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Abstract: Soil microbial communities are essential for the natural attenuation of organic pollutants,
yet their ecological responses under long-term contamination remain insufficiently understood. This
study examined bacterial community structure and the abundance of dechlorinating bacteria at a
decommissioned pharmaceutical-chemical site in northern Jiangsu Province, China, where the
primary pollutants were dichloromethane, 1,2-dichloroethane, and toluene. Eighteen soil samples
from surface (0.2 m) and deep (2.2 m) layers were collected using a Geoprobe-7822DT system and
analyzed for physicochemical properties and microbial composition via 165 rRNA gene amplicon
sequencing. The results showed that bacterial community composition was significantly shaped by
soil pH, moisture content, pollutant type, and depth. Dechlorinating bacteria were detected at all sites
but exhibited low relative abundance, with higher concentrations in surface soils. Desulfuromonas,
Desulfitobacterium, and Desulfovibrio were dominant dechlorinators, while Dehalococcoides appeared
only in deep soils. Network analysis revealed positive correlations between dechlorinators and
BTEX-degrading and fermentative taxa, indicating potential cooperative interactions in pollutant
degradation. However, the low abundance of dechlorinators suggests that intrinsic bioremediation
capacity is limited. These findings provide new insights into microbial ecology under complex
organic pollution and support the need for integrated remediation strategies that enhance microbial
functional potential in legacy-contaminated soils.

Keywords: chlorinated hydrocarbons; dechlorinating bacteria; soil microbial communities; natural
attenuation; BTEX degradation; co-occurrence network; soil pollution; industrial contaminated sites

1. Introduction

Soil is a fundamental component of terrestrial ecosystems, supporting a wide array of ecological
functions essential for environmental stability and human well-being [1]. It acts not only as a medium
for plant growth and food production but also as a dynamic interface for nutrient cycling, water
regulation, carbon sequestration, and pollutant filtration. Central to these processes are diverse and
metabolically active microbial communities that inhabit soil matrices, and these microorganisms play
indispensable roles in maintaining soil structure, fertility, and resilience by driving fundamental
biogeochemical cycles [2—4]. Therefore, microbial diversity and functional capacity are central to soil
health and environmental sustainability [5,6].

One of the most pressing threats to soil ecosystems is contamination with organic and inorganic
pollutants. The intensification of anthropogenic activities like industrial operations has led to the
widespread accumulation of organic pollutants in soils, particularly in regions with a legacy of
intensive industrial activity. This contamination poses significant threats to microbial diversity,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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disrupts ecological processes, and undermines the long-term sustainability of soil ecosystems[7,8]. In
China, the transition toward greener industries and the ongoing restructuring of heavily polluting
sectors have resulted in the decommissioning and relocation of numerous high-emission chemical
and pharmaceutical enterprises [9,10]. While this shift represents a positive step toward
environmental protection, it has also left behind a legacy of contaminated soils at former industrial
sites. In such settings, microbial communities play a critical role in natural attenuation, the self-
purifying capacity of soils through intrinsic biological, chemical, and physical processes. Monitored
natural attenuation (MNA) has emerged as a promising alternative for managing such sites. MNA
relies on natural physical, chemical, and biological processes, that are primarily driven by indigenous
microbial activity, to degrade, transform, or stabilize contaminants in situ [11,12]. Due to its low cost,
minimal environmental disturbance, and compatibility with long-term risk management strategies,
leveraging microbial communities for in situ bioremediation has garnered increasing attention in
environmental management and ecological engineering [13].

Despite growing interest, our understanding of the ecological dynamics underpinning
microbial-mediated pollutant degradation remains incomplete. In particular, the relationships
among contaminant types, soil physicochemical properties, and the composition and functionality of
indigenous microbial communities under long-term contamination conditions are not well defined
[14,15]. Questions remain regarding the spatial heterogeneity of microbial responses to
contamination gradients, the persistence and activity of key functional guilds (e.g., dechlorinators),
and the resilience of microbial networks in degraded environments. These gaps hinder our ability to
predict the natural attenuation potential of contaminated sites and to design effective, low-impact
remediation strategies.

Specifically, for sites historically contaminated with chlorinated organic compounds, such as
dichloromethane (DCM) and 1,2-dichloroethane (1,2-DCA), natural attenuation relies heavily on the
presence and activity of specialized microbial taxa capable of reductive dechlorination [16,17].
However, the abundance, diversity, and metabolic potential of these functional microbial groups are
often poorly characterized in situ. Moreover, the interplay between microbial degradation pathways
and environmental variables (e.g., pH, redox potential, organic matter content) remains insufficiently
understood, limiting the ability to predict attenuation potential and optimize site management
strategies [18].

