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ABSTRACT: The eTectiveness of in situ bioremediation can be
aTected by an insuUcient understanding of high site/soil
heterogeneity, especially in cocontaminated soils and sediments.
In this study, samples from multiple locations within a relatively
small area (20 × 20 m2) contaminated with benzene, toluene,
ethylbenzene, and xylene (BTEX) and chlorinated aliphatic
hydrocarbons (CAHs) were compared to examine their phys-
icochemical and microbial properties. Unsupervised clustering
analysis of 16S rRNA gene amplicon and metagenome shotgun
sequencing data indicates that the indigenous community diTer-
entiated into three distinct patterns. In Cluster 1, Pseudomonas,
with multiple monooxygenases and glutathione S-transferase
(GST), was enriched in samples contaminated with high
concentrations of BTEX and CAHs. Cluster 2 contained a high fraction of cometabolic degraders. Cluster 3 was dominated by
Ralstonia and organohalide-respiring bacteria (OHRBs) mediating the reductive dechlorination of CAHs. Significant diTerences in
composition and function among microbiomes were attributed to the diTerential distribution of organic pollutants, even in such a
small area. Incorporating genomic features with physicochemical data can significantly enhance the understanding of the
heterogeneities in soil and their impacts on microbial communities, thereby providing valuable information for the optimization of
bioremediation strategies.
KEYWORDS: CAHs, BTEX, cocontamination, microbiomes, functional genes

■ INTRODUCTION
Anthropogenic activities such as improper disposal, poor
management, and long-term storage have led to the release of
organic pollutants, including volatile organic compounds
(VOCs).1 Among these pollutants, aromatic compounds
such as benzene, toluene, ethylbenzene, xylene (BTEX), and
chlorinated aliphatic compounds (CAHs), including trichlor-
oethene (TCE) and tetrachloroethene (PCE), are the most
prevalent contaminants worldwide.2 BTEX compounds have
been classified as carcinogens (among these aromatic
compounds, benzene has been identified as a type 1
carcinogen) and exert significant toxic eTects, such as
carcinogenicity, mutagenicity, and teratogenicity.3−5 CAHs
are also considered potential carcinogens and are listed as
priority pollutants by the U.S. Environmental Protection
Agency.6 The co-occurrence of CAHs and BTEX in
contaminated sites, particularly in industrial zones, has been
widely documented.7−9 This complicates the remediation
process due to the divergent biodegradation pathways required
for the diTerent contaminants.
Several remediation strategies have been developed for

contaminated sites,10,11 among which microbe-mediated

bioremediation is widely regarded as a cost-eTective and
environmentally sustainable approach. The biodegradation of
contaminants can occur via oxidative or reductive pathways
depending on the chemical properties of contaminants and
local environmental conditions. For example, highly chlori-
nated PCE and TCE are degraded via anaerobic reductive
dechlorination, a process that requires reduced conditions, a
suUcient supply of the cofactor cobalamin, an essential
cofactor for the maturation and function of reductive
dehalogenase, and the activity of organohalide-respiring
bacteria (OHRBs). Depending on whether their growth relies
exclusively on the energy released from the C−Cl bond via
organohalide respiration, these bacteria are classified as either
obligate or facultative OHRBs.12−1314 Obligate OHRBs, such
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as Dehalococcoides and Dehalogenimonas, can reduce chlori-
nated compounds completely to produce ethene, a nontoxic
end product.14 In contrast, facultative OHRBs only partially
reduce chlorinated compounds, often yielding the toxic
intermediate forms dichloroethylene and vinyl chloride. For
CAHs with fewer chlorine substituents, the carbon scaTold and
associated electrons are less protected and are thus more
accessible to oxidative enzymes, such as alkene monooxygenase
(AkMO) and epoxyalkane:coenzyme M transferase (Ea-
CoMT).15−17
BTEX is biodegradable under both oxic and anoxic

conditions. Research has shown that several aerobic bacterial
lineages, including Pseudomonas, Rhodococcus, Acinetobacter,
Bacillus, Comamonas, and Microbacterium, are able to utilize
BTEX as the sole electron donor and carbon source.18,19
Monooxygenases and dioxygenases play an important role in
this process as they catalyze the hydroxylation reaction during
which oxygen is introduced into the aromatic structure. In
addition, iron-, nitrate-, and sulfate-reducing bacteria, including
Azoarcus, Thauera, Geobacter, Sulfurovum, Desulfovibrio, Crypt-
anaerobacter, and Pelotomaculum, can anaerobically degrade
BTEX in specific reductive anoxic environments. Their
reductive functions are coupled with the anaerobic oxidation
of BTEX, which can be catalyzed by anaerobic benzene
carboxylation (abcA and ancA)20,21 or fumarate addition (assA
and bssA).
Previous studies have primarily addressed the bioremedia-

