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ABSTRACT: Nano-MoS, is emerging as a promising agricultural
nanomaterial. However, nanoenabled agriculture must balance the
proposed benefits with potential risks associated with material
incorporation into soil matrices. This work establishes a full-process
risk assessment profile for MoS, encompassing precursor particles,
exfoliated nanosheets, and dissolved ionic species using the soil
invertebrate Eisenia fetida under exposure-recovery cycles. The
results showed that although precursor MoS, exposure at 5—50 mg
Mo/kg for 7 days significantly activated (p < 0.001) earthworm
lumbrokinase (9.4%), antimicrobial peptide (10.2—14.0%), and
hemolysin (11.9%) levels compared to the control, the biota
exhibited transient immune memory and persistence upon another
7 days of recovery. Once exfoliated to nanosheet form at a
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consistent S—50 mg Mo/kg dose range, more pronounced ion release (3.8—6.4%) and prolonged in vivo accumulation (43.9—55.4%
excluded) of MoS, nanosheets mediated persistent immune-related gene initiation. Importantly, the filamentous extension of
external DNA between immune cells and deterministic clustering of endosymbiotic microbial communities were shown to
collaboratively establish the in vivo homeostasis after MoS, nanosheet exposure. These findings mechanistically demonstrate the
persistent stress on soil invertebrate immune systems under MoS, nanosheet exposure and highlight the need to link nanoenabled

agriculture to soil eco-sustainability.
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B INTRODUCTION

Nanotechnology offers new and impactful opportunities for
sustainable agriculture.”” However, a holistic perspective
beyond simple crop incentives is needed to ensure that long-
term sustainability and soil health are key endpoints for
consideration.” Two-dimensional layered molybdenum disul-
fide (MoS,) nanomaterials, including multilayer precursor
MoS, particles and few-layer MoS, nanosheets, are emerging as
promising agricultural nanomaterials due to their antioxidant
enzyme mimicking activity, large surface area for integration of
micronutrients, and antibacterial properties compared to
conventional ionic molybdenum fertilizers, enabling the
promotion of crop stress resistance and disease resilience.”””
The promotion of agricultural applications is anticipated to
dramatically increase global MoS, production and market
deployment beyond existing usage of 1.1 X 10° tons/year,”’
thereby escalating incorporation into soil ecosystems as the
ultimate sink. Importantly, various forms of molybdenum-
based fertilizers (precursor particles, quasi-monolayer nano-
sheets, and conventional molybdenum ions) not only are
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directly applied to soils but also undergo continuous
transformation from multilayered to quasi-monolayer struc-
tures, eventually releasing ionic molybdenum species due to
their inherent layered nature and soluble characteristics.
Therefore, it is essential to transcend the conventional
paradigm of ecological risk assessment based on any single
molybdenum form. Instead, a full-process evaluation covering
the continuous life cycle changes of nano-MoS, from
exfoliation to ionic release is needed to understand the
potential impacts of molybdenum-based fertilizers integration
into the soil ecosystem on soil biota. This will advance the safe
and sustainable application of these promising agricultural
nanomaterials.
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Earthworms are a major component of animal biomass in
soils, serving as representative models for assessing soil biota
quality.' Eisenia fetida is recommended by the Organization
for Economic Cooperation and Development (OECD) and
the International Organization for Standardization (ISO) as a
standard test organism in soil ecotoxicology, owing to its short
reproductive cycle, sensitivity to environmental pollutants, and
ease of maintenance under controlled laboratory condi-
tions.'”'” Although a large literature has documented the
response of Eisenia fetida to exogenous stress with impacts on
growth, reproduction, metabolism, and energy supply,>~"°
these biological end points, which are linked to a broad range
of biological functional components, do not always uniformly
reflect their health status, particularly regarding exposure to
sublethal doses. The earthworm immune system is a sensitive
center that dynamically coordinates a broad range of other
organs and represents a suitable system for a comprehensive
evaluation of the health status in response to stressors.
Importantly, many key questions regarding how the earthworm
immune system recognizes and defends against different
molybdenum forms have not yet been systematically evaluated
in real soil and at potential environmentally relevant
concentrations. For soil-inhabiting biota, heterogeneous
contaminant distribution and earthworm mobility to avoid
direct contaminant contact often result in complex and
intermittent exposure scenarios. This pattern of alternating
exposure and recovery cycles is not addressed by current
hazard and risk estimation protocols. Consequently, under-
standing the recovery profile after stress is a critical component
of assessing the system response under dynamic exposures.

In this work, we hypothesized that the earthworm immune
system would exhibit distinct response patterns and tolerance
mechanisms toward molybdenum-based fertilizers encompass-
ing precursor material (PrMoS,), the exfoliated product
(ExMoS,), and the eventually released ions (Na,MoO,)
under an exposure-recovery cycle consistent with natural
scenarios (uneven distribution of contaminants) and earth-
worm habits (peristalsis and avoidance activity). To test this
hypothesis, a mechanistic whole-chain risk assessment frame-
work with Eisenia fetida was established, covering MoS,
nanosheets from the precursor to exfoliation to dissolution.
The orthogonal evaluation by machine learning enabled
biological imaging, and high-throughput molecular techniques
were employed to mechanistically understand the phenotypic
and molecular responses of Eisenia fetida upon exposure to
different molybdenum forms. 16S rRNA sequencing was
applied to elucidate the critical role of the host’s endosym-
biotic microbiota in collaboratively mediating immune defense
against xenobiotic exposure. This work enhances our under-
standing of soil invertebrate immune defense in response to
agricultural nanomaterials under realistic exposure scenarios,
and underscores the importance of dose threshold control and
safety redesign protocols for any promising agricultural
nanomaterial before widescale commercial applications.

