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Abstract

This study aims to explore the shaping mechanism of habitat heterogeneity on its gut mi-
croecology and to clarify the structural differences and functional succession patterns of gut
microbiota of an earthworm Amynthas aspergillum under artificial breeding versus natural
habitats. A total of 175 A. aspergillum specimens and their corresponding soil samples
were collected from seven typical habitats in Guangxi: fertile farmland, barren farmland,
plantation forest, primary forest, artificial grassland, wasteland slope, and a breeding
farm. 165 rRNA high-throughput sequencing was employed to analyze the gut microbiota
structure. PICRUSt2 was used to predict metabolic functions, and the correlation between
soil physicochemical factors and community characteristics was analyzed. There were only
25 core shared OTUs found across the seven habitats, indicating a strong habitat specificity
of the gut microbiota in A. aspergillum. The fertile farmland group exhibited the highest
species richness (Chaol) and diversity (Shannon) among all groups (p < 0.05). Although
rich in organic matter, the breeding farm group showed the highest Simpson dominance in-
dex. Actinomycetota, Pseudomonadota, Chloroflexota, and Bacillota were the dominant shared
phyla in all groups. LEfSe analysis revealed that the wasteland slope habitat specifically
enriched the stress-tolerant genus Mycobacterium, while the breeding farm was dominated
by the anaerobic fermentation-capable genus Clostridium. Functional prediction indicated
that the primary forest group had the most complex microbial metabolic network, while
the breeding farm group exhibited a “functional simplification” trend focused on basic
carbohydrate metabolism, which was significantly correlated with the soil C/N ratio. Soil
physicochemical factors, particularly the intensity of anthropogenic disturbance and the
composition of organic matter, are the key forces driving the assembly of A. aspergillum gut
microbiota through environmental filtering. Artificial monoculture breeding leads to the
functional degradation of the gut microecology.

Keywords: Amynthas aspergillum; gut microbiota; habitat heterogeneity; community assembly;
functional prediction; ecological breeding

1. Introduction

The gut microecosystem of soil animals serves as a critical functional determinant
for host environmental adaptation, nutrient acquisition, and pathogen defense [1-4].
Amynthas aspergillum, belonging to the family Megascolecidae and commonly known
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as “Guangdilong,” is one of the most widely distributed and abundant large soil animals
in South China, as well as a significant traditional Chinese medicine listed in the National
Pharmacopoeia [5-7]. In recent years, wild resources of A. aspergillum have declined sharply
due to habitat fragmentation and predatory harvesting, prompting the emergence of the
artificial breeding industry [8-10]. However, current breeding models largely rely on high
density and single substrates (e.g., cattle manure, agricultural waste). This often leads to is-
sues such as germplasm degeneration, compromised disease resistance, and unstable yields.
Accumulating evidence indicates that alterations in gut microbial compositions driven by
external environments may partially account for these microecological complications [11];
however, the precise regulatory mechanisms shaping these habitat-dependent successions
remain poorly understood [12].

The assembly of gut microbial communities in soil animals is synergistically regulated
by the dual forces of “host genetic background” and “environmental filtering” [13-15]. For
earthworms, gut microbiota are primarily derived from ingested surrounding soil; however,
the ingested microbiota undergo intense directional selection after entering the earthworm’s
gut-specific microenvironment (characterized by neutral pH, anaerobic conditions, and
high mucus secretion). This process ultimately results in a unique community structure
that is distinct from the external environment [16-19]. These gut-colonizing symbiotic
microorganisms are not only key executors for nutrient acquisition and macromolecule
degradation but also core functional components for resisting exogenous pathogens and
maintaining host health and environmental adaptability [20-22]. There were many studies
showing that there are core microbial communities existing in the guts of different animals;
therefore, core gut microbial communities also exist in earthworm and persist stably and
dominate under various environmental conditions and host states [23].

However, existing studies are mostly confined to static descriptions of the earthworm’s
gut microbe composition in single environments or focus on unidirectional stress effects
from specific pollutants (e.g., heavy metals, antibiotics). There is a lack of systematic analy-
sis of effects of the “soil-earthworm-microbe” interaction on the earthworm’s gut microbial
community, especially the core microbiota, across a broad gradient of habitats—ranging
from natural ecosystems to intensive artificial ecosystems. Specifically, how soil physico-
chemical properties (e.g., pH, organic matter, C/N ratio) in different habitats reshape gut
microbiota through cascade effects, and whether artificial monoculture environments lead
to functional alienation or simplification of the gut microecology, are urgent issues that
directly impact the sustainable development of the ecological breeding industry [24].

This study investigates gut relative and absulate bacterial composition of earthworm of
seven typical habitats in subtropical area, covering a gradient from natural (primary forest)
and semi-natural (plantation forest, wasteland slope) to artificial (farmland, breeding farm)
ecosystems by using 165 rRNA gene high-throughput sequencing method combined with
bioinformatics analysis. This study aims to: (1) reveal the driving characteristics of habitat
heterogeneity on the diversity and community structure of A. aspergillum gut microbiota;
(2) identify core indicator taxa (biomarkers) across different habitats; (3) elucidate the
potential mechanisms of environment-induced functional succession of the microbiota. The
findings will provide a theoretical basis for the conservation of “Guangdilong” germplasm
resources, habitat restoration, and the optimization of ecological breeding techniques.

2. Materials and Methods
2.1. Study Area and Sampling Sites

The study area is located in the Guangxi Zhuang Autonomous Region (21.0° N-26.0° N,
104.0° E-112.0° E) (Figure 1), which is characterized by a subtropical monsoon climate [25,26].
To systematically investigate the characteristics of earthworm gut microbiota across differ-
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ent habitats, seven typical habitats were selected based on vegetation type, anthropogenic
disturbance intensity, and soil fertility: fertile farmland (FW), barren farmland (PJ), primary
forest (YSL), plantation forest (RGL), artificial grassland (RGCD), wasteland slope (HP),
and a breeding farm (YZ). Notably, the substrate at the breeding farm site consisted of a
mixture of fermented cattle manure and straw.

Sampling Sites

@ FW (Fertile farmland)

% © PJ (Barren farmland)

. @ YSL (Primary forest)

© RGL (Plantation forest)

. RGCD (Artificial grassland)
O HP (Wasteland slope)

@ YZ (Breeding farm)

Figure 1. Geographical distribution of the sampling sites for the earthworm Amynthas aspergillum in
Guangxi, China. Colored dots represent different habitat types: FW, fertile farmland; HP, wasteland
slope; PJ, barren farmland; RGCD, artificial grassland; RGL, plantation forest; YSL, primary forest;
YZ, breeding farm.

The gradient of anthropogenic disturbance intensity was rigorously classified into
three developmental tiers: natural control undisturbed (YSL), semi-natural low-intensity
disturbed (RGL, HP), and high-intensity artificial continuous managed intervention (FW,
PJ, RGCD, YZ).

2.2. Earthworm and Soil Sample Collection

In each habitat, a multi-point sampling strategy with five random quadrats
(30 cm x 30 cm) was employed to collect earthworms [27]. The soil was excavated verti-
cally to a depth of 20-30 cm to collect healthy, sexually mature adult Amynthas aspergillum.
Active earthworms were captured from these multi-point quadrats, and 25 healthy individ-
uals were pooled together as a representative composite sample for each habitat, totaling
175 specimens. Field sampling was conducted in mid-October 2025 (autumn season). At
the breeding farm (YZ) site, the mixed substrate of fermented cattle manure and straw
had been fully matured and stabilized for approximately 45 days prior to sampling to
ensure a stable colonizing microenvironment for the earthworms. The earthworms used
for sampling had an average body weight of 9.50 & 0.85 g and a body length of 14.00 cm
to 18.50 cm. The sampled earthworms were directly frozen in liquid nitrogen and taken
back to the laboratory. As for the soil samples, they were collected from a depth of 0-20 cm
within a radius of 10-15 cm around the earthworm discovery points. For each habitat, five
soil samples were obtained following the methods of sample collection, processing, and
analysis described by Bolyen et al. [28]. All samples were immediately placed in ice boxes
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and returned to the laboratory for processing as soon as possible. The sampling procedure
was shown in Figure 2.

1. Habitat Heterogeneity 2. Field Sampling & Separation
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Figure 2. Comprehensive workflow diagram of habitat-specific sampling, aseptic extraction, and
absolute quantification for the gut microecology of the earthworm Amynthas aspergillum.

2.3. Determination of Soil Physicochemical Properties

Soil samples were air-dried in the shade and passed through a 2 mm sieve. To ensure
maximum scientific rigor and comply with international standards, the physicochemical
properties were determined based on standard laboratory analytical protocols. Briefly, soil
pH was measured using a digital pH meter with a 1:2.5 soil-to-water suspension ratio; total
nitrogen (TN) was determined via the classic Kjeldahl digestion method; total phosphorus
(TP) was analyzed using the molybdenum blue colorimetric method; and organic matter
(OM) was measured by the potassium dichromate oxidation-outer heating method. The
results are expressed as the mean =+ standard error (SE) of replicates within each habitat
group, and one-way analysis of variance (ANOVA) was performed for statistical analysis.

Note that while transient soil moisture and microclimate fluctuations were not indi-
vidually presented, all field macro-environmental operations were synchronized within
the same stable meteorological window to ensure background homogeneity.