To address these challenges, the present study focuses on a decommissioned pharmaceutical-
chemical site located in northern Jiangsu Province, China. According to a comprehensive site
assessment conducted in 2024, the primary soil pollutants are chlorinated aliphatic hydrocarbons,
with concentrations of DCM and 1,2-DCA exceeding the threshold values for Category II land use,
as defined by the Chinese Soil Environmental Quality Standard (GB36600-2018) [19]. Given the lack
of immediate redevelopment plans, this site provides a unique opportunity to investigate the natural
attenuation potential under minimal human disturbance. This study integrates high-resolution soil
physicochemical characterization with microbial community profiling across contamination
gradients. Special emphasis is placed on the identification and ecological roles of reductive
dechlorinating microbial taxa, aiming to (i) assess the effects of contamination on soil microbial
diversity and structure; (ii) evaluate the distribution and activity of key dechlorinating microbial
groups; and (iii) explore how soil properties influence microbial-mediated attenuation processes. Our
findings will provide mechanistic insights into how organic pollutants shape soil microbial
communities and their functional capacities. These results will support the development of science-
based strategies for long-term monitoring and management of contaminated sites using MNA
approaches.

2. Methods and Materials

2.1. Description of the Study Site


https://doi.org/10.20944/preprints202504.2351.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 April 2025 d0i:10.20944/preprints202504.2351.v1

3 of 18

This study was conducted at a decommissioned pharmaceutical and chemical manufacturing
facility located in the northern region of Jiangsu Province, China (34°28'57"N, 119°45'46"E). The
facility is situated within a designated chemical industrial park and occupies a total area of
approximately 30,077 m2 Historical production activities at the site included the synthesis and
processing of organic solvents and intermediates, resulting in long-term pollutant accumulation in
the surrounding soils. According to a comprehensive soil contamination assessment report
conducted in 2024, a total of 93 soil survey points were evaluated. Of these, three locations exceeded
the screening thresholds for Class II land use as defined by the Chinese Soil Environmental Quality
Standard GB36600-2018 [19]. The primary pollutants responsible for the exceedance were
dichloromethane and 1,2-dichloroethane, with the maximum exceedance factor reaching 82.64 times
above the standard screening value. These findings indicate the presence of localized hotspots of
severe organic contamination, which may pose ecological and human health risks.

The distribution of sampling points across the site is shown in Figure 1, covering areas of
differing contamination severity and providing the basis for evaluating the physicochemical
characteristics, pollutant profiles, and microbial community dynamics under long-term pollution
stress.
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Figure 1. Spatial distribution of soil sampling locations across the contaminated site. The layout of 18 soil
sampling points used for physicochemical and microbial analyses was illustrated. Sampling locations span areas
with varying degrees of contamination, including zones impacted by chlorinated aliphatic hydrocarbons
(CAHs), BTEX compounds, and chlorinated benzenes (CBs), as well as relatively uncontaminated control areas.
Both surface (0-0.5 m) and deep (2-2.5 m) soil layers were sampled at each location to capture vertical
heterogeneity in pollutant distribution and microbial community structure. The map provides context for spatial

comparisons of contaminant levels, soil properties, and microbial responses.

2.2. Soil Sampling and Pretreatment
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Soil sampling was conducted in May 2024, with sampling locations selected based on
contamination patterns reported in the 2024 soil pollution assessment of the study site. Three
representative sampling sites, DPS13, DPS14, and DPS16, were chosen to represent zones with
varying pollutant concentrations. Subsurface soil cores were collected using a Geoprobe® 7822DT
direct push drilling rig [20], which enabled extraction of continuous, undisturbed core samples up to
a depth of 3.0 meters. The rig operates through a combination of static pressure and percussion to
insert a coring system, with cores preserved in transparent, sealed polycarbonate liners. Upon
retrieval, the liners were opened under sterile conditions, and soil subsamples (>5 g) were taken at
0.2 m (vadose zone) and 2.2 m (saturated zone) for microbial DNA analysis. These samples were
placed into sterile polyethylene bags and transported to the laboratory under cold conditions using
insulated containers with dry ice to preserve microbial integrity.

Additional soil subsamples were collected from 0-0.5 m and 2.0-2.5 m depth intervals for
determination of soil physicochemical properties, including pH, soil moisture content (SMC), soil
organic matter (SOM), and cation exchange capacity (CEC). These samples were stored in 400 mL
amber glass bottles and delivered to the laboratory in 4 °C insulated containers to minimize alteration
prior to analysis.

2.3. Sample Testing

Soil physicochemical properties were determined according to standard protocols outlined by
Lu (1999) [21]. Soil pH was measured in a 1:2.5 (w/v) soil-to-water slurry using a calibrated pH meter.
SMC was determined gravimetrically by drying soils at 105 °C, SOM was measured by potassium
dichromate oxidation, and CEC was analyzed using the ammonium acetate method.

Microbial DNA was extracted from 0.5 g of each soil sample using the PowerSoil® DNA
Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) following the manufacturer’s protocol. DNA
purity and concentration were assessed via 1% agarose gel electrophoresis and a NanoDrop 2000
UV-Vis spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).

