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Abstract: This study systematically investigated the effects of temperature changes on the degradation
of antibiotics in soil, as well as the alterations in microbial community structure and aggregation,
through a field warming experiment in a greenhouse. Compared to non-warming soil, the warming
treatment significantly accelerated the degradation rate of tetracyclines during soil freezing and
mitigated the impact of environmental fluctuations on soil microbial communities. The greenhouse
environment promoted the growth and reproduction of a wide range of microbial taxa, but the
abundance of Myxococcota was positively correlated with antibiotic concentrations in both treatments,
suggesting a potential specific association with antibiotic degradation processes. Long-term warming
in the greenhouse led to a shift in the assembly process of soil microbial communities, with a decrease
in dispersal limitation and an increase in the drift process. Furthermore, co-occurrence network
analysis revealed a more loosely structured microbial community in the greenhouse soil, along with
the emergence of new characteristic taxa. Notably, more than 60% of the key taxa that connected the
co-occurrence networks in both groups belonged to rare taxa, indicating that rare taxa play a crucial
role in maintaining community structure and function.

Keywords: greenhouse warming; antibiotic pollution; community assembly; bioremediation; rare taxa

1. Introduction

The widespread and often excessive use of antibiotics in agriculture has led to in-
creasing levels of antibiotic residues in rural environments, posing significant threats to
ecosystems and human health. Agricultural activities, such as livestock farming and aqua-
culture, along with human medical waste disposal, contribute to the diverse sources and
complex pathways of antibiotic pollution in agricultural soils [1,2]. In northern China,
the average contamination levels of tetracycline and enrofloxacin in soils around small-
scale farms were 51.32–299.7 µg kg−1 and 63.55–197.4 µg kg−1, respectively, primarily
concentrated in the 0–10 cm soil layer [3]. The degradation pathways and half-lives of
these antibiotics in the environment vary depending on their chemical structures and
environmental conditions [4]. Long-term, complex pollution can also lead to the reverse
transformation of metabolites, adversely affecting the activity, composition, and function
of soil microbial communities [5,6].

Bioremediation using indigenous microorganisms is a common method for remediat-
ing agricultural soil contamination, offering advantages such as environmental friendliness,
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economic feasibility, long-term effectiveness, ease of operation, and high social accep-
tance [7–9]. However, northern regions experience a three-month-long frozen soil period
each year, causing significant changes in the abundance and structure of soil microbial
communities and thus weakening the effectiveness of bioremediation. Therefore, increas-
ing soil temperature during the frozen period could be a potential mitigation strategy.
For instance, studies have shown that covering the surface of hydrocarbon-contaminated
soil in Antarctica with a specialized black film can effectively increase the average soil
temperature and promote contaminant removal [10]. Given the climatic characteristics
of northern regions, greenhouses have been widely used to improve crop growth rates.
As of 2016, the area covered by greenhouses in northern China had reached 13.15 million
hectares [11]. Greenhouse warming can extend the period of microbial activity and promote
the sustainable development of agriculture. However, systematic studies on the promotion
of bioremediation of antibiotic-contaminated agricultural soils by winter warming and the
succession and assembly of soil microbial communities in greenhouses are scarce. Addi-
tionally, previous studies on the relationship between soil microbial community structure
and function and pollutants have largely focused on the response of high-abundance mi-
crobial taxa [12,13]. This may be because high-abundance taxa have broader ecological
niches in the community, endowing them with stronger environmental adaptability [14].
However, recent studies have increasingly recognized the importance of the high diversity
and functional redundancy of rare microbial taxa in maintaining community functional
stability [15–17]. Therefore, a combined analysis of abundant and rare taxa will help us
better understand the impacts of pollutant stress on soil microbial community structure
and function, as well as the interactions between different abundance classes of microbes
during the remediation process.

This study, using low-cost greenhouses commonly found in northern rural areas as an
experimental platform, aims to systematically investigate the effects of greenhouse warming
on the bioremediation of complex antibiotic-contaminated agricultural soils in northern
regions. Through year-long field monitoring, we compared the antibiotic degradation
rates of agricultural soils under greenhouse warming and non-warming treatments, and
combined the dynamic changes in soil microbial community structure to reveal: (1) the
promotion of bioremediation of antibiotic-contaminated agricultural soils in northern
regions by greenhouse warming; (2) impact of greenhouse warming on the stability of
soil microbial communities; and (3) role of rare microbial taxa in antibiotic degradation
processes. By comprehensively analyzing both abundant and rare microbial taxa, this study
will help elucidate their roles in the bioremediation of antibiotic-contaminated agricultural
soils and provide theoretical and practical support for bioremediation of soil pollutants in
northern regions.

2. Materials and Methods
2.1. Site Description and Experimental Design

The antibiotic-contaminated farmland was located in Chaoyang Town, Xiuyan Manchu
Autonomous County, Anshan City, Liaoning Province, China (123◦33′36′′ E, 40◦48′12′′ N)
(Figure 1). The farmland had been used for chicken manure storage for approximately
four years, with dimensions of approximately 25 m × 35 m. The soil was contaminated
with tetracyclines at concentrations ranging from 841.2 to 2342.7 µg kg−1 and with fluo-
roquinolones at concentrations ranging from 1035.7 to 2415.5 µg kg−1. The sandy loam
agricultural soil had a particle size distribution of 8.9% (2–0.2 mm), 48.8% (0.2–0.02 mm),
29.4% (0.02–0.002 mm), and 12.9% (<0.002 mm); a pH of 6.34; an organic matter con-
tent of 21.6 g kg−1; a total nitrogen content of 1.37 g kg−1; an electrical conductivity of
0.54 mS cm−1; and a cation exchange capacity of 8.63 mmol kg−1. The lowest monthly
average temperature occurs consistently in January (−15 ◦C), with the highest typically
occurring in July or August (28 ◦C).
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The topsoil (0.5 m depth) within a 6 m× 5 m area was homogenized and subsequently
divided into two treatments (In, Outside), each measuring 2.5 m× 2.5 m, with a 1 m interval
between treatments to ensure data independence (Figure 1). Each treatment consisted of
three replicates. Five-point sampling was conducted in each treatment area, and the samples
were mixed to obtain T0 samples for both treatments. A greenhouse (5 m × 30 m × 2.5 m)
was constructed above the In treatment, with 35 cm-thick grass bricks stacked on the
north side for wind protection and a thick fabric covering the plastic film for nighttime
insulation. The fabric was raised to the top of the greenhouse from 10:00 a.m. to 3:00 p.m.
to increase the temperature, while the greenhouse door was opened to ventilate the In
treatment area (from November to April). During other months, the door was kept open
to maintain ventilation, and the thick fabric was not raised from 10:00 a.m. to 3:00 p.m.
to reduce the greenhouse warming effect and prevent excessive temperature differences
between the two treatments in summer. Soil temperature monitoring instruments were
placed approximately 5 cm below the soil surface, and soil daily average temperature was
calculated based on data transmitted every hour. Soil samples were collected monthly for a
period of twelve months, spanning from October of the first year to October of the second
year. Within each month, samples were obtained on a single day during the final week
of the month from both treatment areas. A five-point sampling method was employed to
collect samples (3–5 cm below the topsoil, approximately 1 kg). These monthly samples
were designated as T1 through T12, with T1 representing November of the first year and
T12 representing October of the second year. The initial soil sample, collected prior to the
commencement of the experiment, was designated as T0. Samples were transported to the
laboratory at 4 ◦C and divided into two parts, both stored at −80 ◦C. One part was used
for antibiotic concentration determination, and the other part was used for DNA extraction.
For DNA extraction, only samples from T0, T4 (February of the second year), T8 (June
of the second year), and T12 were utilized. All collected samples were filtered through a
100-mesh nylon sieve to remove plant roots and gravel before analysis.

