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ABSTRACT

Polycyclic aromatic hydrocarbons (PAHs) and their derivatives have posed impressive threats to riverine eco-
systems. However, their partitioning dynamics in water-sediment systems and consequent impacts on river
microbiome remain unexplored. This study investigated the distribution profiles, partitioning behaviors, and
microbial responses of 18 parent PAHs (PPAHSs) and 68 substituted PAHs (SPAHs) in water-sediment systems in
Baishinan River, which receives wastewater effluents from a typical coking industrial park in Taiyuan City,
Shanxi Province, China. SPAHs dominated water phase (81.6 % XPAHs), while PPAHs prevailed in sediment
phase (72.5 % ZPAHs). Fugacity model further revealed that hydrophilic SPAHs (e.g., oxygenated-PAHs and
nitro-PAHs) exhibited water-phase enrichment, whereas hydrophobic PPAHs underwent sedimentary
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sequestration. High-throughput sequencing demonstrated that SPAHs triggered water-phase microbial functional
specialization, elevating a-diversity (+16 %), PAH degradation (bphA +85.8-fold), and virulence factor genes
(mecA +69-fold). Conversely, PPAHs reduced the a-diversity and inhibited metabolic pathways in benthic
microbiota. Notably, SPAHs stimulated the proliferation of human pathogens (Burkholderia, Burkholderiales, and
Corynebacterium) and amplified the abundance of genes associated with human disease. Structural equation
modeling confirmed SPAHs as the primary driver of pathogenicity, highlighting the enhanced pathogenic risks in
riverine ecosystems due to industrial PAH emissions. This work establishes a mechanistic framework for un-
derstanding contaminant phase partitioning-mediated microbial function shifts, offering critical insights for
environmental risk mitigation and public health protection.

1. Introduction

With the advancement of human socio-economic development, in-
dustrial pollutant emissions pose escalating threats to aquatic ecosys-
tems [9]. Polycyclic aromatic hydrocarbons (PAHs), characterized by
persistence, mutagenicity, teratogenicity, and carcinogenicity, exhibit
ubiquitous occurrence and have been extensively detected in diverse
aquatic environments, including rivers, lakes, and marine systems [34,
47]. Human activities govern not only the discharge and concentration
of PAHs but also their subsequent distribution between water and
sediment [21,59]. Global regulatory attention has prioritized PAH
contamination, exemplified by the U.S. Environmental Protection
Agency’s designation of 16 parent PAHs (PPAHSs) as priority pollutants.
Upon entering aquatic environments, the PPAHs would undergo various
chemical and biological reactions mediated by hydrolysis, photolysis,
and microbial degradation, to become PAH derivatives also called
substituted PAHs (SPAHs). These SPAHs typically include methyl-PAHs
(MPAHs), nitro-PAHs (NPAHs), oxygenated-PAHs (OPAHs),
chlorinated-PAHs (CIPAHs), brominated-PAHs (BrPAHs), and
heterocyclic-PAHs (HPAHs) [26]. Notably, SPAHs have been demon-
strated to show enhanced toxicity compared to PPAHs [41]. For
example, the carcinogenicity of 6-nitro-Chrysene to humans is 10 times
that of Benzo[a]pyrene [58]. Thus, underscoring the imperative to
evaluate the ecological impacts of both PPAHs and SPAHs.

In aquatic ecosystems, microorganisms play pivotal roles in organic
matter degradation, nutrient cycling, pollutant transformation, and
trophic network maintenance [45,63]. Perturbations in microbial ecol-
ogy may trigger cascading environmental consequences, including
eutrophication, toxicant bioaccumulation, biodiversity erosion, and
pathogenic microorganism proliferation, ultimately jeopardizing
ecosystem integrity and human health [43,5,54]. Consequently, eluci-
dating the ecological ramifications of PPAHs and SPAHs inputs on
aquatic microbial communities represents a critical research frontier for
environmental sustainability and public health protection.

Industrial activities such as coking, petrochemical and smelting,
have discharged huge amounts of PAHs and their derivatives into
receiving rivers. The ecological impacts of PAHs in receiving rivers are
intrinsically linked to their partitioning dynamics between water and
sediment phases [15]. Typically, the partitioning behavior of PAHs in
water-sediment systems is governed by their sources and environmental
factors, including wastewater discharge, atmospheric deposition, hy-
drodynamic conditions, and sediment properties. In addition, physico-
chemical characteristics of PAHs, such as polarity, octanol-water
partition coefficient (Kqy), molecular weight, and molecular structures,
significantly modulate their interphase distribution [13,32]. Previous
studies have demonstrated that low-molecular-weight (LMW) PPAHs
(3-4 benzene rings) predominantly present in the water phase, whereas
high-molecular-weight (HMW) PPAHs (5-6 benzene rings) exhibited
preferential adsorption onto sediment matrices [6], attributable to their
heightened hydrophobicity. However, limited studies exist regarding
the partitioning mechanisms of SPAHs across water-sediment interfaces.
Liu et al. [28] investigated the partitioning behaviors of diverse PAHs in
the Black River’s sediment-porewater system, revealing that the distri-
bution of SPAHs (e.g., NPAHs and OPAHs) between phases correlates

critically with substituent group characteristics, thereby distinguishing
their partitioning patterns from those of PPAHs. Nevertheless, under
industrial pollution scenarios, the dynamic distribution patterns of both
PPAHs and SPAHSs in receiving rivers, as well as their distinct transport
mechanisms and partitioning behaviors, remain inadequately resolved.

