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Abstract

Coal gangue (CG) dumped in open-air piles significantly impacts the surrounding soil envi-
ronment. To investigate the effects of prolonged CG dumping on soil archaeal communities
and their ecological functions, we used metagenomic sequencing to analyze soil samples,
including control soil area not impacted by CG (CSL), undisturbed control sediment (CST),
atmospheric dust fall area (ADF), and leachate flow area (LFA) samples. The results showed
that the dominant phylum and genus of archaea were Thaumarchaeota (30.53–93.39%) and
Candidatus Nitrosocosmicus (34.44–69.85%) in the different samples. Significant differences
were observed in both α- and β-diversity (p < 0.05); archaeal community composition
was primarily influenced by total nitrogen (TN), electrical conductivity (EC), Cu, As, and
Cd. The contribution rate of As was the largest, about 44.8%. The metabolic functions of
archaea were predominantly related to amino acid metabolism, and there were significant
variations in carbon and nitrogen metabolic pathways in different areas. The ppdk gene
showed considerable variation between ADF and CSL, and Euryarchaeota was the major
contributing phylum to carbon fixation. However, for nitrogen metabolism, the gltB gene
displayed marked differences, and the phylum of Thaumarchaeota was the major contrib-
utor. This study provides a theoretical foundation for land management and sustainable
utilization in CG dump areas.

Keywords: archaeal communities; archaeal functions; disturbance zones soil; coal
gangue dump

1. Introduction
Coal gangue (CG) is a solid waste byproduct of coal mining, rich in mineral compo-

nents, organic matter, and heavy metals [1–3]. By 2023, China’s accumulated stockpile of
CG had reached 7 billion metric tons [2,4]. Long-term open-air storage of CG releases coal
dust, heavy metals, and other pollutants, which alter the physicochemical properties of
surrounding soils, such as pH, organic carbon content, and heavy metal concentrations
through atmospheric deposition, rainfall, infiltration, and leaching [5,6]. These changes
further impact the structure and function of soil microbial communities in adjacent areas [7].

Numerous studies have investigated the ecological effects of CG storage sites, focusing
primarily on heavy metals in nearby soils [8,9], water systems [10], and vegetation [11].
For instance, research reported that the total concentration of 16 priority PAHs (polycyclic
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aromatic hydrocarbons) in surface soil exhibited a negative correlation with distance
from coal gangue piles [12]. Leachate from CG sites increased water hardness and led
to excessive levels of metals such as manganese and sodium [13], causing widespread
contamination of surrounding surface water [10]. However, heavy metal pollution declined
rapidly during the migration of gangue leachate [14]. Plants near CG sites demonstrate
some capacity for heavy metal accumulation and translocation [15]; microbial community
structure and function in adjacent soils vary significantly [7]. Though the abundance
of archaea is relatively low in soil, they play ecologically significant roles as important
functional species, such as methanogenic archaea mediating the methane cycle in soil
and river sediments [16] and ammonia-oxidizing archaea in the global nitrogen cycle in
extreme environments [17]. However, reports on the structure and function of archaeal
communities in the soil surrounding CG storage sites remain limited. Therefore, we
hypothesized that archaeal community function in the soil changes significantly across soils
disturbed by CG storage, with community composition closely linked to environmental
factors such as heavy metal content and nutrients. In this study, we analyzed the structure,
functional genes, and metabolic pathways of archaeal communities in the surrounding soil
and sediment influenced by CG dumps in Tunlan coal mine in Shanxi province in China,
using metagenomic sequencing to provide a theoretical basis for ecological restoration, soil
remediation, and riverine environmental management in CG storage.

2. Materials and Methods
2.1. Study Area Overview

Tunlan Mine (112◦4′ E, 37◦54.6′ N) is located in Gujiao City in Shanxi Province in
China; it experiences a temperate continental climate with approximately 2808 h of annual
sunshine, an average annual temperature of 9.5 ◦C, and an average annual precipitation of
420 mm primarily concentrated between July and September. The region is windy during
winter and spring, with prevailing northwesterly winds. The city is rich in high-quality
coal resources, with an approved annual production capacity of 16.5 million tons. Its major
coal mines include Tunlan, Dongqu, Xiqu, Malan, and Zhenchengdi. Among these mines,
Tunlan mine has the highest annual production capacity at approximately 4 million tons.
Assuming a 15% gangue discharge rate during raw coal production, the annual output of
its CG amounts to about 700,000 tons. It covered an area of approximately 32 hectares. The
primary chemical components of its coal gangue include Al2O3, SiO2, Fe2O3, and various
heavy metal elements such as Zn, As, Hg, Pb, Cr, and so on.