B MATERIALS AND METHODS

Exfoliation of MoS, Nanosheets from Bulk MoS, Particles

Bulk MoS, particles were first obtained by a high-temperature
sulfidation approach using molybdenum trioxide (MoO;) and sulfur
powder as the molybdenum and sulfur sources, respectively. The
monolayer or quasi-monolayer MoS, nanosheets were then exfoliated
from bulk MoS, precursor particles, assisted by alkali metal ions and
ultrasonic assistance.'® The specific exfoliation and characterization
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methods are described in Text S1 and Text S2 in the Supporting
Information. Details on the reagents used in this study are given in
Text S3.

Experimental Design

The tested clean soil (sandy loam, pH = 7.47 + 0.12, soil organic
matter = 69.27 + 2.1 g/kg dw. (dry weight), background
molybdenum concentrations = 0.037 + 0.013 mg/kg dw,; n = 3;
see Text S2 for characterization methods) was taken from the plow
layer (0—20 cm) of agricultural land located in Shanghai City, China,
at 30°56'02" N, 121°23'36"" E. The collected soil samples were air-
dried and passed through a sieve with a pore size of 2 mm to ensure
particle uniformity. A total of 7 nominal exposure concentrations were
established: 1) clean soil (d.w.) as control; 2) S mg Mo/kg and 3) S0
mg Mo/kg PrMoS, in soil (d.w.); 4) S mg Mo/kg and 5) 50 mg Mo/
kg ExMoS, in soil (dw.); 6) S mg Mo/kg and 7) SO mg Mo/kg
Na,MoO, in soil (dw.) as ionic control to assess the toxicity
contribution of molybdenum with different valence states. The
established exposure concentration gradients fall within the predicted
environmentally relevant levels of MoS, (model predictions ranging
from ppb to ppm) as well as the dose range reported in existing
toxicity assessments,”'">° and consistent with the sublethal doses
suitable for earthworm stable survival as determined by preliminary
experiments.

Before formal exposure, the test soils were digested (90 °C for 1 h
+ 145 °C for 45 min) with a mixture of HNO; and HCl in a volume
ratio of 1:3. After the contents were cooled to ambient temperature,
the solution was filtered and diluted to 10 mL with ultrapure water
and then immediately quantified by inductively coupled plasma-
optical emission spectroscopy (ICP-OES, iCAP-PRO, Thermo Fisher,
U.S.A.) to determine the actual exposure concentrations; the detected
concentrations indicate a satisfying agreement with nominal settings
and confirm the successful establishment of effective and comparable
concentration gradients (Table S1). As for the ion release content of
PrMoS, and ExMoS, in the tested soils during 7 days, the soil leachate
was isolated using gradient suction filtration after shaking incubation,
followed by ultrafiltration treatment. The ionic molybdenum content
was quantified by ICP-OES without digestion.

The earthworms, Eisenia fetida, were collected from a vermiculture
facility in Jurong City, Jiangsu province, China. After acclimation
under controlled conditions at 25 + 1 °C, 50% humidity, and a 12 h/
12 h light/dark cycle until stable survival, 10 earthworms with visible
clitella and uniform weight (0.4—0.4S g) were depurated (24 h, usin$
disposable Petri dishes with moist filter paper replaced every 12 h)*
and collectively introduced into each concentration treatment as a
single exposure unit. Each treatment set had 6 independent biological
replicates initially. Given that the sensitive immune system of
earthworms typically exhibits defense responses after short-term
exposure and can rapidly enter an adaptation period once exposure
ends, we optimized the exposure protocols recommended by the
OECD guidelines. Specifically, following a 7 day exposure period,
earthworms from three replicates were collected for immediate
analyses of immunological parameters at the tissue, cellular, and
molecular levels. The remaining replicates were transferred to
unamended soils and allowed to recover for an additional 7 days to
evaluate the resilience of the induced immune response.

Earthworm Immune Response in Body Wall Tissues

Earthworms collected after the exposure and recovery phases were
depurated and fixed in 4% paraformaldehyde for 24 h, and 3 um
sections were then cut from paraffin-embedded tissue. Tissue sections
were specifically stained for brown bodies with iron dye (ferric
trichloride: potassium ferricyanide: deionized water = 7.5:1:1.5),
followed by differentiation with 1% acetic acid and counterstaining
with neutral red. After dehydration in anhydrous ethanol, the stained
sections were scanned using a digital slide scanner (Pannoramic-
MIDI, 3DHISTECH). Simultaneously, the accumulation of different
molybdenum forms in the depurated earthworm tissues was
quantified by using the aforementioned ICP-OES method.

For image analysis assisted by machine learning, the Cell Detection
module in QuPath was first run to define all cells in the given scanned
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Figure 1. Characterization of precursor MoS, particles (PrMoS,) and exfoliated MoS, nanosheets (ExMoS,). Representative atomic force
microscopy (AFM) images and height profiles of (A, B) PrMoS, and (C, D) ExMoS,. The red arrows in the height curves highlight the intrinsic
defect on the nanosheet lattice. Transmission electron microscopy (TEM) images and corresponding high-resolution patterns of (E, F) PrMoS,
and (G, H) ExMoS,. The electron diffraction patterns are inserted in the bottom-right of panels (F) and (H), and the data marked in the panel
represent the mean spacing between 20 lattice points selected along the red arrow path (mean + SD). (I) Zeta potential and (J) calculated surface
roughness of PrMo$S, and ExMoS,; data are expressed as mean & SD (n = 6); the distribution of the raw data is shown as individual data points in
the panels. Statistically significant differences between two types of MoS, (PrMoS, and ExMoS,) are expressed as (n.s.) p > 0.0S and (***) p <
0.001. (K) Raman spectra of PrMoS, and ExMoS,. (L) Cumulative pore volume distribution and the total pore volume from Brunauer—Emmett—

Teller (BET) analysis of PrMoS, and ExMoS,.

image. Subsequently, customized regions of stained brown bodies
were created, and a corresponding interactive random forest
classification trainer was built. The custom annotated regions were
trained for continuous classification and applied to all cells within the
specified region to automatically quantify the proportion of tissue
brown bodies.*”

