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ABSTRACT: Extensive rare earth element (REE) mining
activities have caused REE contamination of ambient agricultural
soils, posing threats to associated food webs. Here, a simulated
lettuce—snail food chain was conducted to evaluate the trophic
transfer characteristics and the consequent effects of REEs on
consumers. After 50-day exposure to soil, lettuce roots dose-
dependently accumulated 9.4—76 mg kg™' REEs and translocated
3.7-20 mg kg™' REEs to shoots. Snails feeding on REE-
contaminated shoots accumulated 3.0—6.7 mg kg~' REEs with
trophic transfer factors of 0.20—0.98, indicating trophic dilution in
the lettuce—snail system. REE profiles in lettuce and snails
indicated light REE (LREE) enrichment only in snails and the
varied REE profiles along the food chain. This was corroborated by
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toxicokinetics. Estimated uptake (K,) and elimination (K,) parameters were 0.010—2.9 kg, kgoai ' day ™' and 0.010—1.8 day ™!,
respectively, with higher K, values for LREE and HREE. The relatively high K,, compared to K, indicating a fast REE elimination,
supports the trophic dilution. Dietary exposure to REEs dose-dependently affected gut microbiota and metabolites in snails. These
effects are mainly related to oxidative damage and energy expenditure, which are further substantiated by targeted analysis. Our
study provides essential information about REE bioaccumulation characteristics and its associated risks to terrestrial food chains near

REE mining areas.

KEYWORDS: rare earth element, trophic transfer, toxicokinetics, intestinal microbiome

1. INTRODUCTION

Rare earth elements (REEs), including lanthanides from La to
Lu and Sc and Y, are indispensable in many fields, including
metallurgy, petroleum industry, medical imagery, and
agriculture. The global demand for REEs is increasing annually,
leading to the excessive exploitation of REE resources.
Numerous studies have proven that anthropogenic activities
such as fertilizer application, mining operation, and industrial
activities have resulted in elevated accumulation of REEs in the
environment, particularly in agricultural soils surrounding
mining areas.”” Beyond a certain threshold level, REEs in
soils can be bioaccumulated by plants,”” posing potential risks
to human health through trophic transfer. The trophic transfer
and toxicological consequences of REEs are therefore
attracting booming attention, especially for some hotspots
with high levels of REEs.

Previous studies have shown the trophic transfer of REEs via
aquatic food webs, with less information available for terrestrial
food chains.>~> However, some inconsistent conclusions still
exist regarding the extent of transfer and biomagnification of
REEs to higher trophic levels across food chains based on field
investigations. For example, the transfer of REEs in a plant—
snail food chain occurred with a maximum biomagnification
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factor of 5.5.° Other authors, however, concluded that REE
concentrations decreased with trophic levels across aquatic and
terrestrial ecosystems, i.e., trophic dilution.”>”* To enable a
better comprehension of such debatable trophic transfer
profiles of REEs, further investigation is needed, especially in
laboratory-based studies across terrestrial food chains.
Individual REEs exhibited different bioaccessibility and
bioaccumulation potentials in organisms,””'® caused by the
small but systemic dissimilarities in their physicochemical
properties.'" The difference in their bioaccumulation not only
influenced the extent of transfer but also affected the REE
profiles in organisms. For example, varying bioaccumulating
potentials among light, medium, and heavy REEs, redox-
independent REE anomalies (e.g., Gd) and redox-dependent
REE anomalies (Ce and Eu) have been reported in plants'>~"*
and in aquatic organisms.” Information about the change in
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REE profiles during their trophic transfer from producers to
consumers is still lacking.

Trophic transferred REEs are in direct contact with the
intestines of organisms at higher trophic levels, because they
could only feed on REE-contaminated food. Dietary REE
intake might negatively impact the intestinal morphology and
disturb the intestinal flora in animals. For example, previous
studies have demonstrated that the trophic transfer of
pollutants, e.g., microplastics, pesticides, and metals, decreased
the diversity and abundance of the gut Bacteroidetes'>'® and
inhibited gut microbiota viability'” of organisms occupying
higher trophic levels. There is also evidence indicating that
dietary exposure to pollutants, e.g., Ag nanoparticles and Cd,
adversely impacts consumers, including disturbances of
metabolic proﬁles,18 inhibition of the growth of snails,***°
impaired locomotion of szpringtails,21 and reduced reproduc-
tion of predatory mites.”” While much is separately known
about the compositional changes in gut microbiota and toxic
responses of consumers, significantly less is known about the
interactions of REEs with the intestinal microbiome and the
metabolism and health of consumers. A cohesive under-
standing of the relevance of gut microbial alternations and the
health of the host, induced by dietary exposure to REEs, merits
further investigation, contributing to the evaluation of how
terrestrial ecosystems respond to REE exposure.

