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Abstract

This study investigates the co-occurrence of per- and polyfluoroalkyl substances (PFASs),
petroleum hydrocarbons (TPHs) and benzene, toluene, ethylbenzene, and xylene (BTEX) and
their effects on the indigenous microbial communities in soils at a contaminated site with a
history of petroleum refinery operations. PFASs concentrations were in the range of 5.65 to
6.73 ng/g, and fluorooctane sulfonate (PFOS) and perfluorobutane sulfonic acid (PFBS) were
the dominating compounds. No significant difference was observed in the PFASs concentration
profiles between the site and background locations, indicating that PFASs detected in the soil
samples were mainly contributed from non-point sources, due to the long-distance transport of
PFASs in the region. The concentrations of TPHs and BTEX ranged from 227 to 72,360 mg/kg
and 0.06 to 2109.77 mg/kg, respectively, mainly contributed by the historical refinery activities.
The presence of PFASs, TPHs, and BTEX significantly impacted soil microbial community
diversity and abundance, altering microbial compositions and enriching bacteria with higher
resistance or metabolic capabilities against contamination. Strong correlations were observed
between TPHs and its degraders such as Pseudomonas, Azoarcus, and Polaromonas.
Significant positive relationship between PFASs and Trichlorobacter implied the potential
defluorination capabilities of Trichlorobacter, warranting further investigation. Moreover, the
higher energy metabolism including carbon, nitrogen and sulfur metabolisms and higher
abundance of metabolic enzymes for alkane, cyclohexane and toluene in the refinery site
revealed the potential occurrence of natural biodegradation of contaminants with indigenous
microbial community. These findings highlight the complexity of sites contaminated with a
mixture of traditional and emerging contaminants, providing valuable insights into the potential
for biodegradation of mixed contaminants and underscoring the need for integrated approaches
in environmental remediation strategies. This study contributes to understanding the ecological
impacts of co-occurring contaminants and emphasizes the importance of considering multiple

contaminant types in environmental risk assessments and remediation efforts.
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1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are widely used in industrial and commercial
products, owing to their surface activity, water and oil repellent properties, chemical and
thermal stability. PFASs have been detected in various environmental media, such as surface
and subsurface water, industrial soils, farmland and landfill soil and plants (Wei et al., 2018)
(Chen et al., 2016; Ding et al., 2022; Wei et al., 2018; Xu et al., 2021b). Due to the broad
detections of PFASs in multiple environmental media, the concern on co-occurrence of PFASs
with other contaminants of concern has been rising on the horizon in recent years. Total
petroleum hydrocarbons (TPHs), including benzene, toluene, ethylbenzene, and xylene
(BTEX), are often accidentally released into the environment due to spills and leaks in
industrial activities such as oil refining, drilling and transportation, as well as improper disposal
practices. TPHs and BTEX in soil and groundwater posed severe threats to human health and
ecological system (Eze et al., 2021). PFASs have been reported at alarming levels with
traditional contaminants including TPHs, polycyclic aromatic hydrocarbons, chlorinated

hydrocarbons and BTEX in soil and groundwater (Tang et al., 2022; Zhang et al., 2023).

PFASs can be used as surfactants for oil drilling and fire extinguishing agents, which may cause
the presence of PFASs at refinery facilities (Li et al., 2019; Yao et al., 2022). Furthermore, it
was reported that elevated PFASs were detected in an oilfield, in which the major traditional
contaminants were TPHs and BTEX, suggesting the possibility of co-contamination with
PFASs, TPHs, and BTEX (Li et al., 2019; Meng et al., 2021). There have been many studies
of the effects on native microbial consortium resulted from long-term exposure to various
contaminants (Bao et al., 2018; Sun et al., 2016; Tang et al., 2022; Truskewycz et al., 2019).
Under natural conditions, the indigenous microbial community has the ability for degradation
of contaminants and tolerance under long-term contamination. The degrading genera for
hydrocarbons widely exists in soil and groundwater contaminated with TPHs and BTEX,
including Bacillus, Pseudomonas, OPB41 and Desulfoprunum (Khomyakova et al., 2022;
Taylor et al., 2021; Wu and Wang, 2022).



Moreover, it has been reported that the microbial consortia could survive in PFASs pollution,
such as Acinetobacter, Pseudomonas and norank p __GALI15 (Tang et al., 2022; Zhang et al.,
2023). However, the microbial community composition profile and the responses to the co-
occurrence of PFASs, TPHs and BTEX are not clear. In addition, the influence of contaminants
on shaping the community composition and the microbial metabolic activity for contaminants
under natural condition also need to be revealed, which is looking forward to providing helpful
insight for bioremediation with indigenous microorganisms. Furthermore, due to the broad
presence of PFASs in all environmental media, the ecosystem risk of PFASs on the regional
level has been a major concern. It has been reported that the regional exposure of PFASs can
influence the microbial energy metabolism, as reported by Tang et al. (2022), and the carbon
metabolism and xenobiotic metabolism via cytochrome P450 were induced under

contamination of PFASs.

In this study, the co-occurrence profiles of PFASs, TPHs and BTEX at a refinery site were
investigated and the effects of mixed contaminants on the abundance and composition of
indigenous microbial communities were explored. Moreover, the energy metabolism and
contaminants degradation analysis were conducted to study the influence of co-contaminants
on microbial community and shed lights on the implications for bioremediation of PFASs,

TPHs and BTEX.