2.4. Earthworm Sample Processing and DNA Extraction

Gut Content Collection: The earthworm body surfaces were cleaned with sterile
water and disinfected with 75% ethanol. After being anesthetized on ice, the earthworms
were aseptically dissected to extract the intestines, and the gut contents were collected
by extrusion. Gut contents from five earthworms were pooled to form one biological
replicate. Five replicates were obtained for each habitat, resulting in a total of 35 samples.
The samples were flash-frozen in liquid nitrogen and stored at —80 °C.

DNA Extraction: Total DNA was extracted from the gut content samples using the
DNeasy PowerSoil Pro Kit (Qiagen, Hilden, Germany) and purified with VAHTS DNA
Clean Beads (Vazyme Biotech Co., Ltd., Nanjing, China). DNA quality and concentration
were assessed via agarose gel electrophoresis and a Qubit 4.0 Fluorometer (Thermo Fisher
Scientific, Waltham, MA, USA). For each biological replicate, approximately 0.25 g of pooled
gut content was used for total genomic DNA extraction.
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2.5. Relative and Absolute Quantification of 16S rRNA Genes Based on Spike-In Internal Standards

This study employed Accul6™ technology to perform dual-dimensional sequencing
analysis (relative and absolute). Using qualified gut DNA as a template, a known copy num-
ber of exogenous synthetic DNA (Spike-in control) was quantitatively added as an internal
reference prior to PCR amplification. Subsequently, the V3-V4 region of the 165 rRNA gene
was amplified using primers 338F/806R to construct libraries, which were then subjected
to high-throughput sequencing on the Illumina NovaSeq 6000 platform (Illumina Inc., San
Diego, CA, USA) using a paired-end (2 x 250 bp) sequencing strategy with the NovaSeq
Reagent Kit (Illumina Inc., San Diego, CA, USA). During data processing, in addition to
calculating the relative abundance composition of each Operational Taxonomic Unit (OTU)
using standard methods, the “sequencing reads-to-known copy number” linear standard
curve of the Spike-in internal standard was utilized. This allowed for the conversion of
relative sequencing data for each OTU into absolute abundance (copies/g) per gram of
gut content, thereby achieving synchronized and precise quantification of both community
structure proportions and the true species load.

2.6. Bioinformatics Analysis

Raw sequencing data were first preprocessed to remove primers and adapters using
Cutadapt (v1.18), followed by sequence splicing and quality control with FLASH (v1.2.11).
Operational Taxonomic Units (OTUs) were clustered at a 97% similarity threshold using
the UPARSE algorithm (USEARCH v10.0), and taxonomic annotation was performed
against the Silva database (v138) [29]. To evaluate sequencing depth coverage for microbial
diversity across all samples, rarefaction curves were generated using the alpha-rarefaction
command in QIIME 2 (v2022.2).Venn diagrams illustrating the number of unique and
shared OTUs among the seven habitat groups were constructed using the VennDiagram
package in R, based on OTU presence/absence data from all samples within each group.

Alpha diversity indices, including Observed OTUs, Chaol (richness), ACE, Shannon
(diversity), Simpson (dominance), and Pielou_e (evenness), were calculated for each sample
based on absolute quantification-corrected data, and results were visualized via boxplots.
Inter-group differences were compared using the Kruskal-Wallis test (p < 0.05). For beta
diversity analysis, the Bray—Curtis dissimilarity matrix was calculated using absolute abun-
dance data to evaluate variation in community structure across samples. Non-metric Multi-
dimensional Scaling (NMDS) was applied for ordination, and the Emperor tool (v2020.8)
was used for visualization to demonstrate the separation of samples from different habitats
in terms of community structure.

For community structure composition analysis, OTU sequence counts for each sample
were normalized by Total Sum Scaling (TSS) to calculate the relative abundance of each
OTU as a percentage of the total sequence count of the sample, which was used to gen-
erate stacked bar charts at the phylum and genus levels to display relative community
composition. Absolute abundance calculation followed the internal standard method de-
scribed in Section 2.5: sequencing reads of all OTUs in each sample were converted into
absolute copy numbers (copies/g) using the Spike-in standard curve. At the phylum and
genus levels, mean absolute copy numbers of samples within each habitat group were
calculated as Mean =+ SEM, and One-way ANOVA or Kruskal-Wallis tests were performed
for inter-group comparisons. Differential indicator species were screened via LEfSe (Lin-
ear Discriminant Analysis Effect Size) analysis: the non-parametric Kruskal-Wallis test
was first used to identify species with significant differences among groups, then Linear
Discriminant Analysis (LDA) was applied to evaluate the effect size of each differential
species. Species with an LDA score threshold > 3.5 and p < 0.05 were considered statistically
significant biomarkers [30,31].
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Functional prediction of the gut microbiota was conducted using PICRUSt2 software
based on denoised representative sequences of OTUs. The EPA-ng and GAPPA algorithms
were used to precisely place OTU sequences into a reference phylogenetic tree, and the
Hidden State Prediction (HSP) method was applied to infer gene family copy numbers
for each OTU. Weighted calculations were then performed to generate a predicted abun-
dance table of KEGG Orthologs (KO) for each sample. KO abundances were mapped
to the functional hierarchy (Level 1-3) of the KEGG database. To reveal habitat-specific
differences, the Kruskal-Wallis H test was used to screen for Level 3 functional pathways
with significant abundance differences (p < 0.05) among different habitat groups. Finally,
the R package ggalluvial was used to draw Sankey diagrams illustrating functional flows,
and the pheatmap package was used to perform Z-score normalization on the significantly
different Level 3 pathways [32,33].

2.7. Statistic Analysis

All data of the soil and gut microbiota indicators were initially compiled in Excel and
statistically analyzed using SPSS Statistics software (version 27.0, IBM Corp., Armonk, NY,
USA). Mean values of corresponding indicators for replicate samples within each treatment
group were first calculated, then One-way ANOVA was used to compare differences among
different treatment groups. If ANOVA results showed significant differences (p < 0.05),
Duncan’s multiple range test was further applied for pairwise comparisons between groups.

3. Results
3.1. Analysis of Differences in Soil Physicochemical Properties Across Seven Habitats

The soil pH, organic matter, total nitrogen, total phosphorus, total potassium, carbon-
to-nitrogen (C/N) ratio, and electrical conductivity (EC) were determined for seven habitats:
fertile farmland (FW), wasteland slope (HP), barren farmland (PJ), artificial grassland
(RGCD), plantation forest (RGL), primary forest (YSL), and breeding farm (YZ) (Table 1).
One-way ANOVA indicated highly significant differences in all indices among the groups
(p < 0.001). Fertile farmland (FW) exhibited significantly higher contents of organic matter
(29.12 g/kg), total nitrogen (2.10 g/kg), total phosphorus (0.98 g/kg), and total potassium
(18.30 g/kg) compared to all other groups. In contrast, the wasteland slope (HP) recorded
the lowest levels for all nutrient indices, with an organic matter content of 7.02 g/kg. The
substrate at the breeding farm (YZ) displayed unique physicochemical characteristics,
featuring the highest total phosphorus content (1.00 g/kg) and the lowest C/N ratio (9.38).
The soil in the primary forest (YSL) was acidic (pH 5.34), whereas the soil in the wasteland
slope (HP) was alkaline (pH 8.02). The highest C/N ratios were observed in the wasteland
slope (HP) and primary forest (YSL), at 17.70 and 16.90, respectively. Furthermore, the
highest electrical conductivity values were recorded in the wasteland slope (HP) and
breeding farm (YZ), at 407.00 pS/cm and 320.00 uS/cm, respectively.

Table 1. Soil nutrient and physicochemical properties under different habitats.

Group
Item SEM  p-Value
FW HP PJ RGCD RGL  YSL YZ
pH 6784 8.02¢ 610 6569 602 5342 6849 016  <0.001
Organic Matter (g/kg) 20.12f  7.023 1254b 227294 1820°¢ 24.16°¢ 20724 1.04  <0.001
Total Nitrogen (g/kg) 2.10¢ 0422  072P 1449 1.00¢ 122°¢ 124°¢ 008  <0.001
Total Phosphorus (g/kg) 098f 0322 038P 078°¢ 050 0609 1008 005  <0.001
Total Potassium (g/kg) 18.30¢ 7.06% 10.00® 17204 12.70¢ 14.80¢ 1490¢ 085  <0.001
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Table 1. Cont.

Item

Group

SEM p-Value
FW HP PJ RGCD RGL YSL

Carbon-to-Nitrogen Ratio
(C/N)
Electrical Conductivity
(1S/cm)

1090¢ 17.70f 14509 12,00 1540¢ 1690f 9382  0.58 <0.001

197.002 407.00¢ 92.60b 119.009 90.60° 80.70° 320.00¢ 1350  <0.001

FW, fertile farmland; HP, wasteland slope; PJ, barren farmland; RGCD, artificial grassland;
RGL, plantation forest; YSL, primary forest; YZ, breeding farm. Different superscript lowercase
letters within the same row indicate significant differences among groups according to Duncan’s
multiple range test (p < 0.05).

3.2. Evaluation of Sequencing Data and OTU Distribution Characteristics of Amynthas aspergillum
Gut Microbiota Under Seven Habitat Conditions

In this study, clustering at a 97% similarity threshold yielded a total of 32,733 OTUs
across all samples. Rarefaction curves indicated that the sequencing depth sufficiently
covered the microbial diversity of each sample (Figure 3). Venn diagram analysis revealed
that only 25 core OTUs (accounting for 0.08%) were shared among the seven habitat groups,
whereas the number of unique OTUs varied significantly across groups. Specifically, the
fertile farmland group (FW) possessed the highest number of unique OTUs (6891), while
the RGCD group had the lowest (2608) (Figure 4). These findings suggest that habitat
heterogeneity strongly shapes the unique taxa within the gut microbial community of
A. aspergillum.