High levels of REEs in farmland soils around mining areas
were frequently reported in recent years.”> The REEs can
finally enter the body of humans living near rare earth mines
via the food chain.** However, data on the trophic transfer and
toxicological consequences of REEs are scarce, especially along
the terrestrial food chain. Hence, this study aimed to gain
insight into the terrestrial trophic transfer and subsequent
effects of REEs along a simulated lettuce—snail food chain in
farmland soils collected near REE mining areas. Our specific
objectives were to 1) quantify the bioaccumulation and trophic
transfer factor of REEs in the lettuce—snail food chain, 2)
explore the change of REE profiles during trophic transfer, and
3) evaluate the subsequent responses of higher-level organisms
to the trophic transferred REEs. This study provides a more
complete picture of the trophodynamic behaviors and
environmental risks of REEs to organisms at the source.

2. MATERIALS AND METHODS

2.1. Test Soil. REE-contaminated soils (0—20 cm) were
collected from farmlands in Lingbei (LB), Nanfeng (NF),
Jianxia (JX), and Gaobei (GB) villages in Dingnan County,
Jiangxi Province, China (Figure S1). The studied county
experiences a subtropical monsoon humid climate, with an
average annual temperature of 18.8 °C and a mean annual
precipitation of 1609 mm. The four sampling locations in this
study were selected in ascending order along the Yuezi River
from upstream to downstream. Except for LB, these locations
are situated within a distance of less than 2.5 km from the
mining areas (Figure S1). After removing stones and plant
debris, the soils were air-dried and 2 mm sieved. The soils had
a sandy loam texture with 0.080—1.6% clay, 8.0—13% silt, and
85—92% sand. Soil pH-H,0, organic matter (SOM), and
NH,'-N were 5.8-6.0, 15—16%, and 37-48 mg kg,
respectively (Table S1). Soil light (LREE, La, Ce, Pr, Nd,
and Pm), medium (MREE, Sm, Eu, Gd, Tb, Dy, and Ho),
heavy (HREE, Er, Tm, Yb, Ly, Y, and Sc), and total (TREE)
REE concentrations were 3.2 X 10*—1.1 X 10%, 30—1.9 X 10%,
32—-3.1 X 10?% and 3.8 X 10°—1.6 X 10° mg kg™’ respectively
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(Figure 1A). The raw data are listed in Table S2. The moisture
content of the soils was adjusted to 60% of their maximum
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Figure 1. Concentrations of sum of rare earth elements (REEs) in
soils (A), lettuce plants (Lactuca sativa) (B) exposed for 50 days to
the soils, and in snails (Bradybaena ravida) (C) exposed for 28 days to
lettuce shoots grown on the different agricultural soils collected from
Lingbei (LB), Nanfeng (NF), Jianxia (JX), and Gaobei (GB) villages
near REE mining areas in Dingnan County, Jiangxi Province, southern
China. Potting soil was used as the control. Values are mean +
standard deviation (n = S), and different letters indicate statistically
significant differences between soils at the p < 0.05 level.

water holding capacity (WHC) and equilibrated for 2 days in
the lab (25 °C, 60% humidity, and 24 h dark) before growing
the plants.

2.2. Plant Cultivation. Lettuce seeds (Lactuca sativa) were
purchased from the Chinese Academy of Agricultural Sciences.
The seeds were sterilized with 0.5% NaClO for 10 min and
then immersed in H,O at 4 °C for 2 days to break the
dormancy. Subsequently, the seeds were germinated and
grown in dishes with moist filter paper at 25 °C for 2 days. Five
seedlings of similar size were transferred into a PVC pot
(height 13.5 cm; internal diameter 13.5 cm) containing 750 g
of potting or test soil. The potting soil was used as a control to
check for the performance of the plants and the snails. Five
soils: (1) Control; (2) LB; (3) NF; (4) JX; and (5) GB were
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tested in this study, with five replicates each. The plants were
grown in a growth chamber at 25 °C, 60% humidity, and a 16
h/8 h light—dark cycle (600 Lux light intensity). During the
experiment, the moisture content of the soils was kept at 60%
of the maximum WHC.

The lettuce plants were harvested after growing for 50 days.
The lettuce shoots were harvested, weighed, and stored at 4 °C
for feeding the snails (storage for no longer than 1 week). The
lettuce roots were washed with deionized water, submerged in
0.02 M Na,EDTA for 15 min,” and washed with deionized
water several times. A portion of the roots and shoots were
killed by heating to 120 °C for 0.5 h and oven-dried at 60 °C
to a constant weight. The oven-dried roots and shoots were
ground (0.149 mm sieve) for further analysis.