PCR amplification of the V3-V4 region of the 16S rRNA gene was performed using primers and
protocols described by [22]. Amplicons were sequenced using the Illumina MiSeq platform (2 x 300
bp paired-end reads) by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

2.4. Sequence Processing

Raw sequencing data were processed using a quality-controlled bioinformatics pipeline. Reads
were demultiplexed and quality-filtered using Trimmomatic, and paired-end reads were merged
using FLASH v1.2.7. Sequences were clustered into operational taxonomic units (OTUs) at a 97%
similarity threshold using USEARCH v11.0. Representative OTU sequences were taxonomically
classified using the RDP Classifier v2.2 against the SILVA v138 database with a confidence threshold
of 0.7. To account for differences in sequencing depth, all samples were rarefied to 48,689 reads per
sample prior to downstream analyses. Sequencing data have been deposited in the NCBI Sequence
Read Archive (SRA) under accession number PRJNA893205.

2.5. Data Analysis

All statistical analyses were performed using R v4.2.2. Soil physicochemical data were expressed
as mean * standard error (SE), and one-way ANOVA was used to evaluate differences between
sampling points (P < 0.05). Alpha diversity indices (Chaol richness and Shannon diversity) were
calculated from OTU tables, and pairwise t-tests were applied to compare diversity between soil
depths.

Spearman correlation analysis was used to assess relationships between soil physicochemical
parameters and both microbial a-diversity and the relative abundance of dechlorinating bacteria.
Significant correlations were reported with corresponding P-values and R? values. Principal
Coordinate Analysis (PCoA) based on Bray—Curtis dissimilarity was used to visualize (3-diversity,
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and Permutational Multivariate Analysis of Variance (PERMANOVA) was applied to test group
differences in community structure. To explore environmental drivers of microbial community
composition, Redundancy Analysis (RDA) was conducted. Differences in dechlorinating bacterial
abundance across contamination categories were analyzed using the Kruskal-Wallis test.

A co-occurrence network was constructed using Spearman correlation coefficients (r > 0.8, P <
0.05) at the genus level. Key dechlorinating taxa (Desulfovibrio, Desulfobulbus, Desulfuromonas,
Desulfitobacterium, Desulfomonile, and Dehalobacter) were included as hub nodes. The network was
visualized using Gephi v0.10.1, providing insights into potential microbial interactions and
functional associations relevant to pollutant degradation.

3. Results and Discussion

3.1. Soil Physicochemical Properties and Pollutant Distribution

The physicochemical characteristics of soil samples collected from 18 locations across the study
site are summarized in Table 1. Across all sampling points, soil pH values consistently fall within the
alkaline range, ranging from 8.55 to 9.19. Notably, the highest pH (9.19) was observed in the surface
soil at sampling point 13 (D13S, 0-0.5m), followed by the corresponding deep soil sample (D13D, 2-
2.5m) with a pH of 8.91. This localized increase in alkalinity may be attributed to the accumulation of
alkaline degradation byproducts resulting from microbial transformation of chlorinated
hydrocarbons, particularly 1,2-dichloroethane (DCA), with elevated concentrations in this area.
Similar observations have been reported in previous studies, where the microbial reductive
dechlorination of CAHs produced alkaline intermediates such as acetate or bicarbonate, contributing
to local pH elevation [17,23].

Table 1. Physical and chemical properties of soil at different point locations.

D13 D14 D16

Depth D13S D13D D14S D14D D16S D16D
pH 9.19+0.01a 8.91+0.01b 8.55+0.01e 8.87+0.01b 8.74+0.02d 8.82+0.02¢
SMC (%) 28.88+0.11b 41.27+0.81a 25.99+0.17b 37.14+1.83a 17.94+0.35¢ 40.44+2.78a
SOM (g/kg) 15.30+0.38d 46.15+1.71a 25.17+0.35¢ 32.55+1.02b 25.03+0.45¢ 11.54+0.78e
CEC 8.19+0.06c 7.52+0.10d 8.01+0.06c 7.68+0.07d 8.63+0.07b 9.26+0.04a
(cmol+/kg)
CAHs (mg/kg)
Chloromethane ND ND ND ND 0.0075 0
Chloroethene ND ND ND ND 0.292 0.0572
S;Chlorometha 0.111 ND ND ND 355 598
Chloroform 0.366 0.233 ND ND ND 0.0794
1,2-
dichloroethane 418 ND ND ND 278 140
BTEX (mg/kg)
Toluene 0.0229 ND ND ND ND 191
0-Xylene ND ND ND ND ND 0.101
CB (mg/kg)
Chlorobenzene 0.123 0.0109 ND ND 0.287 ND
1,4-
Dichlorobenze 0.326 ND ND ND ND ND
ne
1,2-
Dichlorobenze 0.414 ND ND ND ND 0.108

ne
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SMC: soil moisture content; SOM: soil organic matter; CEC: cation exchange capacity; ND: not detected, treated
as 0. S: stands for — 0.5 m depth, D: stands for —2.5 m depth.