Meanwhile, microbial community composition, metabolic processes,
and enzyme activities are highly sensitive to exogenous contaminants.
For instance, Lu et al. [33] demonstrated that high-concentration PPAH
inputs in natural bay systems reduced sediment-phase microbial di-
versity while concurrently enriching PPAH-degrading bacterial taxa,
indicating that PPAHs exposure significantly restructured microbial
communities and stimulated proliferative adaptation of degradative
consortia. Liu et al. [30] investigated microbial functional shifts in urban
river sediment microbiomes under PPAH contamination, revealing that
elevated PPAH concentrations decreased community diversity and
identified Spirochaetia, Aminicenantia, and Deltaproteobacteria as
keystone taxa, which are responsible for the metabolism of PPAHs.
Comparative analyses by Lin et al. [24] on water-phase microbial
community assembly under PPAHs pollution demonstrated a predomi-
nance of deterministic processes in highly PPAH-contaminated waters
versus stochastic processes dominated in low PPAH-contaminated areas,
indicating that the pollution level of PPAHs changes the assembly pro-
cess of microbial community. Recently, some reports have also pointed
out that the environmental stress from contaminant inputs increased the
risk of pathogenicity transmission by re-shaping the microbial commu-
nity. For instance, Liu et al. [31] have found that multi-contaminant
stressors (heavy metals, pesticides, microplastics, and antibiotic resis-
tance genes) triggered microbial genomic adaptations enhancing stress
resilience, yet concomitantly upregulated pathogenic gene expression.
Wang et al., [49] have reported that the environmental stress from
PPAHSs significantly amplified coastal microbial resistomes, significantly
elevating the abundances of antibiotic resistance genes (ARGs; e.g., sull,
aadA2) and integron-associated genes (intl1), resulting in enhanced
horizontal gene transfer and dissemination of anthropogenic pathoge-
nicity. Nevertheless, the mechanistic linkages among SPAH stress, mi-
crobial community assembly, and pathogenicity dissemination remain
unexplored. Particularly within industrially impacted riverine
sediment-water systems, the partitioning dynamics of PPAHs/SPAHs
and their differential impacts on microbial community structure and
anthropogenic pathogenicity evolution have not been systematically
studied.

Coking industry has been recognized as one of the major pollution
sources for PAH emissions through wastewater discharges [55]. There-
fore, a receiving river adjacent to a typical coking industrial park was
targeted to investigate the partitioning dynamics of 86 PAHs (including
18 PPAHs and 68 SPAHs) in water-sediment systems and their impacts
on riverine microbiomes. The aims of this study were: (1) to characterize
the occurrence patterns and ecological risks of PPAHs and SPAHs in
water and sediment phases of the coking-impacted receiving rivers; (2)
to decipher the partitioning behaviors and mechanisms governing
PPAHs and SPAHSs distribution in the water-sediment systems, (3) to
reveal differential impacts of PPAHs/SPAHs inputs on microbial com-
munity structures in water and sediment, and identify key functional
taxa and their microbial function changes under the stress of PAHs, and
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(4) to unravel the effects of PPAHs/SPAHs inputs on the regulation of
microbial community assembly and pathogenicity propagation. This
study pioneers the systematic investigation into how divergent parti-
tioning behaviors of PPAHs and SPAHs modulate microbial community
assembly in water-sediment system, uncovering their critical roles in
disseminating microbial pathogenicity.

2. Materials and methods
2.1. Chemicals and reagents
Chemicals and reagents used in this study are described in Text S1.

Additional information about the targeted 86 PAH standards is listed in
Table S1.
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2.2. Field site description and sampling

Field sampling campaign was conducted in November 2021 along
Baishinan River, which receives wastewater effluents from a typical
coking industrial park located in Taiyuan City, Shanxi Province, China
(112°10°—112°22’E, 37°30’—37°35’N). Sampling sites were located in
the upstream (SX1-SX5), midstream (SX6—SX10), and downstream
(SX11-SX13) of the Baishinan River (Table S2). Sampling points were
distributed non-uniformly to reflect the varying environmental hetero-
geneity across different river reaches, with a higher density in the more
complex upstream and midstream areas. As shown in Fig. 1(a), upstream
sampling sites were situated near human settlements without industrial
impacts, whereas midstream sites encompassed the coking wastewater
effluent discharge zone, and downstream sites were located in residen-
tial areas without industrial effluent inputs. The coking plant has been
operating steadily for 15 years. According to the field survey, there is a
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Fig. 1. (a) Description of sampling sites in the study area; (b) total concentrations of parent PAHs (PPAHs) and substituted PAHs (SPAHs) in water and sediment

phase of the receiving river.
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large number of trucks transporting coal all year round, and the local
heating system is currently in operation. Therefore, besides industrial
pollution, vehicle exhaust pollution and coal burning may also occur in
this area.

Water and sediment samples were collected following established
protocols [10,50]. Surface water (0.4-0.6 m depth) was collected in
triplicate using 1 L amber glass bottles, acidified with sulfuric acid to
suppress microbial activity, and stored at 4°C for PAH analysis. For
microbial enrichment, 1 L of surface water was filtered through a 0.22
pm cellulose acetate membrane (Millipore, 47 mm), which was subse-
quently sealed in sterile plastic bags, flash-frozen in liquid nitrogen, and
maintained at —80°C until processing. Sediment samples were collected
in triplicate at each site using a 5L aluminum grab sampler (Taitian
Instruments Co. Ltd., Guangzhou). Homogenized subsamples (500 g)
were preserved at —18°C for PAH quantification, while 100 g samples
were flash-frozen and stored at —80°C for microbial analysis. Detailed
sampling procedures are provided in Text S2.

2.3. Sample pretreatment and instrumental analysis

PAHs in water phase were extracted from water samples using liquid-
liquid extraction, while the PAHs in sediment phase were extracted from
sediment samples using accelerated solvent extraction [48]. After
standard pre-concentration and purification procedures, PAHs were
analyzed using a gas chromatograph coupled to a mass spectrometer
(7890B-7000C, Agilent, USA). Detailed analysis methods, quality
assurance and quality control procedures, and results of water and
sediment environmental factors can be found in Text S3-S4 and
Table S3-S4.