tion of individual contaminants and isolated degradation
pathways and have neglected the complexities of cocontami-
nation and the eTects of eTect of diTerent types of
contaminants on microbial community structure and function.
Co-metabolic processes oTer a promising solution for the
bioremediation of cocontaminated sites.22 Some BTEX
degraders can oxidatively degrade CAHs, as enzymes that
catalyze the oxidation of BTEX can also function when CAHs
act as substrates.23 Research on the mechanism of the
cometabolic oxidation of CAHs and BTEX indicates that the
populations responsible for this biological process consist of
functional members that carry nonspecific monooxyge-
nases.24−27

Given the diversity of biodegradation pathways under
diTerent scenarios, there is currently limited research on how
microbial communities adapt to cocontamination and which
pathway is favored. ETorts have been made to develop an
eUcient bioremediation approach utilizing combined chemical
analysis and sequencing techniques to establish correlations
and identify bioremediation targets.28 Unfortunately, the
distribution of pollutants and their potential combination
eTects are usually neglected in previous studies. Identifying the
predominant pathway of pollutant removal and determining
the underlying mechanisms is crucial for evaluating the
feasibility of certain bioremediation strategies. In addition,
the heterogeneous distribution of organic matter is the key
factor in shaping community heterogeneity,29 but little is
understood regarding the eTects of mixed organic contami-
nants on microbial communities and to what extent these
microbial communities may diverge at the meter-scale within
contaminated sites.
The current study evaluated the compositional and func-

tional heterogeneity of native microbial communities present
in subsurface soil samples collected from 10 sampling locations
spanning an area of 400 m2 situated within a cocontaminated
industrial zone. The goals of this study were to demonstrate

the spatial heterogeneity of biodegradation pathways and
present a hypothetical mechanism underlying the formation of
diTerent patterns.

■ MATERIALS AND METHODS
Soil Sampling. Soil samples were collected from a 20 × 20

m2 contaminated industrial site located in Suzhou, Jiangsu,
China (31°16′N, 120°38′E, Figure S1). This site was a
chemical plant, and previous site investigations have revealed
the presence of CAHs and BTEX compounds in this area. The
primary contaminants identified at the study site are CAHs,
including carbon tetrachloride, trichloromethane, dichloro-
methane, 1,1,2-trichloroethane, PCE, TCE, 1,1-dichloroethy-
lene, cis-1,2-dichloroethylene, and vinyl chloride, as well as
benzene and ethylbenzene (Figure S2). A contamination
hotspot was detected in the groundwater (15.0−18.5 m) in
silty sand. The groundwater flowed from northeast to
southwest.
Soil samples weighing 3−5 kg were collected from 10

locations at a depth of 10−12.5 m in this site using GeoProbe
Systems (GeoProbe Inc.). Soil samples were placed in sterile
plastic self-sealing bags, frozen, and transported on ice to the
laboratory, where the samples were immediately stored at −80
°C. Each sample was subsampled once for chemical analyses
and in triplicate for pH measurements and DNA extraction.
DNA Extraction and Sequencing. DNA samples for

amplicon sequencing were extracted from 0.5 g of soil for each
of the 30 soil samples (triplicates at each point) with Fast
DNA SPIN Kit (MP Biomedicals) following the manufac-
turer’s instructions. All 30 of the soil DNA samples were
utilized for amplicon sequencing library preparation. In brief,
the V3−V4 hypervariable regions of the 16S rRNA genes were
amplified using conventional polymerase chain reaction (PCR)
with the universal primers 341F (5′-CCTACGGGNGGCWG-
CAG-3′) and 785R (5′-GACTACHVGGGTATCTAATCC-
3′).30 Amplicon library preparation was conducted following
the manufacturer’s instructions (Part #15044223Rev.B;
Illumina Inc.) with modifications as previously described.31
After mixing the purified products obtained from the second-
round amplification in equal quantities, the amplicon library
was prepared with the MiSeq Reagent Kit v3. High-throughput
sequencing was performed using the Illumina MiSeq platform
(Illumina, Inc.). Due to the low biomass in the soil and the
extraction of insuUcient DNA for metagenomic library
construction, the microbiome in the original soil samples was
enriched by adding 10 mM sodium lactate and 1 mM TCE
prior to metagenomic sequencing. Preincubation followed a
previously described method32 (Appendix S1). After 10 days of
enrichment, DNA samples were extracted from the soil slurries.
Library preparation and metagenomic sequencing were
conducted by Personalbio (Shanghai) to generate paired-end
2 × 150 bp reads with NovaSeq (Illumina, Inc.).
Sequencing Data Processing. MiSeq paired-end se-