Soil moisture content (SMC) generally increases with depth across most sampling locations. This
vertical trend may reflect reduced evapotranspiration and enhanced water retention at deeper strata,
which can influence microbial activity and pollutant transport dynamics. Higher moisture content in
deeper layers can also promote anaerobic conditions favorable for reductive dechlorination processes
[23]. Soil organic matter (SOM) content varied widely across these sites, ranging from 11.55 to 46.35
g/kg. While SOM tended to increase with depth at sampling points 13 (D13) and 14 (D14), the
opposite trend was observed at point 16 (D16), where the surface soil exhibited higher SOM content
(25.35 g/kg) compared to the deep soil (11.55 g/kg). These contrasting patterns may be influenced by
historical waste discharge patterns, organic pollutant deposition, or differential microbial
degradation activity at various depths. Elevated SOM in surface soils at D16 may also indicate
accumulation of organic residues from pollutant degradation or past anthropogenic inputs [24]. The
cation exchange capacity (CEC) decreased with soil depth in most cases, except at sampling point 16.
The divergent trend at D16 may be due to variations in clay mineral composition or the presence of
cationic degradation intermediates that enhance exchange sites in deeper soil layers.

Analysis of pollutant concentrations (Figure 1) revealed that composite contamination by
chlorinated aliphatic hydrocarbons (CAHs: chloroform, chloromethane, chloroethene,
dichloromethane, 1,2-dichloroethane), BTEX compounds (toluene, o-xylene), and chlorinated
benzenes (CBs: chlorobenzene, 1,2-dichlorobenzene, 1,4-dichlorobenzene) is primarily concentrated
at sampling points 13 (D13) and 16 (D16). In contrast, point 14 (D14) exhibited pollutant
concentrations below detection limits in both shallow and deep soil layers. This spatial distribution
suggests that historical contaminant discharge and operational activities were likely focused near
points 13 and 16, resulting in the formation of localized pollution hotspots. The absence of detectable
pollutants at D14 indicates spatial heterogeneity in contaminant deposition and possibly more
efficient natural attenuation or less exposure to industrial discharge at this location.

These results highlight pronounced spatial variability in both soil physicochemical properties
and contaminant distribution across the site. The co-occurrence of high pollutant concentrations with
elevated SOM and pH at specific sampling points suggests potential hotspots of microbial
transformation activity. Understanding these localized interactions between soil properties and
contaminant fate is essential for assessing natural attenuation potential and informing risk-based site
management strategies.

3.2. Microbial Community Composition and the Influence of Soil Physicochemical Properties on a-Diversity

To investigate microbial responses to long-term contamination, 165 rRNA gene amplicon
sequencing was performed on 18 soil samples collected from different contamination zones and
depths. A total of 1,038,598 high-quality sequences were obtained, with an average read length of 376
bp. Operational taxonomic unit (OTU) clustering at 97% sequence similarity yielded 10,890 OTUs,
reflecting considerable taxonomic richness across the site.

Phylum-level analysis revealed a broadly consistent bacterial community structure across all
samples, with Proteobacteria, Chloroflexi, Bacteroidota, Actinobacteriota, Firmicutes, and
Planctomycetota comprising the dominant phyla (Figure 2A). These six groups accounted for over
50% of the total relative abundance, aligning with prior findings that high light their ecological
importance in various soil environments, particularly under stress conditions[25]. Among these,
Proteobacteria was the most dominant phylum in surface soils, with relative abundances of 27.01%,
23.67%, and 35.18% at sampling points D135, D14S, and D16S, respectively. Notably, its relative
abundance was higher in contaminated zones (D13S and D16S) compared to the uncontaminated site
(D14S), suggesting an adaptive advantage of Proteobacteria in hydrocarbon- or halogenated
compound-rich environments. Members of Proteobacteria include known taxa involved in the
degradation of chlorinated solvents and BTEX compounds [26], indicating potential enrichment of
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functional degraders under contaminant pressure. In contrast, Firmicutes exhibited a declining trend
in polluted areas, decreasing from 9.74% at D14S (non-contaminated) to 2.03% at D16S (heavily
contaminated with dichloromethane and 1,2-dichloroethane). This suggests a possible sensitivity of
Firmicutes to CAHs, consistent with previous studies indicating limited CAH tolerance in many
Firmicutes taxa [27]. In deep soils, Actinobacteriota showed a notable increase in relative abundance
at polluted sites (12.04%) compared to non-contaminated zones (9.21%). This pattern suggests that
Actinobacteriota may possess enhanced resistance mechanisms to oxidative and chemical stress,
possibly via robust cell wall structures or stress-related gene[28]. Their enrichment in deeper,
pollutant-rich zones supports their potential role in long-term soil adaptation and persistence under
chlorine stress.
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Figure 2. Taxonomic composition of soil bacterial communities at different sampling points.