Quantification of Whole-Animal Functional Immune
Factor Levels

A double antibody sandwich system was used to quantify the whole-
animal immunological factor levels in earthworms. Specifically,
purified macromolecular functional immunoreceptors (lumbrokinase
and polyphenol oxidase) and small molecular immunological factors
(antimicrobial peptide, hemolysin, cytolytic factor, melanin, and
lipofuscin) were used to coat enzyme-linked immunosorbent assay
(ELISA) microplates and incubated overnight at 4 °C to prepare the
corresponding solid-phase antibodies. Nonspecific binding was
blocked using bovine serum albumin sealing buffer. The earthworm
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tissue homogenate was subsequently added and conjugated with a
horseradish peroxidase (HRP) labeled antibody. After thorough
washing, the substrate 3,3',5,5'-tetramethylbenzidine (TMB) was
used for color development upon HRP catalysis for 30 min at 37 °C.
The absorbance at 450 nm was immediately recorded on a microplate
reader (SpectraMax iDS, Thermo Fisher, U.S.A.).

Binding Mechanisms of Different Molybdenum Forms to
Earthworm Macromolecular Functional Immunoreceptors

A mixture containing lumbrokinase (1 gmol/L), polyphenol oxidase
(0.1 pmol/L), phosphate buffer solution (PBS, 0.2 mol/L), and
different molybdenum dispersions/solutions (PrMoS,, ExMoS,, and
Na,MoO,) at 0.1 mg Mo/L was incubated at 25 + 1 °C for 40 min.
The UV—visible spectra were acquired on a UV—visible spectropho-
tometer (V3100PC, MAPADA, China) at 190—380 nm. The
resonance light scattering spectra (EX = EM = 200—600 nm) and
synchrotron fluorescence spectra (EM = 265/310 nm, EX = 250—-350
Al 15/60 nm) were recorded using a fluorescence

nm,
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Figure 2. Barrier immune response profile of earthworms (Eisenia fetida) upon exposure to PrMoS,, ExMoS,, and their ionic counterpart
(Na,Mo0,) at concentrations of S mg Mo/kg soil (d.w.) and S0 mg Mo/kg soil (d.w.) for (A;—A;) 7 days followed by (B,—B,) another 7 days of
recovery in clean soil. Black arrows indicate goblet cells, and the blue arrows indicate epithelium damage. Machine learning-based image
recognition assists in the spatial distribution and relative quantification of tissue brown bodies (highlighted with yellow arrows), and the
proportional area occupied by brown bodies was calculated and marked in the lower right corner of the panels. The blue numbers, expressed as
mean =+ SD, represent the statistical results of cuticle thickness measured using the Nano-Measure system (version 1.2.0) at 20 randomly selected
locations within the layer. Panels (Ag) and (Bg) present the absolute quantification of whole-animal lipofuscin levels in earthworm tissues, as
determined by enzyme-linked immunosorbent assay; the data are expressed as mean + SD (n = 3).

spectrophotometer (F-7000, Hitachi, Japan). All fluorescence data
were calibrated using our previously established method to ensure
correct interpretation.23

Laser Confocal Imaging of Filamentous Extracellular DNA

After each of the exposure and recovery periods, an optimized
extraction medium was used to trigger spontaneous excretion of
earthworm celomic immune cells.'* Isolated cells with satisfactory
initial viability were coincubated with Sytox orange (S M), a high-
affinity nucleic acid dye incapable of penetrating cell membranes, for 5
min under dark conditions to label extracellular filamentous
connective DNA. Fluorescence images were immediately acquired
on a multiphoton laser confocal microscope under a 561 nm
fluorescent channel (TCS-SP8-STED-3X, Leica, Germany), and the
fluorescence intensity of extracellular DNA was quantified for
supernatants of the staining system on a microplate reader.

Earthworm Transcriptomics Sequencing and
Endosymbiotic Microbial Community Analysis

After the exposure and recovery periods, the earthworm surface was
adequately washed using sterile PBS buffer in an ultraclean bench
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until no visible particles or mucus residues remained, followed by
rapid freezing of the earthworm tissues using liquid nitrogen. The
total tissue RNA was extracted using a TRIZOL reagent, and the
RNA meeting the quality control requirements (total RNA content
>1 pg, RNA concentration > 30 ng/uL, RNA integrity number >6.5,
ODj40/280 = 1.8—2.2) was used for library construction and
sequencing on the Illumina Novaseq 6000 platform. Details of RNA
extraction and sequencing library construction can be found in Text
S4. The total DNA of the earthworm's intrinsic microbial community
was extracted using an E.Z.N.A. soil DNA kit (D5625—02, Omega
Biotek, U.S.A.). The V3—V4 region of the 16S rRNA gene was PCR
amplified, and the products were quantified by a fluorescence
quantification system (QuantiFluor-ST, Promega, U.S.A.). The
NEXTFLEX Rapid DNA-Seq Kit (NOVA-5188, Rewvity, U.S.A.)
was used for library construction, and the sequencing was performed
on an Illumina Miseq PE300 platform. Additional detailed methods
are presented in Text SS.

Statistical Analysis
The significance of differences between treatments and the control

group was tested in GraphPad Prism (version 7.0) software using one-
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way analysis of variance (ANOVA) methods. All quantitative data are
presented as mean values with variability assessed by standard
deviation (SD).