2. Materials and methods

2.1 Study area description and soil sampling

The study area was located in the petroleum production zone at a petroleum refinery site,
located in Gansu province, China. The refinery, having a history of operation for over 30 years,
is no longer used for production. Based on our previous investigation of the horizontal and
vertical distributions of TPH and BTEX at the refinery site, two representative sampling
locations in the area were chosen: one in the area with low levels of TPHs and BTEX

concentrations (S1), and another in the source area with relatively higher concentrations of



TPHs and BTEX (S2) (Figure 1a). In addition, the control location (designated as BK), where
no contamination of TPH and BTEX was expected, was chosen to represent the background

conditions.

The subsurface stratigraphic profile was shown in Figure 1b. The geologic formations consist
of refill, silt, silty sand and coarse sand, with a groundwater level laying at approximately 7.0
m below ground surface (bgs). Groundwater flows in the direction of southeast, suggesting that
S1 is located downgradient of S2. Soil samples were obtained by a drilling rig (SM200A,
Shangming, China) at three sampling locations at 5 m bgs (labeled with S1-5, S2-5 and BK-5)
and 10 m bgs (S1-10, S5-10 and BK-10), representing soils from unsaturated and saturated
aquifers, respectively. Since the surface samples do not represent the natural soil conditions
with hard concrete and refill laid below the surface in the refinery site, no samples were
collected. All the soil samples analyzed for PFASs, TPHs and BTEX were stored in
polypropylene bags and samples for physicochemical properties analysis were collected in 250
mL brown bottles. Soil samples for microbial community analysis were collected in sterile bags.

All the samples were kept in dry ice for transportation to the laboratory for further analysis.
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Figure 1. Site layout (a) and stratigraphic profile (b) of the study area.

2.2 Determination of soil physicochemical properties

Moisture content (MC) was determined by gravimetric method before and after drying soil



samples in an oven at 105 °C for 24 h. The pH of the soil was measured by creating a mixture
of soil to distilled water (1: 5), followed by analysis with a pH meter, as outlined by Gao et al.,
(2022). Soil total nitrogen (TN) was analyzed with the Kjeldahl method (Standard LY/T 1228-
2015) and total organic carbon (TOC) was measured with the combustion oxidation
nondispersive infrared absorption method using a TOC-V CPH 200V instrument (Shimadzu,
Japan). Total phosphorus (TP), ammonium (NH4*-N), nitrite (NO>-N), nitrate (NOs™-N) and
cation exchange capacity (CEC) were determined with an ultraviolet-visible spectrophotometer
(UV-2600, Shimadzu, Japan) as described in previous study (Liu et al., 2023). Soil organic

matter (SOM) was determined according to the Standard procedure NY/T 1121.6-2006.

2.3 Analysis of PFASs, TPHs and BTEX in soil samples

In this study, 13 target PFASs, including 9 perfluorocarboxylic acids (PFCAs)
(perfluorobutanoic acid (PFBA), perfluoropentanoic acid (PFPeA), perfluorohexanoic acid
(PFHxA), perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA),
perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid
(PFUdA) and perfluorododecanoic acid (PFDoA)), 3 perfluorosulfonic acids (PFSAs)
(perfluorobutane sulfonate (PFBS), perfluorohexane sulfonate (PFHxS), and perfluorooctane
sulfonate (PFOS) and 1 novel alternatives of PFOS (6:2 chlorinated polyfluorinated ether
sulfonic acid (F-53B) were analyzed in soil samples. Soil samples for PFASs analysis were air-
dried, grounded, and sieved through a 2 mm mesh, as previously described by Xu et al. (2021a).
Briefly, 2 g of dry soil sample was spiked with 5 ng of internal standard, followed by ultrasonic
extraction with 100 mM NaOH acetonitrile-water solution serving as the extraction solvent.
The extract was cleaned using ENVI-Carb cartridges (Supelco: 250 mg, 3 mL, USA) packed
with graphite and diluted with Milli-Q water to reduce organic solvent. PFASs were
subsequently extracted by loading them through Oasis WAX cartridges (Waters: 6¢¢c/150 mg,
30 um, USA). The detailed information of standards and reagents for PFASs analysis was

provided in Text S1.

The analysis of the 13 targeted PFASs was performed with an ultra-high-performance liquid



chromatography-tandem mass spectrometer (HPLC-MS AB Sciex 5500 TripleQuad, USA),
and the PFASs separation was achieved using a C18 column (Waters: 3.0 X 100 mm, 1.7 um,
USA). The instrumental analysis parameters for PFASs were described in Text S2 and Table
S1. TPHs were analyzed according to different carbon chain length of the compounds with C6-
C10 and C10-C40. The analysis of C6-C9 fraction of TPHs and BTEX were conducted with a
gas chromatography equipped with a flame ionization detector (GC-FID) with headspace
injection (7697A-7890B GC, Agilent, USA). The C10-C40 fraction of TPHs was analyzed
using a gas chromatograph with a flame ionization detector (GC-FID) (7890B GC, Agilent,

USA) according to the methods described by Patowary et al. (2023).
2.4 Quality assurance and quality control

To ensure the accuracy and reliability of soil hydrocarbon analysis for the C6-C9 and C10-C40
fractions, including BTEX, our focused QA/QC strategy encompasses several key aspects.
Sample collection protocols are meticulously designed to prevent contamination and preserve
sample integrity. The GC-FID analytical methods are rigorously validated for precision and
accuracy, with calibration procedures employing certified standards. Quality control measures
include the utilization of laboratory blanks to monitor for any potential contamination, matrix
spikes to verify recovery rates, and duplicate samples to confirm reproducibility. Regular
instrument maintenance and comprehensive documentation of all processes, from calibration
to sample analysis, underpin the integrity of our data. This streamlined approach ensures that

our soil hydrocarbon analysis yields trustworthy and consistent results.

