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ABSTRACT

6:2 fluorotelomer sulfonate (6:2 FTS), an alternative for PFOS, has become an
environmental concern due to its toxicity. This study investigated the aerobic
biotransformation of 6:2 FTS under sulfur-limiting conditions using an enrichment
culture, SXCO1. The enriched culture achieved > 99.5% degradation of 6:2 FTS at
initial concentrations of 0.5, 2.5, and 5 mg/L within 14 days, with notable
corresponding defluorination ratios of 77.2%, 28%, and 16.8%, respectively. Eleven
transformation products were identified and quantified over time, and the accumulation
of intermediate product 6:2 FTUCA suggested that its further degradation may
represent a rate-limiting step. Furthermore, the production of PFHxA is more
significant than that of PFBA, suggesting the transformation of 6:2 FTUCA via 5:2
sFTOH pathway is more dominant than the other proposed alternative pathway.
Metatranscriptomic analysis revealed the upregulation of key genes associated with
desulfonation (e.g., ssuEADCB cluster, cysl, sbp, iscS) and defluorination (e.g., ladA,
dehH, crcB, dhaA), indicating a synergistic metabolic network driving 6:2 FTS
biotransformation. Active genera identified included Brucella, Rhodococcus, and
Pseudoclavibacter. Moreover, the predominant Brucella anthropi SX009 was
successfully isolated and shown to completely degrade 6:2 FTS within 14 days. This

study provides novel insights into the mechanisms of 6:2 FTS biotransformation.

KEYWORDS: PFAS, 6:2 FTS, Biodegradation, Biotransformation pathway,

Defluorination, Upregulated gene, Metatranscriptomic analysis

Synopsis

This study applied an integrated approach using an enrichment culture and
metatranscriptomic analysis to investigate the 6:2 FTS biotransformation mechanism,
revealing key pathways and potential functional genes involved in desulfonation and

defluorination.
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1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are a group of synthetic organofluoride
chemicals where all (per-) or nearly all (poly-) carbon atoms are fluorinated, except the
terminal functional group.' 6:2 Fluorotelomer sulfonate (6:2 FTS) is a poly-fluoroalkyl
substance composed of a six-carbon fluorotelomer chain in which alpha and beta
carbons are hydrogenated. It is increasingly used as a replacement for traditional PFAS
compounds, such as perfluorooctanoic acid (PFOA), Perfluorooctane sulfonate (PFOS),
and perfluorohexane sulfonate (PFHxS), particularly in aqueous film-forming foam
(AFFF) products.? 6:2 FTS is a significant component of AFFF products,’ frequently
applied for controlling hydrocarbon-based fires in airports and military training bases.*
In addition, 6:2 FTS serves as a repellent and surfactant in paints, coatings, adhesives,
waxes, and polishes that are used on surfaces such as paper, metal, wood, textiles, and
leather.” Consequently, 6:2 FTS has been extensively found at AFFF and industry-
impacted sites, as well as in adjacent terrestrial and aquatic ecosystems.® For example,
6:2 FTS concentration of 2,101 pg/kg was reported in soil near Flesland Airport's fire-
drill training area,’” and 14,600 pg/L in groundwater was detected at Wurtsmith Air

Force Base.?

For the effective removal of 6:2 FTS from aqueous solutions, different physical and

chemical approaches have been demonstrated, such as nanofiltration,” UV irradiation, '

11,12 14,15

electrochemical oxidation, sonolysis'® and other advanced oxidation processes.
However, these approaches are expensive and may be challenging to apply under field
conditions. In contrast, bioremediation, which proved to be cost-effective,
environmentally friendly, and sustainable, has been explored for the degradation of 6:2

FTS. Previous studies have investigated the biodegradation of 6:2 FTS using pure

bacterial strains (e.g., Dietzia aurantiaca J3, Rhodococcus jostii RHA1, and Gordonia



sp. NB4-1Y),'®!® and mixed microbial communities from activated sludge,'” river
sediment,?® and landfill leachate.?! Major stable biotransformation products of 6:2 FTS,
polyfluorinated compounds such as 5:3 fluorotelomer carboxylic acid (5:3 FTCA), 6:2
fluorotelomer carboxylic acid (6:2 FTCA), and short-chain perfluoroalkyl carboxylates,
such as perfluoropentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA),
perfluoroheptanoic acid (PFHpA), and perfluorobutanoic acid (PFBA), were reported.
However, these products have different molar yields and detection frequencies.!®2? Yet
there is still a major data gap in the 6:2 FTS biodegradation pathway, and intermediate
production profiles over time may provide further insight for the exploration of 6:2 FTS

biotransformation pathways.