2.2. Extraction and Quantification of Antibiotics

A measure of 2 (2 ± 0.001) g of homogenized dry soil was accurately weighed into a
50 mL centrifuge tube, and 5 mL acetonitrile and 5 mL Na2EDTA-McIlvaine solution were
added. The mixture was vortexed for 2 min, shaken for 30 min, and ultrasonically extracted
for 10 min. After centrifugation at 8000 rpm for 10 min, the extraction was repeated twice.
The three extracts were combined, mixed, and diluted with ultrapure water to 400 mL. The
pH of the extract was adjusted to 2.9 ± 0.1 with formic acid. The extract was purified and
enriched using a pre-activated SAX-HLB tandem solid-phase extraction column at a flow
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rate of 3–4 mL/min. After passing through the column, the SAX-HLB tandem solid-phase
extraction column was washed with 6 mL of ultrapure water, and the SAX column was
removed. The HLB extraction column was dried under vacuum for 30 min to remove
residual water. Finally, the column was eluted with 6 mL of methanol, and the eluate was
collected and concentrated to near dryness using a gentle nitrogen stream. The residue was
redissolved in 1 mL of methanol, vortexed for 30 s, mixed well, filtered through a 0.22 µm
filter into a 2 mL brown liquid chromatography vial, and then stored at −20 ◦C in the
dark [18,19] for determination using ultra-high performance liquid chromatography–triple
quadrupole mass spectrometry (Triple Quad 5500+ QTRAP Ready, SCIEX, Framingham,
MA, USA). The preparation of Na2EDTA-McIlvaine solution, the activation of SAX-HLB
tandem solid-phase extraction columns, and the quantification and recovery of antibiotics
are provided in the Supplementary Materials (Texts S1 and S2, Table S1).

2.3. Biological Analysis

A total of 24 soil samples from the In and Outside treatments at T0, T4, T8, and
T12 were subjected to high-throughput sequencing. High-throughput sequencing was
performed by Personalbio Ltd. (Shanghai, China). The hypervariable V3-V4 region of the
16S rRNA gene was amplified [20]. After purification, the PCR products were subjected to
paired-end sequencing on an Illumina HiSeq2500 PE250 platform (San Diego, CA, USA).
The DADA2 method [21] was used for quality control, including primer removal, quality
filtering, and chimera removal, to obtain ASV feature sequences and perform taxonomic
annotation. An ASV abundance and species annotation table was created, and based on
this table, microbial community structure changes were analyzed. Abundant and rare taxa
were divided according to the relative abundance of ASVs. ASVs with a relative abundance
greater than 0.1% in any experimental sample were considered abundant taxa, while ASVs
with a relative abundance not exceeding 0.1% in all experimental samples were considered
rare taxa [16,17].

2.4. Computational Analyses

Unless otherwise stated, all statistical analyses were performed using R 4.2.2. The
Wilcoxon rank-sum test and t-test were conducted using the ‘ggpubr’ package to compare
differences between two groups. Shannon and Chao 1 indices, as well as non-metric
multidimensional scaling (NMDS) based on Bray–Curtis distances, were calculated using
the ‘vegan’ package [22]. The relative importance of different ecological processes in
bacterial community assembly was calculated using null model analysis in the ‘iCAMP’
software package [23]. Specifically, the entire community was divided into “bins” of 12–48
phylogenetically related ASVs, and the relative importance of five community assembly
processes for each bin was calculated: heterogeneous selection, homogeneous selection,
dispersal limitation, homogeneous dispersal, and drift. The relative contribution of each
ecological process to community assembly in each treatment was calculated based on
the ecological processes and relative frequencies of each bin. The results were visualized
using the ‘itol.toolkit’ package and “iTOL” web-based tool [24,25]. Microbial co-occurrence
networks were constructed based on Spearman correlations between ASVs using the
‘WGCNA’ package [26]. The ‘ggClusterNet’ package [27] was used to calculate “within
modular degree” (Pi) and “between modular degree” (Zi) to identify key taxa in the co-
occurrence network. The association pairs were visualized as a co-occurrence network using
the Fruchterman–Reingold layout in Gephi 0.9.7. Random forest models were generated
and analyzed using the ‘randomForest’ package.

2.5. Statistical Analysis

Experimental data were processed using Excel 2010 (Microsoft, Redmond, WA, USA),
and the results were presented as mean ± standard deviation. Kruskal–Wallis tests were
conducted using SPSS 19.0 (SPSS Inc., Chicago, IL, USA) to analyze differences among
multiple groups. Some figures were visualized using ‘ggplot2’ in R.
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3. Results
3.1. Changes in Soil Antibiotic Degradation Rates under Different Temperature Conditions

Figure 2a and Figure S1 illustrate the changes in soil residues and degradation rates
of six antibiotics over a 12-month period under both warming and non-warming condi-
tions. Overall, the residues showed a decreasing trend, with the total degradation rate
of antibiotics being significantly higher in the warming treatment compared to the non-
warming treatment (Table 1, Figure S1). Between T1 and T5, the degradation rate gap
between the two treatments progressively increased for tetracyclines (Oxytetracycline:
5.2–20%; Doxycycline: 8.6–25.3%; Chlortetracycline: 10.1–21.3%), before decreasing from
T5 to T10 (Oxytetracycline: 20–8.9%; Doxycycline: 25.3–18.6%; Chlortetracycline: 21.3–9.5%;
Table S2). In contrast, for fluoroquinolones (excluding low-content Norfloxacin), no sig-
nificant difference in the soil residues of Enrofloxacin and Ciprofloxacin was observed
between the two treatments during T0-T3 and T0-T5, respectively (p > 0.05; Figure 2a),
and no significant difference in their degradation rates was found at T1 or between T1
and T5 (p > 0.05; Figure S1). Figure 2b presents the daily average soil temperature changes
over 12 months in both treatments. Except for months 5 to 7, the soil temperature in the
warming treatment (In) was significantly higher than that in the non-warming treatment
(Outside). In the third month (January), the soil temperature was the lowest throughout
the year, with the soil in the In treatment undergoing freeze–thaw cycles and the soil in the
Outside treatment being completely frozen, with a minimum temperature of −5.9 ◦C. In
the ninth month (July), the soil temperature reached the highest point of the year, with the
maximum temperature in the In treatment being 29.1 ◦C.
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Table 1. The total degradation rates of six antibiotics in In and Outside treatments during the
observation period.

Tetracyclines
Mean ± SD (%)

Fluoroquinolones
Mean ± SD (%)

In Outside In Outside

Oxytetracycline 60.7 ± 1.0 50.6 ± 0.4 Norfloxacin 67.0 ± 1.5 56.7 ± 1.9
Chlortetracycline 83.4 ± 0.6 69.0 ± 0.6 Enrofloxacin 59.0 ± 1.2 41.9 ± 1.7

Doxycycline 76.8 ± 1.0 58.8 ± 0.2 Ciprofloxacin 67.6 ± 1.4 51.1 ± 1.4

3.2. Effects of Temperature Differences on Bacterial Community Succession

A total of 10,358 bacterial ASVs were identified in all samples, including 1156 abundant
species and 9202 rare species. Venn diagrams show the differences in the composition
of abundant and rare taxa between the two treatments (Figure 3a,b). Among abundant
taxa, the number of shared ASVs (620) between the two treatments was more than twice
the number of independent ASVs (Outside: 296, In: 240); conversely, for rare taxa, the
number of shared ASVs (1407) was much lower than the number of independent ASVs
(Outside: 4450, In: 3345). This indicates that long-term environmental differences had a
smaller impact on the species diversity of abundant taxa, which helped to stabilize the
basic soil functions. In contrast, the competition and predation processes of rare microbial
communities were significantly affected.

To further explore the effects of temperature differences on the differences in α-
diversity of microbial communities, we conducted α-diversity analyses on both abundant
and rare taxa (Figure 3a,b). In the warming system, the α-diversity indices (Shannon and
Chao1) of abundant taxa were lowest at T0 (p < 0.05), and the Shannon and Chao1 indices
of rare taxa were lowest in summer (T8) (p < 0.05). This suggests that in the semi-closed
warming system, as pollutant stress decreased, the microbial community gradually evolved
from functionally unstable rare taxa to higher abundance taxa, increasing community stabil-
ity. In the non-warming system, both α-diversity indices were highest at T0 (p < 0.05) and
lowest at T12 (p < 0.05), with the α-diversity indices of rare taxa decreasing significantly at
T4, T8, and T12 (p < 0.05), indicating that rare bacterial communities in open environments
were more sensitive to environmental and temperature changes, rather than changes in
pollutant concentrations.
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rare categories. *** p < 0.001, a, b, c, and d reflect the 5% significance level.

NMDS analysis of Asonis (Figure 3c) showed that temperature differences resulted
in significant changes in bacterial community structure for both abundant and rare taxa,
but the In treatment was more concentrated. Compared with the Outside treatment, the
In treatment, due to its location inside the greenhouse, had a more stable semi-closed
environment, with reduced resource limitations and external inputs, resulting in smaller-
scale succession of microbial communities. In contrast, natural changes, external inputs,
and resource fluctuations in the open environment led to greater succession amplitudes in
microbial communities.