3000

—Fw

— Py
2000

— RGO
— RGL

Number of OTUs

— vsL
vz

1000

] 50000 106000 150000 200000
Number of sequences

Figure 3. Rarefaction curves of earthworm gut samples from different habitats. FW, fertile farm-
land; HP, wasteland slope; PJ, barren farmland; RGCD, artificial grassland; RGL, plantation forest;
YSL, primary forest; YZ, breeding farm.

P)
(6030)
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FW
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Yz
(3650)

RGCD
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Figure 4. Venn diagram of shared and unique OTUs in earthworm gut microbiota across different
habitats. FW, fertile farmland; HP, wasteland slope; PJ, barren farmland; RGCD, artificial grassland;
RGL, plantation forest; YSL, primary forest; YZ, breeding farm.
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3.3. Alpha and Beta Diversity Analysis of Amynthas aspergillum Gut Microbiota Under Seven

Habitat Conditions

Absolute quantitative sequencing (Accul6S™) revealed that habitat heterogeneity
profoundly drives gut microbial alpha diversity in A. aspergillum. Natural and semi-
natural habitats—particularly fertile farmland (FW), wasteland slopes (HP), and barren
farmland (P])—supported significantly higher species richness and diversity than artificial
environments. Specifically, the FW microbiome exhibited peak richness (~2800 OTUs). In
stark contrast, the intensively managed artificial grassland (RGCD) harbored the lowest
richness (~1100 OTUs), alongside maximum community dominance (with a Gini-Simpson
index value of ~0.015, representing peak dominance density) and minimum evenness
(~0.75). While microbial evenness remained robust (0.88-0.90) across most other habitats
(Figure 5), these results collectively demonstrate that highly simplified, artificial ecosystems
severely deplete gut microbial diversity, forcing communities toward homogenization

and monodominance.
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Figure 5. Alpha diversity indices of Amyntas aspergillum gut microbiota across different groups.
FW, fertile farmland; HP, wasteland slope; PJ, barren farmland; RGCD, artificial grassland;
RGL, plantation forest; YSL, primary forest; YZ, breeding farm. Different letters above the boxes
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indicate significant differences between groups (p < 0.05).

NMDS ordination (Bray—Curtis, stress = 0.18) demonstrated that habitat type is a
primary driver of compositional shifts in the A. aspergillum gut microbiota. The RGCD and
YZ groups formed discrete, non-overlapping clusters, underscoring the profound impact
of intensive anthropogenic management on microbial assembly (Figure 6). While the HP
group occupied a distinct marginal position, the FW, PJ, YSL and RGL groups exhibited
substantial spatial overlap (Figure 6). This compositional convergence suggests that natural
and semi-natural environments maintain relatively consistent microbial structures, whereas

highly artificialized habitats induce unique, divergent microbial signatures.
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Figure 6. Non-metric Multidimensional Scaling (NMDS) plot of 3-diversity for Amyntas aspergillum
gut microbiota across different groups. FW, fertile farmland; HP, wasteland slope; PJ, barren farmland;
RGCD, artificial grassland; RGL, plantation forest; YSL, primary forest; YZ, breeding farm.

3.4. Analysis of Relative/Absolute Abundance of Gut Microbiota at the Phylum Level

At the phylum level, the gut microbiota of Amynthas aspergillum across the seven
habitats were dominated by Pseudomonadota, Actinomycetota, Chloroflexota, and Bacillota
(Figure 7, Table 2). However, significant inter-group differences were observed in both their
relative and absolute abundances.

100 -

80 | W Verrucomicrobiota
g Chlamydiota
@ . 1 | I
§ - L Myxococcota
i - Acidobacteriota
3 —
2 Planctomycetota
% 40 - . - Patescibacteria
= ===
3 - M Bacillota

. ’ i (S = ‘ Pseudomonadota
i : : T [ Chloroflexota
. | I . | I . W Actinomycetota
' BN =N BN B BN BN =
FW RGL HP RGCD Yz PJ YSL

Figure 7. Relative abundance of major bacterial phyla in the gut microbiota of Amyntas aspergillum
across different habitats. The stacked bar chart displays the top 10 most abundant phyla. FW, fertile
farmland; HP, wasteland slope; PJ, barren farmland; RGCD, artificial grassland; RGL, plantation
forest; YSL, primary forest; YZ, breeding farm.

In terms of relative abundance, Actinomycetota was overwhelmingly dominant in the
HP and RGL groups, accounting for 28.4% and 26.7%, respectively, whereas it represented
only 8.2% in the YZ group. Pseudomonadota reached its highest proportion in the HP group
(22.1%) and its lowest in the P] group (8.4%). Bacillota showed relatively high abundance in
the RGL and HP groups (18.6% and 16.3%, respectively), but was relatively low in the YZ
group (9.5%) (Figure 7).
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Table 2. Comparison of absolute abundances (in copies) of dominant bacterial phyla in the gut of Amynthas aspergillum under different habitat conditions.
Phylum Groups SEM p-Value
FW HP PJ RGCD RGL YSL YZ
Actinomycetota 1.49 x 108P 6.68 x 1082 5.82 x 10°°¢ 2.39 x 108P 6.88 x 1082 3.00 x 107¢ 8.52 x 10°°¢ 410 x 107 <0.001
Chloroflexota 2.14 x 107¢ 2.11 x 108P 5.25 x 100¢ 1.84 x 108 3.89 x 1082 1.57 x 107 ¢ 4.73 x 10°°¢ 2.40 x 107 <0.001
Pseudomonadota 1.61 x 107°¢ 3.82 x 1082 1.28 x 1004 2.01 x 107¢ 2.58 x 108P 2.78 x 107°¢ 4.86 x 100¢d 2.30 x 107 <0.001
Bacillota 3.72 x 106¢ 1.65 x 1082 3.14 x 10°°¢ 2.90 x 107 be 248 x 1082 6.62 x 100°¢ 3.59 x 106¢ 1.30 x 107 <0.001
Patescibacteria 7.50 x 10°°¢ 6.32 x 107P 2.55 x 10°°¢ 1.55 x 1082 6.92 x 107P 2.65 x 10°¢ 1.51 x 10°¢ 1.10 x 107 <0.001
Planctomycetota 2.31 x 10°¢ 1.88 x 1082 5.61 x 10°¢ 5.07 x 10°¢ 6.75 x 107P 4.96 x 10°¢ 6.73 x 10°¢ 1.20 x 107 <0.001
Acidobacteriota 3.96 x 10°P 6.98 x 1072 3.50 x 10°°¢ 1.26 x 10°°¢ 8.05 x 10°P 1.78 x 10°6¢ 7.69 x 10°¢ 420 x 10° <0.001
Myxococcota 6.97 x 10°°¢ 2.05 x 1072 1.81 x 10°¢€ 5.04 x 10°¢ 5.14 x 1072 3.29 x 10°P 4.00 x 10°°¢ 3.10 x 10° 0.002
Chlamydiota 4.80 x 10°¢ 1.42 x 1072 1.64 x 10°€ 4.98 x 10°P 2.80 x 1072 1.20 x 100Pbc 6.56 x 10°°¢ 1.90 x 10° 0.008
Verrucomicrobiota ~ 6.90 x 10°°¢ 3.00 x 1072 252 x 10°¢ 2.89 x 10°¢ 9.78 x 100P 415 x 10°¢ 5.83 x 10°¢ 1.10 x 10° <0.001

FW, fertile farmland; HP, wasteland slope; PJ, barren farmland; RGCD, artificial grassland; RGL, plantation forest; YSL, primary forest; YZ, breeding farm. Different
lowercase letters within the same row indicate significant differences among groups (p < 0.05).
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Regarding absolute abundance (Table 2), Actinomycetota peaked in the RGL and HP
groups, reaching 6.88 x 10® copies/g and 6.68 x 10® copies/g, respectively, compared to
only 8.52 x 10° copies/g in the YZ group. Chloroflexota exhibited the highest absolute
abundance in the RGL group (3.89 x 10® copies/g) and the lowest in the PJ and YZ
groups. Similarly, the absolute abundance of Bacillota was highest in the RGL and HP
groups (2.48 x 108 copies/g and 1.65 x 108 copies/g, respectively), while remaining below
4.0 x 10° copies/g in both the FW and YZ groups.

3.5. Analysis of Relative/Absolute Abundance of Gut Microbiota at the Genus Level

At the genus level, the community composition exhibited stronger habitat speci-
ficity. In terms of relative abundance, Mycobacterium was most abundant in the RGL and
RGCD groups, accounting for 8.4% and 7.2%, respectively (Figure 8). A genus within
Saccharimonadales was the dominant taxon in the RGCD group with a relative abundance
of 6.8%, which was significantly higher than in all other groups (all <1.0%). Clostridium
showed the highest relative abundance in the RGL group (6.1%) and a relatively lower
abundance in the YZ group (1.2%). Pseudomonas was relatively more abundant in the RGCD
and HP groups, at 4.5% and 3.9%, respectively.
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Vicinamibacteraceae_g
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Figure 8. Relative abundance of major bacterial genera in the gut microbiota of Amyntas aspergillum
across different habitats. The stacked bar chart displays the top 20 most abundant genera. FW, fertile
farmland; HP, wasteland slope; PJ, barren farmland; RGCD, artificial grassland; RGL, plantation
forest; YSL, primary forest; YZ, breeding farm.