For the analysis of 13 target PFASs in soil samples, quality control was stringently applied
throughout the sampling and analytical processes. This involved the inclusion of blanks for
field, transport, procedure, and solvent with every batch of samples to ensure the reliability of
the results. Quantification was achieved by spiking samples with 5 ng of isotope-labeled
internal standards ('3Cs4-PFBA, '*Cs-PFHxA, '3C4-PFOA, '3C4-PFNA, 3C4-PFDA, 3Cs-
PFUdA, '3C2-PFDoA, '30,-PFHxS and '3C4-PFOS), and calibration curves were constructed

over a range of concentrations, demonstrating excellent linearity (R* > 0.99). The level of



detection (LOD) and level of quantification (LOQ) were carefully determined based on the
signal-to-noise ratios of 3 and 10, respectively. To validate the analytical results, each batch
included procedural blank samples, as well as quality control samples, with matrix spike
recoveries indicating recoveries for the PFASs ranging from 72.9% to 100.1%. This meticulous
QA/QC regimen, detailed further in Table S2, assures the reliability and validity of our

analytical outcomes.

2.5 DNA extraction and Illumina sequencing

The DNA from each soil sample was meticulously extracted employing FastDNA Spin Kits
(MP Bio, USA), following the guidelines provided by the manufacturer. To assess the quantity
of the extracted DNA, a NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies,
USA) was utilized, while the integrity of the DNA was confirmed through agarose gel
electrophoresis. The evaluation of DNA yield was based on the optical density measured at 260
nm wavelength, which is a reliable indicator of nucleic acid concentration. The bacterial 16S
rRNA gene was targeted for amplification using the well-established bacterial primer set, which
included primers 338F and 806R (Munyaka et al., 2015). The obtained data were deposited in
the NCBI Sequence Read Archive with the project number (PRINA1137589). Sequencing was
performed on the [llumina MiSeq PE300 platform (Majorbio Biotechnology Co., Ltd., China).
In the post-sequencing phase, a focus was placed on the delineation of amplicon sequence
variants (ASVs). The sequences obtained were first subjected to stringent quality filtering to
discard reads not meeting quality thresholds. Subsequent to quality control, ASVs were
determined using a pipeline that included denoising algorithms such as DADA2 or Deblur,
which are designed to recognize and correct for sequencing errors, thus enhancing the accuracy
of variant identification. The resulting ASVs were then used for comprehensive bioinformatics
analyses, including the calculation of diversity metrics and the elucidation of community

composition.



2.6 Statistical analyses

The statistical analyses in this study were conducted using R statistical software (version 4.2.1).
Differences in soil physicochemical properties were analyzed using the agricolae package
(version 1.3-5). Fisher’s Least Significant Difference (LSD) method was applied to determine
statistically significant differences among samples. Alpha diversity indices, including
community richness (Chao index) and diversity (Shannon index), were calculated with Mothur
(version v.1.30.1) based on ASVs level and differences in microbial community diversity
indices were analyzed using the Wilcoxon rank test. The beta diversity of microbial community
composition in soil samples was assessed using Principal Coordinate Analysis (PCoA) based
on the weighted UniFrac distances matrix. The Mantel tests were conducted using the using
the R software (version 3.3.1). The analyses of energy metabolism and xenobiotics
biodegradation and metabolism as well as the abundance of functional enzymes was analyzed

in PICRUSt2 based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) information.

3. Results and Discussion

3.1 Concentration of PFASs, TPHs and BTEX in soil samples

Figure 2 showed the concentration and abundance profiles of PFASs, TPHs and BTEX in soil
samples. The total concentrations of PFASs (£13PFASs) were similar, ranging from 5.65 to 6.73
ng/g across all six samples collected from three sampling locations (Table S3). No significant
differences were observed among samples at BK location (5.79-6.24 ng/g), S1 (5.65-5.96 ng/g)
and S2 locations (6.29-6.73 ng/g), indicating the ubiquitous occurrence of PFASs as regional
contamination, which could be caused by dry and wet depositions (Zhang et al., 2023). It is
worth noting that the PFASs concentrations observed in this study area were lower compared
to those observed in landfills sediment (7.91-164 ng/g), landfills soil (5.31-108.00 ng/g),
aquifer solids in a fluorochemical plant (7.65-20.20 ng/g) and soils in a farmland (maximum
641 ng/g) in previous studies (Ding et al., 2022; Liu et al., 2017; Xu et al., 2021a; Xu et al.,

2021b). Additionally, the similar PFASs composition profiles observed in both unsaturated (5



m bgs) and saturated aquifers (10 m bgs) soils suggested that PFASs can migrate from the
shallow to deep soils in the subsurface, which is consistent with our previous investigations
and indicates that PFASs pose a great concern in the subsurface, in particular to the

groundwater quality (Tang et al., 2022; Zhang et al., 2023).