2.3. Snail Exposure. The test snails (Bradybaena ravida)
were purchased from a snail company in Zhejiang Province,
China. First, the snails were acclimated for 2 weeks to consume
clean lettuce shoots in a growth chamber at 20 °C, 85%
humidity, and 24 h dark. Then, healthy snails (fresh weight 1.7
+ 0.20 g) were selected and depurated for 48 h before starting
the exposures. Twelve snails per replicate were transferred into
four plastic containers (9 cm X 6 cm X 13 cm), with five
replicates for each treatment. The snails were randomly
assigned and fed with unexposed lettuce shoots (Control) or
shoots grown on REE contaminated soils (LB, NF, JX, and
GB) for 28 days. The presized shoots (1 cm X 1 cm) were fed
to snails at 4% of the weight of the snails every 2 days. During
the 28-day exposure, the unconsumed shoots were removed
from each container at each feeding time point.

2.4. Soil, Plant, and Snail Analysis. Air-dried soil
samples were sieved, weighed, and mixed with aqua regia in
glass tubes at room temperature for 10 h. After that, the
suspensions were digested using a graphite block digester at
progressively higher temperatures (90 °C for 7 h, 160 °C for 2
h, and 180 °C for 2 h) to measure the total concentrations of
REEs using ICP-OES and ICP-MS (Thermo Fisher Scientific,
USA).*® The dried root and shoot samples were separately
sieved, weighed, and individually digested with HNOj; at 90 °C
for 2 h to determine the concentrations of REEs using ICP-
OES and ICP-MS. The shell and soft tissue were freeze-dried,
weighed, and individually digested with HNO; at 90 °C for 2 h
to determine the concentrations of REEs using ICP-MS. To
remove isobaric and polyatomic interferences, a quadrupole
collision reaction cell is included in this type of ICP-MS. The
reference material samples including soil (GBW07407 soil)
and biological materials (BCR 668) were separately digested as
described above. Additionally, 10 ug/L Rh was added to every
sample as an internal standard. The standard was measured
after every ten samples to control the instrumental drift. Every
sample was measured with three replicates, and a relative
standard deviation of <3% was obtained. Details of detection
limits can be found in Table S3. The recovery rates of the
REEs were between 90% and 110% (Table S4). Soft tissue of
one snail per replicate was rinsed with an ice-cold physiological
saline solution. Subsequently, the soft tissue was ground after
addition physiological saline solution (soft tissue/total ratio of
10%), and the tissue homogenate was centrifuged at 2500 rpm
for 10 min at 4 °C. The supernatant was collected for the
determination of superoxide dismutase (SOD), Na* K-
ATPase, and Ca®*-ATPase activities, and malondialdehyde
(MDA), reduced glutathione (GSH), soluble sugar, lipid, and
protein contents. Activities of SOD, Na* K*-ATPase, and Ca**-
ATPase and contents of MDA, GSH, soluble sugar, lipid, and
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protein in snail soft tissues were analyzed using assay reagent
kits (Nanjing Jiancheng Bioengineering Institute, China).

2.5. Snail Metabolite Analysis. After the 28-day exposure
and subsequent 48-h depuration periods, one snail soft tissue
per replicate was frozen in liquid nitrogen and stored at —80
°C for further extraction. Detailed information on snail soft
tissue metabolite analysis is given in He et al.”’

2.6. Snail Gut Microbial Community Analysis. After the
28-day exposure and subsequent 48-h depuration periods, one
snail per replicate was dissected, and the §ut was extracted on a
super clean bench following Léw et al.”® and Zhang et al.*’
The snail guts were stored at —80 °C for DNA extraction.
Detailed information on snail gut microbial analysis is given by
Zhang et al.”’

2.7. Data Analysis. The translocation factor of REEs from
soil to whole lettuce plants (TFSOﬂ_plam) was calculated from
the ratio of the REE concentrations in lettuce ([REE],,,,) and
soil ([REE]soil):

[REE]pIant
[REE]

soil

soil—plant —
(1)
The translocation factor of REEs from soil to lettuce root
(TF,i—00) Was calculated from the ratio of the REE
concentrations in the lettuce root ([REE],,,.) and the soil:

[REE ]root

[REE]SOH

TE

soil—root —
(2)
The translocation factor of REEs from lettuce root to shoot
(TF,oot—choor) Was calculated from the ratio of the REE
concentrations in the lettuce shoots ([REE],,.) and roots:

[REE]

shoot

[REE]

TE

root—shoot —

3)

The trophic transfer factor (TTF) was calculated from the
ratio of the REE concentrations in the shoots of lettuce and the
snails ([REE],.i tissue), i-€., shell, soft tissue, or the whole snail:

_ [REE]

hoot—snail tissue —

root

snail tissue

TTE
[REE]

(4)

All concentrations are given in milligrams per kilogram of
dry weight.