B RESULTS AND DISCUSSION

Characterization of PrMoS, and ExMoS,

Atomic force microscopy (AFM) images demonstrate that
PrMoS, possesses a maximum lateral size of ~3 um (Figure
1A), with a thickness of 226.87 + 34.2 nm counted along three
random representative paths on the substrate (Figure 1B). The
largest lateral dimension of ExMoS, exfoliated from PrMoS,
was approximately 700 nm (Figure 1C), with a thickness of
1.27 + 0.07 nm, representing a quasi-monolayer structure
(Figure lD).24 Transmission electron microscopy (TEM)
images confirmed the size difference between microscale
PrMoS, (Figure 1E) and nanoscale ExMoS, (Figure 1G) from
AFM results, and also show the homogeneous distribution of
molybdenum and sulfur on the nondefective lattice basal plane
(Figure S1). High-resolution images (HR-TEM) further reveal
a multilayer structure of PrMoS, (Figure 1F), confirming its
suitability as a precursor for chemical exfoliation. The reduced
interlayer spacing following exfoliation (from 0.59 + 0.04 to
0.32 + 0.12 nm) further supports the transition of MoS, from
a multilayer nature to a monolayer or quasi-monolayer
structure.” Additionally, the lower zeta potential values of
ExMoS$, (—23.8 + 4.5 mV) compared to PrMoS, (—20.0 + 2.2
mV) (Figure 1I) indicated greater surface electrostatic
repulsion and colloidal stability for the ExMoS,.*®

Surface defects (red arrows in Figure 1D) and a
heterogeneous electron density distribution (bottom-right
panel in Figure 1F,H) associated with chemical exfoliation
increased the surface roughness (PrMoS,: 17.35 nm, ExMoS,:
119.14 nm; p < 0.001) of ExMoS, (Figure 1J). Raman
spectroscopy supports a highly disordered lattice for ExMoS,;
although no peak shifts corresponding to the in-plane (Eég;
~379 cm™') and out-ofplane (A; ~406 cm™') lattice
vibrations were observed, the increased Raman Alg/Eig ratios
(PrMoS,: 1.698; ExMoS,: 1.871) suggest a higher lattice
distortion degree in the exfoliated ExMoS, (Figure 1K).> %
Brunauer—Emmett—Teller (BET) analysis shows that the total
pore volume of ExMo$, (0.11 cm®/g; Fitting error: 1.11%) was
larger than that of PrMo$S, (0.03 cm®/g; Fitting error: 1.02%).
These pores, which are predominantly concentrated in the 2—
8 nm range (Figure 1L), appear to partially originate from
nanoscale defects such as nanoholes and disordered regions in
ExMoS,, as confirmed by AFM, HR-TEM, and Raman
spectroscopy observations. Moreover, the molybdenum ion
release content of ExMoS, in the tested soils (3.8—6.4%) was
significantly higher than that of PrMoS, (2.6—4.0%) (p <
0.001; Table S2) within 7 days that consistent with the
exposure period, which may be attributed to the higher surface
roughness and total pore volume upon MoS, nanosheet
exfoliation.’>*" Notably, the ion release profiles of both MoS,-
forms were significantly less than those reported in aqueous
solutions, including water, culture medium, and soil
solution,>” % but does better represent the material trans-
formation in the exposure scenario utilized herein.1
Machine Learning-Facilitated Visualization and

Quantification of Earthworm Somatic Immune Barrier
Damage

The earthworm body wall is composed of epidermal keratin
and a muscular layer that serves as the first defense against
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xenobiotic exposure.”’ Both PrMoS, and ExMoS, caused a loss
of epithelium integrity compared to the control, regardless of
the dose (blue arrows in Figure 2A,—A;). This loss of integrity
exhibited minimal healing after 7 days of recovery (Figure
2B,—B;). Earthworms exposed to SO mg Mo/kg soil (d.w.) as
PrMoS, (96.7 = 169 um) exhibited significant cuticle
thickening (p < 0.001) compared to the control (65.9 + 5.1
um); this effect was not observed in the ExMoS, and
Na,MoO, exposure groups (Figure 2A;—A;). It has been
reported that earthworms can accumulate surface keratins and
polysaccharides through goblet cell proliferation and cornifi-
cation, thereby regulating cuticle thickness as an active
response to external environmental stress.”” >’ The total
molybdenum content in earthworm tissues was 4.60 + 0.89
and 20.80 + 4.77 mg/kg tissue (dw.) upon 5 and 50 mg Mo/
kg soil (d.w.) ExMoS, exposure, which is significantly higher
than the accumulation in the PrMoS, exposed group at 2.78 +
0.96 and 10.23 + 1.93 mg/kg tissue (d.w.), respectively (p <
0.01) (Figure 2A,—A;). This increased molybdenum content is
likely due to nanoscale ExMoS, penetrating the cuticle more
easily than micrometer-sized PrMoS,, as confirmed in previous
studies involving other nanomaterials.**** Notably, Na,MoO,
exhibits higher tissue accumulation (4.73 + 1.20 and 30.38 +
6.68 mg/kg tissue (d.w.) at S and S0 mg Mo/kg soil (d.w.)
groups; Figure 2A4—A;) than both MoS, forms and was
significantly eliminated after a 7 day recovery period (71.5—
93.5%; Figure 2B¢—B,). This is attributed to ions more readily
entering tissues through passive diffusion across intercellular
spaces or via active uptake processes mediated by ion channels
or transporters.40

The formation of brown bodies, including lipofuscin and
melanin, is an important immune response mechanism of the
earthworm at the tissue level.*' Although less PrMoS,
accumulated in earthworm tissues than ExMoS,, automated
image quantification based on machine learning showed a
higher extent of brown body formation (yellow arrows in
Figure 2) upon precursor exposure. This may be attributed to
the larger lateral dimensions of PrMoS,, which could be more
readily recognized by the organism and rapidly trigger an
immune response to facilitate the effective encapsulation and
isolation of accumulated PrMoS,.”> However, the muscular
brown body content exhibited overt reduction after recovery,
which was associated with a significant excretion or trans-
location of PrMoS, (60.4—74.6% excluded; Figure 2B,—B;).
Conversely, the continuous secretion of brown bodies was
observed after ExMoS, exposure (Figure 2B,—B;). Compared
to PrMoS,, nanoscale ExMoS, showed improved cuticle
penetration and higher accumulation potential in muscle
(43.9—55.4% excluded; Figure 2B,—B;). Moreover, ExMoS,
possesses a quasi-monolayer structure with abundant surface
defects, which was reported to enhance its reactivity.”"*
These properties may mechanistically promote the sustained
formation of earthworm tissue brown bodies in the recovery
period of the ExMoS, group.