2.2. Sample Collection

Sampling was conducted in the vicinity of the CG dump site in Tunlan coal mine
in Gujiao City. Four distinct disturbance zones were established: the control soil area
(CSL) which encompassed unaffected surface soil surrounding the CG dump; atmospheric
dust fall area (ADF), which was impacted by dry and wet atmospheric deposition; control
sediment area (CST), which was an unaffected sediment zone; and leachate flow area (LFA)
which was influenced by leachate runoff (Figure 1). Due to soil heterogeneity, each zone
was subdivided into five sampling points with three replicate samples collected per point
and homogenized into a single composite sample. All soil samples were immediately
placed into separate, sterile bags, sealed, and temporarily stored in dry ice containers,
then transported to the laboratory for processing within 24 h or preserved at −80 ◦C
until analysis.
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Figure 1. Location and division of the study area (a); enlarged view of the sampling locations of the
control areas (b) and the disturbed areas (c). Circles are the sampling areas of each treatment zone,
and triangles are the distribution of each sampling. CSL refers to the control soil area which was not
impacted by CG, CST refers to the undisturbed control sediment area, ADF refers to the atmospheric
dust fall area, LFA refers to the leachate flow area.

2.3. Measurement of Soil Characteristics

Soil pH value was measured by pH meter with a water-to-soil ratio of 2.5:1 [18].
The electrical conductivity (EC) was measured by the method of 5:1 water-to-soil ra-
tio with an FE30 Plus instrument [19]. Soil available potassium (AK) content was mea-
sured by CH3COONH4 extraction with a flame photometer [20]. The available phos-
phorus (AP) was determined by UV spectrophotometer with NaHCO3 molybdenum ex-
traction [21]. Total potassium (TK) was determined by flame photometer using a NaOH
melting method [22]. Soil organic carbon (SOC) was determined by a potassium dichromate
volumetric method [23]. Total phosphorus (TP) was measured by NaOH molybdenum
blue colorimetry and ultraviolet spectrophotometer [24]. Total nitrogen (TN) was measured
using a nitrogen analyzer using the Kjeldahl nitrogen determination method [25]. Soil
heavy metal content, including Cr, Cu, Zn, As, Cd, and Pb, was determined using an
inductively coupled plasma emission spectrometer [26].

2.4. Metagenomic Sequencing

Metagenome DNA extraction and shotgun sequencing: Total microbial genomic DNA
samples were extracted using the MagBeads FastDNA Kit for Soil (116564384) (MP Biomed-
icals, Santa Ana, CA, USA), following the manufacturer’s instructions. The quantity and
quality of extracted DNAs were measured using a Qubit™ 4 Fluorometer, with WiFi:
Q33238 (Qubit™ Assay Tubes: Q32856; Qubit™ 1X dsDNA HS Assay Kit: Q33231) (Invit-
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rogen, Carlsbad, CA, USA) and agarose gel electrophoresis, respectively. The extracted
microbial DNA was processed to construct metagenome shotgun sequencing libraries with
insert sizes of 400 bp by using an Illumina TruSeq Nano DNA LT Library Preparation Kit.
Each library was sequenced by Illumina NovaSeq platform (Illumina, San Diego, CA, USA)
with PE150 strategy from Personal Biotechnology Co., Ltd. (Shanghai, China).

Raw sequencing reads were subjected to processing to yield quality-filtered reads suit-
able for further analysis. This involved adapter removal and trimming of low-quality reads
using fastp, with the following parameters “-l 50-g-W 5-3-5-q 20-u 30”. Upon obtaining
quality-filtered reads, taxonomic classification of each sample was executed using Kaiju
software in greedy-5 mode against an NCBI database.