Regarding absolute abundance (copies/g), the absolute abundance of most dom-
inant genera in the RGL and HP groups was significantly higher than in the other
groups (Table 3). Specifically, the absolute abundance of Mycobacterium peaked in
the RGL group (1.21 x 10 copies/g), followed by the RGCD (3.30 x 107 copies/g)
and HP (245 x 107 copies/g) groups, whereas it was significantly lower in the YZ
group (1.77 x 10° copies/g). Saccharimonadales_genus exhibited the highest absolute
abundance in the RGCD group (1.30 x 10°® copies/g), far exceeding that in the other
groups (HP:2.90 x 107 copies/g; RGL: 3.80 x 107 copies/g), and remaining below
1.0 x 10° copies/g in both the FW and PJ groups. The absolute abundance of Clostridium
was highest in the RGL group (7.10 x 107 copies/g), followed by the HP (1.35 x 107 copies/g)
and RGCD (5.20 x 10° copies/g) groups, while it was only 1.78 x 10° copies/g in the
YZ group. Similarly, the absolute abundance of Terrisporobacter peaked in the RGL group
(3.73 x 107 copies/g), with all other groups showing values below 2.0 x 10° copies/g.
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Table 3. Comparison of absolute abundances (in copies) of dominant bacterial genus in the gut of Amynthas aspergillum under different habitat conditions.
Genus Groups SEM p-Value
FW HP PJ RGCD RGL YSL YZ
Mycobacterium 9.37 x 10°€ 2.45 x 1072 9.77 x 10°¢ 3.30 x 1072 1.21 x 108P 3.83 x 10°¢ 1.77 x 10°°¢ 1.69 x 107 0.0002
Saccharimonadales_genus 9.73 x 10*¢ 2.90 x 1072 4.35 x 10*¢ 1.30 x 108P 3.80 x 1072 5.22 x 10°¢ 5.27 x 10%¢ 1.25 x 107 <0.0001
Clostridium 2.40 x 10°¢ 1.35 x 1072 2.28 x 10°¢ 5.20 x 100P 7.10 x 1072 1.47 x 10°¢ 1.78 x 10°¢ 9.73 x 106 0.0001
Pseudomonas 2.63 x 10°¢ 2.75 x 1072 3.94 x 10°¢ 1.24 x 100bc 1.97 x 1072 9.39 x 10°b 7.29 x 105bc 4.70 x 10° 0.0004
Terrisporobacter 1.65 x 103¢ 1.49 x 1062b 1.49 x 10%¢ 1.93 x 1062 3,73 x 1072 9.54 x 10%¢ 1.75 x 10%¢ 490 x 10°  <0.0001
Actinomarinales_genus 6.26 x 103¢ 3.10 x 1082 0.00 4 8.24 x 10°°¢ 6.24 x 10°P 6.74 x 103¢ 5.98 x 10%¢ 239 x 107 <0.0001
Microtrichales_genus 1.70 x 105¢ 124 x 1072 8.08 x 103°¢ 3.36 x 1072 3.87 x 1072 4.07 x 10°b¢ 571 x 10*¢ 5.98 x 10°  <0.0001
Gaiella 1.13 x 10°¢ 2.79 x 1072 7.88 x 10%¢ 5.54 x 10°be 545 x 1072 5.65 x 10°be 3.75 x 10%¢ 6.99 x 10° <0.0001
Nocardioides 5.56 x 10%¢ 1.89 x 1072 2.69 x 10°¢ 2.86 x 106D 4.66 x 1072 7.62 x 105b¢ 445 x 10°¢ 5.55 x 100 <0.0001
Romboutsia 1.86 x 10%¢ 3.33 x 1072 8.02 x 10%¢ 7.10 x 100b 2.55 x 1072 3.17 x 10%*c 7.85 x 10%*¢ 437 x 10°  <0.0001
Pedomicrobium 9.31 x 10°¢ 2.85 x 1072 1.22 x 104 9.74 x 10*d 3.03 x 1072 6.05 x 100b 1.71 x 10°¢ 5.83 x 10° 0.0006
Methyloligellaceae_genus 3.78 x 10°°¢ 3.69 x 1072 7.71 x 10%¢ 2.58 x 10°¢ 261 x 1072 1.74 x 106P 4.03 x 10*¢ 449 x 10°  <0.0001
Acidiferrimicrobium 1.60 x 106¢ 1.33 x 1072 2.77 x 10°4 9.12 x 10°P 2.75 x 1072 157 x 10°¢ 469 x 1054 3.62 x 10° 0.0001
Vicinamibacteraceae_genus ~ 1.66 x 103¢ 3.55 x 1072 0.004 0.004 2.50 x 10°P 4.77 x 10%¢ 0.004 2.75 x 10°  <0.0001
Propionibacteriaceae_genus ~ 4.80 x 10?€ 1.11 x 1072 6.46 x 101 ¢ 3.06 x 10°P 232 x 1072 1.72 x 10*¢ 0.00 ¢ 2.75 x 106 <0.0001

FW, fertile farmland; HP, wasteland slope; PJ, barren farmland; RGCD, artificial grassland; RGL, plantation forest; YSL, primary forest; YZ, breeding farm. Different

lowercase letters within the same row indicate significant differences among groups (p < 0.05).
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3.6. Screening of LEfSe Differential Indicator Species (Biomarkers) of Gut Microbiota Across
Seven Habitats

Linear discriminant analysis effect size (LEfSe; LDA > 3.5,) delineated precise microbial
biomarkers that serve as functional fingerprints of environmental filtering (Figure 9). Rather
than a stochastic assemblage, the A. aspergillum gut microbiota is deterministically sculpted
to meet the metabolic demands of its localized microhabitat.
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Figure 9. Discriminatory indicator taxa of gut microbiota in Amyntas aspergillum across different
habitats identified by LEfSe analysis (LDA > 3.5, p < 0.05). FW, fertile farmland; HP, wasteland
slope; PJ, barren farmland; RGCD, artificial grassland; RGL, plantation forest; YSL, primary forest;
YZ, breeding farm.

In natural and semi-natural ecosystems characterized by complex or recalcitrant
organic substrates, the host gut strategically enriched keystone degraders. For instance,
the HP microenvironment specifically selected for Streptomyces and Paenibacillus, while
the YSL favored taxa including Amaricoccus and Turicibacter. Agricultural environments
shifted this evolutionary trajectory towards distinct metabolic specialists: FW was robustly
characterized by Acidothermus, whereas PJ favored fermentative genera such as Clostridium
and Romboutsia.

Intensive anthropogenic management drove the proliferation of highly specialized,
stress-tolerant, or opportunistic indicator taxa. The RGCD group was profoundly character-
ized by the enrichment of Pseudomonas and Lysinibacillus. Conversely, the heavily managed
YZ ecosystem was uniquely defined by Pedomicrobium, Priestia, and Parageobacillus. These
distinct, non-overlapping indicator profiles—visually manifesting as high-abundance nodes
exclusive to their respective environments—robustly confirm that habitat heterogeneity is
the primary architect of core gut microbial composition and function.

3.7. Functional Prediction of Amynthas aspergillum Gut Microbiota

Based on PICRUSt2 predictions derived from 16S rRNA gene sequences and KEGG
database annotations, the functional profiles of the gut microbiota of A. aspergillum under
different habitat conditions exhibited a pattern of “core consistency with detailed differ-
entiation.” (Figure 10). At the KEGG Level 1 and Level 2 pathway levels, the distribution
patterns of gut microbiota across all habitat groups—including natural forests, plantations,
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wasteland slopes, farmlands, and breeding farms—were largely convergent. Metabolism
was the most abundant functional category, followed by Genetic information processing,
Environmental information processing, and Cellular processes. Key biological processes
such as Carbohydrate metabolism, Amino acid metabolism, Energy metabolism, and ABC
transporters maintained high abundances across all groups, constituting a stable func-
tional framework for the gut micro-ecosystem. Further focusing on Level 3 pathways with
significant differences, specific metabolic capabilities varied distinctively among groups,
Natural and Semi-natural Habitats: Gut microbiota in primary forests, plantations, and
wasteland slopes showed relatively higher predicted abundances in pathways related
to Aromatic compound degradation, Lignin degradation, Bacterial chemotaxis, and the
biosynthesis of certain secondary metabolites. Artificial Breeding Habitats: These presented
a different functional emphasis, with significantly higher predicted abundances in Fermen-
tation, Propanoate metabolism, and pathways related to specific carbohydrate degradation
compared to other groups. Conversely, they exhibited lower abundances in pathways
such as Lignin degradation and Bacterial chemotaxis. Farmland Habitats: Fertile and
barren farmlands displayed intermediate abundance levels in nitrogen metabolism-related
pathways, such as Nitrogen fixation, and specific sugar metabolism pathways, falling
between natural and breeding habitats. Additionally, numerical differences were observed
between these two groups in certain subtle metabolic branches. In summary, while the core
Level 1 and Level 2 metabolic functions of the gut microbiota remained relatively stable
across different habitats, significant abundance differences were observed at the Level
3 pathway level. These differences were particularly evident in pathways involving specific
substrate degradation (e.g., Lignin degradationvs. easily fermentable carbon sources) and
environmental responses (e.g., Bacterial chemotaxis).
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Figure 10. Functional profiling of Amyntas aspergillum gut microbiota based on KEGG database
annotations. The left panel is a Sankey diagram illustrating the hierarchical flow of functional
categories from Level 1 (e.g., Metabolism) to Level 3 (e.g., Carbohydrate metabolism). FW, fertile
farmland; HP, wasteland slope; PJ, barren farmland; RGCD, artificial grassland; RGL, plantation
forest; YSL, primary forest; YZ, breeding farm.