The availability of sulfur, an essential element for cell growth,'® is crucial for bacterial
growth prior to the desulfonation of 6:2 FTS breakdown, which can provide additional
sulfur in the microcosm. Bacteria may induce expression of alkanesulfonate
monooxygenase to obtain sulfur from organosulfur compounds for biosynthetic
processes,”> whereas its expression may suppressed in the presence of readily
assimilable alternative sulfur sources.'® It has been reported that aerobic
biotransformation of 6:2 FTS by pure culture of Gordonia sp. NB4-1Y and
Pseudomonas sp. D2 only occurs when these organisms are cultivated under sulfur-
starvation conditions,!”** highlighting the importance of sulfur-starvation conditions
for initiating 6:2 FTS biotransformation.?> The desulfonation of 6:2 FTS was facilitated

by alkanesulfonate monooxygenase,!'¢-1%2°

and an FMNH;-dependent monooxygenase
enzyme was recognized for its ability to cleave the carbon-sulfur bond by

alkanesulfonates.?® To date, the enzymes responsible for the desulfonation of 6:2 FTS

remain unknown and unidentified.



Moreover, microbial defluorination of 6:2 FTS requires the cleavage of carbon-fluorine
bond, a process that can be initiated by the defluorination enzymes. Dehalogenases and
oxygenases are capable of removing halogens from halogenated aliphatic compounds.
For instance, haloacid dehalogenase can degrade a broad spectrum of chlorinated,

brominated, and fluorinated compounds,>’%’

and cytochrome P450 monooxygenase
can transform fluorinated drugs.>®3! Previous studies have demonstrated that butane
monooxygenase and alkane monooxygenase, expressed by Pseudomonas oleovorans
and P. butanovora, can defluorinate 6:2 polyfluoroalkyl phosphates (6:2 PAPs) as well
as 4:2, 6:2, and 8:2 fluorotelomer alcohol (FTOHs).*?** Further research is required to

understand the role of dehalogenases and oxygenases in the biotransformation of 6:2

FTS.

In this study, we hypothesized that an acclimatized aerobic microbial community can
perform effective biotransformation of 6:2 FTS under sulfur-limiting conditions. The
objectives of this study are to (1) evaluate the 6:2 FTS biodefluorination efficiency, (2)
elucidate the biodegradation pathways and identify the rate-limiting step in the
metabolic processes, and (3) identify potential functional genes responsible for 6:2 FTS
desulfonation and defluorination through metatranscriptomics analysis. This study
represents the first investigation of 6:2 FTS biotransformation by an acclimatized
enrichment  culture under sulfur-limiting conditions, incorporating a
metatranscriptomic approach, which may provide a potential pathway for mitigating

PFAS-contaminated environments in the future.



2. Materials and Methods

2.1. Soil samples and chemicals

Soil samples were collected from a pesticide manufacturing site with a production
history of over 16 years, at the depth of 1-5 m below ground surface (bgs) using a
drilling rig (SM200A, Shangming, China). The total PFASs concentrations of 13
PFASs compounds (X13PFASs) range from 11.21 to 81.86 ng/g dw, and the detected
6:2 FTS concentration was in the range of 0.07 to 0.135 ng/g dw in soil. It was assumed
that the microbial consortia at the site would evolve with the potential for 6:2FTS
biodegradation due to long-term exposure to PFASs. The collected soil sample were

stored at 4°C before conducting the biodegradation study.

The standard chemical of 1H, 1H, 2H, 2H-Tridecafluorooctane-1-sulfonic acid (6:2
FTS) (CsHsF1303S, CAS: 27619-97-2, 98%, Macklin) were purchased from Sigma-
Aldrich (St. Louis, USA) and prepared as a 1000 mg/L stock solution using ultrapure
water (18.2 MQ-cm) from the Milli-Q synthesis A10 system (Millipore, USA). Sulfur-
free acetate (SFA) medium'®!” consists of KH2PO4, KoHPO4, NH4Cl, NaCH3;COO,
MgCly, CaClo. 2H,0, the Wolin vitamin mix, and sulfur-free trace elements.!®!”
Detailed media compositions are provided in Supplementary Information (SI), Text S1.