2.4. Water-sediment partition of PPAHs and SPAHs

Fugacity model was used to study the partitioning behaviors of
PPAHSs and SPAHs in water-sediment system. The fugacity fraction (ff) of
PPAHSs and SPAHs between water and sediment was calculated by FEqgs.
(1-2) [25]:

Koc
= 1
7 = e M
.G
Koc = Cyw X foc 2

where K. (L/g) is the organic carbon normalized partitioning co-
efficients of PAHs; K/, (L/g) is the sediment-water partitioning coeffi-
cient; Cs (ng/g dw) is the concentration of PAHs in sediments; C,y (ng/L)
is the concentration of PAHs in water phase; foc is the organic carbon
fraction of the sediments (%), which are listed in Table S3. When ff
< 0.3, it indicates a net flux from water to sediments, which acts as a
sink for PAHs. When 0.3 < ff < 0.7, PAHs are in water-sediment equi-
librium. When ff > 0.7, it shows a net flux from sediments into water,
where sediments act as a secondary emission source of PAHs [16].

2.5. DNA extraction and 16S rRNA gene amplicon sequencing

Bacterial genomic DNA was extracted from water and sediment with
Rapid Soil DNA Isolation Kit (Sangon, China) and purified with Ezup
Column Bacteria Genomic DNA Purification Kit (Sangon, China) [51].
DNA integrity and purity were assessed via UV-Vis spectrophotometry
(NanoDrop 2000, Thermo Scientific, USA). The hypervariable V3-V4
region of the bacterial 16S rRNA gene was amplified using primer pairs
338 F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806 R (5°-GGAC-
TACHVGGGTWTCTAAT-3’) under optimized PCR conditions. Detailed
PCR protocols and steps on bioinformatic analysis are listed in Text S5.
Sequencing data that support the findings of this study are available at
the NCBI Sequence Read Archive (project accession number
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PRJNA1280091).
2.6. Ecological risk assessment and source apportionment

Ecological risks of PAHs to aquatic organisms in the receiving river
were evaluated through risk quotient (RQ) analysis (Text S6). The acute
and chronic toxicity parameters used in this model are listed in Table S5.
Source apportionment of PAHs was conducted using the positive matrix
factorization (PMF) model, and the details can be found in Text S7.

2.7. Statistical Analysis

Spatial distribution patterns of PAHs were visualized using ArcGIS
10.8 (ESRI Inc., Redlands, CA), with statistical graphics generated in
OriginPro 2024 (OriginLab Corporation, USA). Microbial a-diversity
was analyzed through Chaol, ACE, and Shannon indices, representing
community richness and diversity metrics. p-diversity patterns across
sample groups were evaluated via Analysis of Similarities (ANOSIM) and
non-metric multidimensional scaling (NMDS) ordination based on Bray-
Curtis dissimilarity matrices, with inter-group significance determined
by Kruskal-Wallis tests. Spearman correlation was used to analyze the
correlation between PAH concentrations (PPAHs/SPAHs), physico-
chemical properties, and microbial composition. Co-occurrence network
analysis with Zi-Pi topological features identified keystone species and
module hubs within bacterial consortia. Functional profiles were infer-
red using PICRUSt2 with Kyoto Encyclopedia of Genes and Genomes
(KEGG) Orthology annotations to reveal the PAH-induced metabolic
perturbations.

3. Results and discussion

3.1. Occurrence of PPAHs/SPAH:s in water-sediment system of the
receiving river

In water phase, a total of 86 PAHs were monitored, and 72 of them
were detected, including 18 PPAHs and 54 SPAHs at levels above the
quantification limit. Total PAH concentrations (¥PAHs) ranged from
790.3 to 59,826.8 ng/L (mean: 10,798 ng/L), exhibiting pronounced
spatial heterogeneity with midstream concentrations (sites S6-S10)
exceeding upstream (S1-S5) and downstream (S11-S13) levels by 9.9-
and 3.6-fold, respectively (Fig. S1(a)). The spatial distribution also
showed that the pollution was mainly concentrated in the outfall area in
the middle reaches of the river (Fig. 1(b), Fig. S2(a)), confirming that the
effluents discharged from the coking park had significantly polluted the
midstream of the receiving river. Compared with other PAH-
contaminated surface water systems worldwide, the TPAHs contami-
nation in the midstream area of this study was at a high level of
contamination (Table S6-S7). In sediment phase, 72 PAHs were detected
with XPAHs ranging from 1579.9 to 28,146.9 ng/g dw (mean:
8440.8 ng/g dw). Similar to the results in water phase, XPAHs in sedi-
ment phase were also higher in the midstream area than that of the
upstream and downstream areas (Fig. 1(b), Fig. S1(b), Fig. S2(b)).
Notably, the concentrations of PAHs at S8 and S9 were relatively low.
This is closely related to the hydrodynamic conditions at these river
bend locations. The high flow velocity in this area may result in PAHs
being difficult to settle [22]. Additionally, the lower TOC content in S8
and S9 (2.1 % and 0.9 %, respectively) also leads to a lower enrichment
effect on PAHs compared to S10 (4.7 %) and S11 (12.5 %) [27]. More-
over, the discharge outlet is located upstream of S6, resulting in the
highest concentration of water-phase PAHs at S6. However, sediment
PAH concentrations peaked at S7. This is because the migration of PAHs
from the water phase to the sediment phase at S6 is a prolonged process.
Furthermore, sediment TOC content at S7 (7.9 %) was significantly
higher than at S6 (3.6 %), indicating that sediments at S7 are more
readily adsorbed and accumulate PAHs. PMF model was used for the
identification and quantification of various sources of PAHs in water and
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sediment phases. Fig. S3 illustrates the five sources of PAHs and the
relative contributions in water and sediment phases. The water phase
contains five sources (Fig. S3(a)), including secondary formation
(10.2 %), coking oven emissions (49 %), traffic emissions (16.4 %), coal
burning (18.8 %), and biomass burning (5.6 %). Additionally, four
sources were identified in the sediment phase, including secondary
formation (9.6 %), coking oven emissions (48 %), biomass burning and
traffic emissions (32.5 %), and coal burning (9.9 %) (Fig. S3(b)). These
results indicated that the pollution of PAHs in both water and sediment
phases of this river mainly originated from the coking industry activities.
The threat of PAHs to aquatic organisms (algae, invertebrates, and fish)
was assessed based on toxicity parameters provided by the Ecological
Structure Activity Relationships Predictive Model. Results showed that
the acute risk (RQa) and chronic risk (RQc¢) of PAHs in the midstream of
water phase were higher than those in the upstream and downstream
areas by factors of 3.6-11.5 (Fig. S4, Table S8). In particular, 87.2 % of
the RQ values in sediment phase exceeded the risk threshold (RQ >1),
while the exceeding rate in water phase was only 50.0 %, demonstrating
more substantial benthic ecotoxicological hazards linked to the coking
industrial discharges.