4. Discussion

4.1. Absolute and Relative Differences in Structure and Diversity of Amynthas aspergillum Gut
Microbiota Across Seven Habitats

This study, integrating relative abundance with absolute quantification based on
16S rRNA gene copy numbers, comprehensively revealed the highly significant im-
pact of habitat type on the a- and p-diversity of the gut microbiota of A. aspergillum
(Figures 5 and 6). Absolute quantification results indicated that the FW group not only pos-
sessed the highest x-diversity indices (Chaol index: 2500~4000; Shannon index: ~7.0) but

https://doi.org/10.3390/1ife16101648


https://doi.org/10.3390/life16101648

Life 2026, 16, 1648

15 of 21

also maintained high absolute abundances (measured in sequencing copies) for multiple
dominant phyla. For instance, the copy number of Actinomycetota in the FW group was
1.49 x 108 copies/g, significantly higher than that in the YZ group (Table 2). This confirms
that the fertile farmland habitat provides abundant colonization resources and ecological
niches for microorganisms.

In contrast, the YZ group exhibited a low overall Shannon diversity index alongside
noticeable fluctuations in community evenness. Combined with absolute quantitative
data, although the copy number of Bacillota in the YZ group (3.59 x 10° copies/g) was
significantly lower than in the HP or RGL groups, the copy number of its characteristic
genus, Clostridium, reached as high as 7.10 x 107 copies/g in the RGL group (Table 3).
Furthermore, in the YZ group, biomarkers identified by LEfSe analysis (Figure 9), such
as Lysinibacillus and Pseudomonas, were also significantly enriched. This quantitatively
corroborates the conclusion that the community structure in this habitat is simplified,
with specific species occupying an absolute dominance. This finding aligns with the view
of Ortiz-Gamino et al. that land use type acts as a key abiotic filter driving earthworm
community structure [34]. By utilizing copy number-based absolute quantification, this
study is the first to quantify the filtering intensity of different anthropogenic manage-
ment activities—such as single-substrate farming—on earthworm gut microbiota from the
perspective of absolute microbial load.

The microbial community structure of the RGCD group was the most distinct in terms
of p-diversity (Figure 6). Moreover, the copy numbers of several dominant phyla (e.g.,
Actinomycetota: 2.39 x 10 copies/g; Chloroflexota: 1.84 x 108 copies/g) were at moderate
to low levels (Table 2). This is consistent with the phenomenon of biotic homogenization
caused by agricultural intensification observed by Tsiafouli et al. [35]. Absolute quanti-
tative analysis further revealed that this structural difference stems from the trade-off in
absolute numbers of specific taxa rather than a simple increase or decrease in total load [36].
For example, the copy number of Saccharimonadales_genus in the RGCD group reached
1.30 x 108 copies/g (Table 3), becoming its absolute dominant taxon, while the numbers
of other taxa were relatively restricted. The fundamental reason may lie in the strict “en-
vironmental filtering” imposed by the highly homogeneous microenvironment (frequent
mowing, single grass species) on ingested microorganisms [37].

Meanwhile, although the substrate of the YZ group had a high organic matter content
(20.72 g/kg, Table 1), the x-diversity of its gut microbiota did not increase correspondingly,
and its Gini-Simpson index values remained confined at a lower numerical scale as reflected
in the shifting niche patterns. Absolute quantification results explained the phenomenon
that although the total quantity of certain phyla in the YZ group (e.g., Pseudomonadota,
with an absolute abundance of 4.86 x 10° copies/g) was considerable, specific genera
closely related to environmental characteristics—such as high organic load and potential
resistance pressure—like Lysinibacillus and Pseudomonas, were numerically dominant. This
led to a highly specialized and dominant ecological niche pattern where the gut microbiota
was functionally highly simplified and dominated by a few taxa. This phenomenon is
similar to the trend of earthworm community simplification observed by Pelosi et al. in
long-term disturbed forest soils [38], suggesting that high-density farming models with
single feed sources (fermented cow dung) may cause “eutrophication stress” by providing
excessive but monotonous types of easily degradable carbon sources. This inhibits the
growth and competition of other functional microbial communities in terms of absolute
numbers, leading to a decline in the functional redundancy of the microbial community,
which is also consistent with Louca et al.’s assertion that the loss of microbial functional
redundancy weakens ecosystem resilience [39]. The seemingly paradoxical low C/N ratio
(9.38) observed at the YZ site, despite straw inclusion, is heavily attributed to the intense
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pre-fermentation process where labile carbon was rapidly respired by hyperactive microbes,
leaving a nitrogen-dense consolidated matrix.

4.2. Habitat-Specific Succession and Functional Response of Dominant Gut Microbiota in
Amynthas aspergillum

Through cross-validation of relative and absolute abundances, this study more ac-
curately characterized the habitat-specific succession of dominant microbial commu-
nities (Figures 7 and 8; Tables 2 and 3). At the phylum level, Actinomycetota, Pseu-
domonadota, Chloroflexota, and Bacillota were dominant across all groups; however,
their absolute abundances (copy numbers) exhibited significant gradient variations. For
instance, in the HP and RGL groups, the copy numbers of Actinomycetota reached
6.68 x 10® copies/g and 6.88 x 108 copies/g, respectively, while Chloroflexota reached
as high as 2.11 x 108 copies/g and 3.89 x 108 copies/g (Table 2), significantly higher than
in other habitats such as the FW group.

This absolute quantitative evidence strongly supports the inference that in habitats
with relatively poor soil (HP group organic matter: 7.02 g/kg) or rich in recalcitrant lignin
(RGL group), the gut micro-ecosystem of A. aspergillum tends to recruit and maintain
high quantities of “specialist” microorganisms with powerful catabolic capabilities [40—44].
Goswomi et al. emphasized the key role of Actinomycetota in degrading recalcitrant or-
ganic matter (e.g., chitin, lignin) [45], while Zhang et al. pointed out the important role of
Chloroflexota in the transformation and fixation of recalcitrant carbon components in soil.
This microbial structure represents a key strategy for the host to actively adapt to harsh
nutritional environments and maximize energy acquisition efficiency [46]. Conversely,
in fertile farmland (FW), while “opportunist” bacteria such as Pseudomonadota showed
high relative abundance, their copy numbers (1.61 x 107 copies/g) did not form the over-
whelming dominance seen in HP or RGL groups (Table 2). This reflects that in this habitat
(organic matter: 29.12 g/kg), soil nutrients are sufficient and resource heterogeneity is high;
consequently, the microbial community flourishes overall, and interspecific competition
is relatively moderate. This aligns with the ecological characteristics described by Bab-
bin et al., where many Pseudomonadota taxa are r-strategists that proliferate rapidly when
resources are abundant [47].

The advantage of absolute quantitative analysis is particularly prominent at the genus
level, as it effectively avoids the misleading “dilution effect” that may arise from differences
in total bacterial load among samples in relative abundance analysis [14,48-51]. The ecolog-
ical indicative significance of the habitat-specific biomarkers identified by LEfSe analysis
(Figure 9) is firmly supported by absolute quantitative data. For example, the enrichment
of biomarkers Lysinibacillus and Pseudomonas in the YZ group is not an artifact of relative
proportions. Although Table 3 does not directly list the copy numbers for these genera in
the YZ group, their high LDA values in LEfSe analysis, combined with references from
other groups (e.g., Pseudomonas at 2.75 x 107 copies/g in the HP group), allow us to infer
their significant absolute numerical dominance in the YZ group. This not only reflects the
high protein and high ammonia nitrogen characteristics of the breeding substrate (cow
dung) but also confirms, in terms of absolute numbers, the competitive advantage of these
genera in coping with specific selection pressures in intensive farming environments (such
as residual veterinary antibiotics or heavy metals in feed). Zhao et al. warned that the
agricultural reuse of livestock manure is an important pathway for the spread of antibiotic
resistance genes in the environment [52], and Litvak et al. observed a significant increase
in the absolute abundance of specific potential pathogens in the gut under disease states in
fecal microbial models [53], which echoes the ecological selection mechanism found in this
study. This integrated analysis method, combining absolute quantification, enables us to
go beyond the appearance presented by relative abundance and more precisely identify the
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key microbial taxa that truly dominate gut ecological processes at the cellular numerical
level in specific habitats.

4.3. Adaptation of Amynthas aspergillum Gut Microbiota Function to Habitat Stress

Based on PICRUSt2 functional predictions and the associated absolute quantitative
context, we have gained a deeper understanding of the differences in the metabolic potential
of gut microbiota across different habitats (Figure 10). In the HP and RGL groups, path-
ways related to “Environmental Information Processing” (e.g., bacterial chemotaxis, two-
component systems) and “Biosynthesis of antibiotics” showed higher predicted abundances.
It is crucial to emphasize that absolute quantitative data indicates that the microbial cells
executing these functional potentials (such as enriched Actinomycetota and Chloroflexota-
related taxa) maintain extremely high copy numbers in these habitats (Table 2). This implies
that under the stress of barrenness or complex organic matter, the gut microbiota not only
tends to enhance environmental sensing and competitive defense capabilities at the level of
the gene functional profile but also possesses an abundance of microbes capable of execut-
ing these “survival defense” strategies. This represents a comprehensive adaptation from
gene potential to cellular entity. Carey et al. elucidated that bacterial chemotaxis systems are
a core mechanism for bacteria to sense environmental gradients and actively locate scarce
nutrient sources to cope with nutritional stress [54], while Sharma et al. demonstrated that
antibiotic production is an effective strategy for niche defense in competitive environments.
The high absolute bacterial load and the enrichment of corresponding functional pathways
in the HP and RGL groups in this study corroborate this adaptive restructuring.