3.3. Differential Responses of Antibiotic-Responsive Bacterial Populations to Temperature

To further investigate the differential responses of bacterial populations to antibiotics
under different temperature conditions, phylogenetic analyses were conducted on ASV
species identified in both treatments, separately for abundant and rare categories. The
top ten dominant phyla and families in each category were screened, and their relative
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abundance changes over four time points were presented. In conjunction with the cor-
responding residual concentrations of six antibiotics, the different responses of bacterial
communities to antibiotic contamination under the influence of temperature were analyzed
(Figure 4a,b, Table S3).
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dance changes in the top ten phyla and families in the abundant and rare communities of the In
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* p < 0.05, ** p < 0.01, *** p < 0.001.

In the abundant category, Actinobacteriota (Outside: 25.46%, In: 32.78%), Proteobac-
teria (Outside: 21.38%, In: 18.94%), Chloroflexi (Outside: 13.92%, In: 11.46%), and Gem-
matimonadota (Outside: 6.5%, In: 6.53%) had relatively high average abundances. Acti-
nobacteriota and Proteobacteria also had high abundances in the rare category, indicating
that these two phyla played important roles in community evolution and accounted for a
total abundance of 61.55%. However, the relative abundances of these two phyla fluctuated
at different time points. The abundance of Actinobacteriota at T4 (temperature < 0 ◦C)
was much higher than that at T8 (temperature > 20 ◦C) in both treatments and both bac-
terial groups, indicating that Actinobacteriota had high activity in low-temperature soil.
In contrast, the abundance of Proteobacteria showed an upward trend in the Outside
treatment and a fluctuating trend in the In treatment. Additionally, Acidobacteriota, Gem-
matimonadota, and Myxococcota in the rare category showed different abundance trends
compared to Actinobacteriota, with high abundance only at T8 under ambient temperature.
Interestingly, compared to the abundant category, Firmicutes, Bacteroidota, Myxococcota,
Verrucomicrobiota, and Patescibacteria had significantly higher abundances in the rare cat-
egory. The abundance trends of Firmicutes and Bacteroidota were opposite in the warming
and non-warming systems. The relative abundance of Bacteroidota increased in the Outside
treatment, while the relative abundance of Firmicutes decreased. In the In treatment, the
abundance of Bacteroidota decreased, while the abundance of Firmicutes increased.
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Analyzing the dominant families in both treatments, the total relative abundance at
T4 was higher than that at T8 in both abundant and rare categories, indicating a higher mi-
crobial succession rate in frozen soil compared to summer ambient temperature soil. In the
abundant category, Intrasporangiaceae (Actinobacteriota) and Micrococcaceae (Actinobac-
teriota) had high abundance at T4 in both groups; Microbacteriaceae (Actinobacteriota) and
Mycobacteriaceae (Actinobacteriota) showed a decreasing trend in abundance in Outside
soil, while Xanthobacteraceae (Proteobacteria) showed an increasing trend, indicating
that these three dominant families were insensitive to temperature changes. Unlike the
dominant families with regular changes in the abundant category, which belonged to
the Outside treatment, the dominant families with regular changes in the rare category
belonged to the In treatment, such as the continuously decreasing Comamonadaceae (Pro-
teobacteria), Oxalobacteraceae (Proteobacteria) and significantly increasing Bacillaceae
(Firmicutes). The emergence of this difference may be attributed to the narrow ecological
niche of low-abundance bacteria, making them more vulnerable to the drastic environmen-
tal fluctuations in the Outside treatment, which introduces uncertainties in their succession
process. In contrast, the semi-closed environment under warming conditions provided
greater stability, facilitating the steady development of rare bacterial communities.

In the correlation analysis between the abundant community and antibiotics (Figure 4b),
the number of dominant phyla (Nitrospirota, Firmicutes, and Patescibacteria) and dominant
families (Rhodanobacteraceae and Microbacteriaceae) in the In treatment that were nega-
tively correlated with the concentrations of six antibiotics was higher than that in the Outside
treatment (Proteobacteria and Xanthobacteraceae). In contrast, in the Outside treatment,
the categories and number of phyla and families (Patescibacteria, Bacteroidota, Myxococ-
cota, Microbacteriaceae, and Mycobacteriaceae) that were positively correlated with the
concentrations of six antibiotics were higher than those in the In treatment (Myxococcota
and Gemmatimonadaceae). In the rare community, the categories correlated with antibiotic
degradation were significantly reduced, with only Bacillaceae (In), Comamonadaceae (Out-
side), Acidobacteriota (Outside), and Proteobacteria (Outside) being negatively correlated
with antibiotic concentrations and Comamonadaceae (In), Xanthomonadaceae (In), and
Firmicutes (Outside) being positively correlated.

3.4. Microbial Community Assembly

Based on iCAMP results, the relative importance of stochastic and deterministic pro-
cesses in the abundant and rare taxon communities of the Outside and In treatments showed
no significant differences (Figure 5a, Table S4). Both treatments were dominated by homo-
geneous selection for deterministic processes and by drift for stochastic processes. However,
the relative importance of stochastic processes in rare taxon communities (Outside: 79.6%;
In: 77.3%) was significantly higher than that in abundant communities (Outside: 62.5%;
In: 63.0%), and the relative importance of dispersal limitation, a stochastic process, also
increased. Analysis of community assembly in both categories at four time points revealed
that, except for T0, the contribution of homogeneous selection was lowest at T8, while the
contribution of drift was highest at T8.

The observed 10,358 ASVs were divided into 121 phylogenetic bins. The phylum,
relative abundance, and relative importance of each ecological process in the two treatments
for ASVs that dominated the abundant community in each phylogenetic bin are shown in
Figure 5b. The number and total abundance of bins dominated by each ecological process in
the two groups are shown in Table 2. The In treatment significantly increased the proportion
of drift in the stochastic process (Figure S2; p < 0.05) and significantly decreased the role of
dispersal limitation (Figure S2; p < 0.05). This indicates that some ASVs adjusted the main
ecological processes in bacterial community assembly in response to long-term temperature
differences. This transition involved 58 bins (Table S5). Analysis of the top 10 high-
abundance bins revealed that warming caused the dominant bacteria in Bin89 (Devosia),
Bin107 (Arthrobacter), Bin1 (Mycobacterium), and Bin34 (KD4-96) to shift from the stochastic
process of drift to the deterministic process of homogeneous selection in the Outside
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treatment (Table S5). In contrast, Bin3 (Nocardioides), Bin2 (g__unclassified_Actinobacteria),
Bin51 (AKYG1722), and Bin30 (Iamia) shifted from the stochastic process of dispersal
limitation to drift, while Bin33 (Gitt-GS-136) primarily shifted from homogeneous selection
to drift. This also corroborates the significant advantage of the drift ecological process in
the In treatment.
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Table 2. The number of bins and total relative abundance of the dominant ecological process in In
and Outside treatments.

Ecological Process Heterogeneous
Selection (%)

Homogeneous
Selection (%)

Dispersal
Limitation (%)

Homogenizing
Dispersal (%) Drift (%)

Outside 0 (0%) a 19 (26.3%) 56 (27.9%) 0 (0%) 46 (45.8%)
In 2 (1.5%) 18 (31.1%) 30 (9.8%) 2 (3.1%) 69 (54.5%)

a a (b): number of bins (total relative abundance).
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3.5. Co-Occurrence Patterns and Key Taxa Analysis of Microbial Communities

Co-occurrence networks were constructed to explore the succession dynamics of mi-
crobial communities in polluted soil under long-term warming and visualize the assembly
of abundant and rare taxa (Figure 6a,b). The number of edges and nodes in the In treat-
ment was significantly lower than that in the Outside treatment, which is related to the
semi-closed environment of the In treatment. Notably, the number of edges in the Outside
treatment was approximately five times that in the In treatment, reflecting the complex
interactions of soil microorganisms during long-term freeze–thaw cycles. Figure 6c shows
the relative abundance of abundant and rare ASVs contained in highly aggregated modules
(number of nodes > 5%) at four time points in both treatments. The ASVs contained in
modules M10, M27, and M31 in the In treatment preferred high-temperature environments,
while M11 and M4, on the contrary, had stronger survival abilities in soil environments
below 0 degrees Celsius. The microorganisms aggregated in M17 and M2 had unique
characteristics, which may be attributed to their inability to tolerate sudden environmental
changes (M17) or their adaptive evolution due to the significant reduction in pollutants or
environmental stability (M2). Similarly, in the Outside treatment, thermophilic microor-
ganisms were mainly aggregated in module M21, while M12 mainly aggregated bacterial
communities that could survive in frozen environments. The aggregation of M11 (Outside)
was similar to that of M17 (In), but no module similar to M2 (In) was found. In addition,
in the Outside treatment, the psychrophilic modules displayed a higher total number of
ASVs (peak at T4: 395) relative to the thermophilic modules (peak at T8: 379). However,
the In treatment exhibited the opposite pattern, with a higher total number of ASVs in the
thermophilic modules (T8: 521) compared to the psychrophilic modules (T4: 498).