One-way analysis of variance (ANOVA) with Duncan’s test
in SPSS 22.0 was conducted to assess the significance of
differences among the test soils. The construction and
parametrization of REE uptake models by lettuce can be
found in Text S1. The concentrations of REEs in the soil,
plant, and snail samples were compared with the concen-
trations in the post-Archean Australian shale (PAAS). REE
enrichment factors were calculated according to Liu et al®
and classified into four types: HREE enrichment (MREE/
LREE > 1 and HREE/MREE > 1), MREE enrichment
(MREE/LREE > 1 and HREE/MREE < 1), LREE enrichment
(MREE/LREE < 1 and HREE/MREE < 1), and MREE
depletion (MREE/LREE < 1 and HREE/MREE > 1).

Detailed information on toxicokinetic model construction
and parametrization can be found in Text S2. Pearson’s
correlation analysis between TF, TTF, uptake, and elimination
rate constants (K, and K,) and the atomic numbers of REEs
was performed using SPSS. Details on the bioinformatics
analysis are provided in Text S3.

shoot
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3. RESULTS AND DISCUSSION

3.1. Accumulation and REE Profiles in Lettuce.
Concentrations in plants/roots/shoots of lettuce grown in
the REE-contaminated soils were 5.8—35/6.9—51/2.8—13 mg
kg™' for LREE, 0.97—6.1/1.2—8.6/0.52—2.7 mg kg' for
MREE, 1.1-11/1.2-16/0.39-3.7 mg kg™' for HREE, and
7.9—52/9.4—76/3.7-20 mg kg™ for TREE. These concen-
trations were significantly higher than those in lettuce plants
grown in the Control soil (Figures 1B and S2). The REE
concentrations in lettuce increased with increasing soil REE
concentrations (Figures 1B and S2). The REEs followed the
concentration order LREE > HREE > MREE in lettuce after
exposure for SO days (Figure 2A). This might be explained by
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Figure 2. A: translocation factors (TF) of rare earth elements (REE)
from soil to lettuce for plants (Lactuca sativa) grown for SO days on
soil, and trophic transfer factors (TTF) of REEs from lettuce shoots
to snails (Bradybaena ravida) exposed for 28 days to lettuce shoots
grown on different agricultural soils collected from Lingbei (LB),
Nanfeng (NF), Jianxia (JX), and Gaobei (GB) villages near REE
mining areas in Dingnan County, Jiangxi Province, southern China. B
and C: the relationships between TF (B) and TTF (C) and the
atomic number of the LREE, MREE, and HREE. In the figure A,
values are mean =+ standard deviation (n = S), and different letters
indicate statistically significant differences at the p < 0.0S level.

the REE wuptake kinetic parameters calculated using the
Michaelis—Menten equation for all of the data sets together
(Table S5). The overall V,,, values for both LREE and HREE
(3.5 mg kg™! day™! for LREE and 0.077 mg kg™ day™" for
HREE) were higher than that for MREE (0.069 mg kg™
day™') in the lettuce under different exposure concentrations
of the test soil (Table SS). Similar to grevious studies on the
accumulation of REEs in plants,”®’" in our study, the
accumulation of REEs was lower in the lettuce shoots than
that in the roots (Figure S2). This indicates that REEs can
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accumulate in plant roots, followed by the translocation of a
small fraction of the accumulated REEs to other plant tissues.
The calculated TFui—piant/ TFsoii—root/ T Froot—shoot Was 0.018—
0.33/0.022—0.050/0.13—0.64 for LREE, 0.017—0.033/0.025—
0.045/0.19—0.53 for MREE, 0.018—0.035/0.028—0.052/
0.093—0.75 for HREE, and 0.020—0.032/0.025—0.049/0.13—
0.64 for TREE (Figures 2A and S3). These values are
comparable to the TF values for REE uptake in a variety of
plants such as forest plants’" and vegetables.>* This suggests
that REEs have a low potential for translocation in the soil—
plant system. Additionally, the TF_pjooe of LREE and HREE
was significantly higher in soils with higher REE concentrations
i.e, JX and GB, than with lower REE concentrations i.e., LB
and NF (Figure 2A). The same observation was reported by
Kotelnikova et al.* for soil and by Saatz et al.** for hydroponic
exposures. Although the concentrations of the different REEs
in lettuce differed from each other (Table S2), no significant
relationship between TFy_,1,, and REE atomic numbers was
found (Figure 2B). Similar trends were observed for TF, ;oo
and TP, _gooe (Figure S4A,B). These results indicate that
after exposure to REE-contaminated soil, the REEs were taken
up by the plant roots and then partly translocated into the
plant shoots, and this occurred in a dose-dependent manner.