In nutrient-rich fertile farmland (FW) and breeding farms (YZ), the microbial func-
tional profile is noticeably tilted towards “basic substance metabolism” (e.g., carbohydrate
metabolism such as glycolysis and the pentose phosphate pathway). Absolute quantitative
analysis reveals a key phenomenon: taking the YZ group as an example, although it carries
a considerable total microbial cell load (inferred from dominant phylum abundance), its
functional profile exhibits a distinct “simplification” trend—meaning functional diversity
does not increase in tandem with microbial numbers. In the YZ group, the high number
of microbial cells may be highly concentrated on a few highly efficient energy-producing
metabolic pathways (e.g., basic sugar metabolism) to rapidly utilize single, easily degrad-
able carbon sources, leading to a decline in the elasticity of the overall metabolic network.
The concept of microbial community functional redundancy proposed by Zelezniak et al.
highlights its key role as an “insurance mechanism” for ecosystems to cope with distur-
bances, whereas the simplification of the functional profile implies a loss of this redundancy,
rendering the system more vulnerable [55]. This explains the micro-ecological mechanisms
behind problems often seen in A. aspergillum in intensive farming, such as poor disease re-
sistance and growth fluctuations, from the perspective of the mismatch between “microbial
quantity” and “functional diversity” [56-59]: a gut ecosystem dominated by extremely high
numbers of functionally convergent microbiota is low in stability and resilience [60-62].
By simulating complex feed formulations from natural habitats, we can cultivate a gut
microbial ecosystem that is balanced in absolute numbers and diverse and complementary
in function. This concept aligns with the strategy advocated by Clagnan et al. of designing
synthetic microbial communities based on the principle of functional complementarity
to enhance system stability [63]. By integrating absolute quantitative analysis, this study
advances gut microbiota research from the traditional level of relative composition to a new
level linking absolute quantity with ecological function, providing a more solid and refined
quantitative basis for scientifically assessing earthworm health and precisely regulating
their farming microenvironment.
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5. Conclusions

There is a minimal overlap of core microbiota shared among different habitats, whereas
significant differences exist in community structure and diversity. This confirms that soil
physicochemical properties (pH, organic matter, C/N ratio) and anthropogenic disturbance
constitute key environmental filters that drive the deterministic assembly of gut microbiota.
Wasteland slopes and plantations enrich Actinomycetota (e.g., Streptomyces) that are adept
at degrading recalcitrant organic matter. In contrast, breeding farms specifically enrich
Bacillota (e.g., Clostridium) capable of anaerobic fermentation, as well as stress-resistant
Pseudomonadota (e.g., Pseudomonas). This indicates that specific habitats enrich microbial
communities that are functionally matched to them. Microbiota in natural habitats exhibit
enhanced complex functions such as environmental sensing and competitive defense,
whereas simplified habitats like breeding farms lead to a “simplification” of microbiota
functions, concentrating them on basic sugar metabolism. This suggests that anthropogenic
intervention may result in a decline in the functional redundancy of the microbiota.

Author Contributions: Conceptualization, X.L. and B.L.; methodology, X.L. and B.L.; validation,
L.P, Y.Q. and R.B.; formal analysis, X.L.; investigation, X.L.; resources, B.L.; data curation, X.L.;
writing—original draft preparation, X.L.; writing—review and editing, B.L.; visualization, X.L.;
supervision, B.L.; project administration, B.L.; funding acquisition, B.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Guangxi Key Technologies R&D Program,
grant number AB2506910016.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The raw 165 rRNA gene microbial amplicon sequencing datasets
generated during the current study have been deposited in the NCBI Sequence Read Archive (SRA)
repository under the project tracking identifier 25B0227D-1. The datasets are available from the
corresponding author upon reasonable request.

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

References

1.

Jiang, J.; Xu, H.; Cao, X,; Liang, Y.; Mo, A.; Cao, X,; Liu, Y.; Benbow, M.E.; Criddle, C.S.; Wu, W.-M.; et al. Soil-dwelling grub
larvae of Protaetia brevitarsis biodegrade polystyrene: Responses of gut microbiome and host metabolism. Sci. Total Environ. 2024,
934, 173399. [CrossRef]

Wang, Y.-N.; Cai, T.-G.; Li, Y,; Dai, W.-C.; Lin, D.; Zheng, ].-T.; Wang, Y.-F.; Zhu, D. Warming exacerbates the effects of pesticides
on the soil collembolan gut microbiome and antibiotic resistome. J. Hazard. Mater. 2025, 492, 138294. [CrossRef]

Yang, Y.; Callaham, M.A.; Wu, X,; Zhang, Y.; Wu, D.; Wang, D. Gut microbial communities and their potential roles in cellulose
digestion and thermal adaptation of earthworms. Sci. Total Environ. 2023, 903, 166666. [CrossRef]

Zhao, J.; Duan, G.; Zhu, Y.; Zhu, D. Gut microbiota and transcriptome response of earthworms (Metaphire guillelmi) to polymyxin
B exposure. J. Environ. Sci. 2023, 133, 37-47. [CrossRef]

Li, J.; Jiang, J.; Jin, Q.; Yuan, Z.; Qiu, J. Mitochondrial DNA evidence reflects high genetic divergence of Amynthas aspergillum
(Oligochaeta: Megascolecidae) in southern China. Ecol. Evol. 2024, 14, e11452. [CrossRef]

Ren, J.; Liu, Y;; Zhang, S.; Zheng, C.; Tan, Y.; Peng, C.; Gao, J.; Hou, F. Three New Earthworm Species of the Genera Amynthas
and Metaphire (Oligochaeta: Megascolecidae) from Leshan, China. Zool. Sci. 2024, 42, 206-218. [CrossRef]

Zhang, L.; Jiang, J.; Dong, Y.; Qiu, J. Complete mitochondrial genome of an Amynthas earthworm, Amynthas aspergillus
(Oligochaeta: Megascolecidae). Mitochondrial DNA Part A 2016, 27, 1876-1877. [CrossRef]

Dong, Y.; Duan, S.; Xia, Q.; Liang, Z.; Dong, X.; Margaryan, K.; Musayev, M.; Goryslavets, S.; Zduni¢, G.; Bert, P-F,; et al. Dual
domestications and origin of traits in grapevine evolution. Science 2023, 379, 892-901. [CrossRef]

Ito, T.Y.; Lhagvasuren, B.; Tsunekawa, A.; Shinoda, M.; Takatsuki, S.; Buuveibaatar, B.; Chimeddorj, B. Fragmentation of the
Habitat of Wild Ungulates by Anthropogenic Barriers in Mongolia. PLoS ONE 2013, 8, €56995. [CrossRef]

https://doi.org/10.3390/1ife16101648


https://doi.org/10.1016/j.scitotenv.2024.173399
https://doi.org/10.1016/j.jhazmat.2025.138294
https://doi.org/10.1016/j.scitotenv.2023.166666
https://doi.org/10.1016/j.jes.2022.07.033
https://doi.org/10.1002/ece3.11452
https://doi.org/10.2108/zs240010
https://doi.org/10.3109/19401736.2014.971267
https://doi.org/10.1126/science.add8655
https://doi.org/10.1371/journal.pone.0056995
https://doi.org/10.3390/life16101648

Life 2026, 16, 1648 19 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Tommasi, N.; Colombo, B.; Pioltelli, E.; Biella, P.; Casiraghi, M.; Galimberti, A. Urban habitat fragmentation and floral resources
shape the occurrence of gut parasites in two bumblebee species. Ecol. Evol. 2023, 13, €10299. [CrossRef]

Muegge, B.D.; Kuczynski, J.; Knights, D.; Clemente, ].C.; Gonzalez, A.; Fontana, L.; Henrissat, B.; Knight, R.; Gordon, ].I. Diet
Drives Convergence in Gut Microbiome Functions Across Mammalian Phylogeny and Within Humans. Science 2011, 332, 970-974.
[CrossRef]

Simon, J.-C.; Marchesi, ].R.; Mougel, C.; Selosse, M.-A. Host-microbiota interactions: From holobiont theory to analysis. Microbiome
2019, 7, 5. [CrossRef]

Chavez-Arroyo, A.; Radlinski, L.C.; Baumler, A.J. Principles of gut microbiota assembly. Trends Microbiol. 2025, 33, 718-726.
[CrossRef]

Lahiri, S.; Kim, H.; Garcia-Perez, I.; Reza, M.M.; Martin, K.A.; Kundu, P; Cox, L.M,; Selkrig, J.; Posma, ].M.; Zhang, H.; et al. The
gut microbiota influences skeletal muscle mass and function in mice. Sci. Transl. Med. 2019, 11, eaan5662. [CrossRef]

Zhang, F.; Aschenbrenner, D.; Yoo, J.Y.; Zuo, T. The gut mycobiome in health, disease, and clinical applications in association with
the gut bacterial microbiome assembly. Lancet Microbe 2022, 3, €969-€983. [CrossRef]