quencing for 16S rRNA gene amplicons generated 2 × 300 bp
reads, and both the forward and reverse reads were
demultiplexed and imported into QIIME2 (v2021.4)33
(Appendix S2). The metagenomic shotgun sequencing raw
data were input into the Anvi’o (v7.1) workflow and processed
according to the user manual34 (Appendix S3). A phylogenetic
tree of reconstructed bins was constructed by comparing
single-copy housekeeping genes with PhyloPhlAn 3.0.35 The
community composition was profiled based on database blast
and the relative abundance of phylotypes following amplicon
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sequencing. Unsupervised clustering was conducted based on
the Bray−Curtis distances between samples, and the distances
were calculated using amplicon sequence variant (ASV) tables.
The number of clusters was optimized using gap statistics.36

The diversity of each sample was evaluated by computing α-
diversity indices in the vegan (v2.6−4) package37 in R (v4.1.2)
and QIIME2. For β diversity, principal coordinate analysis
(PCoA) based on Bray−Curtis distances was performed using
the vegan package to examine the diTerences between the soil
communities in each sample (Appendix S4). Distance-based
redundancy analysis (db-RDA) and variance partitioning
analysis (VPA) were employed to investigate the correlations
between environmental factors and the microbial community.

The ggcor (v0.9.8.1) and vegan packages were employed to
conduct Spearman correlation tests and Mantel tests,
respectively, based on environmental factors and the
concentration of organic pollutants. The classification random
forest model was constructed using the randomForest (v4.7−
1.1) package to predict the group based on soil physiochemical
factors,38 while the number of remaining features was
optimized using 10-fold cross-validation.
Co-occurrence relationships between ASVs in diTerent

environments were investigated by constructing a co-
occurrence network separately based on the SparCC
correlation39 (Appendix S4). The network properties were

Figure 1. Heterogeneity of the microbial community in terms of composition and diversity. (A) Microbial community composition of each sample
on genus level. (B) Quadratic regression between pH value and Shannon diversity index. (C) PCoA based on Bray−Curtis distances of the whole
microbial community. Phylogenetic tree of potential degraders based on ASV feature sequences similarity for potential OHRBs (D) and BTEX
degraders (E).
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calculated using igraph, and the topological roles of each ASV
in the network were evaluated based on ZP-plot.40
Functional Metagenomic Profiling. Functional annota-

tion was conducted with hidden Markov models (HMMs)
based on coding sequences (CDSs) predicted using Prodigal41
in the Anvi’o workflow. These CDSs were annotated based on
HMMs provided by Anvi’o, including default rRNA gene
HMMs and databases, including the Kyoto Encyclopedia of
Genes and Genomes (KEGG), KOfam, and Pfam. The
functions related to the biodegradation of BTEX and CAHs
were specifically targeted, and the fermentation capacity was
also investigated (see Table S2 and Appendix S5 for details).
In summary, putative reductive dehalogenases responsible for
dechlorination were predicted based on HMMs retrieved from
the database (TIGR02486). The oxidizing function of CAHs
and their cometabolic degradation activity were characterized
based on the identification of specific KEGG orthologs (KOs)
and further varied with reference sequences.42 The capacity for
BTEX degradation was evaluated based on the completeness of
relevant KEGG modules and the presence of certain genes
(KOs or blast with reference sequences). Potential symbiotic
species with OHRBs were identified based on the complete-
ness of KEGG modules correlated with cofactor synthesis,
acetogenesis fermentation, and hydrogen production (Appen-
dix S6). The pH preference of each bin was predicted using a
machine learning model based on the available presence/
absence information for 56 selected genes, as reported
previously.43

■ RESULTS
Heterogeneous Microbial Communities in the Study

Area. Triplicates of soil samples collected from 10
contaminated sample locations were analyzed for 16S rRNA

gene amplicons. Sequencing generated 1,040,720 reads (an
average of 34,691 reads per sample, with a range of 22,221−
49,386 reads per sample). After removing singletons and
rarefying the sequencing depth to 21,000 sequences per
sample, the ASV data set contained 630,000 reads and 1270
ASVs (an average of 819 reads per ASV, ranging from six to
128,725 reads). All of the samples clustered into three clusters
(Cluster 1: Q1, Q2, Q6, and Q9; Cluster 2: Q4 and Q8;
Cluster 3: Q3, Q5, Q7, and Q10) based on the Bray−Curtis
distances of ASV composition and the gap statistic (Figure S3).
Among all of the ASVs, only 21 ASVs (1.7%) were shared by
all of the clusters, 437 ASVs (34.4%) were present only in
Cluster 1, 70 ASVs (5.5%) were present only in Cluster 2,
while 638 ASVs (50.2%) were only detected in Cluster 3
(Figure S4).
The most abundant phyla (average relative abundance >3%)

