity to earthworms being less than that of PFOS. The likely reason for 

the opposite finding is that the LC50 value (31.7 mg/kg) of PFOS for 
earthworms obtained through linear fitting in this study falls outside the 
concentration range (0.3–13.9 mg/kg) set for the study, resulting in a 
significant margin of error. Apart from the aforementioned LC50 value, 
the LC5 (6.8 mg/kg) and LC10 (8.41 mg/kg) of PFOA for earthworms 
were both greater than those of PFOS (LC5: 3.01 mg/kg, LC10: 5.47 mg/ 
kg), which demonstrated that the acute toxicity of PFOS to earthworms 
was greater than that of PFOA. Overall, the response of different 
earthworm species exposed to PFASs may be different, but there is a lack 
of research data in this regard.

2.2. Weight change

Some studies have shown that PFASs can affect the growth of 
earthworms, with changes in body weight commonly used to assess 
growth toxicity. Zheng et al. (2016) conducted an acute toxicity expo
sure experiment using artificial soil to assess the effects of PFOA and 
PFOS on earthworms. They observed that the growth inhibition rate of 
surviving earthworms increased with increasing pollutant concentration 
during the 14-day experiment (50–800 mg/kg), exhibiting a clear dose- 
response relationship, similar to the results obtained in another 14-day 
PFOS exposure experiment (50–600 mg/kg) (Zheng et al., 2013b). 
Compared to the control group, Li (2013) and Xu et al. (2013) found that 
the weight of earthworms exposed to 10–120 mg/kg PFOS- 
contaminated artificial soil significantly decreased after 28 days. The 
28-day PFOA exposure experiment also showed that the weight of sur
viving earthworms significantly decreased at concentrations of 10 and 
50 mg/kg (Feng, 2016), as well as 25–100 mg/kg (He et al., 2016). 
Zareitalabad et al. (2013) found that the weight of surviving earthworms 
(Aporrectodea caliginosa) was significantly reduced when exposed to 
PFOA and PFOS at the concentration of 1 mg/kg and 100 mg/kg for 40 
days. The weight loss may be attributed, on one hand, to earthworms 
employing a natural survival strategy of reducing feeding to avoid 
further toxin absorption. On the other hand, it could be due to the 
decline in physiological functions of earthworms under the toxic effects 
of pollutants. Further research is needed to elucidate the underlying 
mechanisms involved.

There is a lack of studies on the toxicity of other PFASs to earth
worms, except for PFOA and PFOS. Zhao et al. (2014c) exposed earth
worms to a composite soil contaminated with 11 different PFASs 
(PFCAs: PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFUnDA, PFDoDA; 
PFSAs: PFBS, PFHxS, PFOS) at a concentration of 1 mg/kg for 14 days 
and found no significant change in earthworm weight. Karnjanapi
boonwong et al. (2018) investigated the effects of PFBS, PFHxS, PFNA, 
and PFHpA on earthworms using a natural soil method, and no signifi
cant impact on earthworm mortality or weight was observed at con
centrations of 1 mg/kg and below for these four PFASs after 21 days of 
exposure.

2.3. Pathological symptoms

Earthworms exposed to certain concentrations of PFASs may exhibit 
varying degrees of pathological symptoms. In the filter paper contact 
test, earthworms exhibited severe symptoms of epidermal ulceration, 
segmental breakage, and bleeding when exposed to 10–300 μg/cm2 of 
PFOA (Feng, 2016; Zhu, 2015). In the artificial soil test, earthworms 
exposed to PFOA (100–1268 mg/kg) exhibited toxic symptoms such as 
intense reactions to dissection needles, sluggish movements, yellow 
body fluids exuding from the surface, congestion, body atrophy, 
segmental breakage, and reproductive ring swelling (Xu et al., 2012; 
Zhu, 2015). During the acute toxicity testing of PFOS on Eisenia fetida, 
similar pathological symptoms were observed as those seen under PFOA 
exposure (Xu et al., 2011; Yao et al., 2013). However, in Joung et al.'s 
experiment (2010), no significant pathological changes were observed 
in the surviving earthworms, even under high concentrations of 655 mg/ 
kg PFOA and 1690 mg/kg PFOS exposure in a 14-day artificial soil test.
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2.4. Reproduction

Currently, there is limited research on the reproductive toxicity of 
PFASs on earthworms. Feng (2016) studied the reproductive toxicity of 
PFOA on Eisenia fetida using a 28-day natural soil method. The results 
showed that the cocoon production and hatching rates of earthworms 
gradually decreased with increasing concentrations (1–50 mg/kg) of 
PFOA, and significant effects were observed at a concentration of 50 
mg/kg. Han et al. (2023) found that compared to the control group, 
PFOS (0.2 mg/kg) significantly reduced the reproductive rate of earth
worms, while PFOA (0.2 mg/kg) had no significant effect, indicating 
that the reproductive toxicity of PFOS to earthworms may be greater 
than that of PFOA. Furthermore, the PFAS concentration (0.2 mg/kg) in 
this study was similar to the maximum concentration found in non-site- 
polluted soils (Adu et al., 2023). Therefore, there is a critical need to 
prioritize the toxicity of environmentally relevant concentrations of 
PFAS to earthworms to safeguard biodiversity and soil ecological safety. 
Melo et al. (2022) found that earthworm reproduction was inhibited 
after 56 days of exposure to multi-contaminated soil in which the con
centrations of PFOS and PFOA were 0.026 and 0.150 mg/kg, respec
tively, from a former military airport in Germany. For the novel 
substitute of PFOA in Italy, the fluorinated surfactant cC6O4, exhibited 
no significant effects on earthworm survival even after a 28-day expo
sure at the highest concentration of 1390 mg/kg (Bizzotto et al., 2024). 
However, reproduction, measured by juvenile production, appears to be 
a more sensitive toxicological endpoint than survival. After a 56-day 
exposure, the median effect concentration (EC50) for earthworm repro
duction was determined to be 10.4 mg/kg (Bizzotto et al., 2024).

2.5. Avoidance behavior

Since the International Organization for Standardization (ISO) 
drafted the method for assessing the behavioral effects of compounds on 
earthworms in 2005, the earthworm avoidance behavior test has been 
widely applied in the ecological risk assessment of contaminated soil. 
However, previous studies have reported limited information regarding 
earthworm avoidance behavior under PFAS contamination exposure. 
Yuan et al. (2017) found that earthworms exhibited significant avoid
ance behavior after 48 h of exposure to natural soil contaminated with 
400 mg/kg PFOA and 160 or 320 mg/kg PFOS, suggesting that the 
habitat function of the soil has been disrupted by the contaminants. The 
study conducted by Xu et al. (2012) demonstrated that earthworms 
exposed to artificial and natural soils contaminated with 160 mg/kg 
PFOA also exhibited significant avoidance response after 48 h. In gen
eral, avoidance response is more sensitive and easier to measure than 
acute toxicity, making it a valuable tool for early diagnosis of soil 
pollution.

3. Toxic effects at the sub-individual level

Current research on the sublethal toxicity of PFASs to earthworms 
primarily focuses on oxidative stress, genetics, metabolism, digestive 
function, and lysosomal membrane damage. Indicators used to charac
terize these five types of toxicity can serve as biomarkers within earth
worms for ecological risk assessment of soil pollution, including 
antioxidant system enzymes, cellulase, non-enzymatic substances in the 
antioxidant system, extent of DNA damage in coelomocytes, genes, cy
tochrome P450, endogenous metabolites, and lysosomal membrane 
stability.

3.1. Oxidative stress

Oxidative stress within earthworms is a toxic effect that arises when 
the production of excessive reactive oxygen species (ROS), which are 
byproducts of normal aerobic metabolism in organisms, exceeds the 
capability of their inherent antioxidant defense system to neutralize 

them (Sack et al., 2017). When exposed to PFASs, earthworms produce 
excessive ROS within their bodies. To prevent the potential damage 
caused by ROS, the antioxidant system operates to eliminate ROS and 
reduce its accumulation. However, as exposure time lengthens and 
pollutant concentrations increase, the earthworms' inherent antioxidant 
defense system becomes insufficient to rapidly clear the excessive ROS 
induced by the pollutants. This results in a disruption of the dynamic 
balance of ROS, leading to oxidative stress. Additionally, this may 
further induce lipid peroxidation, protein damage, DNA damage, and 
cell apoptosis in earthworms (Fig. 2). Therefore, the activity of antiox
idant enzymes and the content of non-enzymatic substances in the 
antioxidant defense system are important indicators for evaluating the 
degree of oxidative stress within earthworms.