For assembly, Megahit (v1.1.2) was employed with the parameter settings “-k-list
33,55,77,99,127-min-contig-len 300” for each sample. Reads that remained unaligned to
the assembled contigs, as determined by minimap2 with the “-ax sr” option, were pooled
and reassembled. Gene prediction was carried out on the generated contigs from each
sample using prodigal with the “-p meta” flag. The protein sequences translated from the
predicted genes were subsequently pooled and clustered using mmseqs2 in “easylinclust”
mode, with the following parameters: “-c 0.9-cov-mode 1-min-seq-id 0.95-cluster-mode
2”. The lowest common ancestor taxonomy of the non-redundant genes was ascertained
using mmseqs2 in “taxonomy” mode, with parameters set to “-lca-mode 3-s 2”, by aligning
them against an NCBI database. To assess gene abundances, high-quality reads from each
sample were mapped onto the contigs using minimap2 with the “-ax sr” option, and read
counts were computed using htseq. Abundance values in metagenomes were normalized
using CPM (copies per kilobase per million mapped reads). The functional annotation of
the non-redundant genes was accomplished through mmseqs2 against KEGG databases.
Archaeal community composition was analyzed from the whole metagenome sequencing
data using the archaea flags in the Kaiju taxonomic classification tool, which allows for
domain-specific assignment of reads.

2.5. Data Processing

Statistical analysis of soil physicochemical properties and heavy metal content across
different disturbed areas was performed by one-way ANOVA using SPSS 26 Statistics. And
means were declared significant at (p < 0.05) using Tukey’s honestly significant different
test [27]. Principal coordinate analysis (PCoA) based on the Bray–Curtis dissimilarity was
used to assess similarities in archaea community structure and function among samples.
Hierarchical clustering used the unweighted pair-group method with arithmetic means
(UPGMA) to analyze the clustering effect. Redundancy analysis (RDA) was used to obtain
the correlation between archaea community structure and soil environmental factors by
Canoco5.0 software [28]. Chao1 (richness), Shannon (diversity), and Pielou_e (evenness)
indices were calculated to assess α-diversity. The Kruskal–Wallis test was used to compare
phylum and genus taxonomic units and functional genes across sample groups, with
p < 0.05 indicating statistically significant differences. LEfSe (LDA effect size) analysis
identified robust biomarkers between groups using the platform Galaxy. Non-redundant
gene sequences were annotated and classified by comparing them against the KEGG
database for taxonomic and functional profiling. After the normalization of the obtained
data, archaeal function was analyzed.

3. Results
3.1. Soil Physicochemical Properties

The heavy metal contents of soils under different treatments are presented in Figure 2.
The stockpiling of coal gangue increased heavy metal concentrations in surrounding soils,
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with the following trends: Cr, Cu, and Zn were LFA > ADF > CST > CSL; As was LFA >
ADF > CSL > CST; Cd was CSL > CST > ADF > LFA; and Pb was LFA > CST > CSL > ADF.
As shown in Figure 3, only the soil in the LFA was slightly acidic, while the soils in the
other areas were alkaline. The sediments in the LFA exhibited the highest levels of EC,
SOC, and TN, while the soil in the ADF had the highest AP content.

Figure 2. Contents of heavy metals in soil from different disturbed areas near CG dump; error
bars represent standard deviation (SD) and different letters indicate significant differences among
treatment zones. CSL refers to the control soil area which was not impacted by CG, CST refers to the
undisturbed control sediment area, ADF refers to the atmospheric dust fall area, LFA refers to the
leachate flow area. This is the same for all figures below.

Figure 3. Soil chemical properties in different disturbed areas near CG dump; error bars represent
standard deviation (SD) and different letters indicate significant differences among treatments.
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3.2. Archaeal Community Diversity in Different Disturbed Areas

The proportion of valid sequences obtained by metagenomic sequencing was
96.85–97.51% under different treatment zones (Table S1). Significant differences (p < 0.05)
were observed among treatment zones, as shown in Figure 4a–c, with the following hier-
archy for all diversity indices: CST > LFA > ADF > CSL. Sediments in the LFA showed
substantially altered archaeal communities due to strong coal gangue disturbance. From
Figure 4d, the LFA has the highest number of unique species, while the CSL has the
lowest, only seven. These results demonstrate that the storage of coal gangue created
spatially heterogeneous effects on soil archaeal ecosystems, with the influence of leachate
and atmospheric deposition differing significantly.

Figure 4. Alpha diversity analysis of archaeal communities in different areas disturbed by CG
dump, Chao 1 richness index (a); Shannon diversity index (b); Pielou_e evenness index (c); Venn
diagram showing the overlap of the number of archaeal species (d). p-value represents the result of
the Kruskal–Wallis test, horizontal line represents the post hoc test between the corresponding two
groups; *** represents p < 0.001, * represents p < 0.05.