The XPAHs in water phase were composed of 18.4 % PPAHs and
81.6 % SPAHSs, suggesting SPAHs were the predominant form of PAHs in
water phase (Fig. S5(a)). This may be attributed to the higher polarity of
SPAHs compared to PPAHS, resulting in their greater hydrophilicity and
easier presence in water phase [29]. OPAHs accounted for the largest
composition of SPAHs in water phase with a relative contribution of
58.8 %. It was also the largest contributor to £PAHs (48.0 %). Among
the OPAHs, 9,10-Phenanthrenequinone (9,10-PheQ) had the highest
relative contribution (73 %, Fig. S5(b)), with an average concentration
of 4263.4 ng/L. However, 9,10-PheQ has been neglected in other studies
of OPAHSs contamination in surface water [17]. This study indicated that
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9,10-PheQ may be the characteristic SPAHs discharged by the coking
industry. The coking process directly generates 9,10-PheQ through coal
pyrolysis [23], which is then discharged via wastewater. Additionally,
phenanthrene in water is transformed into 9,10-PheQ through photo-
chemical and microbial processes [42]. This dual-source mechanism
ensures its continuous presence. 9,10-PheQ is highly persistent due to its
resistance to photolysis and slow microbial degradation [38], causing it
to accumulate rather than break down. This persistence makes it a sta-
ble, cumulative marker of pollution, accurately tracing its spatial and
temporal distribution. Different from the results in water phase, the
YPAHs in sediment phase was composed of 72.5 % PPAHs and 27.5 %
SPAHs (Fig. S5(c)), indicating that the sediment phase was dominated
by PPAHs. The top three PPAHs in relative proportion were Fla
(12.5 %), B[b]F (10.5 %), and Phe (8.9 %) (Fig. S5(d)). Mean concen-
trations of these PPAHs in the receiving river sediments (Fla: 764.3 ng/g
dw; B[b]F: 640.9 ng/g dw; Phe: 547.7 ng/g dw) surpassed Chinese
lacustrine sediment baselines by 24.6-, 16.0-, and 7.9-fold, respectively
[12], suggesting their utility as diagnostic tracers for PPAH contami-
nation in coking-impacted sediment systems. These results indicate
significant differences in transport behaviors of PPAHs/SPAHs after
their inputs into the receiving river: SPAHs preferentially persist in
water phase, while PPAHs are inclined to accumulate in sediment phase.
The differential environmental behavior underscores the necessity for
phase-specific risk management strategies in industrial riverine
ecosystems.

3.2. Partitioning behavior and mechanisms of PPAHs/SPAH:s in water-
sediment systems

To understand the different partitioning dynamics of PPAHs and
SPAHs in aquatic ecosystems, the fugacity model was employed to assess
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and evaluate the partitioning of PPAHs and SPAHs between water and
sediment (Table S9). Overall, the ff values of SPAHs, including OPAHs
(ffnean = 0.94), NPAHS (ffyneqn = 0.86), and HPAHS (ffean = 0.94), was
higher than that of PPAHSs (ffieqn = 0.65) (Fig. 2(a)). Among them, there
were 33 SPAHSs (78.6 %) with ffjeqn higher than 0.7, while there were
only 9 PPAHs (50.0 %) with ffieqn higher than 0.7, indicating that
SPAHs are more inclined to partition into the water phase. On the
contrary, 16.7 % of PPAHs had a ffyeqn of less than 0.3, compared to only
9.5 % of SPAHs, suggesting that PPAHs are more inclined to enter
sediment phase during transportation.