3.1.1. Antioxidant enzymes
The antioxidant enzymes that have received attention in previous 

studies on the toxicity of PFASs to earthworms include superoxide dis
mutase (SOD), peroxidase (POD), catalase (CAT), glutathione peroxi
dase (GSH-PX), and glutathione-S-transferase (GST). SOD, which is the 
most potent enzyme in antioxidant capacity, is a class of metal
loenzymes that catalyze the dismutation reaction of superoxide anion 
radicals, generating hydrogen peroxide (H2O2) and oxygen (O2), thereby 
mitigating the oxidative damage caused by superoxide anions and the 
resulting ROS (Ighodaro and Akinloye, 2018). SOD is known as the first 
intracellular detoxification enzyme. Due to its ability to catalyze various 
oxidation reactions using peroxides (ROOH) as electron acceptors, POD 
possesses the capability to eliminate H2O2, and is frequently selected as 
a biomarker in toxicological studies involving animals and plants 
(Passardi et al., 2007). CAT is an enzyme that protects cells from 
oxidative damage by converting H2O2 into water (H2O) and further 
oxidizing it into O2, playing a critical role in the biological defense 
system (Gill and Tuteja, 2010). GSH-PX is an endogenous antioxidant 
enzyme that utilizes glutathione (GSH) as an electron donor to catalyze 
the reduction of H2O2 and organic hydroperoxides to O2 and H2O 
(Moore and Sparling, 1995). CAT、POD and GSH-PX exhibit a syner
gistic effect, working together to facilitate the conversion of H2O2 
generated by SOD-catalyzed dismutation reactions into harmless O2 and 
H2O, thereby effectively preventing the toxicity of H2O2 to the organism 
(Mittler, 2002). GST, the most important phase II detoxification enzyme 
in organisms, not only plays an antioxidative role by scavenging free 
radicals but also leads to the formation of nontoxic and easily excretable 
derivatives by catalyzing the conjugation of thiol group (-SH) on GSH 
with electrophilic groups from exogenous or endogenous pollutants 
(Sheehan et al., 2001; Wilce and Parker, 1994; Xu et al., 2013).

Previous research findings share a common characteristic where the 
antioxidant enzymes within earthworms exposed to certain PFAS- 
contaminated soil exhibit a pattern of initial promotion followed by 
inhibition with increasing exposure duration and concentration. 
Furthermore, the degree of inhibition becomes stronger with higher 
exposure concentration. For example, Xu et al. (2012) discovered that 
the SOD activity in earthworms exhibited a trend of “low promotion 
followed by high inhibition” with increasing exposure concentration, 
and the GSH-PX activity was generally suppressed after 42 days of 
exposure to PFOA concentration ranging from 10 to 120 mg/kg. Zhao 
et al. (2017) investigated the potential impact of PFOA on Eisenia fetida 
using an artificial soil method. Results showed that with increasing 
exposure duration (7–28 days) and concentration (5–40 mg/kg), SOD 
activity exhibited an overall trend of initial activation followed by in
hibition, while POD, CAT, and GST displayed a pattern of initial inhi
bition followed by promotion and then inhibition again. Moreover, 
compared to the control, CAT activity decreased with increasing expo
sure concentration, and the SOD, POD, and GST activities reduced the 
most at the highest concentration of 40 mg/kg after 28 days of exposure, 
suggesting the greatest degree of oxidative stress occurring within the 
earthworms. Another study also found that the SOD, CAT, GST, and 
GSH-PX activity in earthworms exhibited a trend of initial activation 
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followed by inhibition with increasing PFOA exposure duration (3–42 
days) and concentration (10–120 mg/kg) (Wang et al., 2021). Yuan et al. 
(2017) investigated the impact of PFOA and PFOS on antioxidant en
zymes in earthworms. The results showed that, compared to the control 
group, earthworms exposed to PFOA-contaminated soil at concentration 
of 50 mg/kg exhibited a significant pattern of initial increase followed 
by a subsequent decrease in SOD activity with increasing exposure 
duration (3–14 days). Furthermore, the extent of reduction was signif
icantly higher in the 50 mg/kg treatment compared to the 10 mg/kg 
treatment after 14 days. Earthworms exposed to PFOS-contaminated soil 
exhibited a trend in which SOD activity initially increased and then 
decreased with rising exposure concentrations (12.5–200 mg/kg) after 
14 days of exposure.

There are a few reports on the impact of novel substitutes and short- 
chain homologs of PFOA and PFOS on earthworm antioxidant enzymes. 
Previous studies have shown an elevation in the activity levels of SOD, 
GST, POD, and CAT in earthworms exposed to the PFOA substitute 6:2 
FTCA (62 ng/g), the PFOS substitute 6:2 FTAB (5.89 ng/g), and the 
typical PFOS precursor N-EtFOSE (0.009 nmol/g) through natural soil 
exposure methodology (Zhao et al., 2016b; Zong, 2022; Zong et al., 
2022). Exposure to 6:2 fluorotelomer sulfonic acid (6:2 FTSA) and short- 
chain perfluorocarboxylic acids (TFA, PFPrA, PFBA, PFPeA, PFHxA, 
PFHpA) significantly increased SOD, POD, CAT, and GST activity in 
earthworms (Liu, 2021). Furthermore, compared to the treatments with 
perfluorocarboxylic acids (PFCAs) of the same or shorter perfluoro
carbon chain length, the enzyme activity changes were more pro
nounced under the 6:2 FTSA treatment, suggesting that 6:2 FTSA may 
exhibit stronger toxicity to earthworms than corresponding or shorter 
PFCAs (Liu, 2021). In summary, the significant changes in antioxidant 
enzyme activity in earthworms exposed to sublethal doses of PFASs 
suggest that it can serve as an indicator of whether soil is contaminated 
with PFASs. However, the fluctuating and unstable nature of the in
creases or decreases in antioxidant enzyme activity under different 
concentrations and exposure duration suggests that antioxidant enzyme 
activity cannot accurately indicate the extent and type of PFASs 
contamination in soil.

3.1.2. Non-enzymatic substances

3.1.2.1. Glutathione (GSH). Glutathione (GSH) in earthworms can react 
with various oxygen free radicals to generate GSH-PX, which is capable 
of scavenging ROS, playing a crucial role in the synergistic antioxidant 
defense process. Under pollution stress, earthworms can generate ROS in 
their bodies. In the early stage, excessive ROS can be eliminated through 
the action of antioxidant enzymes and GSH. However, in the later stages, 
when antioxidant enzymes fail to function effectively and GSH is 
depleted, excessive ROS can cause oxidative stress. Previous studies 
have revealed a significant reduction in the GSH content in earthworms 
under PFOS contamination stress (Li, 2013; Xu et al., 2013). Further
more, Wang et al. (2021) found that the GSH content in earthworms 
exposed to 40, 80, and 120 mg/kg PFOA-contaminated soil exhibited a 
significant decrease after 7 days, followed by a significant increase after 
14 days. Ultimately, the GSH level returned to the control level at the 
end of the experiment. The significant decrease in the GSH content may 
be attributed to its consumption in response to overcoming excessive 
ROS generated under PFOA contamination stress, and the observed in
crease in the GSH level may be attributed to the activation of compen
satory mechanisms by cells within the earthworms in response to 
oxidative stress. The eventual return to the normal level comparable to 
the control group might be associated with the adaptive response to 
prolonged exposure to pollution.

3.1.2.2. Malonaldehyde (MDA). Malonaldehyde (MDA) is the end 
product of lipid peroxidation when free radicals react with unsaturated 
fatty acids within biomembranes, inducing various forms of cellular 
damage to a certain extent (Du et al., 2015). The MDA content can 
directly reflect the degree of lipid peroxidation and indirectly indicate 
the level of free radicals, making it one of the better predictive indicators 
of oxidative damage (Xu et al., 2013). The study conducted by Zhao 
et al. (2017) demonstrated that the MDA content in earthworms 
significantly increased after 28 days of exposure to PFOA at concen
trations of 5, 20, and 40 mg/kg, with the highest increase observed at 40 
mg/kg. In Li’s study (2013), it was found that there was no significant 
effect on the MDA content in earthworms after 7 days of exposure to 

Fig. 2. The mechanism of oxidative stress and damage response in earthworms exposed to PFASs.
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PFOS-contaminated soil (10–120 mg/kg), but significantly increased as 
the exposure duration increased. The MDA content in earthworms 
significantly increased under 6:2 FTSA contamination exposure, while 
there was no significant change in response to PFCAs with carbon chain 
lengths that were either equal to or shorter than 6:2 FTSA, suggesting 
that oxidative damage induced by 6:2 FTSA may be stronger than that 
caused by short-chain PFCAs (Liu, 2021). Generally speaking, in the 
early stage of exposure to PFASs, the earthworm's antioxidant system is 
capable of eliminating ROS induced by pollutants, successfully defend
ing against oxidative stress, and preventing significant lipid peroxida
tion reactions. Therefore, there is no significant change in the MDA 
content. However, as the exposure duration increases and pollutant 
concentration rises, the amount of ROS produced exceeds the defense 
capacity limitations of the earthworm's antioxidant system, ultimately 
leading to lipid peroxidation and an increase in MDA content.