The whole lettuce plants grown in REE-contaminated soil,
except for the NF soil, were enriched in MREE and HREE
(Figure 3A,B). Specifically, the PAAS-normalized REE profiles
in the lettuce plants primarily mirrored those in the soil
(Figure 3D,E). This study found that lettuce roots grown in
REE-contaminated soil (pH 5.8—6.0), except for JX and NF
soils, were enriched in MREE, compared to the contaminated
soils (Figures SSA and S6A). Ding et al.”> observed MREE
enrichment in wheat roots due to phosphate precipitation of
REEs in/on the roots as well as adsorption of REEs onto root
cell walls at pH > 4.0. Additionally, HREE enrichment in
wheat leaves generally decreased with the increase of EDTA
levels.”” These findings suggest that the change in REE
patterns observed in plant roots might be attributed to the
varying degree of phosphate precipitation of REEs in/on the
roots or adsorption of REEs onto root cell walls, which are
controlled by inorganic/organic ligand levels present in the soil
environment. However, the REE profiles in the lettuce shoots
mostly were similar to those in the roots, except for positive Tb
anomalies (Figures SSB and S6B), since the REEs in the roots
are the only source of REEs in the shoots. Obviously, other
processes such as inorganic/organic ligand-mediated REE
translocation in the plants may cause these changes. This needs
further investigation.

Additionally, compared to the Control, significant reduc-
tions were observed in fresh shoot biomass along with
decreased soluble sugar and protein contents in the shoots
of lettuce grown in agricultural soils sampled near the REE
mining areas (Figure S7). Similarly, previous studies have
reported that when the accumulated REE concentrations in
organisms exceed a certain threshold, adverse effects could be
induced that disturb their physiological function.*® This
indicates that high levels of REEs may negatively impact the
yield and quality of lettuce shoots, which could further
influence the physiological function of snails through the food
chain.

3.2. Trophic Transfer and REE Profiles in Snails. After
exposure for 28 days, snails fed with REE-contaminated lettuce
shoots also revealed a significant accumulation of REEs with
2.1-5.1 mg kg_1 for LREE, 0.17—0.34 mg kg_1 for MREE,
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Figure 3. Rare earth element (REE) profiles in soils (A and D), lettuce plants (Lactuca sativa) (B and E), and snails (Bradybaena ravida) (C and E)
normalized by post-Archean Australian average shale (PAAS) composite, and quantification of the REE enrichment profiles for exposures to
different agricultural soils collected from Lingbei (LB), Nanfeng (NF), Jianxia (JX), and Gaobei (GB) villages near REE mining areas in Dingnan
County, Jiangxi Province, southern China. The plants were exposed for 50 days to the different test soils, the snails were fed for 28 days with lettuce

shoots grown on these soils.

0.66—1.3 mg kg™ for HREE, and 3.0—6.7 mg kg™' for TREE
(Figures 1C and S2; Table S2). Specifically, LREE, MREE,
HREE, and TREE concentrations in different snail tissues or
the whole snails reached the highest values when exposed to 23
mg kg™' LREE, 2.0 mg kg™' MREE, 2.5 mg kg~ HREE, and
27.4 mg kg™' TREE in the lettuce plants and then decreased
with ascending exposure level in the food (Figures 1C and S2;
Table S2). The increased REE concentrations in the snails are
in accordance with previous findings. Li et al.”’ reported a
positive correlation between Cd concentrations in snail tissues
and in lettuce, the significance of this correlation was further
improved by considering Cd chemical forms (F(i + ii + iii)) in
lettuce as variables. Apart from the exposure level, the
bioavailability of metals is closely associated with the potential
uptake capacity of consumers. Hence, the accumulation of
metals in organisms could serve as a reliable indicator of the
metal bioavailability. In our study, the observed trend of total
REE concentrations in soils was inconsistent with those in
plants and snails, indicating the variability of REE bioavail-
ability and its effect on trophic transfer. These findings indicate
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that REEs can be transferred to higher-trophic-level consumers
through the food chain. The calculated TTF, o0 sna/
TTFshoot—sheH/TTFshoot—soft tissue Was 021_093/023_081/
0.20—1.0 for LREE, 0.092—0.26/0.092—0.29/0.091—0.28 for
MREE, 0.23-2.8/0.31-3.2/0.18—2.5 for HREE, and 0.20—
0.98/0.22—0.90/0.18—1.0 for TREE (Figures 2A and S3). Our
results are in accordance with the range of 0.024—5.0 reported
in previous studies on the REE transfer in terrestrial food webs
based on field investigations.””** With the increasing REE
concentrations in snail food, the percentage of REE transfer
reached a maximum and then decreased with increasing
exposure levels (Figure 2A). A similar trend has been found by
Soliman et al,,*® who observed that the trophic transfer factor
of Cr increased initially and then decreased after peaking with
the exposure concentration. Apart from the bioavailability of
metals, the dynamics of metal accumulation, including uptake,
internal sequestering, storage, and active excretion, could also
be affected by elevated metal levels in organisms and
subsequently affect their trophic transfer.”’ Our study also
found a negative (r —0.55) relationship between
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TTFgo0t—snail and the atomic number for LREE (p < 0.05)
(Figure 2C), which was consistent with the trends of
TTFshoot—soft tissue and TTFshoot—shell (Figure S4C/D) The
correlation trends of TTF between LREE might be due to
their different metabolic fates in snails controlled by their
specific physiochemical properties. Therefore, both the
bioavailability of REEs in soil and lettuce and the metabolic
processes of REEs in snails could affect their trophic
availability.