(A) Relative abundance of dominant bacterial phyla across all soil samples, based on 16S rRNA gene sequencing.
The top 20 phyla with the highest average relative abundances are shown, illustrating spatial variations in
community composition associated with contamination levels and soil depth.

(B) Relative abundance of dominant bacterial genera across all sampling sites. Genera with the highest
contributions to community structure are presented, highlighting differences in microbial assemblages between
polluted and non-polluted zones. Taxa labeled as “norank” or “unclassified” indicate unresolved or uncultured

lineages, underscoring the complexity of the soil microbiome in contaminated environments.

At the genus level, notable heterogeneity was observed among dominant taxa across sampling
points (Figure 2B). The most frequently detected genera included Salinimicrobium, Erythrobacter,
norank_f_SG8-4, and norank_c_Thermodesulfovibrionia. The presence of multiple unclassified and
norank genera highlights the potential involvement of previously uncharacterized microbial lineages
in pollutant transformation processes, warranting further investigation using metagenomic or
culture-based approaches.

Microbial a-diversity was assessed using both the Chaol richness index and Shannon diversity
index (Figure 3). Overall, both indices demonstrated a significant decline with increasing soil depth,
suggesting reduced taxonomic richness and evenness in deeper layers. The highest richness and
diversity were observed in the surface soil at sampling point D13S, a heavily polluted area, whereas
the lowest values were recorded in the deep soil at point D16D. These results imply that pollutant-
induced selection pressure may not uniformly reduce diversity; instead, shallow contaminated soils
may harbor diverse microbial consortia enriched with specialized functional taxa capable of
surviving or metabolizing the pollutants. This finding supports the hypothesis that pollutant
exposure can act as a selective force, enriching for specialized, functionally redundant taxa and
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potentially promoting microbial niche differentiation[29]. Conversely, deeper layers may experience
greater anoxia, nutrient limitation, and pollutant persistence, limiting microbial colonization and

activity.
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Figure 3. Alpha diversity of soil microbial communities across different sampling points. Shannon diversity
index (left) and Chaol richness index (right) are used to assess microbial diversity and taxonomic richness,
respectively, based on 16S rRNA gene sequencing data. Each bar represents the mean value for individual soil
samples, including both shallow and deep layers. The results illustrate significant variations in microbial
diversity and richness across contaminated and non-contaminated zones, as well as between soil depths. Higher
diversity and richness were generally observed in surface soils, particularly in less-contaminated areas,
suggesting that both contamination level and soil depth influence microbial community complexity. Error bars

indicate standard deviation.

To explore environmental drivers of diversity, correlation analyses were conducted between a-
diversity indices and soil physicochemical parameters (Figure 4). The Shannon diversity index was
positively correlated with soil pH, suggesting that moderately alkaline conditions may support
greater microbial evenness. This aligns with broader evidence that neutral to mildly alkaline pH
promotes microbial growth and community stability[30]. On the other hand, soil moisture content
(SMC) was negatively correlated with the Chaol richness index, implying that elevated moisture
levels (common in deeper soils) may create oxygen-limited environments that constrain aerobic
microbial diversity and reduce overall taxonomic richness. Interestingly, SOM and CEC showed no
significant correlation with microbial a-diversity, although CEC displayed a weak negative trend.
This contrasts with some previous reports linking higher SOM and CEC to greater microbial
abundance[31], suggesting that in this highly contaminated context, pollutant toxicity and redox
conditions may override the beneficial effects of organic matter on microbial colonization.
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Figure 4. Correlations between microbial a-diversity indices and soil physicochemical properties. The
relationships between microbial a-diversity (measured by the Shannon diversity index and Chaol richness) and
key soil physicochemical parameters, i.e., pH, soil moisture content (SMC), soil organic matter (SOM), and cation
exchange capacity (CEC), were illustrated. Linear regression analyses were performed to assess the strength and
direction of correlations. Significant negative correlations were observed between dechlorinating bacterial
abundance and both pH and SMC, while no significant relationships were found with SOM or CEC. These
results suggest that pH and moisture are the primary environmental drivers shaping microbial diversity patterns

in the contaminated soil environment.