3.2. Genetic toxicity

3.2.1. DNA damage
Deoxyribonucleic acid (DNA) is a vital genetic material within or

ganisms and is susceptible to damage from both internal and external 
factors. The DNA damage of coelomocytes in earthworms caused by 
exogenous pollutants has been extensively utilized in molecular eco
toxicological research on earthworms. Currently, the research on DNA 
damage to coelomocytes in earthworms caused by PFASs is primarily 
conducted using the comet assay which is a highly efficient method for 
assessing the extent of DNA damage at the single-cell level (Moller et al., 
2020). The comet image of nuclear DNA in coelomocytes of healthy 
earthworms appears relatively intact, whereas those of damaged nuclear 
DNA exhibit a prominent phenomenon of “comet tailing” (Xu et al., 
2013). Previous studies indicated that under PFOA and PFOS stress, 
coelomocyte DNA in earthworms exhibited significant tailing phenom
ena in comet images, and the length, distance, and DNA content of tails 
increased with the exposure concentration increasing (Feng, 2016; Li, 
2013; Wang et al., 2021; Xu et al., 2013). Furthermore, another study 
revealed that non-lethal concentrations (10, 50, 250 mg/kg) of PFOS 
caused DNA damage to coelomocytes in earthworms during the acute 
exposure period (14 days), but DNA damage exhibited a recovery trend 
with prolonged exposure time during the sub-acute exposure period (28 
and 42 days) (Zheng et al., 2013a). We speculate that the DNA damage 
was caused by the induction of DNA strand breaks and chromosomal 
aberrations due to excessive ROS generated within earthworms. The 
recovery of DNA damage may be associated with the ability of coelo
mocytes that suffered from low damage, to gradually restore themselves 
through intrinsic repair mechanisms.

3.2.2. Differential gene expression
Transcriptomics utilizes high-throughput sequencing to obtain ge

netic information sequences at the RNA level for studying intracellular 
gene transcription and transcription regulation patterns (Gong and 
Perkins, 2016; Lowe et al., 2017). The field of earthworm toxicology has 
extensively utilized transcriptomics to analyze the impact of pollutants 
on gene expression levels, thereby investigating the toxic mechanisms of 
pollutants on earthworms. Mayilswami et al. (2014) investigated the 
impact of chronic PFOS exposure (10 mg/kg, 8 months) on the expres
sion of human homologs related to neuronal development in earth
worms. They annotated the functions of over 2000 differentially 
expressed genes (DEGs) using BLAST and UniProt databases and vali
dated the expression of differential genes associated with neuronal 
calcium sensor-2 (NCS-2) and nucleoside diphosphate kinase-1 (NDK-1) 
through the real-time quantitative PCR technique (RT-qPCR). Ulti
mately, they found that chronic PFOS exposure significantly altered the 
expression of genes related to calcium homeostasis and neuronal 
development. Another study reported abnormal gene expression related 
to cell apoptosis, reproduction, neuronal development, calcium ho
meostasis, and lipid metabolism in earthworms after exposure to 10 mg/ 

kg PFOA-contaminated soil for 8 months (Mayilswami et al., 2016). In 
addition, Feng (2016) utilized RT-qPCR to determine that the gene 
expression of SOD and CAT in earthworms exhibited initial upregulation 
followed by downregulation after exposure to low-dose PFOA (0–10 
mg/kg) for 28 days. In a study examining the varying toxicities of 
environmentally relevant concentrations (0.2 mg/kg) of PFOS and its 
substitutes PFBS, PFHxS, and 6:2 FTSA on earthworms, it was observed 
that after 56 days of exposure, PFOS induced disruption of the nervous 
and metabolic system, PFHxS disrupted energy balance and elicited 
inflammation, PFBS induced cell apoptosis, while 6:2 FTSA did not 
exhibit any adverse impacts on the transcriptome (Li et al., 2023). 
Exploring genes with high sensitivity and specificity toward PFAS 
exposure for further validation and development as biomarkers holds 
the potential to make novel contributions in the fields of ecotoxicolog
ical diagnostics and soil quality monitoring.

3.3. Metabolic toxicity

3.3.1. Exogenous metabolism
Cytochrome P450 (CYP450), as a metabolic enzyme, can respond to 

pollutants and participate in the metabolism and detoxification of 
exogenous contaminants (Lu et al., 2017). There is limited research on 
the effects of PFASs on CYP450 in earthworms, with only one study 
reporting the changes in CYP450 activity after exposure to PFOS 
(12.5–200 mg/kg) using a 14-day artificial soil method. The results 
indicated that compared to the control group, the CYP450 activity in 
earthworms exhibited an enhancement in the low-concentration group 
but inhibition in the high-concentration group. Furthermore, there was a 
clear dose-response relationship between the PFOS concentration and 
the CYP450 activity after 4 days (Yao et al., 2013). Whether CYP450 in 
earthworms can serve as a biomarker for the ecological risk assessment 
of PFASs contamination requires further extensive research to provide 
data support and elucidate the underlying mechanisms.

3.3.2. Endogenous metabolism
Metabolomics, an omics approach that has emerged after genomics, 

transcriptomics, and proteomics, can comprehensively and systemati
cally reveal the toxic effects and mechanisms of exogenous disruptors on 
organisms by investigating the dynamic changes of endogenous me
tabolites and combining statistical methods in bioinformatics. There
fore, metabolomics technology plays an important role in the evaluation 
of long-term toxic effects of low-dose environmental pollutants and 
provides new ideas and methods for the screening of sensitive and 
specific biomarkers in earthworms (Griffin, 2004). Lankadurai et al. 
(2012, 2013) utilized 1H NMR-based metabolomics technology and 
revealed significant alterations in the concentrations of 2-hexyl-5-ethyl- 
3-furansulfonate (HEFS), betaine, and ATP in earthworms exposed to 
PFOA or PFOS, verifying that PFOA and PFOS may interfere with fatty 
acid oxidation, energy metabolism and ATP synthesis, as well as disrupt 
the structure of biological membranes in earthworms. Another study 
employing integrated transcriptomics and untargeted metabolomics 
approaches found that PFOS and 6:2 Cl-PFESA primarily disrupt protein 
digestion and amino acid absorption, lipid metabolism, and immune 
responses in earthworms (Ge et al., 2023). Moreover, 6:2 Cl-PFESA 
exhibited a greater propensity to disrupt the extracellular matrix and 
induce cellular ferroptosis and apoptosis compared to PFOS, suggesting 
a potentially lower toxicity of PFOS relative to its novel substitute, 6:2 
Cl-PFESA (Ge et al., 2023). Of particular concern is a study utilizing 
targeted metabolomics, which found that exposure to environmentally 
relevant concentration of PFOA (122 ± 9.2 ng/g) for 28 days resulted in 
significant dysregulation of pathways related to amino acid, energy, and 
sulfur metabolisms within earthworms, whereas the metabolic impact 
caused by PFOS (122 ± 15.2 ng/g) was minimal (Han et al., 2023). The 
finding that PFOA exerts a greater impact on earthworm metabolism 
than PFOS, contrary to the previously mentioned higher toxicity of PFOS 
compared to PFOA on individual indicators, is intriguing. We believe 
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that further validation experiments are necessary to substantiate these 
conclusions and to elucidate their underlying mechanisms. Overall, 
PFASs may disrupt the metabolic activities of earthworms and the 
endogenous metabolites that exhibit significant changes in response to 
PFASs exposure may serve as potential biomarkers for diagnosing PFAS- 
contaminated soil.