All chemicals were analytical grade or higher and were purchased from Aladdin

(China).

2.2. Acclimatization of enrichment culture

Five grams of soil sample were enriched in 100-mL Erlenmeyer flasks containing 50
mL of SFA medium, initially spiked with 1 mg/L of 6:2 FTS as the sole sulfur source.
To maintain aerobic conditions and minimize volatilization, flasks were covered with

a hydrophobic PTFE membrane film. Enrichments were incubated at 30°C and shaking
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at 160 rpm, and 2% transfer (v/v) of the culture was conducted every 14 days.
Enrichment culture were successively transferred to freshly prepared SFA medium with
stepwise increases in 6:2 FTS concentrations at 3, 5, 10, to 25 mg/L, where 6:2 FTS
served as the sole sulfur source. Transfers were made once at each concentration prior

to being increased to the next level.

The degradation of spiked 6:2 FTS was monitored using LC-MS/MS, while fluoride
release was measured at regular intervals using an ion-selective electrode. Details of
the enrichment process and consortium stability are provided in Text S2 and Fig. S1.
The resulting enrichment culture, designated as SXCO1, utilized 6:2 FTS as the sole
sulfur source, but it did not support the growth when 6:2 FTS was used as the sole
carbon source (Fig. S2). We further evaluated the consortium growth in SFA medium
supplemented with 6:2 FTS (5 and 25 mg/L), with or without MgSO. (0.165 g/L,
replacing MgClz in the original medium). The results demonstrated that 6:2 FTS could
serve as a sulfur source (Fig. S3). Notably, the addition of MgSO. enhanced growth at
both concentrations of 6:2 FTS, suggesting that the culture growth remained under

sulfur-limited conditions and 6:2 FTS did not exert inhibitory effects on culture growth.

To prepare SXCO1 inoculum, the consortium was cultivated in SFA medium
supplemented with MgSOg as the sulfur source. After cultivation, 50 mL cultures were
centrifuged at 11,000 rpm for 14 minutes. The resulting cell pellets were rinsed three
times with 50 mL phosphate-buffered saline (PBS), then resuspended in PBS to an
optical density at 600 nm (ODsoo) of 1.0 = 0.1, and used as inoculum for subsequent
experiments. Growth of the enrichment culture was monitored by measuring ODsoo, as

presented in Fig. S4.



2.3. Biotransformation experiments of 6:2 FTS under sulfur-limiting conditions

Aerobic biotransformation experiments were conducted in 150-mL Erlenmeyer flasks
filled with 80 mL of SFA medium. Inoculation of the consortium with different
concentrations of 6:2 FTS as the sole sulfur source was labelled as biodegradation,
whereas without 6:2 FTS, it was labeled as blank. Corresponding sterile controls were
prepared with 6:2 FTS in the same manner but not inoculated with the consortium. All
treatments were set up in triplicate. Details of experimental conditions are presented in
Table S1. Four different concentrations of 6:2 FTS 0.5 mg/L (1.17 uM), 2.5 mg/L (5.84
uM), 5 mg/L (11.68 uM), and 25 mg/L (58.39 uM) were used in this study.
Corresponding earlier research on PFAS biotransformation, e.g., 0.1 mg/L, 1.0 mg/L,
10 mg/L, 100 mg/L, and 200 mg/L of PFOA/PFOS by Acidimicrobium sp. A6,** 15.2
mg/L of 6:2 FtTAoS, 0.04 mg/L of 8:2 FtTAoS, and 0.003 mg/L of 4:2 FtTAoS in
AFFF at Ellsworth Air Force Base,* 25.69 mg/L of 6:2 FTS by Gordonia NB4-1Y,%
20 mg/L of 6:2 FTS by Rhodococcus jostii RHA1,'® and 1.3 mg/L of 6:2 FTS in
Brandywine river sediment at Pennsylvania,?® supporting the relevance of the
concentration in our study. The experimental flasks were incubated in an orbital shaker
at 30 °C and 160 rpm for 28 days. Aliquots of 3.0 mL samples were collected at 0, 3,
7, 14, 21, and 28 days of incubation, centrifuged, filtered, and stored at -20 °C for

further analysis.