During the trophic transfer of REEs from lettuce shoots to
snail, the whole snail and tissue, i.e., shell and soft tissue, were
enriched in LREE (Figures 3C and SSC,D). PAAS-normalized
REE profiles in snails were characterized by positive Eu
anomalies (Figures 3F and S6C,D). These features of LREE
enrichment and positive Eu anomalies were not found in the
shoots of the lettuce plants. Consistently, the detection of a
positive Eu anomaly in organisms at higher trophic levels such
as in bivalves and some crustaceans and plants is supported by
previous studies.”** Eu®* can form stable organic complexes
thereby replacing Ca®* in some biological matrices, such as in
xylem fluid during normal nutrient fluxes, contributing to the
positive Eu anomaly in plants.*” This anomaly might be due to
the mechanisms of uptake, distribution, and bioaccumulation
in organisms.® Previous studies explained the change of REE
profiles from biological processes, influencing REE uptake by
organisms.”' To test this hypothesis, the construction and
parametrization of a toxicokinetic model were performed
(Figures S8 and S9). The time course of REE bioaccumulation
in snails was well fitted with one-compartment models with R
0.46—1.0 (Table S6). The estimated uptake (K,)/
elimination (K,) rate constants in snails based on shoot
concentrations were 0.030—1.6 kg0 kg * day™'/0.12—1.8
day™' for LREE, 0.010—0.37 kg0t Kgena - day '/0.010—1.2
day ™! for MREE, and 0.010—2.88 kgy,o0¢ kgena "+ day™'/0.060—
1.5 day ™" for HREE (Figure 4A). These values are comparable
to the K, of 0.24—3.7 L kg™" day™' and K, of 0.082—1.5 day™"
reported for the toxicokinetics of REEs in enchytraeids
exposed in a soil solution—quartz sand system'”** but much
higher than the rate constants for enchytraeids (0.000821—
0.122 kg kgyom ' day ! for K, and 0.0224—0.136 day " for
K,) exposed to natural field soil.** This suggests that REEs are
more bioaccessible to snails via trophic exposure.** Addition-
ally, the K, values were higher for LREE and HREE than for
MREE. This suggests a higher accumulation of LREE and
HREE than MREE in snails (Figure 4A). The K, values were
higher for Eu than for some elements in snails, which may
contribute to explaining the positive Eu anomaly (Figure 4B).
The correlation trend of K, but not K, with the atomic number
of the HREE is also consistent with the trends of TTFq—snail
(Figure 4B,C). Overall, these finding illustrate that the
differences in REE toxicokinetics, including uptake, distribu-
tion, metabolic processes, and elimination, result in different
REE profiles in the snails.

3.3. Impacts of Dietary Exposure to REEs on Snail
Health. Trophic transferred REEs had significant effects on
the gut microbial community and global metabolic profiles of
snails (Figure S). After 28 days of exposure, the community
structure of intestinal microbiota at the phylum level of snails
was disordered as indicated by a decrease of Proteobacteria and
an increase of Firmicutes (Figure SA). Based on principal
coordinates analysis (PCoA) analysis, gut microbiota from
snails exposed to the lettuce grown at the highest REE
concentrations, ie., on soil JX, clearly separated from the
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Figure 4. Uptake (K,) and elimination (K,) rate constants of rare
earth elements (REEs) in snails (Bradybaena ravida) exposed for 28
days to lettuce shoots grown on different agricultural soils collected
from Lingbei (LB), Nanfeng (NF), Jianxia (JX), and Gaobei (GB)
villages near REE mining areas in Dingnan County, Jiangxi Province,
southern China (A), and the relationships between K, (B) and K, (C)
and the atomic number of the LREE, MREE, and HREE. In figure A,
values are mean (n = S); kinetics parameters were estimated by fitting
a one-compartment model (eq S2) to the data based on shoot REE
concentrations. In figures B and C, regressions are shown for light
(LREE), medium (MREE), and heavy (HREE) weight REE.