Based on relative quantification assisted by image analysis,
the absolute quantification of brown bodies further indicates
that lipofuscin is a more sensitive biomarker for earthworm
response to xenobiotics than melanin (Figures 2Ag and 4F).
Although significant tissue enrichment of molybdenum ions
was observed (p < 0.001), this accumulation did not induce
lipofuscin production, regardless of dose (Figure 2AgBjg).
Unlike molybdenum ions, PrMoS, exposure increased earth-
worm tissue lipofuscin levels by 7.4 and 7.0% at 5 and 50 mg
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Figure 3. Laser confocal captures of extracellular NDA extrusion (white arrows) of functional immune cells isolated from earthworms (Eisenia
fetida) exposed to PrMoS,, ExMoS,, and their ionic counterpart (Na,MoQ,) at a concentration of S0 mg Mo/kg soil (d.w.) for (A—D) 7 days of
exposure following (G—J) by another 7 days of recovery in clean soils. (E, F, K, L) Three-dimensional reconstruction patterns further show the

spatial distribution and connectivity of extracellular NDA across cells.

Mo/kg, respectively, compared to the control (p < 0.001),
whereas ExMoS, only increased lipofuscin content at high
concentrations (p < 0.05). Importantly, this tissue-level
immune response returned to near pre-exposure levels after
7 days of recovery, highlighting the dynamic transport and
transformation mechanisms of earthworms against invasive
xenobiotic particles.

Three-Dimensional Dynamic Imaging of ExMoS,-Induced
Irreversible Extrusion of Extracellular DNA

Upon penetration of the earthworm body and intestinal tissue,
MoS, nanosheets (such as ExMoS,) can further access the
coelom and free-flowing functional immune cells. A selective
SYTOX probe was used to visually identify the filamentous
extracellular DNA with connectivity between different cells as a
phagocytosis-independent immune mechanism.™* Specifically,
filamentous extension structures associated with immune cells
were observed in the celomic content after exposure to 50 mg
Mo/kg soil (dw) of PrMoS, and ExMoS, for 7 days (white
arrows, Figure 3B,C); no external DNA secretion was evident
in the control and Na,MoO, groups (Figure 3A,D). By
scanning along the Z-axis in the field of view and initiating
three-dimensional remodeling, external DNA is observable,
clearly extruded by individual cells, and extending outward,
connecting multiple immune cells (Figure 3E—F). This
establishment of intercellular connectivity mediated by
filamentous extracellular DNA represents potential immune
cell recruitment to enhance capture and phagocytosis of
exogenous MoS,.*> Moreover, the filamentous extracellular
DNA observed in the ExMoS,-exposed group is thicker in
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morphology than that in the PrMoS, group (p < 0.05), during
both the exposure and recovery phases. Synchronous
quantification of specific fluorescence intensity showed
significantly elevated content of extracellular DNA in both
MoS, groups compared to the control and Na,MoO, groups
during exposure (Figure S2A, p < 0.05), supporting the visual
results. Extracellular DNA extrusion is a conserved mechanism
from invertebrate evolution, responsible for capturing coelomic
pathogens; this is effective as invertebrate coeloms connect to
the exterior via dorsal pores and are rich in microorgan-
isms.*>*® Interestingly, imaging and quantification results
consistently demonstrate that coelomic extracellular DNA
remained significant in earthworm tissues after 7 days of
recovery from ExMoS, exposure; this was not evident with
PrMoS, (p < 0.0S, Figure 3G—L and Figure S2B). Overall,
beyond previously reported pathogen defense, these findings
demonstrate for the first time both visual and quantifiable
earthworm immune cell DNA persistent extrusion that was
unique to the nanoscale ExMoS, exposure, which may further
impact the secretion of functional immune factors; this topic is
discussed below. 3

Response Pattern of Earthworm Immune Functional
Receptors to Different Molybdenum Forms

The activity of lumbrokinase, which is the central macro-
molecule responsible for the catabolism of fibrin-containing
organic matter, increased by 9.42 (p < 0.001) and 4.35% (n.s.)
compared to the control as a function of 5 and 50 mg Mo/kg
soil (d.w.) PrMoS, exposure, respectively, suggesting potential
energy deprivation (Figure 4A). Conversely, ExMoS, signifi-
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Figure 4. Macromolecular functional immunoreceptors (A for lumbrokinase and B for polyphenol oxidase) in the earthworm (Eisenia fetida) after
exposure to different molybdenum forms (PrMoS,, ExMoS,, and Na,MoO,) at 5 mg Mo/kg soil (d.w.) (marked as L for low dose) and 50 mg
Mo/kg soil (d.w.) (marked as H for high dose) for 7 days following another 7 days of recovery in clean soil; data are expressed as mean =+ SD (n =
3). The small molecular immunological factors are characterized by (C) antimicrobial peptide, (D) hemolysin, (E) cytolytic factor, and (F)
melanin contents. Statistically significant differences compared to the control are expressed as (*) p < 0.0S, (**) p < 0.01, and (***) p < 0.001.
(G—J) Binding patterns of lumbrokinase and polyphenol oxidase to PrMoS, and ExMoS, characterized by multispectra technologies.