3.3. Impact of Soil Physicochemical Properties on Microbial Community Structure

The spatial variations in microbial communities and their relationship with environmental
factors were further investigate via principal coordinates analysis (PCoA, based on Bray—Curtis
dissimilarities) (Figure 5A). The first two axes, PCoAl and PCoA2, explained 58.14% and 11.54% of
the total variance in bacterial community composition, respectively. The clustering pattern showed
clear separation among sampling sites, reflecting distinct microbial assemblages associated with
different contamination zones and soil layers. Adonis (PERMANOVA) test confirmed that these
differences in microbial community structure across sampling sites were statistically significant (R?=
0.87, P = 0.001), indicating that local environmental factors (particularly pollutant type and
concentration) played a dominant role in shaping microbial community composition. Prior studies
showed that hydrocarbon contamination exerts strong selective pressure on soil microbial
communities, often leading to distinct community profiles in highly contaminated versus
uncontaminated zones[29,32].
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Figure 5. Multivariate analysis of microbial community structure in relation to soil environmental factors. (A)
Principal Coordinate Analysis (PCoA) based on Bray—Curtis dissimilarity showing the separation of microbial
communities across different sampling points. Clear clustering is observed between surface and deep soil layers,
reflecting compositional shifts associated with contamination levels and soil depth. (B) Redundancy Analysis
(RDA) illustrating the influence of soil physicochemical properties, specifically soil moisture content (SMC), soil
organic matter (SOM), pH, and cation exchange capacity (CEC), on microbial community composition. Arrows
represent environmental gradients, with the length and direction indicating their strength and correlation with
microbial variation. The analysis highlights SMC and pH as the most significant factors shaping community

structure, especially in deeper, more contaminated soils.

A notable pattern emerged when comparing microbial communities between surface and deep
soils, with the two groups clearly separated in ordination space. This vertical stratification suggests
that long-term exposure to CAHs, BTEX compounds, and CBs has altered microbial community
structure with depth. SURFACE soils, which are more directly exposed to historical surface
contamination and potentially more aerobic, tend to harbor functionally distinct microbial consortia
compared to deeper, often more anaerobic environments [33]. This vertical differentiation may also
reflect both historical pollutant input patterns and depth-related gradients in redox conditions,
moisture, and organic matter availability.

To further elucidate the environmental drivers of community composition, a redundancy
analysis (RDA) was conducted (Figure 5B). The RDA revealed strong correlations between microbial
community structure and several key soil physicochemical parameters, particularly soil moisture
content, SOM, and pH. Soil moisture content emerged as the most influential factor, significantly
affecting bacterial community structure, especially in deep soils (P = 0.001). High moisture content at
depth may create more reducing conditions, favoring anaerobic or facultatively anaerobic taxa
involved in reductive degradation of chlorinated compounds [23,24]. In contrast, CEC showed a
negative correlation with moisture content and was particularly influential in shaping microbial
communities in surface soils at sampling site 13, where 1,2-dichloroethane concentrations were
highest. High CEC in this zone may reflect the accumulation of exchangeable cations or charged
degradation intermediates, which could influence microbial niche dynamics and stress adaptation
[34]. The co-variation of CEC and microbial community structure at heavily contaminated sites
underscores the complex interactions between contaminant chemistry, soil matrix properties, and
microbial ecological responses. Collectively, these findings suggest that both contamination profile
and intrinsic soil properties jointly regulate microbial community assembly across contaminated
zones. Depth-dependent environmental gradients and pollutant-specific selective pressures
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contribute to the spatial heterogeneity observed in microbial structure, highlighting the importance
of integrated chemical-ecological assessments in evaluating natural attenuation potential.

3.4. Impact of Soil Physicochemical Properties on Dechlorinating Bacteria

For assessing the distribution and ecological responses of key organohalide-respiring bacteria
(OHRB), the relative abundance of known dechlorinating taxa was analyzed across sampling sites
(Figure 6E). Although the overall abundance of dechlorinating bacteria remained low (0-0.18%),
several important taxa were consistently detected, including Desulfuromonas and Desulfitobacterium.
These genera dominated both surface and deep soil layers and are well-known for their ability to
perform reductive dechlorination under anaerobic conditions [35], playing a pivotal role in the
natural attenuation of chlorinated pollutants. Interestingly, the highest relative abundance of
dechlorinating bacteria was observed at sampling point 14, a site with pollutant concentrations below
detection limits. In contrast, sites with severe contamination, such as sampling point 13 (1,2-
dichloroethane: 418 mg/kg) and point 16 (dichloromethane: 598 mg/kg; 1,2-dichloroethane: 278
mg/kg; toluene: 191 mg/kg), exhibited substantially lower abundances of dechlorinators. These
results suggest that extremely high pollutant concentrations may exert toxic effects on microbial
populations, inhibiting the growth, metabolism, or viability of sensitive dechlorinating taxa [36,37].
Toxicity at highly contaminated sites may be further amplified by adverse environmental conditions
(e.g., oxygen limitation, accumulation of toxic intermediates, or high redox potential) that suppress
microbial respiration and enzymatic activity required for dehalorespiration [38]. Notably,
Dehalococcoides, a strictly anaerobic genus capable of complete dechlorination of highly chlorinated
solvents, was detected only at sampling point 14, further reinforcing the idea that favorable, less toxic
conditions are essential for the persistence of highly specialized dechlorinators. Other taxa such as
Desulfobulbus were observed at sampling points 14 and 16, while Desulfovibrio and Desulfomonile were
selectively enriched in more contaminated zones. These genera have been previously associated with
versatile metabolic capabilities, including the use of alternative electron donors or acceptors and the
capacity to tolerate complex contaminant mixtures [15]. For example, Desulfomonile has been reported
to degrade both chlorinated solvents and aromatic hydrocarbons, suggesting possible niche overlap
in sites co-contaminated with CAHs and BTEX compounds [37].
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Figure 6. Relationship between the relative abundance of dechlorinating bacteria and soil environmental factors.
(A-D) Linear regression analyses showing the correlations between the relative abundance of dechlorinating
bacterial taxa and key soil physicochemical properties: (A) pH, (B) soil moisture content (SMC), (C) soil organic
matter (SOM), and (D) cation exchange capacity (CEC). Significant negative correlations were observed with pH
and SMC, while no significant associations were found with SOM or CEC, suggesting that pH and moisture are
critical regulators of dechlorinator abundance. (E) Comparison of the cumulative relative abundance of
dechlorinating bacteria across different monitoring zones categorized by contaminant composition: CAHs—
BTEX-CBs composite pollution (D13S, D16D), BTEX-CBs co-contamination (D13D, D16S), and non-
contaminated control group (D14S, D14D). Dechlorinator abundance was highest in the non-contaminated