3.4. Digestive toxicity

3.4.1. Cellulase
Cellulase is an important digestive enzyme present in earthworm gut 

tissues, and its activity can directly reflect the ability of earthworms to 
decompose soil organic matter (Luo et al., 2009). In toxicity studies on 
earthworms related to pesticide contamination, cellulase is commonly 
used as a biomarker. For instance, deltamethrin and acetochlor can 
inhibit the cellulase activity in earthworms (Sheehan et al., 2001; Shi 
et al., 2007). To date, there have been limited studies on the impact of 
PFASs contamination on cellulase in earthworms. Only one study con
ducted by Yuan et al. (2017) has found that cellulase activity in earth
worms exhibited an overall pattern of initial inhibition followed by 
promotion under PFOA exposure, while it showed an initial promotion 
followed by inhibition under PFOS exposure. Further research is needed 
to investigate the reasons behind these phenomena.

3.4.2. Lysosomal membrane damage
Lysosome, a cellular organelle primarily involved in digestion pro

cesses within earthworms, is referred to as a specific biomarker of 
pollutant toxicity at the subcellular level (Weeks and Svendsen, 1996). 
Neutral red dye can rapidly accumulate in the lysosomes of coelomo
cytes in earthworms. When earthworms are subjected to pollution stress, 
the permeability of lysosomal membrane increases and stability de
creases, leading to gradual leakage of neutral red dye into the cytoplasm 
(Svendsen et al., 2003). Therefore, the neutral red retention time 
(NRRT) measured through the neutral red assay is commonly employed 
to characterize the stability of lysosomal membranes. Wang et al. (2021)
observed a decrease in NRRT values with increasing concentration 
(10–120 mg/kg) of PFOA and prolonged exposure time (3–42 days) 
during the artificial soil cultivation process. In other studies, the single 
and combined toxic effects of PFOA and arsenite, or PFOS and arsenate, 
on earthworms were studied using the artificial soil method, respec
tively. The results showed that NRRT values in all treatment groups were 
significantly lower than those in the control group after the exposure 
period (Wang et al., 2022b; Wang et al., 2022c). Therefore, the stability 
of earthworm lysosomal membrane may serve as a biomarker to indicate 
the toxic effects of PFASs on earthworms and the biomonitoring of soil 
contamination.

3.5. Comprehensive toxicity assessment

Single biomarker is often insufficient to provide a comprehensive 
assessment of the toxic effects of pollutants on earthworms. Therefore, 
several studies introduce biomarker index to provide a more compre
hensive toxicity assessment. The “Integrated Biomarker Response” (IBR) 
is the area of a star plot of standardized biomarker responses and one of 
the most commonly used methods in field and laboratory studies 
(Sanchez et al., 2013). Li et al. (2023) evaluated the combined toxicity of 
PFOS, PFHxS, PFBS and 6:2 FTSA to earthworms by measuring physi
ological indices (ROS, SOD, CAT, GST, MDA, 8-OHdG) as well as the 
levels of gene expression (CRT, HSP70, TCTP, ANN) using the IBR 
method. The results showed that the toxicity of these pollutants to 
earthworms was in the order of 6:2 FTSA<PFBS<PFOS<PFHxS (Li et al., 
2023). Similarly, two studies using weight change rate, antioxidant 
enzyme activities (SOD, CAT, GST, GPx), lipid peroxidation level, met
allothionein content, and lysosomal membrane stability as biomarkers 
applied the IBR and “Biomarker Response Index” (BRI) to access the 
combined toxicity of arsenate (As(V)) and PFOS, or arsenite (As(III)) and 

PFOA in earthworms (Wang et al., 2022b; Wang et al., 2022c). The re
sults indicated that the combined exposure to As(V) and PFOS, or As(III) 
and PFOA were more toxic to earthworms than individual exposures, 
with As(V) being more toxic than PFOS and As(III) more toxic than 
PFOA (Wang et al., 2022b; Wang et al., 2022c).

4. Key factors influencing the toxicity of PFASs to earthworms

The bioavailability of PFASs in soil is an important factor in deter
mining their toxicological effects, which is influenced by the molecular 
structure of PFASs and the combined effects of various environmental 
factors, such as soil organic matter composition and content, pH, and 
aging time. A previous study found that the bioavailability of per
fluoroalkyl acids (PFAAs) in peat soils was 3–10 times lower than in the 
plain farmland soil due to sequestration of PFAAs in soil (Zhao et al., 
2016a). Surprisingly, in the peat soil with high organic carbon content 
(59 %), PFAAs were completely sequestered in soil, while sequestered 
PFAAs were still bioavailable to earthworms. Aging may lead to further 
sequestration of PFAAs in soils with relatively low SOM content. 
Moreover, the sequestration capacity of PFASs in different soils showed 
a changing pattern of increasing with decreasing pH, which is consistent 
with the finding that adsorption of PFAAs on humic substances and 
minerals decreased with increasing solution pH (Zhao et al., 2014a; 
Zhao et al., 2014b). Fabregat-Palau et al. (2021) found through model 
fitting that the higher the soil sand content, the smaller the soil-water 
partition coefficient, indicating that the weaker the adsorption capac
ity of the soil for PFASs. Burkhard and Votava (2022) compiled studies 
on the bioaccumulation of PFASs in earthworms and found that earth
worms generally exhibit higher bioaccumulation potential in soils with a 
higher sand content. In addition, both the length of perfluorocarbon 
chain and the functionality of head group affected the distribution and 
desorption of PFASs in soil. Zhao et al. (2016a) found that the seques
tration of PFAAs in soil was more pronounced with increasing perfluo
rocarbon chain length, and PFSAs were more easily sequestrated than 
PFCAs with the same carbon chain length. Although PFOS and its novel 
alternative 6:2 Cl-PFESA have the same carbon chain length, the larger 
chlorine atom replacing a fluorine atom and the addition of an ether 
bond makes the molecular volume of 6:2 Cl-PFESA larger than that of 
PFOS, which contributes to greater adsorption (Chen et al., 2018; Gomis 
et al., 2015).

Bioaccumulation capacity is also an important factor influencing the 
toxicity of organic pollutants. In general, the stronger the bio
accumulation capacity of a pollutant, the greater its biotoxicity. The 
ability of PFASs to bioaccumulate in earthworms depends mainly on the 
difference between functional groups and carbon chain lengths in their 
molecular structures. A review on the bioaccumulation of PFASs in 
earthworms suggests that the mean values of biota-soil accumulation 
factor (BSAF) for PFOS and PFOA were 0.167 and 0.0413, respectively 
(Burkhard and Votava, 2022). The main reason for the difference in 
bioaccumulation capacity between PFOA and PFOS may be related to 
the type of polar groups at their termini (Bai et al., 2023; Wang et al., 
2024b). PFAAs readily accumulate in the blood, and serum albumin is 
their main carrier protein in the blood (Beale et al., 2022; Forsthuber 
et al., 2020). The type and nature of functional groups are key factors in 
determining the strength of the binding affinity of PFAAs to albumin, 
which is considered to be the main mechanism for their bioaccumulation 
and tissue distribution (Bai et al., 2023; Ng and Hungerbuehler, 2014). 
Evidence from several studies suggested that PFAAs carrying sulfonic 
acid groups have a stronger binding affinity for albumin than those 
carrying carboxylic acid groups for the same carbon chain length, and 
thus exhibit higher bioaccumulation capacity and toxicity (Bai et al., 
2023; Chi et al., 2018; Gorrochategui et al., 2014; Wang et al., 2024b). 
Therefore, PFOS are usually more toxic than PFOA. Morever, carbon 
chain length is a key factor influencing the bioaccumulation and toxicity 
of PFAAs. As the carbon chain length increases, the hydrophobicity of 
molecular tail increases and the spatial resistance decreases, which in 
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turn provides more potential binding sites. As a result, PFAAs with 
longer carbon chain usually show stronger affinity for serum proteins, 
which may lead to their higher bioaccumulation and toxicity (Bai et al., 
2023; Bischel et al., 2011; Zhang et al., 2009). In fact, the review did also 
find that BSAFs of PFSAs in earthworms showed a general pattern of 
increasing with increasing carbon chain length (PFBS-PFDS) (Burkhard 
and Votava, 2022), and this phenomenon may be the key to the fact that 
the toxicity of PFOS and PFHxS was greater than that of PFBS in 
earthworms (Li et al., 2023).