There are limited reports on the vertical migration of PFASs in the subsurface. Jia et al. (2023)
reported that the highest PFAS concentrations were found in the topsoil at two plants, and PFAS
generally showed decreasing trends from shallow layers to the bottom of the soil core and
demonstrated some downward migrations at different soil depths with time. Tang et al. (2022)
demonstrated that PFASs can migrate downward showing similar concentration profiles at
different depths. However, the highest concentrations were observed at 60 meters below ground
surface, primarily due to the influence of dense non-aqueous liquid (DNAPL) co-existing at
the sampling location. Therefore, it can be stated that the spatial distributions (both horizontal
and vertical) of PFASs, like many other persistent organic compounds, are generally to be
distinctly site-specific and influenced by historic production activities of facilities, accidental
discharge and/or leakage, site hydrogeology, variations in the physicochemical properties of
compounds. We speculated that the similar concentrations detected at different depths can be
attributed to the regional contribution, which is more uniform compared to the accidental
leakage in most facilities, yet more investigations on the PFASs vertical migration trends are

needed in the near future.
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Figure 2. Concentration and abundance profiles of PFASs (a, b), TPHs (c, d) and BTEX (e,

f) in soil samples.

Notably, PFOS and PFBS were the two significant dominant compounds observed in this study,
accounting for 27.18-45.31% and 27.63-35.41% of the total PFASs detected, respectively,
followed by F-53B (an alternative of PFOS) contributing 3.10-15.74%. This was consistent
with our previous studies that the dominance of PFOS, PFBS and F-53B was observed in a
steel-manufacturing plant (Zhang et al., 2023). PFBS, an alternative of PFOS, is anticipated to
progressively rise in the coming years with the increasing usage, which may cause PFBS
dominating in the environment(Charbonnet et al., 2022). The relatively abundances of F-53B

and PFBS indicated the wide usage of substitutes, due to the banned use of PFOS (Ding et al.,



2020; Xin et al., 2018). Furthermore, it was noted that PFSAs (70.47-87.52%, primarily PFOS
and PFBS) contributed more significantly than PFCAs (12.48-29.53%, primarily PFOA and
PFBA) in the study area, which in contrast to our previous investigations where PFCAs were

the dominant substances in multiple environmental media with point sources such as industrial

parks and landfill in China (Ding et al., 2022; Tang et al., 2022; Xu et al., 2021b).

TPHs were a group of common contaminants of concern identified in refinery sites, as reported
by Vazquez et al. (2017). TPHs concentrations ranged from 227 mg/kg (in S1-5) to 72360
mg/kg (in S2-5) with long-chain TPHs (C10-C40) dominating, except for in S1-5 which had
higher abundance of short-chain TPHs (C6-C9). TPHs concentrations at BK location ranged
from 2.39 mg/kg to 33.8 mg/kg, much less than those at S1 and S2 locations, indicating that
the presence of TPHs in the study area was mainly contributed with the historical industrial
production activities at the site. The presence of TPHs at BK, albeit lower than the cleanup goal
of 826 mg/kg, indicated that the historical operational activities exerted an impact on the
environment nearby outside the site. BTEX, a group of aromatic compounds within the range
of C6-C9, were also widely present in the soil samples except at BK location. Consistent with
the profiles of TPHs, the highest concentration of BTEX was 2109.77 mg/kg in S2-5, followed
by 97.47 mg/kg in S1-10, whereas the concentration of BTEX at BK was below 1 mg/kg.
Among BTEX, xylene was the main dominating compound in all soil samples, followed by
toluene and benzene was the least abundant. The concentrations of xylene, toluene and benzene
were 0.04-1553 mg/kg, 0.02-404 mg/kg and 0-8.77 mg/kg, respectively. The abundance profile
of BTEX could be also due to the historical production as the refinery products. S2 was located
in a source area and S1 was a downgradient location, the much higher concentrations of TPH
and BTEX at S2, along with the significant differences were expected, even though they were
35 m apart. In addition, the vertical distributions of TPH and BTEX at S1 showed the
concentrations at S1-10 can be influenced by the contaminant migration from upgradient, as
well as the leaching contribution from unsaturated aquifer, while those at S1-5 tend to be
affected by leaching from shallower soils. Previous studies have demonstrated similar small-

scale spatial variability in hydrocarbon-contaminated soils (Yao et al., 2022; Zhang et al., 2023).



These results reflect the complexity of contaminant behaviors in soil environments, which can
be affected by subsurface heterogeneities, contaminant properties, historical site activities, eta.,

which pose significant challenges in delineate and remediate the plume in the subsurface.