cantly inhibited lumbrokinase activity at both doses (p < 0.01).
Lumbrokinase not only decomposes organic matter but also
regulates cellular immune activity by repairing coelomocyte
damage and reducing inflammation.”” Comparing the results
for the different molybdenum forms, ExMoS,-induced
lumbrokinase dysfunction was clearly specific to its nanoscale
size, and this biomolecular impact may further disable the
positive regulation of earthworm cellular immune activity and
anti-inflammatory factor secretion. Quantification of immune
cell metabolic activity based on CCK-8 probing confirms this
hypothesis; 7 days of ExMoS, exposure at 5—50 mg Mo/kg
soil (dw.) inhibited immune cell activity by 10.4—11.7%
compared to the control (Figure S3), consistent with the
functional impairment of lumbrokinase. Interestingly, lum-
brokinase activity recovered to pre-exposure levels upon
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recovery from PrMoS, exposure, whereas ExMoS,-induced
lumbrokinase dysfunction (p < 0.05) was irreversible.
Polyphenol oxidase is central to the prophenoloxidase
system, which is crucial for invertebrate humoral immune
response and catalyzes the oxidation of phenolic compounds to
quinones, mediating local inflammatory immune stress
initiation.”* PrMoS,, ExMoS,, and the ionic counterpart
significantly reduced polyphenol oxidase activity in a dose-
dependent manner (Figure 4B, p < 0.05). This functional
inhibition was restored to levels beyond the control in all
tested groups after the 7 day recovery period. The relative
inactivation of polyphenol oxidase was likely the result of the
local immune function being disabled, mediated by antimicro-
bial and inflammatory pathways.”” Significant upregulation (p
< 0.01) of key immune factors in earthworms upon exposure
across all treatments, including antimicrobial peptides,
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Figure S. Immunity-specific gene identification in the earthworm (Eisenia fetida) after exposure to different molybdenum forms (PrMoS,, ExMoS,,
and Na,MoO,) at a concentration of 50 mg Mo/kg soil (d.w.) for 7 days (marked as E for exposure) followed by another 7 days of recovery in
clean soils (marked as R for recovery). Differentially expressed genes (DEGs) were defined as adjusted p-value (p,g4s) < 0.05 and llog, (fold
change)l > 1. (A, B) Partial least-squares discrimination analyses performed using SIMCA software (version 13.0). (C, D) Venn and (E, F) volcano
plots involving DEGs. (G, H) Gene ontology (GO) enrichment analyzed by Fisher exact test in Goatools software (version 0.6.5) and the
clusterProfiler package in R (version 4.2.3), and significant enrichment of the corresponding functional entry was defined only when p,g,s < 0.05.

hemolysin, and cytolytic factor, confirms the polyphenol
oxidase dysfunction and demonstrates the activation of
compensation mechanisms to overcome the impairment of
antimicrobial and inflammatory immune functions (Figure
4C—E). The levels of these trace immune molecules (ng/L) in
earthworms are highly dynamic; except for persistent
hemolysin secretion with S mg of Mo/mL ExMoS,, all the
other tested immune factors recovered to control levels within
7 days of exposure cessation. Collectively, compared to
PrMoS, and Na,MoOQ,, ExMoS, exposure disabled earthworm
lumbrokinase function in a nanoscale-specific manner,
disrupting the positive regulation from molecular to cellular
levels in phagocytic immune cells within the earthworm
coelom. Importantly, this immune toxicity was unique to
ExMoS, and was irreversible, likely weakening earthworm
tolerance in a persistent fashion that could compromise the
organisms’ response to other stressors and intermittent

exposure scenarios.
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Binding Mechanisms of PrMoS, and ExMoS, to Functional
Immune Macromolecules at the Single-Molecule Level

As indicated by UV—visible spectra, the intense absorption
peak near 190 nm observed in Figure S4 corresponds to the
m—n* electron transition of the C—O bond in the peptide
chain of earthworm lumbrokinase and polyphenol oxidase.”
Upon exposure to PrMoS,, the absorbance of lumbrokinase
and polyphenol oxidase at 190 nm decreased byl.64% and
1.43% compared to the control group (Figure S4B—E),
suggestm% a loosening and unfolding of the protein backbone
structure.”” Unlike PrMoS,, the absorption peak of lumbroki-
nase decreased by 1.30%, while the corresponding peak of
polyphenol oxidase increased by 0.87%, compared to the
control after ExMoS, treatment. This indicates lumbrokinase
skeleton loosening and polyphenol oxidase backbone con-
traction. Comparing the results between molybdenum forms,
the ExMoS,-induced shrinkage of the polyphenol oxidase
molecule may be associated with the effect of soluble ions. The
resonance light scattering spectral intensity of lumbrokinase
and polyphenol oxidase in the PrMoS, exposed group
increased by 156.8% and 130.0% compared to the control,
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Figure 6. Endosymbiotic microbiota profile of earthworms (Eisenia fetida) exposed to PrMoS,, ExMoS,, or Na,MoO, at a concentration of 50 mg
Mo/kg soil (d.w.) for 7 days (marked as E for exposure) followed by another 7 days of recovery in clean soils (marked as R for recovery). (A, B)
Venn maps of microbes involving the OTU numbers. (C, D) Hierarchical clustering analysis and (E, F) composition calculation of the
endosymbiotic microbial community at the phylum level. (G—N) Co-occurrence networks of the microbial consortium for different treatments
were conducted by calculating pairwise associations between OTUs using the Spearman rank correlation method and visualized via Gephi (version
0.10.1). Each node represents an OTU, and the size of each node is proportional to its degree in the network. The node colors signify different
microbial phylum levels. The structure and stability of each network were characterized by parameters including the number of nodes and edges,
average degree (AD), graph density (GD), modularity index (MD), average clustering coefficient (ACC), and average path length (APL).

while this phenomenon was not observed with ExMoS, or residue microenvironment changes such as tighter encapsula-
Na,MoO, treatments (Figure S5). This indicates that both tion, decreased local refractive indices, and enhanced polar-
macromolecules adsorbed onto PrMoS, via a peripheral ity.”> These insights are summarized in Figure 4G-J,
binding pattern, forming larger nanobio aggregates with establishing a molecular-level connection between the func-
increased hydration diameter.”” Both MoS, variants reduced tional regulation and conformational changes of earthworm
the synchronous fluorescence spectral intensity (A4 = 60 nm) immune macromolecules upon exposure to different molybde-

of lumbrokinase and polyphenol oxidase from 2.23 t010.77%
of the control (Figure S6), which is associated with
fluorescence quenching of Trp residues.”’ Additionally,

num forms.