group, indicating pollutant stress may suppress functional bacterial populations critical for natural attenuation.

Linear regression analysis revealed significant negative correlations between the relative
abundance of dechlorinating bacteria and both soil pH (P <0.01) (Figure 6A) and soil moisture content
(P <0.001) (Figure 6B), while no significant relationships were observed with SOM or CEC (Figure
6C & 6D). The negative association with pH suggests that alkaline conditions may inhibit
dehalorespiration activity, which is typically favored in neutral to mildly acidic environments [39].
Meanwhile, high moisture content, particularly in deeper soils, may create highly reducing or anoxic
microenvironments unfavorable to certain facultative anaerobic dechlorinators or may limit substrate
diffusion and microbial mobility.

To further explore community-level trends, sampling points were grouped by contaminant
profiles into three categories: CAHs-BTEX-CBs composite contamination (D13S and D16D), BTEX-
CBs contamination (D13D and D16S), and non-contaminated group (D14S and D14D). The Kruskal-
Wallis test (Figure 7A) demonstrated that the highest cumulative abundance of dechlorinating
bacteria occurred in the non-contaminated group, particularly for Desulfuromonas, Desulfitobacterium,
Dehalobacter, Desulfobulbus, and Dehalococcoides. In contrast, Desulfovibrio showed its highest
abundance in the CAHs—CBs composite zone, while Desulfomonile peaked in the CAHs-BTEX-CBs
composite area, suggesting a selective tolerance or adaptation to different pollutant mixtures. These
results imply that contamination composition, not just pollutant concentration, plays a key role in
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shaping the community of OHRB. The presence of microbial taxa capable of utilizing both chlorinated
compounds and aromatic hydrocarbons (e.g., Desulfomonile and Desulfovibrio) indicates potential
synergistic biodegradation mechanisms in co-contaminated zones. Previous studies suggest that
some BTEX compounds may serve as alternative electron donors, enhancing the metabolic activity
of organohalide-respiring bacteria and thereby indirectly promoting CBs degradation [15,38]. This
co-metabolic potential supports the ecological feasibility of natural attenuation even in complex,
multi-contaminant scenarios.
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Figure 7. Spatial variation in the relative abundance of dechlorinating bacteria across contamination types and
soil depths. (A) Comparison of the cumulative relative abundance of dechlorinating bacterial genera among
different pollution categories: CAHs-BTEX-CBs composite contamination (D13S, D16D), BTEX-CBs
contamination (D13D, D16S), and non-contaminated control sites (D14S, D14D). (B) Comparison of
dechlorinating bacterial abundance between shallow (0-0.5 m) and deep (2-2.5 m) soil layers. Overall, surface

soils exhibited a 7.86-fold higher abundance of dechlorinators than deep soils, highlighting the influence of
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vertical environmental gradients (such as redox potential and organic substrate availability) on microbial

functional group distribution.