The archaeal community of the ADF, CSL, LFA, and CST were clustered into four
categories according to similarity, indicating that the disturbance of CG led to differences
in archaeal community structures (Figure 5a). From the results of PCoA (Figure 5b,c), we
could find that there were significant differences in the β-diversity of archaeal commu-
nities between the ADF and CSL, as well as a similar result between the LFA and. This
explained why the archaeal community structure in the areas disturbed by the CG dump
was significantly changed compared with that in the undisturbed areas.
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Figure 5. Beta diversity of archaeal communities in different areas disturbed by CG dump, hierarchical
clustering tree diagram (a); principal coordinate analysis (PCoA) (b,c); the circle represents a 95%
confidence ellipse.

3.3. Archaeal Community Structure in Different Disturbed Areas

Figure 6a revealed that the archaeal phyla with high relative abundance in the dif-
ferent areas were Thaumarchaeota (30.53–93.39%), Euryarchaeota (3.18–24.83%), Candidatus
Thermoplasmatota (1.1–6.4%), Candidatus Woesearchaeota (0.07–15.29%), and Candidatus Bath-
yarchaeota (0.38–5.07%). Thaumarchaeota emerged as the predominant phylum; there were
significant differences (p < 0.05) between disturbed areas and undisturbed areas (Figure 6c).
At the genus level (Figure 6b), archaeal genera with high relative abundance in the CSL
and ADF were Nitrososphaera (43.99%, 22.48%) and Candidatus Nitrosocosmicus (35.55%,
53.28%); in the CST, Candidatus Nitrosocosmicus (34.44%) and Methanothrix (18.20%); in the
LFA, Candidatus Nitrosocosmicus (69.85%) and Nitrososphaera (11.84%). There were signif-
icant differences in the abundance of Candidatus Nitrosopolaris and Methanocella between
disturbed and undisturbed areas (p < 0.05); there were larger differences in species between
the LFA and CST than between the ADF and CSL. Lefse analysis (Figure 6e) identified
18 archaeal biomarkers with significant differences, 8 in CSL, 7 in ADF, 1 in CST, and 2 in
LFA. These findings demonstrated restructuring of archaeal communities in CG-affected
soils. From Figure 7, which is about environmental factors and archaeal community compo-
sition, we can see the disturbed areas (ADF and LFA) and undisturbed areas are in different
quadrants, with the X-axis and Y-axis dimensions explaining 56.22% and 36.79% of the
total variance, respectively. Key environmental factors significantly related to archaeal
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community structure changes included TN, EC, As, Cu, and Cd, their contributions are,
respectively, 7.80%, 37.70%, 44.80%, 5.40%, and 1.10% (Table 1).

Figure 6. Archaeal community composition in different disturbed areas of CG dump; composition of
archaea phyla (a) and genus (b), *** represents p < 0.001, ** represents p < 0.01, * represents p < 0.05;
differences in the composition of archaea phyla (c) and genus (d) by Kruskal–Wallis test; Lefse
analysis result (e).
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Figure 7. Redundancy analysis (RDA) of soil archaeal community composition and physical and
chemical properties in different disturbed areas of CG dump.

Table 1. Results of RDA of environmental factors and archaeal community composition.

Name Explains % Contribution % Pseudo-F p

As 44 44.80 14.10 0.002
EC 37 37.70 33.20 0.002
TN 7.60 7.80 10.80 0.002
Cu 5.30 5.40 13.40 0.002
Cd 1.10 1.10 3 0.040

3.4. Archaeal Community Function in Different Disturbed Areas
3.4.1. Functional Genetic Composition of Archaeal Communities

Functional annotation using the KEGG database identified six major functional cate-
gories across samples. Metabolism (67.87–80.69%) was predominant, followed by genetic
information processing (13.99–24.77%), and organismal systems (0.43–2.01%) accounted
for the smallest proportion (Figure S1). At the secondary level, amino acid metabolism
showed the highest abundance, followed by carbohydrate metabolism and metabolism of
cofactors and vitamins among significantly different archaeal functions across disturbance
zones (p < 0.01) (Figure 8a). The functional categories with a higher abundance of archaea
included Ko0970, Ko00290, Ko00250, Ko3010, and Ko3030, which displayed significant
variation (Figure 8b). Archaeal communities shared 122 metabolic functions in common
across all soil samples. The LFA contained the highest number of unique functions, with
13, followed by the ADF with 7, the CST with 3, while the CSL had none (Figure 8c). LFfSe
analysis identified differentially abundant functional genes in different areas: 7 in CSL, 2 in
ADF, 6 in CST, and 5 in LFA (Figure 8d). These results demonstrate significant alterations
in archaeal gene function under coal gangue disturbance.
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Figure 8. Functional composition and differences in archaeal communities by Kruskal–Wallis test in
different disturbed areas of CG dump, archaeal functions (a), *** represents p < 0.001, ** represents
p < 0.01, * represents p < 0.05; archaeal functional categories (b); archaeal function Venn diagram (c);
archaeal function by LFfSe analysis (d).