Control, while those from snails exposed to lettuce grown at
lower REE concentrations, i.e.,, NF soil, clustered with the
Control (Figure SB). Similarly, snail exposure to lettuce
containing high concentrations of REEs, ie., from JX soil,
significantly changed the relative abundances of gut bacteria at
the operational taxonomic unit (OTU) level compared to that
of the Control (Figure SC). Specifically, the relative
abundances of microbes belonging to Actinobacteriota,
Chloroflexi, Desulfobacterota, and Firmicutes phyla were
profoundly increased compared to that of the Control (Figure
SC). Additionally, three prevalent ecological clusters (modules
1—3) were noted in the co-occurrence network based on the
OTUs (Figure S10A), which were dominated by Proteobac-
teria, Firmicutes, Actinobacteriota, Chloroflexi, and Bacteroidota
phyla (Figure S11A). These findings demonstrate a dose-
dependent effect of trophically transferred REEs on the
disruption of intestinal microbiota in the snails. Similarly,
other researchers have reported that intestinal microbial flora
has a high sensitivity to extraneous chemicals such as metals,*
pesticides and antibiotics,***” and particles.">** This effect on
the snail gut microbiome was not directly due to the fact that
the snails were exposed indirectly to the REEs. Previous studies
have shown that REEs directly affected the bacteria in the
phyllosphere and leaf of a soil—rice system®” and changed the
metabolites in the leaves of plants.”® However, our study, for
the first time, revealed the indirect effects of REEs on
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Figure S. Gut microbial community composition (A for the relative abundance of phyla, B for partial least-squares-discriminant analysis (PLS-DA),
and C for heatmap of significantly changed microbes) and soft tissue metabolites (D and E for PLS-DA in positive and negative ion modes and F
for the pathway analysis of significantly changed metabolites) of snails (Bradybaena ravida) exposed for 28 days to lettuce shoots grown on
agricultural soils collected from Nanfeng (NF) and Jianxia (JX) villages near rare earth element (REE) mining areas in southern China. See Figure

S1 for sampling locations.

Table 1. Changes in Redox Homeostasis, Ion Transport, and Energy Storage of Snails (Bradybaena ravida) Exposed for 28
Days to Lettuce Shoots Grown on Agricultural Soils Collected From Nanfeng (NF) and Jianxia (JX) Villages Near Rare Earth
Element (REE) Mining Areas in Dingnan County, Jiangxi Province, Southern China”

redox homeostasis MDA (nmol mgprotei[l)

SOD (U mgpoien )

GSH (pmol gyrorein")

Na* K*-ATPase (U Mg ")
Ca’*-ATPase (U mgyqrein )
soluble sugar (mg mgporein ')

lipid (0.01 g g7")
protein (mg g™')

ion transport

energy storage

control NF JX

0.312 + 0.120 A 0.385 + 0.117 A 0.354 + 0.0728 A
89.6 + 744 A 73.7 £ 543 B 70.1 + 6.03 B
16.1 + 1.39 B 16.6 + 1.39 B 20.6 + 1.60 A
3.55 + 0415 A 1.72 + 0.333 B 3.37 £ 0.708 A
0.195 + 0.0730 AB 0.10S + 0.0272 B 0.241 + 0.0981 A
0.569 + 0.135 B 0.817 + 0.278 B 1.57 + 0.268 A
3.34 + 0472 B 4.68 + 1.01 AB 549 + 1.12 A
49.7 + 0.941 B 56.0 + 2.88 A 369 + 440 C

“Values represent the mean + standard deviation (n = S). Values in each row with different letters indicate statistically significant differences of

changes at p < 0.0S level.

microbiota through the food chain. This suggests the presence
of bottom-up effects on the food chain via directly affecting the
microbes and metabolites in the leaves of producers. This topic
requires further investigation.