It is noteworthy that TPHs and BTEX, typical contaminants from refineries, were primarily
found within the production area, indicating that their distribution was mainly due to
production activities. However, PFASs were observed at similar concentrations and with
similar occurrence profiles at both the BK location and the production area soils, suggesting
ubiquitous distribution. This indicated that PFASs at the site was a regional issue, not related
to the refinery activities. PFASs are capable of migrating vertically in soil and groundwater,
depending on the site geology. Our previous study reported that the PFASs detections at 60 m
bgs in a tight formation consisting of silt, silty sand (Ding et al., 2022). In addition, it was
reported that PFASs vertical migration can be affected by chlorinated aliphatic hydrocarbons,
such as trichloromethane, which formed dense non-aqueous phase liquids and carried PFAS
migrating into deep aquifer. Therefore, it was concluded that the distribution patterns of PFASs
conform the site geology and their properties. Additionally, the PFASs concentrations, ranging
from 5.65 to 6.73 ng/g, are significantly higher than samples in soil from a global survey
conducted by Rankin et al. (2016), indicating that regional PFASs contamination cannot be
ignored. Evich et al. (2022) reported that PFASs in the environment can migrate via
atmospheric movements and subsequently enter distant environments through dry and wet
deposition, and this mechanism accounts for the widespread of PFASs. Atmospheric long-
distance transport and wet/dry deposition can lead to the wide distribution of PFASs, even in
areas far from fluorochemical production industries. To the best of our knowledge, the co-
contamination of PFASs with other contaminants, including polycyclic aromatic hydrocarbons
(Nakata et al., 2006) and TPH (Meng et al., 2021), heavy metals (Zhang et al., 2023), and
chlorinated solvents (Tang et al., 2022), is widely reported. Thus, the effect of co-contamination
on the native microbial community needs further investigation, which is expected to provide

important information for in-situ bioremediation.



3.2 Effect on microbial community diversity

The Chao and Shannon indices, indicative of the alpha-diversity within the microbial
community across the six samples were shown in Figure 3a and 3b. It was found that the Ace
and Shannon indices were lower in S1 and S2 locations (except for S2-10) compared to BK
location, demonstrating that the long-term presence of TPHs and BTEX reduced the microbial
richness and diversity in soil (Wu et al., 2019). The lower Chao and Shannon indices was
observed in S1-10 and S2-5 with the high concentrations of TPHs and BTEX implied that high
concentrations of co-contaminants had an adverse effect on the microbial community, leading
to less species richness and diversity, consistent with observations reported in previous study
(Zhang et al., 2023). Moreover, the reduction on bacterial community diversity and richness
were observed with the presence of PFASs, indicating their negative effect on microbial
community (Bao et al., 2018; Sun et al., 2016). Additionally, the effects of regionally occurring
PFASs, as co-contaminants of BTEX and TPHs, on the soil health and ecological functions,

were highlighted in the study by Xu et al. (2022b).
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Figure 3. Alpha diversity with Chao index (a) and Shannon index (b) (***p<c0.001, *0.001<p
<0.01, *p=<:0.05), and beta diversity of PCoA based on weighted UniFrac scores of ASVs

level (¢) in microbial community.

The PCoA results were shown in Figure 3¢, to assess the overall variations in the microbial
community. The first and second principal coordinates accounted for 46.06% and 26.90%,
respectively. Microbial community profiles were clustered into BK, S1 and S2 three groups,
suggesting a significant difference in the compositions of microbial communities at the three
sampling locations, which fit the findings reported by Wu et al. (2023) that the microbial
community structure altered according to sampling locations in a PFASs contaminated aera.
No difference was observed in clusters at different depth for each sampling locations, consistent
with the observation of Zhang et al. (2023). Similar conclusion was drawn based on
insignificant differences of the Chao and Shannon indices of soil microbial communities
observed at both depths in the BK and S1 locations (Figure 3b). The observed significant
difference on microbial diversity among different sampling locations other than sampling depth
could be attributed by the co-contamination and soil physicochemical parameters as reported

previously (Li et al., 2017b; Zhang et al., 2023).

3.3 Microbial community compositions under co-contamination of PFASs, TPHs and
BTEX

The composition of microbial community at the genus level was shown in Figure 4 and Table
S4, offering deeper insights into the indigenous microorganisms under co-occurrence of PFASs,
TPHs and BTEX. Dominant genera varied across the three sampling locations, with
norank p GALIS5 and MB—A2—108 dominating at location BK, accounting for 10.83-12.14%
and 7.27-10.12%, respectively. The enrichment of norank p  GALI15 and MB—A2—108 with
the presence of PFASs at location BK, suggests that these genera may possess survival
strategies under PFASs stress. Similarly, Zhang et al. (2023) reported that norank p  GALIS
was dominating genus with high concentrations of PFASs and heavy metals being found,

suggesting the important potential of norank p GALI5 for resistant survival strategies to



tolerate complex contamination condition. In addition, MB—A2—108 has been reported to be a
keystone genus in a microbial community under the contamination of polycyclic aromatic
compounds and showed negative correlation with the content of PAHs (Sazykina et al., 2022;
Xu et al., 2022a), which is consistent with our study with lower TPHs and highest abundance
of MB—A2—108 observed at location BK. For S1 location, genera OPB41 and Desulfoprunum
were dominant, accounting for 13.53-15.76% and 8.62-9.50%, respectively. It has been
reported that some strains of OPB41 can utilize aromatic compounds, indicating the metabolic
ability for TPHs and BTEX at location S1 (Khomyakova et al., 2022). Wu et al. (2022) have
reported the degradation of BTEX by Desulfoprunum with sulfate reduction and methane
production under anaerobic condition. Since the limited supply of oxygen in subsurface soil,
the anaerobic degradation is an important intrinsic mechanism for biodegradation of BTEX
with native degrading microorganisms. In addition, it has been reported that Desulfoprunum

was highly enriched during the biodegradation of hydrocarbons (Taylor et al., 2021).
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Figure 4. Microbial Community compositions at the genus levels.