included Proteobacteria (62.5 ± 22.8%), Firmicutes (11.3 ±
10.1%), Myxococcota (5.1 ± 13.7%), Bacteroidota (3.8 ±
3.5%), Patescibacteria (3.4 ± 5.7%), and Actinobacteriota (3.3
± 2.4%) (Figure S5). Within the phylum Proteobacteria,
Gammaproteobacteria was more abundant compared with other
lineages, but its composition varied across diTerent clusters. At
the genus level, the microbial communities of Cluster 1 (Q1,
Q2, Q6, and Q9) were all dominated by Pseudomonas. Cluster
2 (Q4 and Q8) was the only cluster with large fractions of
methylotrophic Gammaproteobacteria, such as the genus
Methylobacillus, whereas the genus Ralstonia was highly
abundant in Cluster 3 (Q3, Q5, Q7, and Q10) (Figure 1A).
The compositions of potential pollutant degraders, including
both OHRBs (organohalide-respiring bacteria) and aromatic
compound degraders, exhibited substantial diversity. Overall,
obligate OHRBs and Anaeromyxobacter were more abundant in
Cluster 3 (the relative abundance of Dehalococcoidia was 0.31

Figure 2. Correlation between environmental factors and microbial communities. (A) Microbial communities were constrained by environmental
variables using distance-based redundancy analysis (DB-RDA; 57.58% inertia constrained). (B) db-RDA-based analysis illustrating the correlation
and contribution of environmental factors to the variation of microbial communities. (C) Random forest model was constructed to predict cluster
of each sample by physiochemical factors, the result indicated that pH, TCE concentration and water content were the three most important
factors. (D) Spearman correlation between environmental factors and Mantel test between environmental factors and microbial community
composition. (E) Variance Partitioning Analysis demonstrated the contribution of environmental characteristics (pH, water content, and Cl−) and
organic cocontamination (TCE, benzene, CF, and ethylbenzene) to the variations of the microbial communities.
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± 0.53%) while Geobacter was enriched in Cluster 2 (2.88 ±
2.00%). The abundances of Dehalobacter and Desulf itobacte-
rium were higher in both Cluster 1 (relative abundances of
0.72 ± 0.53 and 0.24 ± 0.44%, respectively) and Cluster 3
(relative abundances of 0.09 ± 0.24 and 0.39 ± 0.79%,
respectively) (Figure 1D). The diversity of BTEX degraders
was greater than the diversity of OHRBs. Based on their
average relative abundances, Ralstonia and Pseudomonas were
more abundant in Cluster 3 and Cluster 1, respectively (Figure
1E).
The rarefaction curves tended to plateau, suggesting that the

depth of the current sequencing data set was suUcient for the
comparison of community diversity (Figure S6A). The only
significant diTerence in α indices was that Cluster 2 had a
lower Shannon’s index compared with the others (Figure
S6D−F). The relationships between the pH and the Shannon’s
diversity index (Figure 1B; Radj2 = 0.46, P < 0.001), Simpson’s
diversity index (Figure S6B; Radj2 = 0.41, P < 0.001), and
Pielou’s evenness (Figure S6C; Radj2 = 0.39, P < 0.001) were
described by a quadratic model. Permutational multivariate
analysis of variance (PERMANOVA) illustrated that the
overall diTerences among the communities of the three
clusters were significant (P adj < 0.001, Figures 1C and
S7D). The Bray−Curtis distances between diTerent clusters
were also significantly higher than the distances within each
cluster (Figure S7A). The composition of potential degraders
also diTered significantly across clusters (P = 0.004 and P =
0.008 for OHRBs and BTEX degraders, respectively; Figure
S7).
Correlations between Abiotic Environmental Factors

and Microbiota Heterogeneity. Environmental character-
istics, including the pH, moisture content, and the concen-
trations of diTerent pollutants, varied between the clusters
(Figure S8). The Spearman correlation coeUcient between
TCE and benzene was 0.89 (P < 0.001, Figure 2D). Another
unsaturated hydrocarbon, ethylbenzene, was also positively

correlated with benzene, revealing a possible co-occurrence
pattern of unsaturated CAHs and BTEX. Chloroform (CF)
was the predominant saturated pollutant at the site and was
negatively correlated with TCE, benzene, and ethylbenzene. A
positive correlation between cocontamination and pH and a
negative correlation between cocontamination and water
content were also observed. The random forest model and
cross-validation suggested that three factors, namely, the pH,
TCE concentration, and water content, contributed signifi-
cantly to the diTerences among clusters (Figure 2C).
The Mantel test indicated that pH had the highest