3.5. Impact of Spatial Factors on Dechlorinating Bacteria

The vertical distribution of dechlorinating bacteria across soil profiles revealed pronounced
spatial heterogeneity (Figure 7B). Notably, the total relative abundance of dechlorinating taxa was
7.86 times higher in surface soils compared to deep soils. Dominant genera included Desulfuromonas,
Desulfitobacterium, and Desulfovibrio. Interestingly, Desulfobulbus was exclusively detected in surface
layers, while Dehalococcoides was found only in deep soils. This stratified pattern suggests that soil
depth plays a critical role in structuring dechlorinating bacterial communities, likely due to its
influence on redox conditions and contaminant bioavailability. The general trend of decreasing
abundance with depth for most dechlorinating taxa (except Desulfomonile) can be attributed to
depth-dependent physicochemical gradients, such as oxygen limitation, moisture content, and
electron donor/acceptor availability. While dechlorinators are typically obligate or facultative
anaerobes, surface soils may support more transitional redox zones, providing a broader spectrum
of microhabitats for diverse dehalorespiring bacteria [15]. Dehalococcoides mccartyi, for example, is
known to persist in deeper subsurface environments under strict anaerobic conditions and to increase
in abundance in deeper aquifers or soil layers where sustained reducing conditions are present [40].
On the other hand, surface soils, often enriched with organic carbon and subject to variable aeration,
may harbor a wider range of electron donors and support higher microbial diversity, including
fermenters and syntrophs that can supply metabolic intermediates to dechlorinators.

The subsurface environment is inherently complex, characterized by overlapping redox zones
and physical heterogeneity [41]. These spatial features promote niche differentiation and microbial
stratification, which in turn influence the spatial dynamics of natural attenuation. Therefore,
understanding depth-resolved microbial composition is essential for evaluating the distribution of
dechlorinating potential across contamination profiles [42,43].

3.6. Interactions Among Key Microbial Species During Natural Attenuation

Co-occurrence network analysis was performed to investigate potential microbial interactions
that facilitate pollutant degradation, with a focus on the relationships between dechlorinating
bacteria and other functional microbial groups (Figure 8). The results revealed strong positive
correlations between bacteria groups that were involved in dichlorination, BTEX degradation and
aromatic hydrocarbon metabolism, and prominent genera included Sphingomonas, Rhodococcus,
Anaeromyxobacter (hydrocarbon-degrading capabilities), and Legionella (associated with the
metabolism of aromatic intermediates). Based on the network structure and previous literature, we
propose a cooperative microbial interaction model that facilitates composite pollutant degradation.
Bacteria involved in BTEX degradation can efficiently metabolize monoaromatic hydrocarbons under
both aerobic and anaerobic conditions, producing short-chain fatty acids (e.g., acetate, muconate,
lactate) as byproducts [44]. These organic acids can serve as direct electron donors for dechlorinating
bacteria, thereby stimulating reductive dechlorination activity [45]. Moreover, fermentative bacteria
may further metabolize long-chain fatty acids or complex organics, generating hydrogen (H.), a key
electron donor required for energy metabolism in several obligate dehalorespiring bacteria such as
Dehalococcoides and Desulfitobacterium [46]. This trophic interdependence suggests that BTEX-
degrading and fermentative microbes enhance the metabolic activity and proliferation of
dechlorinators, particularly in redox-stratified environments.
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Figure 8. The co-occurrence network of dechlorinators and other genera showed significantly positive

correlations with dechlorinators.

The underground environment’s spatial heterogeneity, including gradients of oxygen, redox
potential, and organic matter, supports the coexistence of functionally distinct microbial guilds
[41,42]. The observed mutualistic interactions between BTEX degraders, fermenters, and
dechlorinators imply a synergistic microbial network capable of sustaining composite pollutant
attenuation. This network-driven functionality is essential for the co-removal of structurally diverse
pollutants like CAHs, BTEX, and CBs, and supports the feasibility of natural attenuation as an
ecologically viable remediation strategy at this contaminated site.

4. Conclusions

This study investigated the microbial ecological responses and natural attenuation potential at
a decommissioned pharmaceutical-chemical site heavily contaminated with dichloromethane, 1,2-
dichloroethane, and toluene. High-throughput 165 rRNA gene amplicon sequencing revealed that
bacterial community composition varied significantly across contamination gradients and soil
depths, shaped primarily by soil pH, moisture content, and pollutant type. Statistical analyses
showed that soil pH and moisture were key environmental factors negatively affecting the
abundance of dechlorinating bacteria, including Desulfuromonas, Desulfitobacterium, and Desulfovibrio,
across all sampling sites. Spatial distribution patterns further indicated that dechlorinating taxa were
more prevalent in surface soils, where transitional redox conditions may support greater microbial
activity. Our results also suggest the presence of cooperative metabolic interactions. These
interactions point to the feasibility of co-degradation of BTEX and chlorinated aliphatic hydrocarbons
(CAHs) under natural attenuation conditions. However, the overall low abundance of dechlorinating
taxa suggests that the intrinsic bioremediation potential is limited. These findings provide critical
insights into microbial constraints and ecological dynamics at organically contaminated sites and
highlight the need for enhanced remediation strategies. Future efforts should consider
bioaugmentation or biostimulation approaches to increase the abundance and activity of
dechlorinators, thereby improving the efficiency and sustainability of site remediation.
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