There are insufficient data on the accumulation of novel PFASs other 
than PFAAs (PFCAs and PFSAs) in earthworms. Statistically, the BSAF of 
6:2 FTSA in earthworms was much higher than that of C4–7 PFCAs and 
C4–7 PFSAs with shorter carbon chain lengths (Burkhard and Votava, 
2022). Thus, 6:2 FTSA induced oxidative stress in earthworms to a 
significantly greater extent than short-chain PFCAs, probably mainly 
because of its sulfonic acid fraction and longer carbon chain length 
leading to higher bioaccumulation capacity. However, 6:2 FTSA was less 
toxic to earthworms than PFBS, PFOS and PFHxS (Li et al., 2023), which 
may be related to its lower bond energy of C–H bond in the molecule, 
resulting in lower molecular energy and thus easier degradation to 
short-chain PFCAs by biotic or abiotic processes (Lu et al., 2019; Zhao 
et al., 2021). In addition, Ge et al. (2023) found that PFOS was less toxic 
to earthworms than its novel substitute 6:2 Cl-PFESA. Although the 
bioaccumulation data of 6:2 Cl-PFESA in earthworms are not clear, it has 
been confirmed that the bioaccumulation capacity of 6:2 Cl-PFESA is 
stronger than that of PFOS in crucian carp (Shi et al., 2015), black- 
spotted frog (Cui et al., 2018), and freshwater alga (Liu et al., 2018). 
The accumulation and toxicity of PFOS and its novel substitute 6:2 Cl- 
PFESA in earthworms should be investigated in depth in future 
studies, especially the effects of the Cl substituent and ether bond of 6:2 
Cl-PFESA on the bioaccumulation capacity and toxicity.

5. Current limitations and future perspectives

Although the detected concentration of PFASs in soil is relatively 
low, long-term exposure to low concentration can lead to various toxic 
effects on earthworms, which should not be overlooked in terms of their 
potential harm to the ecological environment and human health. In 
recent years, more and more countries have begun to pay attention to 
the problem of PFASs pollution in the soil environment. By sorting and 
summarizing relevant literature at home and abroad, we have found that 
ecotoxicological studies using earthworms as model organisms are 
becoming increasingly mature. However, the toxicological study of 
PFASs on earthworms is currently very limited, and there are still a se
ries of issues and potential directions to be studied.

With the prohibition of traditional PFASs such as PFOA and PFOS in 
industrial production, a variety of novel PFASs have been detected in 
soil in recent years. The existing research on the toxicity of PFASs to 
earthworms mostly focused on PFOA and PFOS, while there is a signif
icant paucity of studies on the toxicity of novel PFASs to earthworms. In 
the future, efforts should be directed toward filling the data gap on the 
foundational toxicity of emerging PFASs to earthworms. In addition, 
PFASs often coexist with other contaminants in actually contaminated 
soils, and their co-occurring toxicity does not appear to be a simple 
superposition of effects (Wang et al., 2022c). Current studies on the 
toxicity of PFASs to earthworms have mainly focused on the toxicity 
assessment of single PFASs. Therefore, when studying the toxicity of 
PFASs to earthworms, the co-existence of PFASs with other pollutants in 
actual soils should be considered, and exposure experiments for single 
and compound pollutants should be designed in combination with the 
key pollutant and their concentration levels. At the same time, the ex
periments should combine the laboratory conditions with the exposure 
scenarios of actual contaminated soils in order to more accurately assess 
the ecological risks of PFASs in complex soil environments.

Different earthworm species possibly lead to distinctive toxic out
comes. Currently, Eisenia fetida is most commonly used in soil 

ecotoxicology studies due to its high sensitivity to pollutants, high 
reproductive capacity and short life cycle (Wang et al., 2024a). In the 
previous studies on the toxicity of PFASs to earthworms, Eisenia fetida 
was usually chosen as the test earthworm. However, different species of 
earthworms may have different tolerances and sensitivities to pollutants 
due to differences in body size and immunity, etc. Eisenia fetida is 
considered to be more tolerant of contaminants than most earthworm 
species (Lowe and Butt, 2007). Moreover, the habitats of different spe
cies of earthworms may vary, e.g. Eisenia fetida and Eisenia andrei are not 
common in agricultural soils, whereas Aporrectodea caliginosa and 
Lumbricus terrestris are common in arable land (Bart et al., 2018). It is 
also important to note that current research on the toxicity of PFASs to 
earthworms predominantly centers on the whole organismal level, 
neglecting the imperative investigation from the perspective of different 
organs. It is suggested that future studies employ techniques such as 
“Mass Spectrometry Imaging” to examine the accumulation capacity of 
PFASs in different organs, thereby further elucidating the toxicological 
responses at the molecular level. In the future, utilizing different species 
of earthworms and various target organs as subjects in soil toxicology 
research could enhance the comprehensiveness and accuracy of toxi
cological studies, providing more effective scientific support for envi
ronmental protection and ecological safety.

The exposure concentration and duration of pollutants are key fac
tors in determining the intensity of their toxic effects. PFASs are 
extremely environmentally persistent and chemically stable. Therefore, 
in general, the toxicity of PFASs to earthworms increases with increasing 
exposure concentration and duration. A comprehensive analysis of the 
literature showed that the 14d-LC50 of PFASs on earthworms was 
generally lower than the 7d-LC50. In subacute toxicity studies, the effects 
of PFASs on oxidative stress and damage in earthworms were found to 
increase with increasing exposure concentration and duration. Howev
er, the relationship between the strength of the toxicity response of 
earthworms and the exposure concentration and exposure time should 
also take into account factors such as the sensitivity of the assessment 
index and the concentration threshold for the toxic effect. In addition, 
the exposure concentrations of PFASs in the existing studies were mostly 
in the mg/kg range, which were much higher than the concentrations of 
PFASs in the actual soil, and the exposure times were 7d, 14d and 28d, 
which could not simulate the toxic effects of PFASs on earthworms in the 
actual soil environment, which is a real-life situation of low concen
tration and long-term exposure. Therefore, investigating the chronic 
toxicity of PFASs to earthworms at environmentally relevant concen
trations is a key focus for future research.

Conventional biomarkers, such as antioxidant enzymes and lipid 
peroxidation levels, typically respond to a wide range of pollutants. 
However, there is a lack of specific biomarkers for assessing the toxicity 
of PFASs in earthworms. The screening of biomarkers with specific re
sponses to PFASs utilizing combined techniques of genomics, metab
olomics, and multivariate statistics, is of more significant importance for 
the diagnosis and risk assessment of PFASs-contaminated soils. Specif
ically, multivariate statistical methods such as principal component 
analysis (PCA), partial least squares regression (PLS), and random forest 
(RF) can be employed to integrate and analyze multi-omics data, iden
tifying genes or metabolites that are highly associated with PFAS 
exposure. Subsequently, the expression changes of the selected genes 
and metabolites can be validated under laboratory conditions, utilizing 
techniques such as gene knockout, overexpression, or RNA interference 
for biological function verification. Finally, potential biomarkers can be 
applied in natural environments to assess their environmental relevance.

Due to the extensive variety of PFASs, conducting earthworm toxi
cology tests for each PFASs individually would require a substantial 
workload. In future researches, endeavors should be made to explore the 
application of model calculations and machine learning in predicting the 
toxicity of PFASs to earthworms, such as constructing the quantitative 
structure-activity relationship (QSAR) model of toxic effects of PFASs on 
earthworms by machine learning. However, current foundational data 
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on the toxicity of PFASs to earthworms are insufficient for modeling 
purpose. Therefore, future researches should prioritize filling these data 
gaps and exploring the relationship between chemical structure, physi
cochemical properties and toxicity of PFASs, to develop high-quality 
models that can quantify the impact of different chemical structures 
and key physicochemical factors on earthworm toxicity, providing 
critical insights for a comprehensive assessment of PFASs' toxicity to 
earthworms and promoting the green development of soil ecosystems.
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Bioaccumulation of zwitterionic polyfluoroalkyl substances in earthworms exposed 
to aqueous film-forming foam impacted soils. Environ. Sci. Technol. 54 (3), 
1687–1697. https://doi.org/10.1021/acs.est.9b05102.

Ng, C.A., Hungerbuehler, K., 2014. Bioaccumulation of perfluorinated alkyl acids: 
observations and models. Environ. Sci. Technol. 48 (9), 4637–4648. https://doi.org/ 
10.1021/es404008g.

Olsen, G.W., Burris, J.M., Ehresman, D.J., Froehlich, J.W., Seacat, A.M., Butenhoff, J.L., 
Zobel, L.R., 2007. Half-life of serum elimination of perfluorooctanesulfonate, 
perfluorohexanesulfonate, and perfluorooctanoate in retired fluorochemical 
production workers. Environ. Health Perspect. 115 (9), 1298–1305. https://doi.org/ 
10.1289/ehp.10009.