correlation with the microbial community (RMantel = 0.56,
PMantel < 0.001), while TCE and benzene also associated with
the community composition (TCE: RMantel = 0.45, PMantel <
0.001; benzene: RMantel = 0.35, PMantel = 0.002). From the
perspective of potential function, the taxa of putative BTEX
degraders were correlated with the pH, benzene content, and
TCE, while putative OHRBs were also correlated with the
oxidation−reduction potential in addition to the above-
mentioned parameters (Figure 2C). Distance-based redun-
dancy analysis (db-RDA) based on Bray−Curtis distances
demonstrated that environmental variables explained 61.70%
of the variation of the microbial community (Figure 2A). The
pH was the most important parameter (R2 = 0.83), and
cocontamination was also critical (R2 = 0.62 and R2 = 0.42 for
TCE and benzene concentrations, respectively, Figure 2B).
VPA indicated that environmental characteristics (pH, water
content, and Cl−) and organic cocontamination (TCE,
benzene, chloroform, and ethylbenzene) could explain 18.26
and 16.11% of the variation in the microbial community,
respectively, while the combination of these two groups of
factors accounted for 2.62% of the variation (Figure 2E).
Co-Occurrence Patterns of Microbial Community. Co-

occurrence networks of the three diTerent clusters were
constructed to illustrate the diTerences in co-occurrence
patterns under heterogeneous contaminated soil systems

Figure 3. Co-occurrence networks and interclass connections. (A−C) Co-occurring networks of three clusters. (D−F) Proportion of connection
between bacterial classes in the network of each cluster.
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(Figure 3A−C). Overall, compared with Erdös−Reńyi random
networks, all of the networks exhibited significantly higher
modularity (MD; MD = 0.45, 0.63, and 0.40 for Clusters 1, 2,
and 3, respectively; MDrandom = 0.24, 0.56, and 0.32,
respectively), cluster coeUcients (CCs; CC = 0.74, 0.07, and
0.69 for Clusters 1, 2, and 3, respectively; CCrandom = 0.10,
0.04, and 0.07 for Clusters 1, 2, and 3, respectively), and small-
world properties (σ; σ = 7.54, 4.70, and 13.41 for Clusters 1, 2,
and 3, respectively), which reflected nonrandom microbial co-
occurrence patterns in this CAH−BTEX cocontaminated soil
system. Further, the degree distributions of all of the networks
followed a power law, indicating that they were all scale-free
networks (Figure S9A−D). DiTerent networks were composed
of diTerent taxa. The most dominant co-occurring classes in
Cluster 1 (120 ASVs) were Gammaproteobacteria (55 ASVs),
Clostridia (12 ASVs), Bacilli (eight ASVs), Desulf itobacteriia
(six ASVs), and Desulfuromonadia (six ASVs). The Cluster 2
network contained only 38 ASVs, which were aUliated with
Gammaproteobacteria (seven ASVs), Bacilli (nine ASVs),
Actinobacteria (five ASVs), Clostridia (four ASVs), and
Alphaproteobacteria (six ASVs). In Cluster 3 (107 ASVs),
Anaerolineae (17 ASVs) and Gammaproteobacteria (16 ASVs)
were the most abundant classes, and obligate OHRBs in
Dehalococcoidia (three ASVs) were also observed. ASVs
observed in all of the networks were classified as peripherals,
network connectors, module hubs, or network hubs based on
their within-module connectivity (Zi) and among-module
connectivity (Pi).
In Clusters 1 and 2, most keystone ASVs (module hubs,

network hubs, and connectors) were aUliated with Gammap-
roteobacteria (Figure S9D−F). In Cluster 3, network
connectors contained a high proportion of ASVs from
Anaerolineae and Dehalococcoidia. In addition, the connection
between classes diTered (Figure 3D−F). The majority of the
connections were between diTerent Gammaproteobacteria in
Clusters 1 and 2, while in Cluster 3, connections within
Anaerolineae and connections between Anaerolineae and
Gammaproteobacteria were more common. OHRBs in Cluster
3 were linked with other OHRBs or Anaerolineae and
Coriobacteriia, which suggests that these lineages may be
involved in reductive dechlorination.
Metagenomic Insight into Microbial Community