2.4. Analytical methods

2.4.1. Analysis of 6:2 FTS and its biotransformation products

1.3¢ with minor

Samples were extracted using the method described by MacKay et a
modifications. Briefly, the samples were processed using a solvent mixture comprising

50% methanol, 30% acetonitrile, and 20% water and centrifuged at 16,000 xg for 14



minutes at 4 °C. The resulting supernatants were filtered through 0.22 um
polypropylene sterilized syringe membranes, transferred to polypropylene (PP) HPLC

tubes, and stored at -20 °C until LC-MS analysis.

The concentrations of 6:2 FTS were quantified using ultra-high-performance liquid
chromatography coupled with a triple-quadrupole mass spectrometer (LC-MS/MS AB
5500 Sciex, Framingham, MA, USA). The target biotransformation products of 6:2
FTS analytes are summarized in Table S2. The target and non-target intermediate
products were identified using LC-MS/MS AB 5500 and liquid chromatography
quadrupole time-of-flight mass spectrometer LC-QTOF-MS, XS500R (Sciex,
Framingham, MA, USA). The instruments were operated in a multiple reaction
monitoring mode (MRM) using negative electrospray ionization (ESI). The
transformation products were quantified using LC-MS/MS AB 5500. For the analysis,
an ACQUITY UPLC BEH C18 analytical column (100 mm X 3.0 mm, 1.7 um, Waters,
MA, USA) was employed to separate 3 puL of the injected diluted sample. Gradients of
mobile phase A (2 mM of ammonium acetate) and mobile phase B (acetonitrile) were
used for sample separation. The solvent gradient, MRM conditions, and instrumental
parameters used in the targeted method are detailed in Tables S3 and S4. Limits of
detection (LOD) for the targeted PFASs were determined based on a signal-to-noise

(S/N) ratio of 3 and are provided in Table S5.

Data acquisition and processing for targeted and non-targeted analysis were performed
using SCIEX OS software (version 1.5). The extracted ion chromatogram (XIC) library
was used for non-target product screening. The following parameters were set, such as
mass error (<5 ppm), mass range (100-400 m/z), retention time (RT) (0-12 min), and

peak area (> 10%) during the non-target analysis.



2.4.2. Fluoride determination

Concentrations of fluoride ions in the liquid sample were determined by an ion-
selective electrode (ISE, Sanxin). The ISE was calibrated before each measurement
following the manufacturer's instructions. For the sample determination, samples were
diluted with an equal volume of total ionic strength adjustment buffer (TISAB) to
ensure constant ionic strength throughout the measurements. The detection limit of
fluoride ions was 0.025 mg/L. The defluorination ratio of 6:2 FTS was calculated as
follows:

Defluorination ratio (%)

Maximum fluoride formation

= X 1009
6:2 FTS conc.in control X number of F in one molecule %

2.5. Metatranscriptomic analysis

Metatranscriptomic sequencing analysis was employed to investigate the active
microbial community and functional gene expression profiles during 6:2 FTS
biotransformation. Microbial samples were collected from a duplicate biodegradation
experiment using 5 mg/L of 6:2 FTS, where 6:2 FTS biodegradation and fluoride
release closely mirrored those observed in the main study. 10 mL of samples were
collected in triplicate on Days 0, 7, and 14. Samples from Days 7 and 14 represented
the active transformation phase of 6:2 FTS, while Day 0 was used as the control.
However, the Day 14 sample did not pass the RNA quality control and was therefore

excluded from sequencing.

Collected samples were filtered through 0.22 pm sterilized membrane filters and
immediately transported to MajorBio (Shanghai, China) for total RNA extraction,
rRNA removal, and library preparation. RNA was extracted and purified using a Soil

RNA Extraction Kit (Majorbio, Shanghai, China), following the manufacturer’s

10



protocol. RNA integrity and concentration were assessed using an Agilent 5300
Bioanalyzer and a Qubit 2.0 Fluorometer. Library construction was performed using
the Illumina Stranded mRNA Prep Kit, with rRNA depletion conducted using the

RiboCop Kit, followed by sequencing on an Illumina NovaSeq Xplus platform.