Passardi, F., Theiler, G., Zamocky, M., Cosio, C., Rouhier, N., Teixera, F., Margis- 
Pinheiro, M., Ioannidis, V., Penel, C., Falquet, L., Dunand, C., 2007. PeroxiBase: the 
peroxidase database. Phytochem 68 (12), 1605–1611. https://doi.org/10.1016/j. 
phytochem.2007.04.005.

Roberts, B.L., Dorough, H.W., 1984. Relative toxicities of chemicals to the earthworm 
Eisenia foetida. Environ. Toxicol. Chem. 3 (1), 67–78. https://doi.org/10.1897/1552- 
8618(1984)3[67:Rtoctt]2.0.Co;2.

Sack, M.N., Fyhrquist, F.Y., Saijonmaa, O.J., Fuster, V., Kovacic, J.C., 2017. Basic biology 
of oxidative stress and the cardiovascular system part 1 of a 3-part series. J. Am. Coll. 
Cardiol. 70 (2), 196–211. https://doi.org/10.1016/j.jacc.2017.05.034.

Samarasinghe, V.A.C., Bahar, M.M., Qi, F.J., Yan, K.H., Liu, Y.J., Naidu, R., 2023. 
Evaluating PFHxS toxicity to invertebrates and microbial processes in soil. Environ. 
Chem. Ecotoxicol. 5, 120–128. https://doi.org/10.1016/j.enceco.2023.03.003.

Sanchez, W., Burgeot, T., Porcher, J.-M., 2013. A novel “integrated biomarker response” 
calculation based on reference deviation concept. Environ. Sci. Pollut. Res. 20 (5), 
2721–2725. https://doi.org/10.1007/s11356-012-1359-1.

Sheehan, D., Meade, G., Foley, V.M., Dowd, C.A., 2001. Structure, function and evolution 
of glutathione transferases: implications for classification of non-mammalian 
members of an ancient enzyme superfamily. Biochem. J. 360, 1–16. https://doi.org/ 
10.1042/0264-6021:3600001.

Shen, L.N., Zhou, J., Liang, X.X., Qin, L., Wang, T.C., Zhu, L.Y., 2023. Different sources, 
fractionation, and migration of legacy and novel per- and polyfluoroalkyl substances 
between greenhouse and open-field soils. Environ. Sci. Technol. https://doi.org/ 
10.1021/acs.est.2c07500.

Shi, Y.J., Shi, Y.J., Wang, X., Lu, Y.L., Yan, S.F., 2007. Comparative effects of lindane and 
deltamethrin on mortality, growth, and cellulase activity in earthworms (Eisenia 
fetida). Pestic. Biochem. Physiol. 89 (1), 31–38. https://doi.org/10.1016/j. 
pestbp.2007.02.005.

Shi, Y.L., Vestergren, R., Zhou, Z., Song, X.W., Xu, L., Liang, Y., Cai, Y.Q., 2015. Tissue 
distribution and whole body burden of the chlorinated polyfluoroalkyl ether sulfonic 
acid F-53B in crucian carp (Carassius carassius): evidence for a highly 
bioaccumulative contaminant of emerging concern. Environ. Sci. Technol. 49 (24), 
14156–14165. https://doi.org/10.1021/acs.est.5b04299.

Svendsen, C., Spurgeon, D.J., Hankard, P.K., Weeks, J.M., 2003. A review of lysosomal 
membrane stability measured by neutral red retention: is it a workable earthworm 
biomarker? Ecotoxicol. Environ. Saf. 57 (1), 20–29. https://doi.org/10.1016/j. 
ecoenv.2003.08.009.

Tang, L.F., Yu, X., Zhao, W., Barcelo, D., Lyu, S.G., Sui, Q., 2024. Occurrence, behaviors, 
and fate of per- and polyfluoroalkyl substances (PFASs) in typical municipal solid 
waste disposal sites. Water Res. 252. https://doi.org/10.1016/j. 
watres.2024.121215.

UNEP/POPS/POPRC.15/2, 2019. Consideration of a Proposal for the Inclusion of 
Perfluorhexane Sulfonic Acid (CAS no: 355–46-4, PFHxS), its Salts and PFHxS- 
Related Compounds in Annexes a. B and/or C to the convention, Persistent Organic 
Pollutants Review Committee Fifteenth Meeting Rome. 

Wang, C., Yao, X.F., Li, X.X., Wang, Q., Jiang, N., Hu, X., Lv, H.J., Mu, B.Y., Wang, J., 
2024a. Fosthiazate, a soil-applied nematicide, induces oxidative stress, neurotoxicity 
and transcriptome aberrations in earthworm (Eisenia fetida). J. Hazard. Mater. 463. 
https://doi.org/10.1016/j.jhazmat.2023.132865.

Wang, J.L., Lin, Z.H., He, X.X., Song, M.R., Westerhoff, P., Doudrick, K., Hanigan, D., 
2022a. Critical review of thermal decomposition of per- and polyfluoroalkyl 
substances: mechanisms and implications for thermal treatment processes. Environ. 
Sci. Technol. 56 (9), 5355–5370. https://doi.org/10.1021/acs.est.2c02251.

Wang, K.D., Yan, G.Z., Ma, G.Y., Ye, D.D., 2009. An earthworm-like robotic endoscope 
system for human intestine: design, analysis, and experiment. Ann. Biomed. Eng. 37 
(1), 210–221. https://doi.org/10.1007/s10439-008-9597-6.

C. Qin et al.                                                                                                                                                                                                                                      Applied Soil Ecology 206 (2025) 105853 

11 

https://doi.org/10.1016/j.envint.2017.07.024
https://doi.org/10.1021/acs.est.0c01644
https://doi.org/10.1021/acs.est.5b00212
https://doi.org/10.1021/acs.est.5b00212
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0175
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0175
https://doi.org/10.1016/j.apsoil.2005.07.004
https://doi.org/10.1016/j.chemosphere.2018.02.027
https://doi.org/10.1016/j.chemosphere.2018.02.027
https://doi.org/10.3390/metabo3030718
https://doi.org/10.3390/metabo3030718
https://doi.org/10.1071/en12112
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0200
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0200
https://doi.org/10.1016/j.scitotenv.2023.166689
https://doi.org/10.1016/j.scitotenv.2023.166689
https://doi.org/10.1016/j.envint.2019.105419
https://doi.org/10.1021/es2011622
https://doi.org/10.1021/es2011622
https://doi.org/10.1021/acs.est.1c04798
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0225
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0225
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0225
https://doi.org/10.1016/j.envpol.2017.10.039
https://doi.org/10.1016/j.envpol.2017.10.039
https://doi.org/10.1021/acs.est.3c03952
https://doi.org/10.1016/j.ejsobi.2007.08.028
https://doi.org/10.1371/journal.pcbi.1005457
https://doi.org/10.1371/journal.pcbi.1005457
https://doi.org/10.1016/j.chemosphere.2016.12.052
https://doi.org/10.1021/acs.est.9b06323
https://doi.org/10.1021/acs.est.9b06323
https://doi.org/10.1016/j.chemosphere.2009.07.026
https://doi.org/10.1016/j.chemosphere.2009.07.026
https://doi.org/10.1016/j.ecoenv.2014.09.017
https://doi.org/10.1016/j.ecoenv.2014.09.017
https://doi.org/10.1007/s10646-016-1634-x
https://doi.org/10.1016/j.jhazmat.2022.128771
https://doi.org/10.1016/j.jhazmat.2022.128771
http://www.mee.gov.cn/xxgk2018/xxgk/xxgk01/201903/t20190312_695462.html
http://www.mee.gov.cn/xxgk2018/xxgk/xxgk01/201903/t20190312_695462.html
https://doi.org/10.1016/s1360-1385(02)02312-9
https://doi.org/10.1038/s41596-020-0398-1
https://doi.org/10.1128/iai.63.4.1603-1607.1995
https://doi.org/10.1128/iai.63.4.1603-1607.1995
https://doi.org/10.1021/acs.est.9b05102
https://doi.org/10.1021/es404008g
https://doi.org/10.1021/es404008g
https://doi.org/10.1289/ehp.10009
https://doi.org/10.1289/ehp.10009
https://doi.org/10.1016/j.phytochem.2007.04.005
https://doi.org/10.1016/j.phytochem.2007.04.005
https://doi.org/10.1897/1552-8618(1984)3[67:Rtoctt]2.0.Co;2
https://doi.org/10.1897/1552-8618(1984)3[67:Rtoctt]2.0.Co;2
https://doi.org/10.1016/j.jacc.2017.05.034
https://doi.org/10.1016/j.enceco.2023.03.003
https://doi.org/10.1007/s11356-012-1359-1
https://doi.org/10.1042/0264-6021:3600001
https://doi.org/10.1042/0264-6021:3600001
https://doi.org/10.1021/acs.est.2c07500
https://doi.org/10.1021/acs.est.2c07500
https://doi.org/10.1016/j.pestbp.2007.02.005
https://doi.org/10.1016/j.pestbp.2007.02.005
https://doi.org/10.1021/acs.est.5b04299
https://doi.org/10.1016/j.ecoenv.2003.08.009
https://doi.org/10.1016/j.ecoenv.2003.08.009
https://doi.org/10.1016/j.watres.2024.121215
https://doi.org/10.1016/j.watres.2024.121215
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0370
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0370
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0370
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0370
https://doi.org/10.1016/j.jhazmat.2023.132865
https://doi.org/10.1021/acs.est.2c02251
https://doi.org/10.1007/s10439-008-9597-6