Correlation analysis showed that molecular weight was negatively
correlated with ff (PPAHs: Pearson’s r = -0.472, R? = 0.223, Fig. 2(b).
SPAHS: Pearson’s r = -0.167, R% = 0.028, Fig. 2(c)), suggesting there is a
close link between molecular weight and partitioning dynamics of
PPAHs/SPAHs. Low-molecular-weight PAHs favored the presence in
water phase, while high-molecular-weight PPAHs exhibited dominance
in sediment phase, which is consistent with previous studies [61].
Regarding different molecular structures, the impacts of different sub-
stituents in SPAHs were further explored. It was found that the ff values
of parent Nap were increased after substituting by carbonyl groups (1,
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4-NapQ) and nitro groups (2-NNap), making these substituted Nap more
inclined to migrate from sediment into water phase, which can be
attributed to the high hydrophilicity of carbonyl and nitro groups.
However, methyl substitution (2,7-DMNap, 1,6,7-TMNap, and 1,4,6,
7-TMNap) decreased the ff values of parent Nap (Fig. 2(d)), and the
number of methyl substituents showed a significant negative correlation
with ff values (Pearson’s r = -0.903, R%=0.816, Fig. 2(e)). This is due to
the fact that methyl group is a hydrophobic group and the increase in the
number of methyl group favors the enrichment of MPAHSs into the sed-
iments. While previous studies emphasized molecular weight, physico-
chemical properties, and sediment TOC as partitioning determinants
[57], this work pioneers the identification of substituent structural
motifs as critical regulators of phase distribution. These differential
partitioning behaviors of PPAHs and SPAHs between water-sediment
phases may have different impacts on microbial ecology in
water-sediment systems.
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Fig. 3. (a) a-diversity indices (Shannon, ACE, and Chao indices) of microbial community in water phase and (b) sediment phase; (c) Pearson correlation cell plots
among o-diversity indices, environmental factors, and concentrations of PPAHs/SPAHs in water phase; (d) microbial community composition at phylum level in
water phase and (e) sediment phase (phylum with less than 0.01 % relative abundance in all samples are classified as others); (f) heatmap of PPAHs, SPAHs,
environmental factors, and microbial communities of the top 35 species (genus level) in water phase. The significance levels are represented by * (P < 0.05), **
(P < 0.01), *** (P < 0.001).
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3.3. PPAH/SPAH inputs induced differential microbial community
structures in water and sediment phases

High-throughput sequencing yielded 23,340 and 55,067 amplicon
sequence variants (ASVs) from water and sediment phases, respectively,
with only 4.8 % (1122) and 3.8 % (2080) shared across upstream-
midstream-downstream gradients (Fig. S6), demonstrating PAH-driven
divergence in microbial community structures. a-diversity metrics
(Shannon, ACE, Chao) revealed phase-dependent responses to coking
effluent inputs. Water-phase communities exhibited significantly
elevated Shannon indices in midstream area (ANOSIM, P < 0.01; Fig. 3
(a)), contrasting with sediment-phase diversity suppression (ANOSIM,
P < 0.05) (Fig. 3(b)). The same trends in ACE/Chao indices confirmed
PAH-mediated trophic divergence, characterized by water-phase
enrichment (+16 % mean richness) versus sediment-phase depletion
(-18 %) relative to upstream sites before PAH inputs. Pearson correla-
tion cell plots showed that water-phase microbial diversity (indicated by
Shannon indices) strongly correlated with SPAH concentrations
(R2=0.61), particularly significantly correlated with HPAH concentra-
tions (R2:0.59; P < 0.05) (Fig. 3(c)). Conversely, sediment-phase mi-
crobial diversity displayed a primary association with total organic
carbon (TOC, R2=0.20) followed by PPAHs (R?=0.17) (Fig. S7), indi-
cating phase-specific selection pressures—aqueous systems favoring
SPAH-adapted heterotrophs, while sediment system experienced PPAH-
induced oligotrophization.

Furthermore, NMDS ordination based on Bray-Curtis dissimilarity
confirmed significant biogeographic divergence among upstream-
midstream-downstream microbial assemblages (P = 0.001; Fig. S8),
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validating the spatial grouping rationality. Phylum-level analysis
revealed Proteobacteria and Actinobacteriota collectively constituted
73.12 % of water-phase communities (Fig. 3(d)), while sediment phases
were predominated by Proteobacteria, Chloroflexi, Actinobacteriota, and
Acidobacteriota (71.54 %) (Fig. 3(e)). Redundancy analysis (RDA)
identified Temperature (R> = 0.71, P = 0.001), NHs-H (R?> = 0.46,
P = 0.001), and MPAHs (R%? = 0.32, P = 0.003) as primary water-phase
microbial community distribution drivers (Table S10). Notably, SPAHs
(R? = 0.17) exerted stronger microbial compositional control than
PPAHs (R? = 0.15), particularly BrPAHs (R? = 0.23) and OPAHs (R? =
0.22). Correlation heatmaps demonstrated significant positive associa-
tions (P < 0.05) between SPAHs and Brevundimonas (R? = 0.63), Aur-
antimicrobium (R? = 0.85), and Thiobacillus (R? = 0.81) (Fig. 3(f).
Contrastingly, sediment microbial community distribution was princi-
pally governed by TOC (R? = 0.38), PPAHs (R? = 0.17), and CIPAHs (R?
= 0.16) (Table S10). PPAHs showed positive correlations with
AKYG1722 (R® = 0.39) but negative associations with Gemmatimona-
daceae (R2 = —0.32) and Haliangium (R2 = —0.38; Fig. S9). This in-
dicates microbial taxa associated with SPAHs in water phase exhibited
marked divergence from those linked to PPAHs in sediment phase,
demonstrating phase-specific ecological niche partitioning driven by
contaminant physicochemical properties. SPAHs were endowed with
polar substituents, compared with hydrophobic PPAHs without func-
tional groups. These findings mechanistically link phase-specific PAH
partitioning to divergent microbial selection: SPAHs drive aqueous-
phase community restructuring through polar substituent-mediated in-
teractions, while hydrophobic PPAHs preferentially modulate sedi-
mentary assemblages via sorptive enrichment.