Immune-Specific Gene Transcriptional Initiation

) Mechanism
compared to PrMoS,, ExMoS, specifically quenched the Tyr
fluorescence inside the lumbrokinase molecule, as reflected by Transcriptomic analysis was employed to elucidate the gene
the decreased intensity (2.25%) of synchronous fluorescence regulatory mechanisms of differential immune responses as a
spectra at A4 = 15 nm (Figure S7). This results in amino acid function of exposure to different molybdenum forms. Partial
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least-squares discriminant analysis (PLS-DA) for all immune-
specific unigenes indicates significant separation between
ExMoS, and Na,MoO, groups versus the control and
PrMoS, group (Figure SA). After the 7 day recovery period,
the gene expression patterns of PrMoS,, ExMoS,, and
molybdate treatments were well separated from those of the
control (Figure SB). Furthermore, the overt distinction of
different molybdenum forms between exposure and recovery
periods, along with the specific regulation of a number of
differentially expressed genes (DEGs), underscores the
irreversibility of overall gene expression reprogramming
(Figure SC,D, Figures S8 and $9). Volcano plot visualization
analysis counted a greater number of downregulated DEGs
during the exposure period, regardless of the molybdenum
form (Figure SE). However, compared to the PrMoS, group,
downregulated gene expression in the ExMoS, and Na,MoO,
groups persisted after 7 days of recovery (Figure SF).
Hierarchical clustering (HCL) analysis indicates that the
shared DEGs in earthworms exposed to ExMoS, and
molybdenum ions (Na,MoO,) were clustered together based
on expression levels (Figure S10A), but that the two types of
MoS, exhibited distinct expression regulation patterns
compared to their ionic counterpart upon cessation of
exposure (Figure S10B).

Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses (Figure SGH and
Figure S11) show that Na,MoO, exposure significantly
reprogrammed the expression of genes encoding metal-
loendopeptidases, potentially affecting pathogen-associated
protein degradation and immune cell recognition processes.”*
During recovery, genes responsible for NOD-like receptors
(NLRs) and transforming growth factor-beta (TGF-f}) signal-
ing pathways were activated (Figure S11B) to compensate for
Na,MoO,-induced immunosuppression and to enhance
immune tolerance.”> Unlike those under Na,MoO, exposure,
DEGs were significantly enriched in Chitinase activity in the
PrMoS, group during exposure. Chitinases are known to
participate in biodegradation and nutrient cycling by hydro-
lyzing chitin and regulatin§ the Toll pathway to engage in
innate immune responses.”® The synchronous enrichment of
polysaccharide degradation supported the potential digestive
dysfunction induced by PrMoS, exposure. Compared with
PrMoS,, ExMoS, exposure significantly impacted energy
supply processes, including oxidoreductase activity and
NADPH oxidase activity, persistently activating compensatory
genes related to redox homeostasis. Initiation of fat digestion
and absorption in KEGG mapping validated energy homeo-
stasis instability, which can expedite substance utilization to
compensate for energy deprivation (Figure S11A)."*

Gene set enrichment analysis (GSEA) shows that earth-
worms exhibiting significantly changed leading pathways of
synaptic vesicles (Figure S12A) and enzyme-linked receptor
protein signaling pathways (Figure S12B) during exposure and
recovery periods of the PrMoS, group, potentially responsible
for signaling transduction imbalance and postexposure immune
memory formation. Conversely, genes related to exocytosis
were significantly enriched with exposure to ExMoS, (Figure
S12C), phenotypically mediating the persistent secretion of
filamentous extracellular DNA (Figure 3). The activated
glutathione enzyme activity pathway in response to ExMoS,
during the recovery period (Figure S12D) indicates an active
initiation of detoxification and antioxidant compensation in
earthworms upon cessation of exposure, aligning with the GO
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and KEGG functional enrichment analyses. Leading genes in
the Na,MoOQ, exposure group were involved in impaired lipid
transport in the exposure period and enhanced mitochondrial
function in the recovery period (Figure S12E,F); this may
disturb the energy supply processes. Given the similar energy
pathway enrichment and significant ion release observed for
the ExMoS, and Na,MoO, groups, the additional regulation of
soluble ionic species in ExMoS,-induced transcriptional
reprogramming warrants further study.

Cooperative Immune Profile from the Innate and
Synergistic Viewpoints

Host endosymbiotic microbiota play a crucial role in
maintaining host health and immune function, as well as in
mediating responses to xenobiotic invasion through self-
reassembling community structures.”” PLS-DA clearly distin-
guishes ExMoS, and Na,MoO,, groups from the control along
the first and second axes, both in the exposure and recovery
periods, at the operational taxonomic unit (OTU) level, while
the PrMoS, group shows only slight separation from the
control (Figure S13). The decline in unique OTU counts
(Figure 6A,B) and the abundance-based coverage estimation
(ACE) index (Figure S14) in earthworms during the 7 day
recovery period demonstrate the sensitive response of
microbial community diversity as a function of exposure to
different molybdenum forms. The analysis of the average
degree of variation confirms the loss of microbial community
stability in earthworms during the exposure period (Figure
S15). These observations, as derived from the control of
adequate sample size, appropriate grouping, and satisfying
species uniformity (Figures S16—18), are consistent with
previous studies reporting that the microbial community in
earthworms is highly sensitive to exogenous substance
exposure, including metals, pesticides, and nanoparticles.”**°

Differences in the community composition of earthworm
endosymbiotic microbes in response to particulate and
sheetlike MoS, were assessed at the phylum level. Compared
to the PrMoS, and Na,MoO, exposure groups, symbiotic
microbes in the ExMoS, group were categorized into a distinct
cluster based on abundance in both the exposure and recovery
periods (Figure 6C,D). In addition, Actinobacteria and
Bacteroidota abundance were significantly higher in earth-
worms that underwent 7 days of recovery after PrMoS,
exposure compared to those from the exposure period (Figure
6E,F). This could be attributed to PrMoS,-induced abnormal-
ities in earthworm intestinal tissue permeability, as well as
increased susceptibility of the overall immune response to
exogenous pollutants.”’ Compared to the PrMoS, group
(80%), earthworm symbiotic microbes upon ExMoS, exposure
exhibited higher abundances of Proteobacteria and Firmicutes
(90%), and these further dominated (99%) during the
recovery period. Proteobacteria and Firmicutes have been
documented to actively participate in metal resistance and
reduction, as well as sulfide oxidation, as a means to reduce the
bioavailability of metals and their derived nanoparticles,
thereby maintaining redox homeostasis.”> This aligns with
the sustained activation of stress-compensatory genes induced
by ExMoS, through the recovery period (Figure SGH). Co-
occurrence network analysis was employed to provide insight
into the earthworm’s intrinsic microbial community structure
in terms of interspecies interactions. Under PrMoS, exposure,
impacts on microbial network connectivity and community
structure were most pronounced (as explained by the highest
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graph density (GD) and smallest average path length (APL)
values), representing a highly synergistic pattern among
earthworm endosymbiotic microbiota (Figure 6G—J). Once
exposure ceased, microbial module clustering and community
connectivity reverted to levels below those of the control group
(Figure 6K—N).