Raw reads were quality-filtered using fastp,’” and rRNA sequences were removed by
aligning reads to the SILVA database via SortMeRNA.*® De novo transcriptome
assembly was performed with Trinity,? and redundant sequences were clustered with
CD-HIT* to generate a non-redundant Unigene set. Open reading frames (ORFs) were
predicted using TransGeneScan.*! Gene expression levels were quantified using RSEM.
Differentially expressed genes (DEGs) were identified using DESeq2** (log2-fold
change > 2, P-adjust < 0.05). Taxonomic annotation was performed against the NCBI
NR database using DIAMOND,* while functional annotation was conducted using the
KEGG database. Further details of the metatranscriptomic analysis are provided in Text
S3. The raw sequencing dataset has been deposited in the NCBI database using the
BioProject accession number PRINA1176362. This integrative approach provided a
robust framework for elucidating the functional potential of microbial communities,
particularly regarding their roles in biotransformation, desulfonation, and
defluorination pathways. It is also worth noting that the analysis focused on the

bacterial community only, and other domains were not considered in the current study.
2.6. Identification and evaluation of 6:2 FTS degradation potential of pure
bacterial cultures

Post the metatranscriptomic sequencing analysis, single bacterial strains were isolated
from SXCO1 using the dilution plate technique. The enrichment culture was diluted and

plated out on LB agar media, and individual bacterial colonies showing distinct
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morphological characteristics on agar media were isolated and purified by performing
three successive streaks on the same medium. A pure bacterial strain of Brucella
anthropi SX009 was isolated through 16S rRNA gene sequencing by the Sanger
method. DNA extraction and sequencing were performed by MajorBio (Shanghai,
China). Genomic DNA was extracted using the Fast DNA Spin Kit (MP Biomedicals,
USA) following the manufacturer's protocol. The 16S rRNA gene was amplified using
bacterial  primers  27F:  AGAGTTTGATCCTGGCTCAG and  1492R:
GGTTACCTTGTTACGACTT. The purified PCR products were sequenced, analyzed
through BLAST on NCBI, and deposited in the NCBI database under GenBank
accession number PQ357575.1. A phylogenetic tree was constructed using MEGA 11
to determine the sequence similarity of SX009 with closely related species. The
sequences were aligned using Muscle, and the tree was constructed with 1,000

bootstrap replicates using the Neighbor-Joining method.

6:2 FTS biodegradation by pure bacterial strains was tested using the same process
described in 2.3. The inoculation of pure bacterial strain with 6:2 FTS (5 mg/L) as the
sole sulfur source was marked as biodegradation, whereas without 6:2 FTS, it was
labeled as blank. The sterile controls were prepared with 6:2 FTS in the same manner,
but not inoculated with the bacteria. All treatments were set up in triplicate. The
experimental flasks were incubated in an orbital shaker at 30 °C and 160 rpm for 28
days. Aliquots of 2.0 mL samples were collected at 0, 3, 7, 14, 21, and 28 days of
incubation, centrifuged, filtered (0.22 um PP sterilized syringe membrane), and tested
for degradation and defluorination. The growth of the strain was monitored via ODsoo.
The growth curve analysis of Brucella anthropi SX009 in the SFA medium (Fig. S5)
showed doubling times of 51 hours with 6:2 FTS and 141 hours without 6:2 FTS, likely

due to the absence of an accessible sulfur source, which might limit the growth.
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2.7. Data analysis

All samples were analyzed in triplicate, and results are presented as the mean + standard
error. Experimental data were processed using Microsoft Office 2019 (Microsoft Co.,

USA), and plotting was performed using OriginPro 2024 (OriginLab, MA, USA).

3. Results and Discussion

3.1. Degradation and defluorination of 6:2 FTS under sulfur-limiting conditions

The decay in 6:2 FTS concentrations and the corresponding defluorination ratio by the
consortium under sulfur-limiting conditions were evaluated across four different initial
concentrations (0.5, 2.5, 5, and 25 mg/L) over 28 days (Fig. 1 and Fig. S6). The
degradation efficiencies of 6:2 FTS observed were 97.2%, 97.1%, and 75.5%,
respectively, at the initial concentrations of 0.5, 2.5, and 5 mg/L within the first 7 days.
The degradation efficiencies increased significantly, exceeding 99.5% across all three
concentrations by day 14. The 6:2 FTS degradation efficiency was 31.5% at the initial
concentration of 25 mg/L, much lower than those observed at lower initial
concentrations. The slower degradation observed at the highest concentration may be
attributed to the potential toxicity of fluoride ions released during C—F bond cleavage.
Fluoride can inhibit microbial activity by interfering with essential enzymatic functions,
thereby limiting further biodegradation of PFAS and other organofluoride
compounds.***® In contrast, almost no degradation occurred in the control where

consortium was absent (Fig. S6).
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Fig. 1. Degradation efficiency and defluorination ratio of 6:2 FTS at different
concentrations in the microcosm by consortium SXCO1. The degradation efficiency of
6:2 FTS is represented with solid lines, and the percent defluorination data are

represented with dashed lines. Error bars represent the standard error of triplicate.