@) © -
. 5 of water phase
Module hubs Network hubs|
&, e ETSREEe S e » 0000 ScettiNEEERRA x| P2 PSR
L] 1
2 5 _(, 21 . o Asvww'wvmm
s 20, e o ORI ‘ﬁvms .
"g- S0y o LN > oo o lfg'ssx
5 OOOOO 1 ® : © % svanss
2 ity = Q °® oo L°° svaois
= (<] o 04 .o . =
B i N ‘ o “e, o o, ! '.AS.\J78
ek 2ol . o o ‘= :AS\'I‘JIZ
v = Iy ®  ee i
= & -
«* S 24 .‘ . * )
=7 . g : © ASVT66
Upstream Midstream Downstream o _, HOEEE. : i Gonncrtors
Nodes = 199, Edge = 4092 Nodes = 198, Edge = 3455 Nodes = 199, Edge = 5792 o 0.0 02 04 0.6 08
. = e AT % . Midstream of sediment phase
= Module hubs Network hubs
S e petes 22|
1
? 2de o ° 1
= . 1
) = 1
-g. 3 s IbAs\ssos
- 04 ; 1
= 1
Q s 1
1
= 1
3
177} 258 ILAsvm
. 1
o z . [peripherats | Connectors
(b) Upstream Midstream Downstream 00 02 04 L0 08
Nodes = 198, Edge = 3574 Nodes = 197, Edge = 3958 Nodes = 195, Edge = 4511 Among-module Connectivity (Pi)
0.6 3.0 0.4
l:| Water phase 304
0.5 4 l:| Sediment phase 2.54
254 0.3
z0.4 4 2.0
= g 20 Q
=2 a . ©
= 0.3 1.5 ) . 0.2
= o E 154 §o
] <
> 0.2 1.0 104
0.14
0.1 4 0.5 5
0.0 T t 0.0 1 1 - 1 0 T T 0.0 t T
Upstream Midstream Downstream Upstream Midstream Downstream Upstream  Midstream Downstream Upstream Midstream Downstream

Fig. 4. (a) Microbial co-occurrence networks in water and sediment phase of the receiving river. An edge (connection) between nodes indicates a strong and sig-
nificant correlation between the two nodes. The size of each node is proportional to the number of connections (degree). The nodes are colored according to the
module assigned; (b) topological properties of the microbial co-occurrence networks in water and sediment phase; (c) Pi-Zi plots for bacterial communities in water
and sediment phase are displayed based on their topological roles. Each dot denotes an ASV. Distribution of ASVs at module hubs, network hubs, and connectors are

considered as keystone species.
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3.4. PPAHs/SPAHs inputs shaped different microbial co-occurrence
networks and potential keystone species in water and sediment phases

Co-occurrence network analysis elucidated phase-specific microbial
interaction dynamics shaped by PPAHs/SPAHs inputs, with ASV-based
topological features revealing distinct ecological connectivity patterns
across water and sediment phases (Fig. 4). The water-phase midstream
network exhibited a 15.6 % reduction in edge count relative to upstream
counterparts (Fig. 4(a)), accompanied by decreased average degree
(20.56 — 17.45) and clustering coefficient (0.299 — 0.294), alongside
increased modularity (0.40 — 0.44) and average path distance (2.17 —
2.39). These topological shifts indicate enhanced niche partitioning and
network stability in SPAH-impacted aqueous systems. Conversely,
sediment-phase networks demonstrated opposing trends. The modu-
larity declined from 0.394 to 0.317 midstream, while average degree
increased (18.05 — 20.09) (Fig. 4(b), Table S11), indicating PPAH-
induced disintegration of microbial associations and reduced commu-
nity stability. This topological differentiation between the water and
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sediment phases may be related to the evolution of different key species
in the network [36].

Thus, keystone species were further identified through network
analysis across water-sediment matrices based on centrality and con-
nectivity approach [35]. In midstream water-phase networks, 14
keystone ASVs were found (Fig. 4(c), Table S12). Eight of them were
identified to be PAH-degrading taxa, including Acinetobacter (ASV4452)
[11], Novosphingobium (ASV12112) [20], Devosia (ASV1887) [71,
Pedobacter (ASV1976) [1], Rhodobacter (ASV538) [37], Brevundimonas
(ASV2284) [56], Flavihumibacter (ASV2015) [1], and Thermomonas
(ASV378) [46]. The other six keystone ASVs mediated biogeochemical
cycling processes, such as sulfur metabolism (Thiobacillus (ASV11232)
[39], nitrogen fixation (Rhizobiales Incertae Sedis (ASV1899) [18],
humus degradation (GKS98 freshwater group (ASV4541) [62]), and
denitrification (Devosiaceae (ASV1890) [52]). Significant positive cor-
relations (R? = 0.47-0.81, P < 0.001) between SPAHs and keystone
genera (Thiobacillus, GKS98 freshwater group, Devosia, Brevundimonas;
Fig. 3(f)) suggest SPAHs enrichment promotes functional specialization
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in biodegradation and nutrient cycling. Sediment-phase networks yiel-
ded five keystone ASVs (Fig. 4(c), Table S12), four exhibiting
PAH-degradation capabilities, including Haliangium (ASV315) [3],
Sandaracinaceae (ASV15546) [14], Bacillus (ASV8803) [2], and Phenyl-
obacterium (ASV76) [44]. The fifth keystone Subgroup_7 (ASV107) was
related to carbohydrate metabolism [19]. In addition, PPAH concen-
trations positively correlated with Bacillus (R? = 0.04) and Subgroup_7
(R? = 0.17; Fig. $9), indicating PPAHs enrichment promotes functional
specialization in biodegradation and metabolism. These findings indi-
cate SPAHs enrich water-phase specialists driving coupled PAHs
degradation and biogeochemical cycling, while the enrichment of
PPAHs in sediments can provide energy support for microbial pairs in
oligotrophic environments.