Functions. Overall, metagenomic sequencing generated 90
Gb of raw data with 30 Gb per site in total. After quality
control, 273,267,162 clean reads remained and were assembled
into 298,998 contigs with lengths of over 1 kb. In total,
935,298 genes were predicted from these contigs. A total of
182 bins were recovered, which represented 79.41% of the
sequenced nucleotides. Among these bins, 14, 40, and 58 bins
were qualified as high-, medium-, and low-quality metage-
nome-assembled genomes (MAGs), respectively (Appendix S3
and Table S3), while the rest of bins with contamination
higher than 10% were merely regarded as a cluster of similar
contigs. Both MAGs and bins were used for further analysis.
Taxonomic annotation suggested that 63 MAGs and 29 bins
were aUliated with Firmicutes, including potential OHRBs
(Desulfotomaculia and Desulf itobacteriia). Proteobacteria was
also extensively recovered from the metagenomic sequencing
data set, including 18 MAGs and 21 bins. In addition, 15
MAGs and nine bins were aUliated with Actinobacteriota
(Table S2).
A total of nine putative reductive dehalogenases were

identified in the metagenomic data set and were found in six

bins (Table S3 and Figure S10). Taxonomically, these putative
OHRB bins were aUliated with taxa including Negativicutes,
Clostridia, Bacilli, and Dehalobacteriia at the class level (Figures
4 and S10). The MAGs and bins with genes related to

cobalamin, hydrogen, and acetate production were also
investigated due to their potential roles in promoting the
bacterial activity of reductive dechlorination (Figure 5).
Twenty-seven bins were identified as cobalamin-producing
syntrophic members with relatively complete cobalamin de
novo synthesis functions (Figure 4 and Table S5). The majority
of these bins (24 of 27 bins) were aUliated with Firmicutes
(on the class level, Desulf itobacteriia, Desulfotomaculia,
Dehalobacteriia, Syntrophomonadia, Negativicutes, Bacilli, and
Clostridia), while Synergistota and Actinobacteriota can also
produce cofactors (Figure 4 and Table S4). Most of the above-
mentioned taxa were also predicted to produce hydrogen and
acetate via the fermentation of metabolites from organic
pollutants (Figure 4 and Tables S6 and S7). For oxidative
CAH-degrading pathways, epoxyalkane:coenzyme M trans-
ferase (EaCoMT) was only detected in two γ-Proteobacteria
bins (BIN-162 and MAG-M054; Table S10 and Figures 4 and
S8). Hydrolytic dechlorination functions, haloalkane dehalo-
genase and haloacetate dehalogenase, were mainly observed in
Proteobacteria and Actinobacteriota (Figure 4 and Table S10).
In addition, glutathione S-transferase (GST), which can
inactivate electrophilic substrates, was widely detected in bins
aUliated with Proteobacteria and Actinobacteriota. Three bins
aUliated with γ-Proteobacteria (two of these bins were
Pseudomonas) contained as many as 21, 20, and 14 copies of
GST, while other Proteobacteria lineages, including Methyl-

Figure 4. Functional profiling of MAGs. Phylogeny of reconstructed
MAGs. Maximum-likelihood tree of concatenated amino acid
sequences of conserved single copy genes (SCGs). Taxonomy was
labeled by point on class level while on phylum level, Firmicutes,
Proteobacteria, and Actinobacteriota clade were colored in the sector.
Heatmaps demonstrate the presence of biodegradation-related
functions in each bin. Bins with inadequate SCGs were not covered
in this tree.
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obacillus, Anaeromyxobacter, and Sulfurifustis, also contained
GST genes (Figure 4 and Table S10).
Only three bins (BIN-114, BIN-150, and BIN-163)

contained genes encoding enzymes for converting the
predominant pollutant, benzene, into catechol. These bins
were all aUliated with Pseudomonas; therefore, they were the
only possible aerobic benzene degraders identified at this site
(Figure 4 and Table S8). Potential xylene and toluene

biodegradation functions were observed in both Proteobacteria
and Actinobacteriota. In contrast, microorganisms with
anaerobic BTEX degradation functions were more diverse,
including bins aUliated with Proteobacteria (13 bins),
Firmicutes (seven bins), Desulfobacterota (three bins), and
Cyanobacteria (three bins) (Figure 4 and Table S9). Among
these bins, five Firmicutes, three Desulfobacterota, three
Proteobacteria, and one Cyanobacteria bin carried the abcA

Figure 5. Pathways involved in organic pollutant degradation, fermentation, and pH preference of representative MAGs. Metabolic potential of
representative MAGs/bins of dominant bacteria Ralstonia and Pseudomonas. The amount of previously reported pH preference-related genes in
each MAG/bin were shown in the pie chart.