3.4.2. Functional Diversity of Archaeal Communities

Hierarchical cluster analysis revealed significant differences in archaeal functional
diversity among disturbance areas (Figure 9a). The top 10 most abundant functional cat-
egories showed the lowest counts in the CST. The branch lengths were relatively short
among the LFA, ADF and CSL, while the CST exhibited the longest branch length, indicat-
ing substantial divergence from other areas, particularly notable differences were observed
between the CST and LFA. Principal coordinate analysis (PCoA) further demonstrated
significant functional differences between the ADF and CSL and marked differences be-
tween the LFA and CST (Figure 9b). These findings collectively indicated that the CG dump
induced substantial alterations in the functional profiles of soil archaeal communities, with
different types of functional diversity emerging in different disturbed areas.
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Figure 9. Functional diversity of archaeal communities in different disturbed areas of CG dump;
represents result by hierarchical cluster (a); results by PCoA analysis (b,c).

(1) Carbon fixation function

Carbon plays a crucial role in regulating soil nutrient cycling and enhancing mi-
crobial activity. Using the KEGG database (map00720), the main microbial carbon
fixation pathways include the Calvin cycle, reductive tricarboxylic acid (rTCA) cycle,
dicarboxylate/4-hydroxybutyrate cycle, 3-hydroxypropionate/4-hydroxybutyrate cycle,
3-hydroxypropionate cycle, and reductive acetyl-CoA pathway. As can be seen from
Figure 10, there were significant differences in carbon fixation genes between soil and sedi-
ment. In CSL and ADF soils, the most abundant genes included ACSS, accC, E5.4.99.2A,
E2.3.1.9, ACO, E4.2.1.2B, mdh, sdhA, and sucC. Notably, the ppdK gene was significantly
less abundant in the ADF compared to CSL. In the CST and LFA, highly expressed genes
included MUT, acnB, E4.2.1.2A, pps, por, and folD, with ppc being the key differential
gene significantly reduced in the LFA versus CST. The major archaeal genera contributing
to carbon fixation (Figure 11) were g_Unclassified_ p_Thaumarchaeota in the CSL and LFA;
the contribution rates were 58.02% and 33.77%, respectively. The major archaeal genera
were g_Unclassified_p_Euryarchaeota (25%) in the ADF, g_Unclassified_d_Archaea (34.92%)
in the CST, g_Candidatus Nitrosocosmicus (28.81%) in the LFA. The results reflected distinct
microbial adaptations to different disturbance conditions.
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Figure 10. Differences in genes related to carbon fixation function in different disturbed areas of
CG dump.

Figure 11. Contribution rate of archaea at the genus level to carbon fixation function in different
disturbed areas of CG dump.

(2) Nitrogen Metabolism

Using the KEGG database (map00910), we analyzed archaeal genes involved in nitro-
gen metabolism and their relative contributions in in different areas. From Figure 12, we can
see the gene abundance of GLUD1_2, nirA, nirD, glnA, and GLUL in both the CSL and ADF
were higher, but cah, gltD, nrfA, nrfH, NRT, nirS, and nrfH were higher in both the CST and
LFA. In the ADF, the gltB gene increased while pmoC-amoC decreased significantly com-
pared to in the CSL; in the LFA, arcC increased while cynT gene decreased significantly com-
pared to the CST. The dominant archaeal genus contributing to nitrogen metabolism in the
different areas was Candidatus Nitrosocosmicus (22.88–49.90%). And the main contributors in
the CSL were g_Unclassified_p_Thaumarchaeota (30.77%), g_Unclassified_d_Archaea (24.60%),
and Candidatus Nitrosocosmicus (22.88%); in ADF, they were Candidatus Nitrosocosmicus
(26.24%) and g_Unclassified_d_Archaea (22.38%); it was Candidatus Nitrosocosmicus (25.85%)
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in CST; and they were Candidatus Nitrosocosmicus (49.90%) and g_Unclassified_d_Archaea
(21.19%) in LFA (Figure 13). These results demonstrated distinct archaeal involvement in
nitrogen cycling processes across different areas, with Candidatus Nitrosocosmicus emerging
as a key player, particularly in leachate-affected sediments.