Unlike the microbial compositions at location BK and S1, it was worth noting that dominant
genera were distinct at different depth at location S2. It has been reported that the microbial
community compositions and abundance changed with soil depth in previous studies with

observation of co-contamination (Li et al., 2017a; Zhang et al., 2023). The difference can be



explained with extremely high concentration of TPHs in S2-5, serving as organic carbon, which
played an important role for shaping microbial community composition. Bacillus, Azoarcus,
and Polaromonas were the dominant genera in S2-5 with relative abundances of 2.25%, 7.39%
and 7.92%, respectively. In contrast, Pseudomonas and Trichlorobacter dominated in S2-10,
accounting for 15.80% and 14.34%, respectively. Bacillus has been reported with metabolic
ability for BTEX, implying the potential of natural biodegradation of BTEX at S2 (Wu et al.,
2022). Azoarcus and Polaromonas have been identified in various petroleum-contaminated
environmental media, including soil, groundwater, and sediment, indicating their potential for
hydrocarbon utilization and TPHs and BTEX removal (Kundu et al., 2023; Raittz et al., 2021;
Sperfeld et al., 2018; Wang et al., 2023). Moreover, Pseudomonas is commonly found in
contaminated soils and exhibits metabolic activity towards contaminants, such as TPH,
chlorinated hydrocarbons, with reported potential for PFASs removal (Mansur et al., 2016;
Martinez-Toledo and Rodriguez-Vazquez, 2013; Muthukumar et al., 2023). Additionally,
Trichlorobacter is a dominant genus in S2-10, which is capable to survive under high levels of
chlorinated volatile organic compounds, indicating its resistance to adverse conditions
(Hussain et al., 2023). In addition, there was significantly high concentrations of NO3™-N (2.74
mg/kg) and NH4"-N (83.1 mg/kg) detected in S2-5 as shown in Table S5, indicating the active
nitrate reduction ability of microorganisms in this community. The denitrification process in
unsaturated soil was reported previously by Luo et al. (1999) and Ma et al. (2020). Notably,
the moisture in soil was an important factor influencing denitrification, which could influence
the redox conditions the available nitrate. Ma et al. (2020) reported the denitrification of nitrate
occurred with the moisture of 17.70%, which was comparable to that of S2-5 with 11.40%,
indicating the suitable condition for denitrification of S2-5 in current study. Furthermore, the
reduction of nitrate in unsaturated anoxic soil coupled with biodegradation of TPHs, toluene
and ethylbenzene was also observed by Yang et al. (2016), implying the presence of coupled
bioprocesses. The highest TPHs in S2-5 indicating active carbon metabolism, which has been
reported that the carbon metabolism in soil contributed to the nitrogen cycling (Nelson et al.,

2016), may lead to the high concentration of NHs" observed in this study. The dominating



genera Bacillus, Azoarcus, Polaromonas in S2-5 are all reported to be involved in nitrogen

metabolism (Jang et al., 2019; Kim et al., 2005; Sperfeld et al., 2018).

Studies have also found that indigenous microorganisms have the ability to transform
precursors, resulting in the observed perfluoroalkyl acids (PFAAs) (Lewis et al., 2016b; Yi et
al., 2022). In addition, the biodegradation of PFAAs by native microbial consortium has been
reported. Tang et al. (2022) reported the microbial community under long-term exposure of
PFASs and chlorinated solvents in a contaminated site, and the biodegradation of
trifluoroacetate, PFOA and perfluoro-2-methyl-3-oxahexanoic acid (HFPO-DA) was observed
recently in a microcosm study with aquifer microbial community from the studied site (Tang
et al., 2023), suggesting the degradation potential by native microorganism. Pseudomonas was
found to be dominant with higher PFASs in the native community and then enriched during the
biotransformation of PFOA in laboratory studies (Tang et al., 2022; Tang et al., 2023). These
findings suggest the crucial role of Pseudomonas for potential of PFASs transformation, which
is promising for bioremediation of PFASs with indigenous microorganisms. Furthermore, the
genera Bacillus, Pseudomonas, Polaromonas and Trichlorobacter were reported to have
enzymes which may be involved in PFASs transformation, including reductive dehalogenase,
cytochromes P450, fluoroacetate dehalogenase and alkane monooxygenases (Hu and Scott,

2024), underlying their importance in the potential biodegradation of PFASs.

In summary, the structure and composition of microbial communities are the result of many
influencing factors, including soil physical and chemical properties, co-contaminants
composition and contamination level. And in turn, the specific microbial composition can react
to soil metabolism, especially the biotransformation of contaminants that we are concerned

about.

3.4 Identification of key factors influencing microbial community under co-

contamination

The correlations of co-contamination and environmental factors on microbial compositions