Astaykina, A.; Streletskii, R.; Maslov, M.; Krasnov, G.; Gorbatov, V. Effects of Three Pesticides on the Earthworm Lumbricus
terrestris Gut Microbiota. Front. Microbiol. 2022, 13, 853535. [CrossRef]

Li, C-E; Zhang, Y.-R.; Tan, Z.-C.; Xu, H.-].; Liu, C.-L. Enantioselective effect of the chiral fungicide tebuconazole on the microbiota
community and antibiotic resistance genes in the soil and earthworm gut. Sci. Total Environ. 2023, 897, 165381. [CrossRef]

Shit, P.; Chakravorty, P.P; Jana, H.; Gauri, S.S.; Sakai, Y. Earthworm gut microbiota: A novel biocatalyst for the sustainable
degradation of carbendazim in Agro-ecosystems. Environ. Anal. Health Toxicol. 2025, 40, e2025011. [CrossRef]

Wang, H.-T;; Zhu, D,; Li, G.; Zheng, E; Ding, J.; O’Connor, PJ.; Zhu, Y.-G.; Xue, X.-M. Effects of Arsenic on Gut Microbiota and Its
Biotransformation Genes in Earthworm Metaphire sieboldi. Environ. Sci. Technol. 2019, 53, 3841-3849. [CrossRef]

Indrio, F,; Salatto, A. Gut Microbiota-Bone Axis. Ann. Nutr. Metab. 2025, 81, 47-56. [CrossRef]

Kayama, H.; Okumura, R.; Takeda, K. Interaction Between the Microbiota, Epithelia, and Immune Cells in the Intestine. Annu.
Rev. Immunol. 2020, 38, 23-48. [CrossRef]

Wiertsema, S.P.; Van Bergenhenegouwen, J.; Garssen, J.; Knippels, L.M.]. The Interplay between the Gut Microbiome and the
Immune System in the Context of Infectious Diseases throughout Life and the Role of Nutrition in Optimizing Treatment
Strategies. Nutrients 2021, 13, 886. [CrossRef]

Jiang, Y.;; Yang, J.; Xia, L.; Wei, T.; Cui, X.; Wang, D.; Jin, Z.; Lin, X,; Li, E; Yang, K; et al. Gut Microbiota—Tryptophan
Metabolism—GLP-1 Axis Participates in (3-Cell Regeneration Induced by Dapagliflozin. Diabetes 2024, 73, 926-940. [CrossRef]
Zhu, L.; Yi, H,; Su, H.; Guikema, S.; Liu, B. Impacts of climate change on cassava yield and lifecycle energy and greenhouse
gas performance of cassava ethanol systems: An example from Guangxi Province, China. . Environ. Manag. 2023, 347, 119162.
[CrossRef]

Li, Y;; Yang, Y.; Gu, D.; Cheng, Y,; Lv, X.;; Huang, Y.; Ye, P; Zhang, X.; Zhang, J.; Jian, W,; et al. Investigation of the impact of
diverse climate conditions on the cultivation suitability of Cinnamomum cassia using the MaxEnt model, HPLC and chemometric
methods in China. Sci. Rep. 2024, 14, 25686. [CrossRef]

Satoh, Y.; Ohtsuka, Y. Changes in 1291 concentration of soil samples after thermal drying. Radiat. Prot. Dosim. 2024, 200, 1748-1751.
[CrossRef]

Davis, M.P,; Groh, T.A.; Parkin, T.B.; Williams, R.].; Isenhart, T.M.; Hofmockel, K.S. Portable Automation of Static Chamber
Sample Collection for Quantifying Soil Gas Flux. J. Environ. Qual. 2018, 47, 270-275. [CrossRef]

Bolyen, E.; Rideout, J.R.; Dillon, M.R; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019,
37, 852-857. Correction in Nat. Biotechnol. 2019, 37, 1091. [CrossRef]

Patel, L.; Cao, Y.; Mendenhall, E.; Benner, C.; Goren, A. The Wild West of Spike-in Normalization. Nat. Biotechnol. 2024, 42,
1343-1349. [CrossRef]

Allinson, J.L. Clinical biomarker validation. Bioanalysis 2018, 10, 957-968. [CrossRef]

Califf, R M. Biomarker definitions and their applications. Exp. Biol. Med. 2018, 243, 213-221. [CrossRef]

Douglas, G.M.; Maffei, V.J.; Zaneveld, ].R.; Yurgel, S.N.; Brown, ].R.; Taylor, C.M.; Huttenhower, C.; Langille, M.G.I. PICRUSt2 for
prediction of metagenome functions. Nat. Biotechnol. 2020, 38, 685-688. [CrossRef]

Yang, C.; Mai, J.; Cao, X.; Burberry, A.; Cominelli, F.; Zhang, L. ggpicrust2: An R package for PICRUSt2 predicted functional
profile analysis and visualization. Bioinformatics 2023, 39, btad470. [CrossRef]

Ortiz-Gamino, D.; Pérez-Rodriguez, P.; Ortiz-Ceballos, A.L Invasion of the tropical earthworm Pontoscolex corethrurus (Rhinodrili-
dae, Oligochaeta) in temperate grasslands. Peer] 2016, 4, €2572. [CrossRef]

Tsiafouli, M.A.; Thébault, E.; Sgardelis, S.P.; De Ruiter, P.C.; Van Der Putten, W.H.; Birkhofer, K.; Hemerik, L.; De Vries, ET,;
Bardgett, R.D.; Brady, M.V,; et al. Intensive agriculture reduces soil biodiversity across Europe. Glob. Change Biol. 2015, 21,
973-985. [CrossRef]

https://doi.org/10.3390/1ife16101648


https://doi.org/10.1002/ece3.10299
https://doi.org/10.1126/science.1198719
https://doi.org/10.1186/s40168-019-0619-4
https://doi.org/10.1016/j.tim.2025.02.014
https://doi.org/10.1126/scitranslmed.aan5662
https://doi.org/10.1016/S2666-5247(22)00203-8
https://doi.org/10.3389/fmicb.2022.853535
https://doi.org/10.1016/j.scitotenv.2023.165381
https://doi.org/10.5620/eaht.2025011
https://doi.org/10.1021/acs.est.8b06695
https://doi.org/10.1159/000541999
https://doi.org/10.1146/annurev-immunol-070119-115104
https://doi.org/10.3390/nu13030886
https://doi.org/10.2337/db23-0553
https://doi.org/10.1016/j.jenvman.2023.119162
https://doi.org/10.1038/s41598-024-75189-4
https://doi.org/10.1093/rpd/ncae092
https://doi.org/10.2134/jeq2017.10.0387
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-024-02377-y
https://doi.org/10.4155/bio-2018-0061
https://doi.org/10.1177/1535370217750088
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.1093/bioinformatics/btad470
https://doi.org/10.7717/peerj.2572
https://doi.org/10.1111/gcb.12752
https://doi.org/10.3390/life16101648

Life 2026, 16, 1648 20 of 21

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

Bianconi, M.E.; Hackel, ].; Vorontsova, M.S.; Alberti, A.; Arthan, W.; Burke, 5.V,; Duvall, M.R; Kellogg, E.A.; Lavergne, S.; McKain,
M.R.; et al. Continued Adaptation of C4 Photosynthesis After an Initial Burst of Changes in the Andropogoneae Grasses. Syst.
Biol. 2020, 69, 445-461. [CrossRef]

Chou, M.-Y,; Pavlou, D.; Rice, PJ.; Spokas, K.A.; Soldat, D.J.; Koch, P.L. Microbial diversity and soil health parameters associated
with turfgrass landscapes. Appl. Soil Ecol. 2024, 196, 105311. [CrossRef]

Pelosi, C.; Bertrand, M.; Roger-Estrade, J. Earthworm community in conventional, organic and direct seeding with living mulch
cropping systems. Agron. Sustain. Dev. 2009, 29, 287-295. [CrossRef]

Louca, S.; Polz, M.F,; Mazel, F,; Albright, M.B.N.; Huber, ]J.A.; O’Connor, M.I.; Ackermann, M.; Hahn, A.S.; Srivastava, D.S.;
Crowe, S.A; et al. Function and functional redundancy in microbial systems. Nat. Ecol. Evol. 2018, 2, 936-943. [CrossRef]

Cyle, K.T.; Klein, A.R.; Aristilde, L.; Martinez, C.E. Dynamic utilization of low-molecular-weight organic substrates across a
microbial growth rate gradient. J. Appl. Microbiol. 2022, 133, 1479-1495. [CrossRef]

Dominguez, J.; Aira, M.; Crandall, K.A.; Pérez-Losada, M. Earthworms drastically change fungal and bacterial communities
during vermicomposting of sewage sludge. Sci. Rep. 2021, 11, 15556. [CrossRef]

Drake, H.L.; Horn, M.A. As the Worm Turns: The Earthworm Gut as a Transient Habitat for Soil Microbial Biomes. Annu. Rev.
Microbiol. 2007, 61, 169-189. [CrossRef]

Kohlmann, S.; Greenberg, I.; Joergensen, R.G.; Dippold, M.A.; Ludwig, B. Short-Term Dynamics of Low Molecular Weight
Organic Substances and Biochar in Arable Soils. J. Plant Nutr. Soil Sci. 2025, 188, 105-117. [CrossRef]