Figure 12. Differences in genes related to nitrogen metabolism function in different disturbed areas
of CG dump.

Figure 13. Contribution rate of archaea at the genus level to nitrogen metabolism function in different
disturbed areas of CG dump.

4. Discussion
4.1. Variations in Soil Physicochemical Properties in Different Disturbed Areas of CG Dump

This study found that heavy metal concentrations in disturbed zones remained below
background values (Table S2), which was consistent with findings by Yin et al. (2024) [29].
The leachate flow area (LFA) exhibited the highest levels of Cr, Cu, Zn, and Pb, with
weakly acidic soil conditions (pH < 7). This pattern occurred because heavy metals from
CG typically migrated via leaching [30], acidic conditions could promote dissolution
of gangue-derived metals (Cr3+, Cu2+, Zn2+) [31], and reduced soil adsorption capacity
enhanced metal mobility and accumulation [32]; the result aligned with the report by
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Tan et al. (2019) [33]. CG amendments alter soil properties (e.g., pH and EC) through redox
processes [34]. Our data showed the LFA had significantly elevated EC, SOC, and TN,
while the ADF showed notably increased AP, which demonstrated differential impacts of
CG via leachate percolation and atmospheric deposition [31]. However, Yin et al. (2024)
reported few differences between gangue-affected and surrounding soils [29], potentially
due to geographic location, climatic conditions, and local soil parent material.

4.2. Archaeal Community Composition in Different Disturbed Areas of CG Dump

Common archaeal phyla in soils include Crenarchaeota, Euryarchaeota [35], and Thau-
marchaeota [36]. Euryarchaeota (16.3–66.7%) dominates archaeal communities in estuar-
ine sediments [37–39], and Candidatus_Thermoplasmatota (14.69–84.49%) and Crenarchaeota
(2.10–23.43%) in soils surrounding CG piles [7]. However, we found Thaumarchaeota was
the dominant phylum in soil and sediment, in comparison to the CSL, which was possibly
due to regional climatic conditions and gangue composition. Archaeal richness, diversity
and evenness in the LFA were significantly lower than those in the CST, which was con-
sistent with reported results [7], but the ADF displayed higher diversity indices than the
CSL, aligning with the results reported by Xie et al. (2012) [40]. These differences likely
resulted from substantial alterations in soil physicochemical properties caused by various
disturbance mechanisms such as dust deposition or leaching, which either promote or in-
hibit specific archaeal colonization during environmental adaptation [41]. For example, EC
enhanced archaeal community diversity [42]; copper concentrations ≤ 100 mg/kg benefit
bacterial abundance and diversity and concentrations ≥ 500 mg/kg inhibit them [43]; Ni-
trososphaera thrives in high-pH soda saline-alkali soils [38] and drives nitrification in acidic
soils [44], potentially through metabolic adaptations that mitigate low-pH toxicity [45].
Methanosarcina preferentially colonizes acetate-rich environments [46]. Our study showed
that EC, TN, Cu, As, and Cd had a great correlation with archaeal community structure,
indicating these soil properties altered competitive relationships within archaeal commu-
nities, allowing tolerant species to emerge; alternatively the development of protective
resistance mechanisms among some microorganisms in long-term disturbed environments
by CG benefited other community members.

4.3. Composition and Diversity of Archaeal Function in Different Disturbed Areas of CG Dump

Archaeal communities occupy distinct ecological niches in nature, with unique func-
tion and mechanisms of change [47]. Our study showed that archaeal functions in
disturbed soils were dominated by amino acid metabolism, followed by carbohydrate
metabolism and cofactor/vitamin metabolism, which contrasts with reported findings
where global/overview maps (28.26%) preceded amino acid metabolism [7], likely because
of differences in archaeal community composition in the study area. Significant variations
in functional gene profiles were observed among different areas (p < 0.05), and the LFA
contained the highest number of unique functional gene categories, followed by the ADF;
LEfSe and PCoA analyses confirmed pronounced differences between the CSL/ADF and
CST/LFA pairs, indicating substantial genetic adaptations by archaea to leachate infiltration
and atmospheric deposition disturbances [48].