were shown in Figure 5 and Table S6. It was observed that PFASs exhibited a significantly
positive relationship with Trichlorobacter. A strain of Trichlorobacter was reported to be able
to grow via reductive dechlorination of trichloroacetate (De Wever et al., 2000). Moreover, the
potential role of reductive dehalogenase for defluorination was suggested by Hu and Scott
(2024), indicating that Trichlorobacter may have the potential for defluorination, which
warrant further investigation. Genera significantly associated with TPHs were Bacillus,
Azoarcus and Polaromonas. Previous studies have reported that several Bacillus strains can
degrade hydrocarbons and crude oil through oxidation pathway to generate alcohols and acids
in the environment (Roy et al., 2018; Van Beilen and Funhoff, 2007). Moreover, Bacillus can
enhance the removal of petroleum hydrocarbons by producing biosurfactants to increase the
bioavailability of petroleum hydrocarbons (Zhang et al., 2023). Azoarcus can use aromatic
hydrocarbons as metabolic substrates, and use nitrate as electron acceptor to degrade organic
hydrocarbons along with nitrogen cycling (Raittz et al., 2021; Sperfeld et al., 2018). In addition,
Azoarcus, which has been identified as a dominant genus at sites contaminated with aromatic
compounds, has been found to play a significant role in the degradation of BTEX (Sperfeld et
al., 2018; Tancsics et al., 2013). Similarly, Polaromonas can metabolize straight-chain alkanes
and aromatic hydrocarbons with genes encoding the alkane-monooxygenase AlkB and
CYP450 enzyme families (Jurelevicius et al., 2022). Furthermore, it has been reported that
Bacillus and Azoarcus can achieve BTEX removal by secreting surfactants or by catalyzing
complete or non-complete mineralization of monocyclic substances (Djokic et al., 2011;
Salmazo et al., 2023; Surendra et al., 2017; Wongbunmak et al., 2020), indicating their

important role in BTEX degradation.
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Figure S. Correlations among Top 15 microbial genera with PFASs, TPHs and BTEX (a) and

with soil physicochemical properties (b).

In addition to the effect of co-contamination, the correlations observed between microbial
genera and soil physicochemical properties such as SOM, NH4", and NOs indicated the
influence of these factors on microbial community compositions (Figure Sb). Specifically,

genera such as Bacillus, Azoarcus, and Polaromonas, known for their ability to degrade TPHs



and BTEX, showed positive correlations with SOM. Notably, the significant correlations
between these genera with TPHs was also observed, which has been discussed above, suggests
that the presence of TPHs and SOM contributed together to the presence of these genera.
Further to this, the positive correlation between NH4" and Trichlorobacter, Bacillus, and
Polaromonas, revealed a potential role of these genera in utilizing nitrate as an electron
acceptor during the biodegradation of TPHs. Moreover, the nitrogen metabolism ability of
Bacillus, Polaromonas has been reported (Jang et al., 2019; Kim et al., 2005). In addition,
Sorokin et al. (2023) have reported that strains of 7richlorobacter can grow with nitrate serving
as electron acceptors to from ammonia. Gaiella, Desulfoprunum and OPB41 were negatively
associated with TP, and pH also was a significant influencing factor for presence of
Desulfoprunum and OPB41. It has been reported that pH and nutrient (phosphorous and nitrate)
had significant effects on the bacterial flora of the dominant bacterial species (Zhang et al.,
2018), suggesting the importance of nitrogen metabolism in the biodegradation of co-

contaminants under natural condition.

3.5 Implication for bioremediation of PFASs and hydrocarbons co-contamination

Contamination of TPHs and BTEX are widespread, and the microbial degradation metabolic
pathways for these pollutants have been extensively confirmed, providing a typical example of
environmental remediation mechanisms evolved by microorganisms under environmental
stress and other biological processes, including nitrogen and sulfur cycling (Cunningham et al.,
2001; Zhang et al., 2018). To further explore the potential biodegradation of mixed
contaminants, the energy metabolisms and xenobiotics biodegradation and metabolism were
selected from pathway level 3 (PICRUSt2) (Figure 6a and Table S7). The metabolism of
carbon, nitrogen and sulfur were selected as the relevant energy metabolisms. It is worth noting
that the abundances of energy metabolisms were highest in S2-5, followed by those in S2-10
and S1-5, suggesting the microbial energy metabolisms were enhanced with higher TPHs and
BTEX in these samples. It has been reported that there exist active nitrogen and sulfur cycle

during the biodegradation of BTEX and TPHs with enhanced carbon metabolism with



indigenous microorganisms (Chakraborty et al., 2005; Eziuzor et al., 2022).
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Figure 6. Abundance of energy metabolism and xenobiotics biodegradation and metabolism
(a) and abundance of functional enzymes involved in three substrates metabolism based on

PICRUSt analysis (b).

In addition, the abundance of xenobiotics biodegradation and metabolism was similar to the
energy metabolism, indicated that there exists active biodegradation of contaminants in the
samples with high TPHs and BTEX concentrations under natural conditions. Among
xenobiotics biodegradation and metabolism, the abundances of aromatic compounds and
benzoate degradation were much higher than others, suggesting that the active degradation of
total BTEX. Benzoate is one of the metabolic intermediates of cycloalkanes and BTEX and the
highest abundance of degradation of benzoate was also observed in previous study (Li et al.,
2022). Notably, Cytochrome P450, a group of enzymes facilitating important ability for organic
contaminants biodegradation including chlorinated solvents, aromatic hydrocarbons (Lin et al.,
2022) as well as the potential for PFASs transformation (Hu and Scott, 2024) was also higher
inin S2-10, S2-5 and S1-5. Commichau et al. (2006) reported that the presence of contaminants
could domesticate microorganisms with specific functions to enhance their resistance to

environmental stress, resulting in high tolerance and metabolic capacity. The same conclusion



was also drawn in another study conducted by Tang et al. (2022), in which the abundances of
energy metabolism and contaminants degradation pathways (Cytochrome P450 and
chloroalkane and chloroalkene degradation) in co-contaminated groundwater samples were

significantly higher than those in the background wells.