Li, X.; Zhou, W.; Yang, S.; Huang, X.; Zheng, K. Pharmacological interventions targeting the gut-brain axis in neurological
disorders: Mechanisms and translational applications. Front. Neurosci. 2026, 20, 1806532. [CrossRef]

Goswami, D. Earthworm-microbiome interactions: Unlocking next-generation bioindicators and bioengineered solutions for soil
and environmental health. J. Entomol. Zool. Stud. 2025, 13, 92-101. [CrossRef]

Zhang, B.; Hong, J.; Zhang, Q.; Jin, D.; Gao, C. Contrast in soil microbial metabolic functional diversity to fertilization and crop
rotation under rhizosphere and non-rhizosphere in the coal gangue landfill reclamation area of Loess Hills. PLoS ONE 2020, 15,
€0229341. [CrossRef]

Babbin, A.R.; Jayakumar, A.; Ward, B.B. Organic Matter Loading Modifies the Microbial Community Responsible for Nitrogen
Loss in Estuarine Sediments. Microb. Ecol. 2016, 71, 555-565. [CrossRef]

Feng, Y.; Zhang, M.; Liu, Y.; Yang, X.; Wei, F; Jin, X.; Liu, D.; Guo, Y.; Hu, Y. Quantitative microbiome profiling reveals the
developmental trajectory of the chicken gut microbiota and its connection to host metabolism. iMeta 2023, 2, €105. [CrossRef]
Minnebo, Y.; Delbaere, K.; Goethals, V.; Raes, J.; Van De Wiele, T.; De Paepe, K. Gut microbiota response to in vitro transit time
variation is mediated by microbial growth rates, nutrient use efficiency and adaptation to in vivo transit time. Microbiome 2023,
11, 240. [CrossRef]

Minnebo, Y.; De Paepe, K.; Raes, ].; de Wiele, T.V. Nutrient load acts as a driver of gut microbiota load, community composition
and metabolic functionality in the simulator of the human intestinal microbial ecosystem. FEMS Microbiol. Ecol. 2021, 97, fiab111.
[CrossRef]

Vandeputte, D.; Kathagen, G.; D’hoe, K.; Vieira-Silva, S.; Valles-Colomer, M.; Sabino, J.; Wang, J.; Tito, R.Y.; De Commer, L.; Darzi,
Y.; et al. Quantitative microbiome profiling links gut community variation to microbial load. Nature 2017, 551, 507-511. [CrossRef]
Zhao, Y,; Li, L.; Huang, Y.; Xu, X,; Liu, Z.; Li, S.; Zhu, L.; Hu, B.; Zhang, T. Global soil antibiotic resistance genes are associated
with increasing risk and connectivity to human resistome. Nat. Commun. 2025, 16, 7141. [CrossRef]

Litvak, Y.; Byndloss, M.X.; Biumler, A.]. Colonocyte metabolism shapes the gut microbiota. Science 2018, 362, eaat9076. [CrossRef]
Carey, CM.; Apple, S.E.; Hilbert, Z.A.; Kay, M.S.; Elde, N.C. Diarrheal pathogens trigger rapid evolution of the guanylate
cyclase-C signaling axis in bats. Cell Host Microbe 2021, 29, 1342-1350.e5. [CrossRef]

Zelezniak, A.; Andrejev, S.; Ponomarova, O.; Mende, D.R,; Bork, P; Patil, K.R. Metabolic dependencies drive species co-occurrence
in diverse microbial communities. Proc. Natl. Acad. Sci. USA 2015, 112, 6449-6454. Correction in Proc. Natl. Acad. Sci. USA 2015,
112, E7156. [CrossRef]

Falkowski, P.G.; Fenchel, T.; Delong, E.F. The Microbial Engines That Drive Earth’s Biogeochemical Cycles. Science 2008, 320,
1034-1039. [CrossRef]

Li, M;; Yao, J.; Sunahara, G.; Duran, R ; Liu, B.; Cao, Y.; Li, H.; Pang, W.; Liu, H.; Jiang, S.; et al. Assembly processes of bacterial
and fungal communities in metal(loid)s smelter soil. |. Hazard. Mater. 2023, 451, 131153. [CrossRef]

Sokol, N.W.; Slessarev, E.; Marschmann, G.L.; Nicolas, A.; Blazewicz, S.J.; Brodie, E.L.; Firestone, M.K.; Foley, M.M.; Hestrin,
R.; Hungate, B.A.; et al. Life and death in the soil microbiome: How ecological processes influence biogeochemistry. Nat. Rev.
Microbiol. 2022, 20, 415-430. [CrossRef]

Yin, Y,; Wang, X; Hu, Y,; Li, E; Cheng, H. Insights on the assembly processes and drivers of soil microbial communities in
different depth layers in an abandoned polymetallic mining district. J. Hazard. Mater. 2023, 458, 132043. [CrossRef]

https://doi.org/10.3390/1ife16101648


https://doi.org/10.1093/sysbio/syz066
https://doi.org/10.1016/j.apsoil.2024.105311
https://doi.org/10.1051/agro/2008069
https://doi.org/10.1038/s41559-018-0519-1
https://doi.org/10.1111/jam.15652
https://doi.org/10.1038/s41598-021-95099-z
https://doi.org/10.1146/annurev.micro.61.080706.093139
https://doi.org/10.1002/jpln.202400147
https://doi.org/10.3389/fnins.2026.1806532
https://doi.org/10.22271/j.ento.2025.v13.i4b.9544
https://doi.org/10.1371/journal.pone.0229341
https://doi.org/10.1007/s00248-015-0693-5
https://doi.org/10.1002/imt2.105
https://doi.org/10.1186/s40168-023-01691-y
https://doi.org/10.1093/femsec/fiab111
https://doi.org/10.1038/nature24460
https://doi.org/10.1038/s41467-025-61606-3
https://doi.org/10.1126/science.aat9076
https://doi.org/10.1016/j.chom.2021.07.005
https://doi.org/10.1073/pnas.1421834112
https://doi.org/10.1126/science.1153213
https://doi.org/10.1016/j.jhazmat.2023.131153
https://doi.org/10.1038/s41579-022-00695-z
https://doi.org/10.1016/j.jhazmat.2023.132043
https://doi.org/10.3390/life16101648

Life 2026, 16, 1648 21 of 21

60.

61.

62.

63.

Barbosa Da Costa, N.; Fugere, V.; Hébert, M.; Xu, C.C.Y.; Barrett, R.D.H.; Beisner, B.E.; Bell, G.; Yargeau, V.; Fussmann, G.F;
Gonzalez, A.; et al. Resistance, resilience, and functional redundancy of freshwater bacterioplankton communities facing a
gradient of agricultural stressors in a mesocosm experiment. Mol. Ecol. 2021, 30, 4771-4788. Correction in Mol. Ecol. 2025, 34,
e17673. [CrossRef]

Mendes, R.; Garbeva, P.; Raaijmakers, ].M. The rhizosphere microbiome: Significance of plant beneficial, plant pathogenic, and
human pathogenic microorganisms. FEMS Microbiol. Rev. 2013, 37, 634—-663. [CrossRef]

Wittebolle, L.; Marzorati, M.; Clement, L.; Balloi, A.; Daffonchio, D.; Heylen, K.; De Vos, P.; Verstraete, W.; Boon, N. Initial
community evenness favours functionality under selective stress. Nature 2009, 458, 623—-626. [CrossRef]

Clagnan, E.; Costanzo, M.; Visca, A.; Di Gregorio, L.; Tabacchioni, S.; Colantoni, E.; Sevi, F,; Sbarra, F; Bindo, A.; Nolfi, L.; et al.
Culturomics- and metagenomics-based insights into the soil microbiome preservation and application for sustainable agriculture.
Front. Microbiol. 2024, 15, 1473666. [CrossRef]

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

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

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

https://doi.org/10.3390/1ife16101648


https://doi.org/10.1111/mec.16100
https://doi.org/10.1111/1574-6976.12028
https://doi.org/10.1038/nature07840
https://doi.org/10.3389/fmicb.2024.1473666
https://doi.org/10.3390/life16101648

	Introduction 
	Materials and Methods 
	Study Area and Sampling Sites 
	Earthworm and Soil Sample Collection 
	Determination of Soil Physicochemical Properties 
	Earthworm Sample Processing and DNA Extraction 
	Relative and Absolute Quantification of 16S rRNA Genes Based on Spike-In Internal Standards 
	Bioinformatics Analysis 
	Statistic Analysis 

	Results 
	Analysis of Differences in Soil Physicochemical Properties Across Seven Habitats 
	Evaluation of Sequencing Data and OTU Distribution Characteristics of Amynthas aspergillum Gut Microbiota Under Seven Habitat Conditions 
	Alpha and Beta Diversity Analysis of Amynthas aspergillum Gut Microbiota Under Seven Habitat Conditions 
	Analysis of Relative/Absolute Abundance of Gut Microbiota at the Phylum Level 
	Analysis of Relative/Absolute Abundance of Gut Microbiota at the Genus Level 
	Screening of LEfSe Differential Indicator Species (Biomarkers) of Gut Microbiota Across Seven Habitats 
	Functional Prediction of Amynthas aspergillum Gut Microbiota 

	Discussion 
	Absolute and Relative Differences in Structure and Diversity of Amynthas aspergillum Gut Microbiota Across Seven Habitats 
	Habitat-Specific Succession and Functional Response of Dominant Gut Microbiota in Amynthas aspergillum 
	Adaptation of Amynthas aspergillum Gut Microbiota Function to Habitat Stress 

	Conclusions 
	References