To identify key bacterial taxa playing a crucial role in microbial community assembly,
we identified ASVs with connector and module hub roles in both treatments based on Zi-Pi
plots (Figure 7a,b, Tables S6–S8). A total of 361 ASVs were identified in the In treatment
and 210 in the Outside treatment. We selected the top 20 ASVs with the highest explanatory
power for community differences using a random forest model and analyzed their corre-
sponding modules, relative abundances, and correlations with pollutants to compare the
differences between key species in the two treatments under long-term warming (Figure 7c,
Tables S9 and S10). In the In treatment, 11 ASVs belonged to the rare category, while
16 belonged to the rare category in the Outside treatment. ASVs correlated with antibiotic
concentrations mainly belonged to the rare category.
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Figure 6. Co-occurrence networks and module abundance analysis. (a) Microbial community network
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by edges of the same color belong to the same module. (c) Relative abundance changes and ASV
numbers of different abundance categories in modules at four time points.
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4. Discussion
4.1. Greenhouse Warming Promotes the Stable Development of Soil Microbial Communities and
Accelerates Antibiotic Degradation

A comparison of the temperature differences and antibiotic degradation rates between
the warming and non-warming systems over 12 months revealed that greenhouse warming
effectively reduced the soil freezing time in northern winters (Figures 2a,b and S1, Table S2).
The resulting thermal protection prevented some microbial populations from perishing due
to prolonged soil freezing, which favored the natural attenuation of antibiotics [10]. The
rapid decline in tetracyclines in the In treatment during the T1–T4 period is a clear example
of this. As the soil temperature in the Outside treatment returned to above zero at T5
(March), the gap in tetracycline degradation rates between the Outside and In treatments
began to decrease. This suggests that the microorganisms involved in the degradation of
tetracyclines are more sensitive to temperature. However, the degradation of Enrofloxacin
and Ciprofloxacin did not seem to be favored by psychrophilic bacteria, and there was no
significant difference in their residual concentrations when both soils were in a freeze–thaw
or frozen state. Studies have shown that this difference is related to their chemical structure.
Tetracyclines have a relatively unstable molecular structure and are easily degraded by
environmental factors such as light, pH, and temperature. The multiple hydroxyl and
carbonyl groups in the molecule readily react with metal ions or organic matter in the
soil, accelerating their degradation [28]. In contrast, fluoroquinolones have a more stable
molecular structure and are more chemically inert. The fluorine atoms and cyclic structure
in their core structure give them a higher resistance to environmental changes and make
them less susceptible to degradation [29]. As the soil in the In treatment thawed first, the
degradation rates of Enrofloxacin and Ciprofloxacin increased significantly and began to
differ from the Outside treatment. Therefore, the early optimization of the soil environment
by warming contributes to enhancing the degradation potential of microbial communities
and achieving higher antibiotic removal rates.

To investigate the role of abundant and rare taxa in the soil microbial community
during antibiotic biodegradation and their response to environmental differences caused
by warming, Venn diagram analysis of the microbial community revealed (Figure 3a,b) that
the number of bacterial community compositions in the abundant taxa was much lower
than that in the rare taxa. However, due to their high abundance and large scale, they
have strong resistance to different environmental differences [30]. Low-abundance rare
taxa have lower viability and are easily affected by environmental disturbances, leading
to changes in composition and community structure [15]. The number of independent
ASVs in the In treatment was lower than that in the Outside treatment, which may be due
to the fact that the Outside treatment was in an open environment, where temperature
changes and climatic influences were more drastic, expanding the range of microbial
community succession. The changes in Shannon and Chao1 indices of both abundant and
rare categories at four time points in the In treatment, as well as NMDS analysis, also
indicate that greenhouse warming can reduce the impact of environmental changes on
microbial communities (Figure 3a–c). Stable microbial communities play an important
role in maintaining soil nutrient cycling, soil structure, and effective pollutant degradation
functions [31,32].

The changes in the abundance of dominant phyla and families in different categories
of the two treatments further demonstrated the impact of warming (Figure 4a, Table S3).
The relative abundance of the highly abundant Actinobacteriota was more influenced by
external air temperature. Studies have shown that microorganisms in Actinobacteriota are
cold-tolerant, able to survive and remain active in low-temperature environments, and
the ecological competition in winter soil is weaker, allowing them to rapidly proliferate
in frozen soil [33,34]. In contrast, the relative abundance of the other major phylum,
Proteobacteria, showed an upward trend in the non-warming environment but fluctuated
in the warming environment. This may be due to the reduced resource input into the soil
caused by the semi-closed environment of the greenhouse, leading to resource limitations
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and more local competition, resulting in frequent fluctuations in community structure and
abundance. Additionally, the relative abundance of some lower-abundance phyla was
higher in the rare category than in the abundant category. Interestingly, Firmicutes and
Bacteroidota, among them, were found to have a successional change trend during the
degradation of straw in paddy soil, with Bacteroidota having a high abundance in the
early stage and participating in the initial degradation, followed by the rapid reproduction
and succession of Firmicutes in the later stage [35]. Our study also found that the relative
abundance changes in the two phyla were opposite in different treatments. Combined
with the relative abundance changes in several dominant families, it can be confirmed
that the abundance change characteristics of dominant phyla are also reflected in their
corresponding dominant families.

Further analysis of changes in antibiotic concentrations, along with the abundance
and classification of dominant phyla and families correlated with antibiotics in both treat-
ments, revealed that warming significantly enhanced negative correlations between certain
microbial taxa and antibiotic degradation (Figure 4b). Specifically, the abundance of some
taxa, including low-abundance phyla and dominant families (e.g., Nitrospirota, Firmicutes,
Patescibacteria, Rhodanobacteraceae, Microbacteriaceae), increased as pollutant concen-
trations decreased. In contrast, under non-warming conditions, the relative abundance of
low-abundance phyla declined as antibiotic concentrations diminished. Interestingly, the
abundance of Myxococcota decreased in both treatments, potentially due to its involve-
ment in antibiotic degradation. Previous studies have shown that pollutants can influence
the abundance of functional bacteria [36]. For example, Wang et al. reported a positive
correlation between Mycobacteria abundance and pyrene concentration [31]. Consequently,
rare bacteria may develop mechanisms distinct from those of abundant bacteria in response
to environmental changes. Thus, abundance differences among microorganisms should
not be overlooked when interpreting microbial community succession and function.

4.2. Warming Enhanced the Proportion of Stochasticity in Community Assembly and the
Independence of Bacterial Communities

Although the abundance analysis of specific microbial taxa helps to understand the
response of microbial communities related to warming or antibiotic degradation during
community succession, how greenhouse warming affects bacterial community assembly
processes remains unclear. Phylogenetic-based null model analysis (iCAMP) was used
to study the assembly processes of bacterial communities, quantifying the changes in the
relative importance of factors influencing microbial community assembly [23]. The study
found that warming did not cause differences in the assembly of abundant and rare-taxa
bacterial communities between the two treatments, but the relative importance of stochastic
assembly in rare-taxa bacterial communities was higher in both treatments (Figure 5a,
Table S4), indicating that changes in rare taxa could affect the stochastic processes of
bacterial communities. This result is consistent with the findings of Wang et al. [16].

Analysis of the assembly process of the entire soil community revealed that warming
led to a shift in bacterial communities from dispersal limitation to drift (both stochastic
processes), but there was no significant change in the deterministic process (Figure S2).
Studies have shown that stochastic processes, especially dispersal limitation, are the main
factors controlling bacterial community assembly [37]. The decrease in the relative impor-
tance of dispersal limitation in the In treatment indicates that the greenhouse environment
reduced the dispersal limitations between communities, while the long-term freezing of
soil in the Outside treatment to some extent affected bacterial dispersal, leading to a higher
proportion of dispersal limitation in the In treatment. The drift process of bacterial com-
munities is usually a random event, and researchers have various analyses regarding the
reasons for the increase in the proportion of drift. For example, drift is more prevalent
in relatively low-pollution soils, or drastic environmental changes caused by the melting
of permafrost can increase the proportion of drift [12,38]. However, Ning et al. believe
that ecological drift is a core concept in ecology, and its occurrence is greatly influenced
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by factors such as selection, dispersal, and diversity [23]. Although the reason for the
increase in the proportion of drift cannot be fully explained, combined with the results of
previous studies, it is speculated that the increase in the relative importance of drift in this
study may be related to the degradation of antibiotics. Section 4.1 has already analyzed the
promoting effect of the warming environment on antibiotic degradation, which leads to
lower pollution stress in the soil bacterial community of the In treatment, which is similar
to the conclusion of Zhang et al. [12]. Analysis of the top 10 bins (ranked by the relative
abundance of each bin) that underwent ecological process changes due to warming showed
that the dominant bacteria in four bins (Nocardioides, g_unclassified_Actinobacteria, Iamia,
and AKYG1722) shifted from a high proportion of dispersal limitation to a high proportion
of drift, and one bin (Gitt-GS-136) shifted from Homogeneous selection to drift (Table S5).
Interestingly, these dominant bacteria (Nocardioides, Iamia, Gitt-GS-136, and AKYG1722)
are often involved in the decomposition of soil organic matter, pollutant degradation, and
soil element cycling, and this functional enrichment helps to enhance the ability of the
belonging bacterial groups to resist antibiotic pollution stress [39–42]. Overall, the warm-
ing process can enhance the dispersal of bacterial communities and promote community
succession through drift.