3.5. SPAHs pressure inhibited energy metabolism and promoted pollutant
catabolism, while inducing aquatic pathogenicity amplification

Microbial functional analysis via Kyoto Encyclopedia of Genes and
Genomes (KEGG) orthology revealed phase-specific metabolic reprog-
ramming in microbial communities. In water phase, metabolism
constituted the predominant primary pathway, which exhibited a
2.48 % reduction from upstream to midstream areas (Fig. 5(a),
Table S13). Detailed metabolic gene profiling identified suppression of
ATP-generating pathways: phosphofructokinase genes (pfkA [K00850],
pfkB [K16370]) critical for glycolysis decreased by 17.8-18.4 %,
accompanied by 30.5-31.0 % reductions in cytochrome oxidase sub-
units (cyoA-D [K02297-K02300]) (Fig. 5(b)). This energy metabolism
inhibition suggests SPAH-induced oxidative stress, redirecting cellular
resources from growth to detoxification processes. KEGG annotation
results suggested that these functional shifts were orchestrated through
a coordinated molecular network, likely initiated by SPAH-induced
oxidative stress. The upregulation of pathways such as MAPK
signaling pathway (map04010) and ABC transporters (map02010)
indicated a global defensive response to cellular damage (Fig. S10). The
observed suppression of glycolysis (map00010) and oxidative phos-
phorylation (map00190) genes (e.g., pfkA, pfkB, cyoA-D) reflected a
strategic "energy-saving mode", reallocating resources from growth to
high-cost detoxification processes. Concurrently, the specific activation
of PAH-degradation pathways (nahAc [K14579], bphA [K08689],
phnAxw [K19670]; +1.1-85.8-fold) and their coupling with glutathione
metabolism (map00480) represented a direct metabolic adaptation for
detoxification. Crucially, the enrichment of virulence factors might be
co-selected through this stress response, as pathways like quorum
sensing (map02024) and bacterial secretion systems (map03070) were
often under the control of global regulators (e.g., RpoS) that also
respond to oxidative stress. This suggests that the upregulation of both
degradation and virulence genes is a coordinated survival strategy under
severe chemical pressure. Contrastingly, midstream communities
exhibited upregulated nitrogen fixation (nifH [K02588], nifD [K02586],
nifK [K02591]; +26.6-55.8 %). These functional shifts align with
keystone taxa identification (Section 3.4), demonstrating SPAH enrich-
ment selects for dual-function specialists capable of coupled contami-
nant degradation and nutrient cycling—a strategic adaptation to
chemical stress. This metabolic equilibrium between reduced energy
production and enhanced biodegradation capacity demonstrates
ecological optimization under pollutant pressure. Microbial commu-
nities prioritize resource allocation to SPAH catabolism and nitrogen
acquisition over growth-associated energetics, enhancing ecosystem
resilience through functional redundancy while maintaining structural
diversity. Sediment-phase microbial communities exhibited functional
attenuation across all six primary metabolic pathways, with organismal
systems demonstrating the most pronounced decline from upstream to
midstream (-2.88 %; Table S13, Fig. S11). Since PPAHs were the key
factors to shape microbial community in sediment phases, these results
indicate PPAHs exposure could suppress genetic/environmental infor-
mation processing, cellular processes, and human disease-associated
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pathways in benthic microbiomes. Certainly, the potential contribu-
tions of other environmental factors—such as hypoxia and nutrient
status—should not be overlooked. The relatively stable sedimentary
environment conferred greater contaminant resilience compared to
water-phase counterparts, resulting in moderated functional shifts.

Notably, pathogenicity-associated pathways exhibited the most
pronounced functional enrichment in water-phase microbial commu-
nities along the pollution gradient, with a 9.7 % elevation from up-
stream to midstream areas (P < 0.001). Mechanistically, virulence
factor analysis revealed significant upregulation of genetic determinants
encoding anthrax toxin synthesis (pagA [K11030], cyaA [K11029]),
enterobacterial adhesion (fimA [K07345]), extracellular matrix degra-
dation (hlyD [K11003], hlyE [K11139]), Salmonella Type III secretion
systems (ssaC [K03219], ssaG [K03221], ssaR [K03226]), and Staphy-
lococcal methicillin-resistance (mecA [K02545]) (Fig. 5(c)). These
findings indicate SPAHs’ inputs in receiving river exert xenobiotic-
mediated virulence selection pressure, stimulating transcriptional acti-
vation of pathogenic operons and dissemination of anthropogenic
pathogenicity.

Previous studies on microbial functional shifts under pollutant-
stressed environments mainly focused on metabolism and information
processing [50]. This work emphasized the identification of
SPAH-induced aquatic pathogenicity amplification. To further confirm
this point, the distributional characteristics and the status of the path-
ogenic bacteria were analyzed in a targeted manner based on the Human
HPB database. Results evidenced that 80 % of top-10 water-phase
pathogenic ASVs in midstream areas showed significantly elevated
abundances compared with upstream areas (P < 0.001), including
Burkholderia (ASV3452, +42.1-fold), Corynebacterium (ASV3442,
+17.4-fold), and Burkholderiales (ASV3438, +5.7-fold) (Table S14).
These taxa represented globally prevalent pathogens associated with
melioidosis, diphtheria, and pertussis [4,40,53]. Paradoxically, Bur-
kholderia and Corynebacterium were also reported to be PAH degraders
[60,8], suggesting SPAHs impose dual selection pressures favoring
pathogenicity enhancement and metabolic adaptation (PAH degrada-
tion capacity). This simultaneous stimulation of pathogenic potential
and bioremediation capacity represents an eco-evolutionary dilemma,
which underscores the complexity of anthropogenic impacts on aquatic
microbiomes. The core mechanism lies in the fact that the high
bioavailability and significant toxicity of SPAHs jointly create a strongly
selective environment, preferentially enriching multifunctional micro-
bial groups (such as Burkholderia and Corynebacterium) that possess both
PAH-degradation capabilities and inherent pathogenic potential. To
counter SPAH-induced oxidative stress, these groups simultaneously
upregulate PAH-degradation genes (e.g., nahAc, bphA) and virulence
factor genes (e.g., mecA, pagA). The latter genes are not merely part of
the stress response but evolve as competitive strategies to enhance
ecological niche occupation under harsh conditions. Our results
mandate integrated assessment models that reconcile contaminant
degradation benefits with emergent pathogenicity risks in industrialized
watersheds.