4.4. Carbon Fixation and Nitrogen Metabolic Function of Archaeal Community in Different
Disturbed Areas of CG Dump

The ppdk gene encodes a crucial enzyme that catalyzes the reaction between phospho-
enolpyruvate and CO2 to form oxaloacetate [49,50]. We found the abundance of the ppdk
gene in the ADF was lower than in the CSL and the abundance of the ppc gene was lower in
the LFA than in the CST, suggesting pollutants from the CG dump through atmospheric de-
position, leaching, and infiltration processes have altered the archaeal community structures
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in soils and sediments [51], consequently impairing the carbon fixation capacity of archaea.
Dominant carbon-fixing archaea primarily from Euryarchaeota, which participate in anaero-
bic methane oxidation, organic matter degradation, and hydrocarbon transformation [52],
differed substantially; in the ADF, there were predominantly g_Unclassified_p_Euryarchaeota
but in the CSL there were g_Unclassified_p_Thaumarchaeota, which was different from the
reported findings of Thermoplasma and Metallosphaera [7], which can be attributed to specific
characteristics of the gangue piles and local environmental conditions.

Soil archaea participate in various nitrogen metabolic pathways including nitrogen
fixation [53], nitrification [54], denitrification [55,56], dissimilatory nitrate reduction, assim-
ilatory nitrate reduction, and complete nitrification [7]. Crenarchaeota contains numerous
hyperthermophiles [57] and has been recognized as a significant contributor to nitrogen cy-
cling [58]. Our study found that the key functional genes involved in nitrogen metabolism
were nirA, nirD, and amoA in soils, while they were nirS and NRT in sediments. Archaeal
genera contributing over 20% to nitrogen metabolism primarily included Candidatus Nitroso-
cosmicus from the Thaumarchaeota phylum due to their crucial role as ammonia-oxidizing
archaea with high diversity and importance in the nitrogen cycle [35,38], enabling adap-
tation to diverse environmental conditions [52,59]. We observed the gltB gene, which is
involved in nitrogen assimilation and amino acid metabolism, showed higher abundance
in the ADF than CSL; the gene of cynT, which assists acidophilic/acid-tolerant archaea
in pH adaptation, was more prevalent in the CST than LFA, while the ArcC gene, which
participates in arginine degradation to release NH3 and regulate pH, was significantly
enriched in the LFA compared to CST. These findings also demonstrated that distinct
disturbances led to adaptive changes in archaeal functional gene expression and metabolic
strategies, reflecting archaeal community responses to environmental stressors induced by
CG through various transport pathways.

5. Conclusions
Our metagenomic analysis identified key archaeal taxa and functional genes that could

serve as potential targets for soil remediation. The study revealed significant differences in
archaeal diversity across coal gangue-affected areas, with notable variations in archaeal
community structures. The dominant archaeal phylum was Thaumarchaeota, and the most
abundant genus was Candidatus Nitrosocosmicus. Archaeal community composition showed
strong correlations with TN, EC, Cu, As, and Cd. Key functional differences included
the ppdk gene, which exhibited significant variation between the ADF and CSL, with
Euryarchaeota being the major contributing phylum to carbon fixation; the gltB gene, which
displayed marked differences and was primarily associated with Thaumarchaeota and ni-
trogen metabolism. The long-term storage of CG may exert prolonged and cumulative
effects on soil archaeal communities, necessitating further research on its ecological con-
sequences. Future studies should integrate transcriptomic and metabolomic analyses to
better elucidate microbial activity and their actual contributions to carbon and nitrogen
cycling in these disturbed ecosystems, as well as long-term observations from a seasonal
perspective to assess the stability of, and seasonal variations in, archaeal communities.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/su17209094/s1: Figure S1: Functional composition of archaeal communities in
different disturbed areas of CG dump.; Table S1: Clean data and qcSummary in different samples; Table S2:
Risk Control Standard for soil contamination (mg/kg); Graphical Abstract S1: Archaeal community and
function disturbed significantly in surrounding soil by coal gangue stockpiling.
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ADF atmospheric dust fall area
AK available potassium
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EC electrical conductivity
LFA leachate flow area.
SOC soil organic carbon
TK total potassium
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TN total nitrogen
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