The differences in ecological processes between the two treatments are similar to the
performance of co-occurrence networks. Although the proportion of positive connections
between edges in the two networks is not significantly different, the differences in the
number of nodes and edges in the two networks indicate that the Outside treatment
has complex biological community information transmission and connections between
microbial species (Figure 6a,b), and five characteristic modules are formed. Except for the
bacteria contained in M11, which disappeared due to the initial destructive tillage, the
ASVs contained in other modules have the characteristic of rapid reproduction at specific
soil temperatures. Although the seven characteristic modules in the In treatment also have
the above characteristics, three of them belong to the dominant bacterial groups at T8
(M10, M27, M31), and M17, which is similar to the function of M11 in the Outside network,
contains fewer ASVs in both abundant and rare categories than M11, indicating that the
greenhouse environment improves the survival ability of the bacterial group and gradually
evolves the original psychrophilic bacteria into mesophilic bacteria. The emergence of the
M2 module also indicates that long-term environmental differences lead to the emergence
of new characteristic communities in the soil, which may be one of the reasons for the
increase in the proportion of drift in the In treatment. Key taxa identified from the module
hubs and connectors of the community network play a key role in network connections.
The differences in the number of key taxa in the two groups also correspond to the number
of modules in the network. The In treatment has a small range and a large number of
modules (a total of 75 modules), while the Outside treatment has a large range and a small
number of modules (a total of 21 modules). This difference indicates that the disturbance
of the open environment promotes close connections between communities in the Outside,
while the bacterial groups in the In treatment are more independent.

In addition, the total relative abundance of key taxa in both groups was relatively
low, and the proportion of rare taxa was 62.3% (In) and 71.9% (Outside), respectively
(Table S8). This high proportion indicates that rare taxa play a dominant role in the
construction and connection of microbial communities, while the In treatment increased
the number of abundant taxa. Further analysis of the 20 representative taxa that were
screened based on the random forest model according to feature importance showed that
the high proportion of rare taxa also indicates their importance in the communication or
competition process of soil communities (Tables S9 and S10). Combined with the Spearman
analysis of residual antibiotic concentrations, it was found that some taxa showed specific
correlations (Figure 7c, Tables S9 and S10).

For instance, in the In treatment, JG30-KF-AS9 (ASV_86559), an antibiotic-resistant
bacterium belonging to the Ktedonobacteria, was found to possess the ability to degrade or-
ganic pollutants in soil [12,43,44]. Additionally, cold-tolerant Sporosarcina (ASV_51196) [45];
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Geodermatophilus (ASV_23557), capable of producing extremozymes to adapt to extreme
conditions [46]; and Gemmatimonas (ASV_106588), involved in phosphorus metabolism,
were identified [47], indicating their crucial roles in adapting to harsh environments and
participating in material cycling. Furthermore, g_unclassified_Micrococcaceae (ASV_30639)
and g_unclassified_Intrasporangiaceae (ASV_21711) were present in the In group, suggesting
their potential ability to degrade or tolerate pollutants. Notably, Intrasporangiaceae, as
an abundant family, exhibited higher abundance during soil freeze–thaw cycles, indicat-
ing its cold tolerance. In the Outside treatment, Lysobacter (ASV_845) and Conexibacter
(ASV_30438) demonstrated soil remediation capabilities, respectively, degrading organic
pollutants and lincomycin [48–50]; along with Subgroup_7 (ASV_53853), associated with
heavy metal pollution [51,52]; and Sericytochromatia (ASV_12533), positively correlated
with the production of bacterial extracellular polymeric substances [44]. These findings
suggested that these taxa played significant roles in enhancing soil remediation func-
tions and promoting the survival of soil microorganisms. However, the functions of
67-14 (ASV_50216) and g__unclassified_Rhizobiaceae (ASV_36013) in contaminated soil still
require further investigation.

Overall, soil microbial communities subjected to different environmental conditions
for extended periods exhibited significant changes in their connectivity, soil remediation
capabilities, and functions related to alleviating environmental stress. The correlation anal-
ysis with residual antibiotic concentrations indicated that the aforementioned microbial
taxa were susceptible to variations in antibiotic concentrations. Additionally, except for In-
trasporangiaceae, other microbial taxa exhibiting significant functions were predominantly
rare taxa, further indicating that rare taxa are not only essential components of microbial
communities but also play diverse ecological roles in the assembly and maintenance of
microbial communities, as similarly concluded in the study by Wang et al. [17].

It is noteworthy that among the microbial taxa that did not exhibit significant cor-
relations with antibiotic concentrations, the number of abundant taxa was higher in the
In treatment compared to the Outside treatment (Tables S9 and S10). For instance, Flavi-
solibacter (ASV_82598), Nocardioides (ASV_44014), and B10-SB3A (ASV_40503) were capable
of remediating heavy metals, degrading organic pollutants, and decomposing carbohy-
drates, respectively [40,53,54], while Gemmatimonas (ASV_83083) and A4b (ASV_57264)
were involved in soil element metabolism [47,55]. In contrast, the functional taxa in the
Outside treatment were Devosia (ASV_9950), a mycotoxin-degrading bacterium [56], and
AKYG1722 (ASV_57024), a heavy-metal-remediating bacterium [57]. This indicated that the
In treatment harbored a more diverse community of functional microorganisms that were
unaffected by antibiotics. Although the Outside treatment exhibited a higher abundance
of microorganisms with pollution remediation functions based on correlation analysis,
considering the relatively narrow ecological niches of rare taxa, their contributions to the
overall soil ecosystem might be limited. Furthermore, combined with the observation that
warming promotes the succession of rare taxa to abundant taxa, it can be inferred that the
succession of microbial communities with degradation functions is more stable in warming
environments, which may explain the higher efficiency of antibiotic degradation in warmed
soils compared to non-warmed soils.

5. Conclusions

This study investigated the effects of greenhouse warming on the structure, function,
and antibiotic degradation of soil microbial communities. The results of this study demon-
strated that greenhouse warming effectively shortened the soil freezing period in northern
regions, significantly reducing the residual concentrations of tetracyclines in agricultural
soils, especially during winter months (T1–T5). Compared with unwarmed soils, the
degradation rates of oxytetracycline, doxycycline, and chlortetracycline were significantly
higher in warmed soils, with increases of 20.0%, 25.3%, and 21.3%, respectively. Although
warming also promoted the overall degradation of fluoroquinolones, the differences in
degradation rates among treatments were less pronounced in winter compared to tetra-
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cyclines. The semi-closed environment created by the greenhouse reduced the impact of
external disturbances on soil microbial communities, promoting the positive growth of
the most abundant taxa and the emergence of new characteristic communities. This shift
in community structure may be related to the transition of bacterial community assembly
processes from dispersal limitation to drift caused by warming, increasing the randomness
of community succession. Additionally, long-term warming promoted the succession of
the community towards thermophilic bacterial communities and decreased community
aggregation. Analysis of microbial community networks revealed that rare taxa played a
significant role in community dynamics and had potential roles in bioremediation, such
as JG30-KF-AS9 in warmed soil and Lysobacter and Conexibacter in unwarmed soil. Nev-
ertheless, warming also increased the relative abundance of degradation functional taxa
unaffected by antibiotics, such as Nocardioides and B10-SB3A, suggesting that warming may
enhance the overall degradation capacity of soil by increasing the diversity of degradation
pathways. Future studies should focus on identifying specific microbial taxa and associated
enzymes involved in antibiotic degradation in cold environments to further elucidate the
microbial mechanisms of antibiotic degradation.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/toxics12090667/s1: Text S1: The Preparation of Antibiotic Extraction
Solution and the Activation of Solid Phase Extraction Column [18,58]; Text S2: The Quantitative
Conditions and Recovery Rates for Antibiotics; Table S1: Antibiotic Recovery Rates in Soil; Table S2:
The degradation rate gaps between the two treatments for each of the six antibiotics; Table S3:
Top 10 abundant and rare phyla and families; Table S4: Relative importance of different ecological
processes for abundant and rare bacterial communities in In and Outside treatments at four time
points; Table S5: Relative abundance, relative importance of dominant ecological processes, and
biological classification of corresponding enriched taxa for 58 bins; Table S6: Taxa identified in the
Outside treatment using Zi-Pi screening; Table S7: Taxa identified in the In treatment using Zi-Pi
screening; Table S8: Number, proportion, and mean abundance of abundant and rare ASVs in the two
treatment groups, as determined by Zi-Pi screening; Table S9: Top 20 key ASVs and their associated
information identified by random forest analysis in the In treatment; Table S10: Top 20 key ASVs and
their associated information identified by random forest analysis in the Outside treatment; Figure S1:
Degradation rate of antibiotics under two treatments during the experiment; Figure S2: Differences in
the relative importance of different ecological processes for the 121 bins between the two treatments.