To investigate the driving mechanisms of pathogenicity propagation,
structural equation modeling (SEM) was employed to deconvolute direct
and indirect effects of PPAHs/SPAHs speciation, environmental pa-
rameters, and microbial ecology on pathogenic gene abundance. The
SEM demonstrated robust explanatory power, accounting for 65.9 %
(water phase) and 88.9 % (sediment phase) of variance in human
pathogenicity gene distribution (Fig. 5(d-e)). Path analysis showed that
SPAHs exhibited strong positive path coefficients (p = 0.885 [water];
= 0.290 [sediment]), whereas PPAHs showed inhibitory relationships (p
= —0.791 [water]; p = —0.545 (sediment)) (Fig. 5(f-g)). These results
further confirm the major roles of SPAHs and PPAHs for determining the
microbial function of human pathogenicity in water and sediment
phases, respectively. This dual regulation paradigm of water-phase
virulence potentiation versus sediment-phase pathogenic suppression
establishes SPAHs as critical determinants of aquatic microbiome
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pathogenicity, necessitating compound-specific risk assessment frame-
works for industrial riverine ecosystems.

3.6. Limitation

This study provides a valuable snapshot of the partitioning behavior
of PAHs in the water-sediment system using a fugacity model. However,
several limitations should be considered when interpreting our results.
Firstly, as noted earlier, our reliance on a single sampling campaign
limits our ability to capture seasonal or long-term temporal dynamics
influenced by factors such as temperature, hydrological conditions, and
microbial activity. Secondly, and equally important, are the inherent
simplifications of the fugacity model itself. The equilibrium-based
fugacity model does not explicitly account for kinetic processes such
as diffusion rates across the sediment-water interface or biological-
mediated transport (e.g., bioturbation). Benthic organisms can actively
resuspend sediment particles and irrigate porewater, thereby enhancing
the exchange of pollutants between solid and aqueous phases and
potentially accelerating the attainment of equilibrium or creating non-
equilibrium conditions. Our model, by operating on the principle of
equilibrium partitioning, may oversimplify these complex, time-
dependent interfacial processes. Consequently, the model’s outputs
represent a simplified estimation of the system’s state, potentially
overlooking the nuances introduced by biological and physical dy-
namics at the micro-scale. Despite these limitations, the current model
successfully provides a baseline assessment of the equilibrium state to-
wards which the system tends, and effectively identifies the primary
partitioning drivers (e.g., organic carbon content, hydrophobicity)
under the investigated conditions.

4. Conclusion

This study systematically deciphered the phase-specific environ-
mental behavior and microbiome perturbations induced by PPAHs and
SPAHs in a coking-impacted riverine ecosystem, with an emphasis on
dissemination of anthropogenic pathogenicity. Three principal findings
emerge:

(1) There were significant impacts of coking activity on the receiving
river ecosystem. ZPAHSs of water and sediment phases in midstream area
exceeded those in the upstream area by a factor of 9.9 and 4.3-fold,
respectively. OPAHs (e.g., 9,10-PheQ) dominated water samples (rela-
tive contribution: 58.8 %), while PPAHs (e.g., Fla, B[b]F, Phe) prevailed
in sediments (relative contribution: 72.5%). Ecological risk was
potentially higher in sediment phase than in water phase, with 87.2 % of
the RQ values in sediment phase exceeding the risk threshold (RQ >1),
while the exceeding rate in water phase was only 50.0 %.

(2) Fugacity fractions showed different partitioning dynamics of
PPAHs and SPAHs in water and sediment phases. Polar SPAHs (e.g.,
OPAHs and NPAHs) demonstrated water-phase enrichment (ff mean =
0.86-0.94) driven by carbonyl/nitro group-mediated hydrophilicity,
whereas hydrophobic PPAHs showed sedimentary sequestration (ff mean
= 0.65). This led to the predominance of SPAHs in water and PPAHs in
sediment phase.

(3) The different partitioning behaviors of PPAHs and SPAHs drove
different responses in microbial community in water and sediment
phases. SPAHs triggered water-phase functional specialization,
elevating a-diversity (+16 %), PAH degradation (bphA +85.8-fold), and
virulence factor genes (mecA +69-fold), while selecting pathogen-
degrader hybrids (Burkholderia-Corynebacterium consortia).
Conversely, PPAHs reduced the a-diversity of microbial communities
and inhibited genetic/environmental information processing, cellular
processes, and human disease-related pathways in benthic microbiota.

Critically, SPAHs pressure inhibited energy metabolism, promoted
pollutant catabolism, while induced dissemination of anthropogenic
pathogenicity. They stimulated the proliferation of human pathogens
(Burkholderia, Burkholderiales, and Corynebacterium) and amplified the
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abundance of genes associated with human disease (e.g., pagA, cyadA,
fimA, and mecA), highlighting an under-recognized health risk. These
findings establish a mechanistic framework for understanding contam-
inant phase partitioning-mediated microbial function shifts, offering
critical insights for environmental risk mitigation and public health
protection.

Environmental implication

PAHs and their derivatives pose significant threats to riverine eco-
systems. Yet, the dynamics of their partitioning in water-sediment sys-
tems and the subsequent impacts on river microbial communities remain
poorly understood. This study examined the distribution patterns, par-
titioning behaviors, and microbial responses of PAHs and their de-
rivatives in the water-sediment systems of a coking-polluted receiving
river. Pathogenic risks in riverine ecosystems were enhanced due to
industrial PAH emissions. The findings construct a mechanistic frame-
work for deciphering how contaminant phase partitioning drives shifts
in microbial functions, thereby providing crucial insights for mitigating
environmental risks and safeguarding public health.
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