The biodegradation pathways and involved functional enzymes of toluene, alkane and
cyclohexane were well addressed by Li et al. (2022). Toluene was chosen as the model
chemicals for BTEX and alkane with cyclohexane for TPHs to further investigate the
biodegradation activities of BTEX and TPHs under natural condition in this study based on
PICRUSt analysis (Figure 6b and Table S8). Among the functional enzymes, monooxygenase
[EC: 1.14.13-] was the crucial enzyme for the degradation of toluene as well as other BTEX,
with the significantly higher abundance in S1-10, S2-5 and S2-10 and higher concentration of
BTEX were observed in these samples. Previous studies have confirmed the presence of
monooxygenase in Bacillus, Azoarcus and Polaromonas (Deng et al., 2020; Hou, 2006;
Nishino et al., 2013), which were also dominating in this study area. Furthermore, the potential
role of monooxygenases involving in PFASs transformation was recently reviewed by Hu and
Scott (2024). It has been reported that two strains possessing butane and alkane
monooxygenases are able for defluorination of FTOHs and 6:2 polyfluoroalkyl phosphates
through multiple-CF2-groups elimination to form shorter-chain PFCAs (Lewis et al., 2016a;
Lewis et al.,, 2016b). Moreover, the gene copy number of alkB, encoding alkane
monooxygenase was positively correlated with high levels of fluoride released from
biodegradation of FTOHs and 6:2 polyfluoroalkyl phosphates. These findings indicated the
potential occurrence of biodegradation for TPHs, BTEX and the potential PFASs
biodegradation capability evolving in indigenous microbial communities possessing functional

enzymes.

Among the functional enzymes for degradation of cyclohexane, Adipate-CoA ligase [EC:
6.2.1.-] was the highest one, and it was reported that the long-chain-fatty-acid-CoA ligase in

Adipate-CoA ligase was found in Bacillus (Zheng et al., 2018), which was the dominating



genus with highest concentration of long-chain TPHs (C10-C40) in S2-5. This result was
consistent with the finding that Bacillus showed significant relationship with TPHs in section
3.4, indicating the role of Bacillus for the biodegradation of TPHs in this study. In addition, the
relative abundance of functional enzymes involved in cyclohexane metabolism at S1 and S2
locations were significantly higher than those at BK location, revealing the potential of active
degradation under natural conditions. The enzymes EC: 1.1.1.1 and EC: 1.2.1.3, which are
responsible for transformation of alkane to aldehyde and fatty acid, respectively, were the most
and second abundant enzymes in alkane biodegradation and this finding was consistent with

previous study (Li et al., 2022).

Although it has been reported that PFASs are difficult to degrade by microorganisms due to the
high strength of C-F bond, there have also been studies that have reported defluorination
behaviors of PFASs. Jaffe et al. have carried out a series of studies on the biodegradation of
PFOA by a pure culture Acidimicrobium sp. strain A6 under ammonium oxidation and iron
reduction processes (Jaffe et al., 2024; Ruiz-Uriguen et al., 2022; Sima et al., 2023). Moreover,
the stimulated biotransformation of 6:2 fluorotelomer thioether amido sulfonate under nitrate-
reducing condition has been reported by Yi et al. (2022), implying the complex interactions
between biological processes and PFASs metabolism. Furthermore, the defluorination of
PFASs with indigenous microbial community from long-term PFASs-contaminated site was
observed with noticeable fluoride releasing by Tang et al. (2023), suggesting the degradation
potential by native microorganism. All these findings provided valuable insights for the
possibility of PFASs bioremediation. Moreover, the genera Polaromonas, Bacillus, Azoarcus
and Pseudomonas observed with high abundance in this study are also reported to be involved
in PFASs metabolism as discussed (Section 3.3). Finally, some potential metabolic enzymes
involved in PFASs biotransformation were also revealed, including haloacid dehalogenases,
reductive dehalogenases, cytochromes P450, alkane and butane monooxygenases (Hu and
Scott, 2024). Notably, cytochromes P450 and monooxygenase are also important enzymes for
biotransformation of hydrocarbons, and their higher abundances were observed in this study

with higher concentration of hydrocarbons, suggesting the enhanced expression of these



enzymes under contamination of hydrocarbons, which is looking forwards to being beneficial

for PFASs transformation.

4. Conclusions

This study sheds light on the impacts of co-occurrence of PFASs, TPHs, and BTEX on native
microbial consortia at a refinery site with varying depths. The results revealed that PFASs were
primarily sourced from non-point pollution, while TPHs and BTEX concentrations exhibited
significant variations due to historical refinery activities. The presence of these co-
contaminants significantly altered the microbial community structure, favoring bacteria with
enhanced resistance or metabolic capabilities. Moreover, the analysis of energy metabolism
and functional enzymes for TPHs and BTEX biodegradation provides insights into the
microbial mechanisms involved in contaminant degradation, with cytochrome P450 and alkane
monooxygenases playing important role not only in hydrocarbons but also in PFASs
transformations. Overall, this study contributes to advancing our understanding of the
ecological impacts of co-occurring contaminants and provides crucial insights for soil health
and its ecological functions. Furthermore, our findings demonstrated the need for integrated
approaches to address the challenges posed by complex contaminant mixtures in soil
environments, paving the way for more effective and sustainable remediation solutions in

contaminated sites.
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