Author Contributions: Z.N.: writing—original draft, writing—review and editing, conceptualization,
methodology, software. X.Z.: methodology. S.G.: writing—review and editing. H.P.: writing—review
and editing. Z.G.: software, writing—review and editing, funding acquisition. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (grant number 2019YFD1100504).

Data Availability Statement: Data will be made available on request.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could appear to have influenced the work reported in this paper.

References
1. Qian, M.R.; Wu, H.Z.; Wang, J.M.; Zhang, H.; Zhang, Z.L.; Zhang, Y.Z.; Lin, H.; Ma, J.W. Occurrence of trace elements and

antibiotics in manure-based fertilizers from the Zhejiang Province of China. Sci. Total Environ. 2016, 559, 174–181. [CrossRef]
[PubMed]

2. Albero, B.; Tadeo, J.L.; Escario, M.; Miguel, E.; Pérez, R.A. Persistence and availability of veterinary antibiotics in soil and
soil-manure systems. Sci. Total Environ. 2018, 643, 1562–1570. [CrossRef]

3. Zhang, X.R.; Gong, Z.Q.; Allinson, G.; Xiao, M.; Li, X.J.; Jia, C.Y.; Ni, Z.J. Environmental risks caused by livestock and poultry
farms to the soils: Comparison of swine, chicken, and cattle farms. J. Environ. Manag. 2022, 317, 115320. [CrossRef]

4. Wu, J.Y.; Gao, J.M.; Guo, J.S.; Hou, X.Y.; Wang, D.R.; Wu, J.C.; Li, X.J.; Jia, C.Y. Comprehensive analysis of the fates and risks of
veterinary antibiotics in a small ecosystem comprising a pig farm and its surroundings in Northeast China. J. Hazard. Mater. 2023,
445, 130570. [CrossRef]

https://www.mdpi.com/article/10.3390/toxics12090667/s1
https://www.mdpi.com/article/10.3390/toxics12090667/s1
https://doi.org/10.1016/j.scitotenv.2016.03.123
https://www.ncbi.nlm.nih.gov/pubmed/27058135
https://doi.org/10.1016/j.scitotenv.2018.06.314
https://doi.org/10.1016/j.jenvman.2022.115320
https://doi.org/10.1016/j.jhazmat.2022.130570


Toxics 2024, 12, 667 18 of 20

5. Yang, S.F.; Lin, C.F.; Wu, C.J.; Ng, K.K.; Lin, A.Y.C.; Hong, A.P.K. Fate of sulfonamide antibiotics in contact with activated
sludge—Sorption and biodegradation. Water Res. 2012, 46, 1301–1308. [CrossRef]

6. Liu, L.Y.; Mi, J.D.; Wang, Y.; Zou, Y.D.; Ma, B.H.; Liao, X.D.; Liang, J.B.; Wu, Y.B. Different methods of incorporating ciprofloxacin
in soil affect microbiome and degradation of ciprofloxacin residue. Sci. Total Environ. 2018, 619–620, 1673–1681. [CrossRef]
[PubMed]

7. Yang, S.Z.; Wen, X.; Shi, Y.L.; Liebner, S.; Jin, H.J.; Perfumo, A. Hydrocarbon degraders establish at the costs of microbial richness,
abundance and keystone taxa after crude oil contamination in permafrost environments. Sci. Rep. 2016, 6, 37473. [CrossRef]

8. Potts, L.D.; Perez Calderon, L.J.; Gontikaki, E.; Keith, L.; Gubry-Rangin, C.; Anderson, J.A.; Witte, U. Effect of spatial origin and
hydrocarbon composition on bacterial consortia community structure and hydrocarbon biodegradation rates. FEMS Microbiol.
Ecol. 2018, 94, fiy127. [CrossRef] [PubMed]

9. Wang, X.S.; Wang, X.N.; Wu, F.; Zhang, J.W.; Ai, S.H.; Liu, Z.T. Microbial community composition and degradation potential of
petroleum-contaminated sites under heavy metal stress. J. Hazard. Mater. 2023, 457, 131814. [CrossRef]

10. Martínez Álvarez, L.M.; Ruberto, L.A.M.; Lo Balbo, A.; Mac Cormack, W.P. Bioremediation of hydrocarbon-contaminated soils
in cold regions: Development of a pre-optimized biostimulation biopile-scale field assay in Antarctica. Sci. Total Environ. 2017,
590–591, 194–203. [CrossRef]

11. Zhao, L.X.; Pan, Z.; Sun, B.L.; Sun, Y.; Weng, L.P.; Li, X.J.; Ye, H.K.; Ye, J.Z.; Pan, X.W.; Zhou, B.; et al. Responses of soil microbial
communities to concentration gradients of antibiotic residues in typical greenhouse vegetable soils. Sci. Total Environ. 2023,
855, 158587. [CrossRef] [PubMed]

12. Zhang, M.; Zhang, T.; Zhou, L.; Lou, W.; Zeng, W.A.; Liu, T.B.; Yin, H.Q.; Liu, H.W.; Liu, X.D.; Mathivanan, K.; et al. Soil microbial
community assembly model in response to heavy metal pollution. Environ. Res. 2022, 213, 113576. [CrossRef] [PubMed]

13. Duan, M.L.; Li, Z.J.; Yan, R.P.; Zhou, B.; Su, L.J.; Li, M.X.; Xu, H.B.; Zhang, Z.S. Mechanism for combined application of biochar
and Bacillus cereus to reduce antibiotic resistance genes in copper contaminated soil and lettuce. Sci. Total Environ. 2023,
884, 163422. [CrossRef]

14. Kim, T.S.; Jeong, J.Y.; Wells, G.F.; Park, H.D. General and rare bacterial taxa demonstrating different temporal dynamic patterns in
an activated sludge bioreactor. Appl. Microbiol. Biotechnol. 2013, 97, 1755–1765. [CrossRef] [PubMed]

15. Lynch, M.D.J.; Neufeld, J.D. Ecology and exploration of the rare biosphere. Nat. Rev. Microbiol. 2015, 13, 217–229. [CrossRef]
16. Wang, Y.C.; Lv, Y.H.; Wang, C.; Deng, Y.; Lin, Y.T.; Jiang, G.Y.; Hu, X.R.; Crittenden, J.C. Stochastic processes shape microbial

community assembly in biofilters: Hidden role of rare taxa. Bioresour. Technol. 2024, 402, 130838. [CrossRef]
17. Wang, Y.F.; Xu, J.Y.; Liu, Z.L.; Cui, H.L.; Chen, P.; Cai, T.G.; Li, G.; Ding, L.J.; Qiao, M.; Zhu, Y.G.; et al. Biological Interactions

Mediate Soil Functions by Altering Rare Microbial Communities. Environ. Sci. Technol. 2024, 58, 5866–5877. [CrossRef]
18. Guo, L.; Chen, Y.Q.; Zhang, L.Y.; Yang, W.J.; He, P.L. Development and Validation of a Liquid Chromatographic/Tandem Mass

Spectrometric Method for Determination of Chlortetracycline, Oxytetracycline, Tetracycline, and Doxycycline in Animal Feeds.
J. AOAC Int. 2012, 95, 1010–1015. [CrossRef] [PubMed]