Figure 6. Hypothetical schematic diagram of microbial degradation in diTerent bacterial clusters. Significant interactions between major bacterial
clades and biodegradation processes are indicated by lines in the diagram. Solid lines represent potential metabolic pathways annotated based on
metagenomic bins. Conversely, dashed lines signify functions that, despite extensive reports in prior literature, were not detected within our
metagenomic binning data set.
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gene. These taxa were also potential hosts of anaerobic
ethylbenzene and anaerobic toluene degradation functions.
Two Firmicutes bins (BIN-146 and BIN-156) were predicted
to contain benzylsuccinate synthase genes. Genes encoding
anaerobic ethylbenzene dehydrogenase were present in bins
aUliated with Proteobacteria (11 bins) and other taxa,
including Actinobacteriota (one bin) and Cyanobacteria
(two bins). Therefore, they were considered capable of the
anaerobic degradation of toluene and ethylbenzene. Genes
coding for methane/ammonia monooxygenase were detected
in MAGs of Actinobacteriota, Thermoproteota, and Proteo-
bacteria. These MAGs, together with other monooxygenases
containing MAGs, were believed to cometabolically degrade
CAH and BTEX simultaneously.
The genomic features of the dominant Gammaproteobacteria

lineages varied significantly. Ralstonia was more strongly
correlated with a lower pH environment, while Pseudomonas
was correlated with higher pH levels. The Ralstonia MAG
contained benzoate-degrading genes, while the Pseudomonas
MAG contained more oxygenase genes and a higher number of
GST copies. Methylobacillus, another dominant genus in
Cluster 2, contained genes associated with the anaerobic
degradation of benzene and ethylbenzene degradation. These
functional genes were also widely observed in Actinomycetia
bins. In addition, hydrogen-producing, acetate-producing, and
cofactor-synthesizing genes were found in dominant Clostridia
bins (Figure 5).

■ DISCUSSION
In this study, samples collected from 10 sampling locations in
an area of 20 m by 20 m at a BTEX−CAH cocontaminated site
were categorized into three distinct clusters based on their
microbial community composition. The limited numbers of
shared ASVs and their overall low occupancy among the
samples demonstrated a high heterogeneity of indigenous
microbial communities. Taxonomical profiling indicated that
diTerent lineages within the dominant phylum, Proteobacteria,
were enriched in each cluster (Pseudomonas, Methylobacillus,
and Ralstonia in Clusters 1, 2, and 3, respectively, Figure 6).
Bray−Curtis distance-based β-diversity analysis indicated that
the three clusters displayed significant compositional variance.
This diTerence was attributed to specific environmental
factors. Overall, the pH level and cocontamination with TCE
and benzene had the strongest correlation with the community
compositions. The potential roles of these factors as driving
factors for the formation of diTerent clusters among samples
were consistent with previous reports.44 In addition, the
abundance and composition of potential degraders for various
pollutants varied significantly across diTerent clusters (Figures
1D and S7). Although this analysis was based on putative
degraders predicted using taxonomic information (Appendix
S4), such significant diTerences were still noteworthy as the
degrading functional genes and pathways were further
confirmed by metagenomic binning results.
Samples from Cluster 1 were characterized by high pH

values and elevated concentrations of TCE and benzene
(Figure S8). It is hypothesized that these environmental factors
shape the observed community composition by favoring
microbes that demonstrate high tolerance to contamination
and a preference for elevated pH values. The dominance of
Pseudomonas was most likely driven by the presence of multiple
copies of benzene-degrading genes and genes encoding GST,
as well as various proteins that have been predicted to be

associated with a high pH preference.44 It has been
documented that GST eTectively promotes the oxidation and
detoxification of CAHs by conjugating with glutathione,16

thereby enhancing the resilience and adaptability of
Pseudomonas under severely polluted environments. The ability
to utilize benzene and the preference for high pH further
promoted the growth of Pseudomonas in this cluster. Regarding
OHRBs, the dominance of Dehalobacter over obligate OHRBs
could be explained by the growth rate-yield theory. Some
OHRBs, such as Dehalobacter, grow rapidly when suUcient
CAHs are available.45−4647 However, their biomass diminished
more rapidly following substrate removal compared to
Dehalococcoides. This could be attributed to disparities in
their resistance to unfavorable growth conditions or diTerences
in their capacity to metabolize substrates at varying
concentrations.45 In conclusion, the results indicated that pH
preference and substrate concentration were the primary
factors contributing to the predominance of Dehalobacter and
Pseudomonas in the Cluster 1 samples.
In Cluster 2 samples, the genus Methylobacillus, another