Wang, L.X., Yang, T., Liu, X.L., Liu, J.X., Liu, W.X., 2024b. Critical evaluation and meta- 
analysis of ecotoxicological data on per- and polyfluoroalkyl substances (PFAS) in 
freshwater species. Environ. Sci. Technol. 58 (40), 17555–17566. https://doi.org/ 
10.1021/acs.est.4c04818.

Wang, Z.F., Li, C.N., Shao, Y.Y., Xue, W.N., Wang, N., Xu, X.M., Zhang, Z.B., 2021. 
Antioxidant defense system responses, lysosomal membrane stability and DNA 
damage in earthworms (Eisenia fetida) exposed to perfluorooctanoic acid: an 
integrated biomarker approach to evaluating toxicity. RSC Adv. 11 (43), 
26481–26492. https://doi.org/10.1039/d1ra04097a.

Wang, Z.F., Qi, F.J., Shi, Y.F., Zhang, Z.B., Liu, L., Li, C.N., Meng, L., 2022b. Evaluation of 
single and joint toxicity of perfluorooctanoic acid and arsenite to earthworm (Eisenia 
fetida): a multi-biomarker approach. Chemosphere 291 (Pt 2), 132942. https://doi. 
org/10.1016/j.chemosphere.2021.132942.

Wang, Z.F., Shi, Y.F., Zhang, Z.B., Qi, F.J., Xue, W.N., Tian, D.H., Teng, S., 2022c. 
Assessing joint toxic effects of arsenate and perfluorooctane sulfonate on earthworm 
by combining integrated biomarker response and mixture toxicity indices. Ecol. 
Indic. 144. https://doi.org/10.1016/j.ecolind.2022.109521.

Wang, Z.Y., Cousins, I.T., Scheringer, M., Buck, R.C., Hungerbuehler, K., 2014. Global 
emission inventories for C4-C14 perfluoroalkyl carboxylic acid (PFCA) homologues 
from 1951 to 2030, part I: production and emissions from quantifiable sources. 
Environ. Int. 70, 62–75. https://doi.org/10.1016/j.envint.2014.04.013.

Weeks, J.M., Svendsen, C., 1996. Neutral red retention by lysosomes from earthworm 
(Lumbricus rubellus) coelomocytes: a simple biomarker of exposure to soil copper. 
Environ. Toxicol. Chem. 15 (10), 1801–1805. https://doi.org/10.1002/ 
etc.5620151022.

Wilce, M.C., Parker, M.W., 1994. Structure and function of glutathione S-transferases. 
Biochim. Biophys. Acta 1205 (1), 1–18. https://doi.org/10.1016/0167-4838(94) 
90086-8.

Xiang, L., Qiu, J., Chen, Q.Q., Yu, P.F., Liu, B.L., Zhao, H.M., Li, Y.W., Feng, N.X., Cai, Q. 
Y., Mo, C.H., Li, Q.X., 2023. Development, evaluation, and application of machine 
learning models for accurate prediction of root uptake of per- and polyfluoroalkyl 
substances. Environ. Sci. Technol. https://doi.org/10.1021/acs.est.2c09788.

Xing, Y.N., Li, Q., Chen, X., Huang, B., Ji, L., Zhang, Q., Fu, X.W., Li, T.Y., Wang, J.N., 
2023. PFASs in soil: how they threaten human health through multiple pathways 
and whether they are receiving adequate concern. J. Agric. Food Chem. 71 (3), 
1259–1275. https://doi.org/10.1021/acs.jafc.2c06283.

Xu, B.T., Qiu, W.H., Du, J., Wan, Z.N., Zhou, J.L., Chen, H.H., Liu, R.L., Magnuson, J.T., 
Zheng, C.M., 2022. Translocation, bioaccumulation, and distribution of 
perfluoroalkyl and polyfluoroalkyl substances (PFASs) in plants. Iscience 25 (4). 
https://doi.org/10.1016/j.isci.2022.104061.

Xu, D.M., Li, C.D., Wang, Y.H., 2012. Toxicity of perfluorooctanoic acid to earthworms 
(Eisenia foetida). Asian J. Ecotoxicol. 7 (05), 532–536.

Xu, D.M., Li, C.D., Wen, Y.Z., Liu, W.P., 2013. Antioxidant defense system responses and 
DNA damage of earthworms exposed to perfluorooctane sulfonate (PFOS). Environ. 
Pollut. 174, 121–127. https://doi.org/10.1016/j.envpol.2012.10.030.

Xu, D.M., Wen, Y.Z., Li, L., Zhong, X.C., 2011. The effect of perfluorooctane sulfonate on 
acute toxicity and avoidance behavior of earthworms. Chin. J. Appl. Ecol. 22 (01), 
215–220. https://doi.org/10.13287/j.1001-9332.2011.0008.

Yao, H.W., Zhu, J., Shen, G.X., 2013. The effect of perfluorooctane sulfonate on acute 
toxicity of earthworms. J. Saf. Environ. 13 (01), 1–4.

Yuan, Z.Q., Zhang, J.Y., Zhao, L.L., Li, J., Liu, H.B., 2017. Effects of perfluorooctanoic 
acid and perfluorooctane sulfonate on acute toxicity, superoxide dismutase, and 
cellulase activity in the earthworm Eisenia fetida. Environ. Sci. Pollut. Res. Int. 24 
(22), 18188–18194. https://doi.org/10.1007/s11356-017-9477-4.

Zareitalabad, P., Siemens, J., Wichern, F., Amelung, W., Joergensen, R.G., 2013. Dose- 
dependent reactions of Aporrectodea caliginosa to perfluorooctanoic acid and 
perfluorooctanesulfonic acid in soil. Ecotoxicol. Environ. Saf. 95, 39–43. https://doi. 
org/10.1016/j.ecoenv.2013.05.012.

Zhang, H.X., Zhou, X.J., Sheng, N., Cui, R.N., Cui, Q.Q., Guo, H., Guo, Y., Sun, Y., Dai, J. 
Y., 2018. Subchronic hepatotoxicity effects of 6:2 chlorinated polyfluorinated ether 

sulfonate (6:2 cl-PFESA), a novel perfluorooctanesulfonate (PFOS) alternative, on 
adult male mice. Environ. Sci. Technol. 52 (21), 12809–12818. https://doi.org/ 
10.1021/acs.est.8b04368.

Zhang, X., Chen, L., Fei, X.C., Ma, Y.S., Gao, H.W., 2009. Binding of PFOS to serum 
albumin and DNA: insight into the molecular toxicity of perfluorochemicals. BMC 
Mol. Biol. 10. https://doi.org/10.1186/1471-2199-10-16.

Zhao, L.X., Bian, J.N., Zhang, Y.H., Zhu, L.Y., Liu, Z.T., 2014a. Comparison of the 
sorption behaviors and mechanisms of perfluorosulfonates and, perfluorocarboxylic 
acids on three kinds of clay minerals. Chemosphere 114, 51–58. doi:https://doi. 
org/10.1016/j.chemosphere.2014.03.098.

Zhao, L.X., Zhang, Y.F., Fang, S.H., Zhu, L.Y., Liu, Z.T., 2014b. Comparative sorption and 
desorption behaviors of PFHxS and PFOS on sequentially extracted humic 
substances. J. Environ. Sci. 26 (12), 2517–2525. https://doi.org/10.1016/j. 
jes.2014.04.009.