19. Hu, W.; Ma, L.L.; Guo, C.S.; Sha, J.; Zhu, X.W.; Wang, Y.Q. Simultaneous extraction and determination of fluoroquinolones, tetra-
cyclines and sulfonamides antibiotics in soils using optimised solid phase extraction chromatography-tandem mass spectrometry.
Int. J. Environ. Anal. Chem. 2012, 92, 698–713. [CrossRef]

20. Caporaso, J.G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Lozupone, C.A.; Turnbaugh, P.J.; Fierer, N.; Knight, R. Global patterns
of 16S rRNA diversity at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. USA 2011, 108, 4516–4522. [CrossRef]

21. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.; Holmes, S.P. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Meth. 2016, 13, 581–583. [CrossRef] [PubMed]

22. Dixon, P. VEGAN, a package of R functions for community ecology. J. Veg. Sci. 2003, 14, 927–930. [CrossRef]
23. Ning, D.L.; Yuan, M.T.; Wu, L.W.; Zhang, Y.; Guo, X.; Zhou, X.S.; Yang, Y.F.; Arkin, A.P.; Firestone, M.K.; Zhou, J.Z. A quantitative

framework reveals ecological drivers of grassland microbial community assembly in response to warming. Nat. Commun. 2020,
11, 4717. [CrossRef]

24. Letunic, I.; Bork, P. Interactive Tree of Life (iTOL): An online tool for phylogenetic tree display and annotation. Bioinformatics
2007, 23, 127–128. [CrossRef]

25. Zhou, T.; Xu, K.D.; Zhao, F.; Liu, W.Y.; Li, L.Z.; Hua, Z.Y.; Zhou, X. itol.toolkit accelerates working with iTOL (Interactive Tree of
Life) by an automated generation of annotation files. Bioinformatics 2023, 39, btad339. [CrossRef]

26. Langfelder, P.; Horvath, S. WGCNA: An R package for weighted correlation network analysis. BMC Bioinform. 2008, 9, 559.
[CrossRef]

27. Wen, T.; Xie, P.H.; Yang, S.D.; Niu, G.Q.; Liu, X.Y.; Ding, Z.X.; Xue, C.; Liu, Y.X.; Shen, Q.Q.; Yuan, J. ggClusterNet: An R package
for microbiome network analysis and modularity-based multiple network layouts. iMeta 2022, 1, e32. [CrossRef] [PubMed]

28. Ahmad, F.; Zhu, D.C.; Sun, J.Z. Environmental fate of tetracycline antibiotics: Degradation pathway mechanisms, challenges, and
perspectives. Environ. Sci. Eur 2021, 33, 64. [CrossRef]

29. Bush, N.G.; Diez-Santos, I.; Abbott, L.R.; Maxwell, A. Quinolones: Mechanism, Lethality and Their Contributions to Antibiotic
Resistance. Molecules 2020, 25, 5662. [CrossRef]

30. Han, B.H.; Yu, Q.L.; Su, W.H.; Yang, J.W.; Zhang, S.H.; Li, X.S.; Li, H. Deterministic Processes Shape Abundant and Rare Bacterial
Communities in Drinking Water. Curr. Microbiol. 2023, 80, 111. [CrossRef]

https://doi.org/10.1016/j.watres.2011.12.035
https://doi.org/10.1016/j.scitotenv.2017.10.133
https://www.ncbi.nlm.nih.gov/pubmed/29056384
https://doi.org/10.1038/srep37473
https://doi.org/10.1093/femsec/fiy127
https://www.ncbi.nlm.nih.gov/pubmed/29982504
https://doi.org/10.1016/j.jhazmat.2023.131814
https://doi.org/10.1016/j.scitotenv.2017.02.204
https://doi.org/10.1016/j.scitotenv.2022.158587
https://www.ncbi.nlm.nih.gov/pubmed/36084778
https://doi.org/10.1016/j.envres.2022.113576
https://www.ncbi.nlm.nih.gov/pubmed/35710022
https://doi.org/10.1016/j.scitotenv.2023.163422
https://doi.org/10.1007/s00253-012-4002-7
https://www.ncbi.nlm.nih.gov/pubmed/22526777
https://doi.org/10.1038/nrmicro3400
https://doi.org/10.1016/j.biortech.2024.130838
https://doi.org/10.1021/acs.est.4c00375
https://doi.org/10.5740/jaoacint.11-087
https://www.ncbi.nlm.nih.gov/pubmed/22970565
https://doi.org/10.1080/03067319.2010.520122
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1038/nmeth.3869
https://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x
https://doi.org/10.1038/s41467-020-18560-z
https://doi.org/10.1093/bioinformatics/btl529
https://doi.org/10.1093/bioinformatics/btad339
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1002/imt2.32
https://www.ncbi.nlm.nih.gov/pubmed/38868720
https://doi.org/10.1186/s12302-021-00505-y
https://doi.org/10.3390/molecules25235662
https://doi.org/10.1007/s00284-023-03210-6


Toxics 2024, 12, 667 19 of 20

31. Wang, Y.H.; Li, M.J.; Liu, Z.W.; Zhao, J.J.; Chen, Y.C. Interactions between pyrene and heavy metals and their fates in a soil-maize
(Zea mays L.) system: Perspectives from the root physiological functions and rhizosphere microbial community. Environ. Pollut.
2021, 287, 117616. [CrossRef] [PubMed]

32. Naylor, D.; McClure, R.; Jansson, J. Trends in Microbial Community Composition and Function by Soil Depth. Microorganisms
2022, 10, 540. [CrossRef]

33. Fang, X.M.; Zhang, T.; Li, J.; Wang, N.F.; Wang, Z.; Yu, L.Y. Bacterial community pattern along the sediment seafloor of the Arctic
fjorden (Kongsfjorden, Svalbard). Antonie Leeuwenhoek 2019, 112, 1121–1136. [CrossRef] [PubMed]

34. Ray, A.E.; Zaugg, J.; Benaud, N.; Chelliah, D.S.; Bay, S.; Wong, H.L.; Leung, P.M.; Ji, M.; Terauds, A.; Montgomery, K.; et al.
Atmospheric chemosynthesis is phylogenetically and geographically widespread and contributes significantly to carbon fixation
throughout cold deserts. ISME J. 2022, 16, 2547–2560. [CrossRef]

35. Huang, J.J.; Gao, K.L.; Yang, L.; Lu, Y.H. Successional action of Bacteroidota and Firmicutes in decomposing straw polymers in a
paddy soil. Environ. Microbiome 2023, 18, 76. [CrossRef]

36. Lu, M.; Zhang, Z.Z.; Wang, J.X.; Zhang, M.; Xu, Y.X.; Wu, X.J. Interaction of Heavy Metals and Pyrene on Their Fates in Soil and
Tall Fescue (Festuca arundinacea). Environ. Sci. Technol. 2014, 48, 1158–1165. [CrossRef] [PubMed]

37. Wang, Z.J.; Feng, K.; Lu, G.X.; Yu, H.; Wang, S.; Wei, Z.Y.; Dang, N.; Wang, Y.C.; Deng, Y. Homogeneous Selection and Dispersal
Limitation Dominate the Effect of Soil Strata Under Warming Condition. Front. Microbiol. 2022, 13, 801083. [CrossRef]

38. Doherty, S.J.; Barbato, R.A.; Grandy, A.S.; Thomas, W.K.; Monteux, S.; Dorrepaal, E.; Johansson, M.; Ernakovich, J.G. The
Transition From Stochastic to Deterministic Bacterial Community Assembly During Permafrost Thaw Succession. Front. Microbiol.
2020, 11, 596589. [CrossRef]

39. Zhao, M.Y.; Liu, D.; Zhou, J.; Wei, Z.M.; Wang, Y.M.; Zhang, X.L. Ammonium stress promotes the conversion to organic nitrogen
and reduces nitrogen loss based on restructuring of bacterial communities during sludge composting. Bioresour. Technol. 2022,
360, 127547. [CrossRef]

40. Ma, Y.C.; Wang, J.X.; Liu, Y.; Wang, X.Y.; Zhang, B.L.; Zhang, W.; Chen, T.; Liu, G.X.; Xue, L.G.; Cui, X.W. Nocardioides:
“Specialists” for Hard-to-Degrade Pollutants in the Environment. Molecules 2023, 28, 7433. [CrossRef]

41. Maucourt, F.; Cébron, A.; Budzinski, H.; Le Menach, K.; Peluhet, L.; Czarnes, S.; Melayah, D.; Chapulliot, D.; Vallon, L.; Plassart,
G.; et al. Prokaryotic, Microeukaryotic, and Fungal Composition in a Long-Term Polychlorinated Biphenyl-Contaminated
Brownfield. Microb. Ecol. 2023, 86, 1696–1708. [CrossRef]