Numerous studies have reported that the intestinal micro-
flora plays vital roles in the metabolism, immunity, and
nutrient absorption of the host. To further focus on gut
microbiota functions, we explored the metabolic profiles of the
snails. Initially, the low-contaminated (NF), high-contami-
nated (JX) REE, and Control groups were separated along the
first principal component, ie., t[1], in a dose-dependent
manner as shown in the partial least-squares-discriminant
analysis (PLS-DA) (Figure SD,E). There were 205 and 113
significantly changed metabolites (SCMs) with VIP > 1 under
the positive and negative modes, respectively, contributing to
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group separation (Table S7). The SCMs mainly included lipids
and lipid-like molecules (fatty acyls and glycerophospholipids),
organic acids and derivatives (amino acids, peptides, and
analogues), organic oxygen compounds (carbohydrates and
carbohydrate conjugates), phenylpropanoids and polyketides
(flavonoids), organoheterocyclic compounds, and other
metabolites (Table S7). These metabolites also were the
keystone metabolites in the co-occurrence network based on
metabolites (Figures S1I0BC and S11B). In addition, some of
these SCMs mainly participate in a series of vital biological
metabolic pathways, including glycerophospholipid metabo-
lism, purine metabolism, alanine, aspartate, and glutamate
metabolism, glycerolipid metabolism, tyrosine metabolism, and
glyoxylate and dicarboxylate metabolism in snails (Figure SF).
Glycerolipid and glycerophospholipid are essential lipids for
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Figure 6. Correlation analysis between toxicity to snails and gut microbial community (A) and soft tissue metabolites (B) of snails (Bradybaena
ravida) exposed for 28 days to lettuce shoots grown on agricultural soils collected from Nanfeng (NF) and Jianxia (JX) villages near rare earth
element (REE) mining areas in Dingnan County, Jiangxi Province, southern China.

membrane formation, energy storage, and some intracellular
biological processes.”’ Amino acids like aspartate and
glutamate play important roles in promoting antioxidant levels
in animals.>> To further validate the metabolic observations,
such as redox homeostasis, ion transport, and energy storage,

we performed a targeted analysis of the physiological and
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biochemical responses of the snails (Table 1). The dietary
exposure to REEs resulted in a significant increase in MDA and
GSH contents (p < 0.05) and a reduction of SOD activities (p
< 0.05), whereas the activities of Na* K*-ATPase and Ca®*-
ATPase remained unaffected, indicating an induced oxidative
damage. Research has demonstrated oxidative stress-related
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effects for some REE:s in terrestrial organisms including plants
and animals.>’ In terms of energy storage, the levels of soluble
sugars and lipids in the snails decreased with increasing
exposure concentration. However, a reduction in protein
content was observed only in the high-dose REE group,
specifically those exposed to lettuce shoots grown on soil JX.
This finding clearly illustrates a decrease in energy storage.
Overall, this study demonstrates the occurrence of oxidative
stress and effects on energy expenditure induced by trophic
transferred REEs through both nontargeted and targeted
analyses.

The physiological functions of the host are regulated by gut
microbiota and metabolites. Mantel tests showed that gut
microorganisms, such as Chloroflexi, Desulfobacterota, Acid-
obacteriota, Enterococcus, and modulel, and metabolites, such
as hydrocarbons, lipids and lipid-like molecules, organic
oxygen compounds, organophosphorus compounds, fatty
acyls, module 5, and connectors, have close relationships
with the phenotype of the snails (Figure 6). Besides, our study
also found that benzenoids, benzene, lipids, and lipid-like
molecules, fatty acyls, glycerophospholipids, prenol lipids,
organic nitrogen compounds, organic oxygen compounds, and
organophosphorus compounds have close relationships with
the intestinal microbiome (Figure S12). This could be
attributed to the fact that gut microbial metabolic processes
regulate the close linkages between intestinal microbiome and
host metabolism. Moreover, certain metabolites produced by
the host act as the dominant organic substrates that could be
utilized by gut microbes for growth. Consequently, the gut
microbial alternations induced by dietary exposure to REEs
might cause disturbances in host metabolism via their
interactions. Additionally, the links of metabolites and the
physiological functions in the snails were stronger than those
of the gut microbial community, as shown by the higher
Mantel’s r (Figure 6). Overall, these perturbed metabolic
profiles and gut microbial dysbiosis in snails exposed to REE-
contaminated shoots are closely related to the physiological
functions of the hosts.

4. ENVIRONMENTAL IMPLICATIONS

This study revealed that REEs can be transmitted from plants
to terrestrial invertebrates by trophic transfer with changed
REE profiles along the food chain. Furthermore, the
mechanisms of variation in accumulation potential of different
REEs at different trophic levels were illustrated by describing
their uptake and elimination with toxicokinetic models.
Subsequently, gut microbiome, nontargeted metabolomics,
and targeted physiology analysis revealed that trophic trans-
ferred REEs may affect the redox homeostasis, energy storage,
and ion transport processes in the snails in a dose-dependent
manner, indicating the toxicity induced by dietary uptake of
REEs. The findings of this study demonstrate that the
cultivation of crops on agricultural soils surrounding REE
mines may lead to dietary uptake and selective transfer of REEs
within food chains, subsequently resulting in potential toxic
effects associated with oxidative damage and energy
expenditure in consumers. Our results also highlight that a
toxicokinetic approach could be further applied to gain better
insight into the mechanisms of contaminant transfer through
the food chain and to better inform the regulatory framework
for contaminant risk assessment.
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