Mechanistically, the relative abundance-frequency relation-
ships of earthworm microbial taxa adhered more closely to the
neutral community model (NCM) in the exposure period (R*
= 0.4348) compared to those in the recovery period (R* =
0.0272) (Figure S19). This result suggests a stronger diffusion
potential driven by niche differences between microbial
communities under different molybdenum form stress, whereas
host-mediated processes (e.g., immune responses and gene
regulation) exerted a more central role in shaping the
community structure during the recovery period.*® The higher
migration rate parameters (m) observed in the exposure period
(0.022) than in the recovery period (0.0052) further support
this interpretation. Furthermore, using iCAMP analysis based
on the null model algorithm with phylogenetic binning, we
found that, unlike PrMoS, and Na,MoO, exposures, the
clustering of microbial communities during the ExMoS,
exposure period was driven by deterministic processes (Figure
S20A). However, the relative contribution of the randomized
processes was enhanced after recovery (Figure S20B). This
may be attributed to the retention of ingested MoS, particles in
the earthworm gut, offering a temporary and additional
opportunity for microbial colonization.”” These results
mechanistically highlight the key processes that shape the
deterministic nature of earthworm endosymbiotic microbiota
under MoS, exposure, particularly ExMoS,, by influencing
niche selection and dispersal limitation.

Orthogonal Analyses of Phenotypic Immune Function,
Transcriptome, and Endosymbiotic Microbial
Communities

Transcriptome, microbiome, and phenotypic data were further
integrated for orthogonal analysis to explore the cascading
regulatory pathways from the earthworm upstream molecular
response to the phenotype as a function of exposure to
different molybdenum forms. Weighted gene coexpression
network analysis (WGCNA) visually linked gene expression to
immune function. All unigenes were clustered into 16 or 17
modules (clusters of genes with similar expression patterns)
after screening during the exposure and recovery periods,
respectively (Figure S21). Nine significant modules expressed
during exposure and three during recovery showed significant
correlations with phenotype (p < 0.05). These modules were
associated with the shared extracellular secretion, metal
binding, and immune defense function, suggesting sustained
top-down transcription-phenotype coregulation in earthworms
(Figure S22). In addition to the transcriptional involvement in
immune regulation, Mantel analyses confirmed the microbial
synergism and highlighted a positive in vivo link between
microbes and phenotypic immune function after recovery
(Figure S23). To quantitatively evaluate and compare the
differences in earthworm immune regulatory pathways during
the exposure and recovery periods, a conceptual framework of
the partial least-squares pathway model (PLS—PM) was
established (Figure S$24). During the exposure period,
molybdenum stress directly activated earthworm immune
resistance by significantly affecting in vivo accumulation
(path coefficient = 0.94, p < 0.001) and immune cell behavior

3103

(extrusion of extracellular DNA; path coefficient = 0.64, p <
0.05). After recovery, the residual MoS, in earthworms
stimulated sustained immunity mediated through the tran-
scriptional activation of immune resistance genes. However,
this was accompanied by impaired immune cell behavior,
which ultimately had a negative impact on phenotypic immune
function tolerance (path coefficient = —0.6, p < 0.05). The
integration of these multidimensional insights underscores the
top-down cascade immunomodulatory profile centered on in
vivo accumulation of molybdenum-based nanomaterials, to
rapidly respond and enhance immune tolerance during
exposure and actively sustain organismal health after exposure.

B ENVIRONMENTAL IMPLICATIONS

Nowadays, a significant and rapidly growing literature is
focused on the development, use, and agricultural benefit
assessment of novel nanofertilizers.*~®” However, in addition
to considering crop-enhancing effects, potential ecological risks
must always be considered, including impacts on soil quality
and associated biota. This study mechanistically demonstrates
the irreversible immune stress on model soil biota of a
representative two-dimensional agricultural nanomaterial,
MoS, nanosheets (ExMoS,), that has shown promise for
enhancing crop growth in laboratory-scale studies. Specifically,
in a realistic exposure-recovery exposure scenario, MoS,
nanosheets can persistently reprogram earthworm gene
expression related to energy homeostasis and extracellular
secretion, phenotypically mediating brown body encapsulation
and filamentous extracellular DNA assembly. Beyond that,
ExMoS, can alter the biomolecular skeletal structure and inner
amino acid residue microenvironment upon incorporation into
immune macromolecular agglomerates, thereby irreversibly
dysregulating the phenotypic immune receptor function.
Compared to their precursor bulk particles (PrMoS,), this
specific immune stress is unique to MoS, nanosheet exposure,
and partially stems from the persistent in vivo accumulation
and enhanced ionic species solubilization associated with the
nanosized two-dimensional structure. Furthermore, we found
that deterministic processes and niche selection drove the
weakening of dispersal limitation in earthworm endosymbiotic
microbial communities under MoS, nanosheet exposure and
revealed a top-down immune regulation cascade to resist MoS,
nanosheet exposure and accumulation and actively maintain in
vivo homeostasis upon the cessation of exposure. This study
highlights the necessity of thorough consideration of the trade-
offs between advancing nanoenhanced agriculture and holistic
ecological health.
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