42. Wu, J.W.; Zhao, N.; Li, X.X.; Zhang, P.; Li, T.; Lu, Y. Nitrogen-mediated distinct rhizosphere soil microbes contribute to Sorghum
bicolor (L.) Moench and Solanum nigrum L. for phytoremediation of cadmium-polluted soil. Plant Soil 2024, 495, 723–740. [CrossRef]

43. Yabe, S.H.; Sakai, Y.; Abe, K.; Yokota, A. Diversity of Ktedonobacteria with Actinomycetes-Like Morphology in Terrestrial
Environments. Microbes Environ. 2017, 32, 61–70. [CrossRef] [PubMed]

44. Kidinda, L.K.; Babin, D.; Doetterl, S.; Kalbitz, K.; Mujinya, B.B.; Vogel, C. Extracellular polymeric substances are closely related to
land cover, microbial communities, and enzyme activity in tropical soils. Soil Biol. Biochem 2023, 187, 109221. [CrossRef]

45. Reddy, G.S.N.; Matsumoto, G.I.; Shivaji, S. Sporosarcina macmurdoensis sp. nov., from a cyanobacterial mat sample from a pond in
the McMurdo Dry Valleys, Antarctica. Int. J. Syst. Evol. Microbiol. 2003, 53, 1363–1367. [CrossRef] [PubMed]

46. Essoussi, I.; Ghodhbane-Gtari, F.; Amairi, H.; Sghaier, H.; Jaouani, A.; Brusetti, L.; Daffonchio, D.; Boudabous, A.; Gtari, M.
Esterase as an enzymatic signature of Geodermatophilaceae adaptability to Sahara desert stones and monuments. J. Appl.
Microbiol. 2010, 108, 1723–1732. [CrossRef]

47. Xun, W.B.; Liu, Y.P.; Li, W.; Ren, Y.; Xiong, W.; Xu, Z.H.; Zhang, N.; Miao, Y.Z.; Shen, Q.R.; Zhang, R.F. Specialized metabolic
functions of keystone taxa sustain soil microbiome stability. Microbiome 2021, 9, 35. [CrossRef]

48. Caliz, J.; Vila, X.; Martí, E.; Sierra, J.; Nordgren, J.; Lindgren, P.-E.; Bañeras, L.; Montserrat, G. The microbiota of an unpolluted
calcareous soil faces up chlorophenols: Evidences of resistant strains with potential for bioremediation. Chemosphere 2011,
83, 104–116. [CrossRef]

49. Chen, W.Y.; Wu, J.H.; Chang, J.E. Pyrosequencing Analysis Reveals High Population Dynamics of the Soil Microcosm Degrading
Octachlorodibenzofuran. Microbes Environ. 2014, 29, 393–400. [CrossRef]

50. Lei, H.X.; Zhang, J.Y.; Huang, J.; Shen, D.J.; Li, Y.; Jiao, R.; Zhao, R.X.; Li, X.Y.; Lin, L.; Li, B. New insights into lincomycin
biodegradation by Conexibacter sp. LD01: Genomics characterization, biodegradation kinetics and pathways. J. Hazard. Mater.
2023, 441, 129824. [CrossRef]

51. Wu, T.; Ding, J.; Zhong, L.; Zhao, Y.L.; Sun, H.J.; Pang, J.W.; Zhao, L.; Bai, S.W.; Ren, N.Q.; Yang, S.S. Synergistic analysis of
performance, functional genes, and microbial community assembly in SNDPR process under Zn(II) stress. Environ. Res. 2023,
224, 115513. [CrossRef] [PubMed]

52. Li, C.Z.; Huang, H.; Gu, X.Y.; Zhong, K.; Yin, J.; Mao, J.; Chen, J.X.; Zhang, C.L. Accumulation of heavy metals in rice and the
microbial response in a contaminated paddy field. J. Soils Sediments 2024, 24, 644–656. [CrossRef]

53. Yin, J.J.; Guo, H.Q.; Ellen, L.F.; De Long, J.R.; Tang, S.M.; Yuan, T.; Ren, W.B. Plant roots send metabolic signals to microbes in
response to long-term overgrazing. Sci. Total Environ. 2022, 842, 156241. [CrossRef]

54. Su, H.F.; Zhang, Y.Z.; Lu, Z.C.; Wang, Q.Y. A mechanism of microbial sensitivity regulation on interventional remediation by
nanozyme manganese oxide in soil heavy metal pollution. J. Clean. Prod. 2022, 373, 133825. [CrossRef]

55. Shi, S.H.; Lin, Z.Y.; Zhou, J.; Fan, X.; Huang, Y.Y.; Zhou, J. Enhanced thermophilic denitrification performance and potential
microbial mechanism in denitrifying granular sludge system. Bioresour. Technol. 2022, 344, 126190. [CrossRef]

https://doi.org/10.1016/j.envpol.2021.117616
https://www.ncbi.nlm.nih.gov/pubmed/34174663
https://doi.org/10.3390/microorganisms10030540
https://doi.org/10.1007/s10482-019-01245-z
https://www.ncbi.nlm.nih.gov/pubmed/30783849
https://doi.org/10.1038/s41396-022-01298-5
https://doi.org/10.1186/s40793-023-00533-6
https://doi.org/10.1021/es403337t
https://www.ncbi.nlm.nih.gov/pubmed/24383577
https://doi.org/10.3389/fmicb.2022.801083
https://doi.org/10.3389/fmicb.2020.596589
https://doi.org/10.1016/j.biortech.2022.127547
https://doi.org/10.3390/molecules28217433
https://doi.org/10.1007/s00248-022-02161-y
https://doi.org/10.1007/s11104-023-06359-y
https://doi.org/10.1264/jsme2.ME16144
https://www.ncbi.nlm.nih.gov/pubmed/28321007
https://doi.org/10.1016/j.soilbio.2023.109221
https://doi.org/10.1099/ijs.0.02628-0
https://www.ncbi.nlm.nih.gov/pubmed/13130019
https://doi.org/10.1111/j.1365-2672.2009.04580.x
https://doi.org/10.1186/s40168-020-00985-9
https://doi.org/10.1016/j.chemosphere.2011.01.016
https://doi.org/10.1264/jsme2.ME14001
https://doi.org/10.1016/j.jhazmat.2022.129824
https://doi.org/10.1016/j.envres.2023.115513
https://www.ncbi.nlm.nih.gov/pubmed/36801232
https://doi.org/10.1007/s11368-023-03643-3
https://doi.org/10.1016/j.scitotenv.2022.156241
https://doi.org/10.1016/j.jclepro.2022.133825
https://doi.org/10.1016/j.biortech.2021.126190


Toxics 2024, 12, 667 20 of 20

56. Wang, G.; Wang, Y.X.; Ji, F.; Xu, L.M.; Yu, M.Z.; Shi, J.R.; Xu, J.H. Biodegradation of deoxynivalenol and its derivatives by Devosia
insulae A16. Food Chem. 2019, 276, 436–442. [CrossRef]

57. Zeng, X.Y.; Li, S.W.; Leng, Y.; Kang, X.H. Structural and functional responses of bacterial and fungal communities to multiple
heavy metal exposure in arid loess. Sci. Total Environ. 2020, 723, 138081. [CrossRef]

58. Patyra, E.; Kwiatek, K.; Nebot, C.; Gavilán, R.E. Quantification of Veterinary Antibiotics in Pig and Poultry Feces and Liquid
Manure as a Non-Invasive Method to Monitor Antibiotic Usage in Livestock by Liquid Chromatography Mass-Spectrometry.
Molecules 2020, 25, 3265. [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/10.1016/j.foodchem.2018.10.011
https://doi.org/10.1016/j.scitotenv.2020.138081
https://doi.org/10.3390/molecules25143265

	Introduction 
	Materials and Methods 
	Site Description and Experimental Design 
	Extraction and Quantification of Antibiotics 
	Biological Analysis 
	Computational Analyses 
	Statistical Analysis 

	Results 
	Changes in Soil Antibiotic Degradation Rates under Different Temperature Conditions 
	Effects of Temperature Differences on Bacterial Community Succession 
	Differential Responses of Antibiotic-Responsive Bacterial Populations to Temperature 
	Microbial Community Assembly 
	Co-Occurrence Patterns and Key Taxa Analysis of Microbial Communities 

	Discussion 
	Greenhouse Warming Promotes the Stable Development of Soil Microbial Communities and Accelerates Antibiotic Degradation 
	Warming Enhanced the Proportion of Stochasticity in Community Assembly and the Independence of Bacterial Communities 

	Conclusions 
	References