Zhao, L.X., Zhu, L.Y., Zhao, S.Y., Ma, X.X., 2016a. Sequestration and bioavailability of 
perfluoroalkyl acids (PFAAs) in soils: implications for their underestimated risk. Sci. 
Total Environ. 572, 169–176. https://doi.org/10.1016/j.scitotenv.2016.07.196.

Zhao, S.Y., Fang, S.H., Zhu, L.Y., Liu, L., Liu, Z.T., Zhang, Y.H., 2014c. Mutual impacts of 
wheat (Triticum aestivum L.) and earthworms (Eisenia fetida) on the bioavailability of 
perfluoroalkyl substances (PFASs) in soil. Environ. Pollut. 184, 495–501. https://doi. 
org/10.1016/j.envpol.2013.09.032.

Zhao, S.Y., Liu, T.Q., Zhu, L.Y., Yang, L.P., Zong, Y.L., Zhao, H.T., Hu, L.H., Zhan, J.J., 
2021. Formation of perfluorocarboxylic acids (PFCAs) during the exposure of 
earthworms to 6:2 fluorotelomer sulfonic acid (6:2 FTSA). Sci. Total Environ. 760. 
https://doi.org/10.1016/j.scitotenv.2020.143356.

Zhao, S.Y., Ma, X.X., Fang, S.H., Zhu, L.Y., 2016b. Behaviors of N-ethyl perfluorooctane 
sulfonamide ethanol (N-EtFOSE) in a soil-earthworm system: transformation and 
bioaccumulation. Sci. Total Environ. 554, 186–191. https://doi.org/10.1016/j. 
scitotenv.2016.02.180.

Zhao, Y.Y., Li, G.D., Qi, D.Q., Sun, L.Q., Wen, C.L., Yin, S.Z., 2017. Biomarker responses 
of earthworms (Eisenia fetida) to soils contaminated with perfluorooctanoic acid. 
Environ. Sci. Pollut. Res. Int. 24 (27), 22073–22081. https://doi.org/10.1007/ 
s11356-017-9776-9.

Zheng, X.Q., Shi, Y.J., Lu, Y.L., Xu, X.B., 2013a. Effects of perfluorooctane sulfonate on 
antioxidant and metabolic enzymes and DNA damage of earthworms (Eisenia fetida). 
Acta Sci. Circumst. 33 (11), 3153–3159.

Zheng, X.Q., Shi, Y.J., Lu, Y.L., Xu, X.B., 2016. Growth inhibition and DNA damage in the 
earthworm (Eisenia fetida) exposed to perfluorooctane sulphonate and 
perfluorooctanoic acid. Chem. Ecol. 32 (2), 103–116. https://doi.org/10.1080/ 
02757540.2015.1116524.

Zheng, X.Q., Shi, Y.J., Lv, Y.L., Xu, X.B., 2013b. Acute toxicity of perfluorooctane 
sulfonate on earthworms (Eisenia fetida). Asian J. Ecotoxicol. 8 (05), 687–694.

Zhu, J., 2015. Acute toxic effects of PFOA on Eisenia fetida. J. Shanghai Jiaotong Univ. 
Agric. Sci. 33 (05), 19–22.

Zhu, X., Li, H., Li, Y., Zhang, J., Wang, Z.Y., Yang, W.Y., Li, R.F., 2024. Evaluation and 
prediction of anthropogenic impacts on long-term multimedia fate and health risks 
of PFOS and PFOA in the Elbe River basin. Water Res. 257. https://doi.org/10.1016/ 
j.watres.2024.121675.

Zhu, Y.M., Jia, Y.B., Liu, M.L., Yang, L.P., Yi, S.J., Feng, X.M., Zhu, L.Y., 2021. 
Mechanisms for tissue-specific accumulation and phase I/II transformation of 6:2 
fluorotelomer phosphate diester in earthworm (M. guillelmi). Environ. Int. 151. doi:
https://doi.org/10.1016/j.envint.2021.106451.

Zong, Y.L., 2022. Bioaccumulation and Biotransformation of Emerging Polyfluoroalkyl 
Substances (PFASs) in Earthworm Master’s Thesis. Dalian University of Technology, 
China. 

Zong, Y.L., Yang, L.P., Zhao, S.Y., 2022. Toxicological effects and biotransformation 
mechanism of 6:2fluorotelomer carboxylic acid (6:2FTCA) in earthworms (Eisenia 
fetida). China Environ. Sci. 42 (6), 2886–2893. https://doi.org/10.19674/j.cnki. 
issn1000-6923.20220208.016.

C. Qin et al.                                                                                                                                                                                                                                      Applied Soil Ecology 206 (2025) 105853 

12 

https://doi.org/10.1021/acs.est.4c04818
https://doi.org/10.1021/acs.est.4c04818
https://doi.org/10.1039/d1ra04097a
https://doi.org/10.1016/j.chemosphere.2021.132942
https://doi.org/10.1016/j.chemosphere.2021.132942
https://doi.org/10.1016/j.ecolind.2022.109521
https://doi.org/10.1016/j.envint.2014.04.013
https://doi.org/10.1002/etc.5620151022
https://doi.org/10.1002/etc.5620151022
https://doi.org/10.1016/0167-4838(94)90086-8
https://doi.org/10.1016/0167-4838(94)90086-8
https://doi.org/10.1021/acs.est.2c09788
https://doi.org/10.1021/acs.jafc.2c06283
https://doi.org/10.1016/j.isci.2022.104061
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0440
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0440
https://doi.org/10.1016/j.envpol.2012.10.030
https://doi.org/10.13287/j.1001-9332.2011.0008
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0455
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0455
https://doi.org/10.1007/s11356-017-9477-4
https://doi.org/10.1016/j.ecoenv.2013.05.012
https://doi.org/10.1016/j.ecoenv.2013.05.012
https://doi.org/10.1021/acs.est.8b04368
https://doi.org/10.1021/acs.est.8b04368
https://doi.org/10.1186/1471-2199-10-16
https://doi.org/10.1016/j.chemosphere.2014.03.098
https://doi.org/10.1016/j.chemosphere.2014.03.098
https://doi.org/10.1016/j.jes.2014.04.009
https://doi.org/10.1016/j.jes.2014.04.009
https://doi.org/10.1016/j.scitotenv.2016.07.196
https://doi.org/10.1016/j.envpol.2013.09.032
https://doi.org/10.1016/j.envpol.2013.09.032
https://doi.org/10.1016/j.scitotenv.2020.143356
https://doi.org/10.1016/j.scitotenv.2016.02.180
https://doi.org/10.1016/j.scitotenv.2016.02.180
https://doi.org/10.1007/s11356-017-9776-9
https://doi.org/10.1007/s11356-017-9776-9
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0510
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0510
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0510
https://doi.org/10.1080/02757540.2015.1116524
https://doi.org/10.1080/02757540.2015.1116524
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0520
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0520
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0525
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0525
https://doi.org/10.1016/j.watres.2024.121675
https://doi.org/10.1016/j.watres.2024.121675
https://doi.org/10.1016/j.envint.2021.106451
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0535
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0535
http://refhub.elsevier.com/S0929-1393(24)00584-5/rf0535
https://doi.org/10.19674/j.cnki.issn1000-6923.20220208.016
https://doi.org/10.19674/j.cnki.issn1000-6923.20220208.016

	Toxicological effects of per- and polyfluoroalkyl substances (PFASs) on earthworms: Progress and prospects
	1 Introduction
	2 Toxic effects at the individual level
	2.1 Survival status
	2.2 Weight change
	2.3 Pathological symptoms
	2.4 Reproduction
	2.5 Avoidance behavior

	3 Toxic effects at the sub-individual level
	3.1 Oxidative stress
	3.1.1 Antioxidant enzymes
	3.1.2 Non-enzymatic substances
	3.1.2.1 Glutathione (GSH)
	3.1.2.2 Malonaldehyde (MDA)


	3.2 Genetic toxicity
	3.2.1 DNA damage
	3.2.2 Differential gene expression

	3.3 Metabolic toxicity
	3.3.1 Exogenous metabolism
	3.3.2 Endogenous metabolism

	3.4 Digestive toxicity
	3.4.1 Cellulase
	3.4.2 Lysosomal membrane damage

	3.5 Comprehensive toxicity assessment

	4 Key factors influencing the toxicity of PFASs to earthworms
	5 Current limitations and future perspectives
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