Gammaproteobacteria, was the most dominant member,
diTerent from the dominance of Pseudomonas in Cluster 1.
This was suspected to be the result of a high concentration of
one-carbon substrate in Cluster 2 samples. A large proportion
of Actinobacteria was also observed in Cluster 2 samples. Some
metagenomic binning MAGs aUliated with this class were also
predicted to harbor methane/ammonia monooxygenases.
These enzymes could potentially catalyze the cometabolization
of TCE.16,24,25 Notably, within the dominant classes
Gammaproteobacteria and Actinobacteria, genera such as
Microbacterium and Methylobacillus were found to harbor
functional genes encoding core enzymes responsible for the
initial oxygenation step in ethylbenzene and benzene
degradation pathways. Besides, sequential benzoate degrada-
tion genes were detected in the Ralstonia MAGs. Therefore,
collaborations among diTerent bacteria might play an
important role in the biodegradation of BTEX in these
samples.
The high abundance of obligate OHRBs in Cluster 3

samples was consistent with these soil samples being potential
hotspots of reductive dechlorination. Low CAH concentrations
together with high levels of chloride ions in these soil samples
supported this hypothesis. Genes associated with the de novo
synthesis of vitamin B12 were detected in the MAGs of
Ralstonia, which was highly dominant in Cluster 3 (and present
in other clusters). These genes were also detected in Clostridia
MAGs. Both Ralstonia and Clostridia may serve as cooperative
microbes by supplying cofactors to OHRB RDase. Correlations
between OHRBs and ASVs annotated as Anaerolineaceae were
also observed in the Cluster 3 co-occurrence network. Previous
studies have shown that multiple Anaerolineaceae are
fermentative microorganisms.48,49 Moreover, these Anaeroli-
neaceae have been widely observed to co-occur with obligate
OHRBs under CAH-contaminated conditions.50−52 Based on
the predominant degrading genes in Cluster 3, it is
hypothesized that benzene is likely to be anaerobically
degraded to benzoate by Clostridia members and this
intermediate can be degraded by Ralstonia and converted
into fatty acids to enhance cofactor production.9 Under low
CAH concentrations, given suUcient critical cofactors and an
appropriate growth rate/yield trade-oT, obligate OHRBs are
expected to be enriched. Coexistence with Ralstonia, Clostridia,
and Anaerolineaceae facilitated the degradation of CAHs by
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providing fermentation products and cofactors to OHRBs in
Cluster 3 samples. Numerous pollutants tend to be degraded
through multiple pathways depending on the local environ-
ment, microbial communities, and the chemical nature of the
pollutants.9,15,26 CAHs and BTEX, common organic pollu-
tants, often co-occur at industrial sites. These compounds can
be degraded by both aerobic and anaerobic bacteria. However,
the preferred biodegradation mechanisms and pathways of
these compounds in highly heterogeneous industrial contami-
nated sites and the spatial-scale distribution among diTerent
possible pathways have not been evaluated. In the present
study, a comprehensive analysis of the physicochemical
parameters and microbiome revealed that a site contaminated
with both CAHs and BTEX presented significant variations in
both the microbial communities and pollutant-degrading
members over a scale of meters. The spatial distributions of
organic pollutants aTected the community composition and
diversity, co-occurrence patterns, and degrading functions. The
indigenous microbial communities were enriched spatially in
various small-scale ecological niches, potentially temporally,
which is to be evaluated in future studies.
Previous studies have introduced targeted bioremediation

approaches utilizing site-level metagenomics to enhance
remediation eUcacy.28 Building on this foundation, we
propose refining existing frameworks by investigating the
smaller-scale heterogeneity of contaminated sites and optimiz-
ing bioremediation at the microbial community level. Unlike
traditional contamination-centric methods, which primarily
focus on the distribution of pollutants, our community-
oriented strategy also emphasizes in situ distribution of
microbiome. This is especially crucial for optimizing the
bioremediation in complex cocontaminated environments.
This approach integrates three essential components: site-

specific geochemical parameters, functional characterization of
degraders and syntrophic consortia, and microbial co-
occurrence patterns. While recent advancements emphasize
managing environmental heterogeneity (e.g., Wu et al.’s
bioaugmentation using niche-modifying cultures to create
methanogenic zones53), such strategies face challenges in
cocontaminated systems where conflicting redox requirements
emerge. Low ORP inhibits BTEX degradation while oxygen-
ation stresses OHRBs. Our methodology overcomes these
limitations by avoiding nonphysiologically optimal conditions
across diverse contaminated sites. This is achieved by (1)
identifying preferential contaminant removal routes and (2)
mapping cross-pollutant interaction dynamics, enabling cus-
tomized solutions. For instance, Wu’s approach would
successes in sites dominated by Cluster 3 consortia containing
abundant OHRBs, whereas oxygen-amended approaches
would demonstrate superior remediation outcomes in Clusters
1 and 2 predominant environments.
Ultimately, understanding indigenous microbial responses to

multipollutant stress is pivotal for developing optimized
bioremediation protocols. Our work emphasizes the signifi-
cance of discerning community patterns, characterizing their
functional roles, and reconstructing metabolic models. This
innovative precision framework has the potential to enhance in
situ remediation eUcacy at heterogeneous sites, oTering
scalable solutions for global contamination challenges.
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