The half-lives were 1.5, 4.0, and 5.1 days for the near-complete degradation of 6:2 FTS
observed at initial concentrations of 0.5, 2.5, and 5.0 mg/L after 3, 7, and 14 days of
incubation. The degradation rates observed in the current study are much higher than
those reported for microbial consortium cultures in previous studies, where several
months were required to degrade 6:2 FTS (Table S6). For example, a consortium
obtained from AFFF-impacted soil could completely degrade 6:2 FTS at 1.7 mg/L after
224 days.*” Examples of consortia enriched from landfill leachate achieved 21% of 6:2
FTS degradation at 0.65 mg/L after 60 days,’ 98.1% of 6:2 FTS at 1.3 mg/L after 90
days,?’ and 36.3% of 6:2 FTS at 2.6 mg/L after 90 days.'® It has been reported that the
availability of alternative sulfur sources, such as inorganic sulfur rather than
organosulfur in sludge, sediment, or soil may affect the degradation rates of 6:2 FTS in

mixed consortia.>> The metabolism of 6:2 FTS may be biologically favored, when
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readily assimilated inorganic sulfur sources are absent in the medium.*® Microbes
preferentially utilize organosulfur compounds in the absence of alternative sulfur
sources, as demonstrated in Gordonia sp. NB4-1Y when grown with 6:2 FTS.* We
speculate in the current study that the absence of readily available inorganic sulfur
sources has contributed to the higher 6:2 FTS degradation rates observed compared to
those reported in previous studies. Bacteria may have evolved degradation activity as
an adaptive response to prolonged contaminant exposure and nutrient-limiting
conditions, where the contaminant may serve as essential elements and energy.’® Such
adaptation likely conferred a selective advantage by enabling access to essential

nutrients.

The generation of fluoride ions is one of the most important evidence of the
biodegradation of PFAS compounds.***! In consortium-treated biodegradation groups,
a noticeable increase in fluoride ion generation was observed over time, reflecting
effective defluorination of 6:2 FTS. At lower initial concentrations of 0.5, 2.5, and 5
mg/L, the defluorination ratios at day 14 were 77.2%, 28% and 16.8%, respectively,
increasing to 87.2%, 35.5%, and 23.8% by day 28. In contrast, at 25 mg/L, the
defluorination ratio was 7.9% at day 14, which slightly increased to 9.7% by day 28
(Fig. 1). No F generation was detected in the corresponding sterile control, where
consortium was not inoculated (data not shown).>** It was reported that Dietzia
aurantiaca J3 pure strain degraded 6:2 FTS with a defluorination efficiency of 22% in
aerobic conditions.'® The much higher defluorination ratios observed in our study (Fig.
1) provide another line of evidence for the much higher biodegradation efficiency of
6:2 FTS. The increasing fluoride release and loss of 6:2 FTS over time in the

biodegradation group, compared to abiotic controls, support that defluorination was
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biologically mediated. Therefore, our findings provide further evidence supporting the

biodefluorination of 6:2 FTS.

3.2. Intermediate product identification, proposed pathway and formation profiles

of intermediate products

3.2.1. Intermediate product identification

Nine biotransformation products from the 6:2 FTS biodegradation group were
identified and quantified, including five polyfluorinated compounds, namely 5:3 FTCA,
5:3 fluorotelomer unsaturated carboxylic acid (5:3 FTUCA), 6:2 FTCA, 6:2
fluorotelomer unsaturated carboxylic acid (6:2 FTUCA), 6:2 FTOH, as well as four
end-products comprising PFBA, PFPeA, PFHxA, and PFHpA (Fig. S7-S8). Moreover,
two transformation products, 6:2 fluorotelomer aldehyde (6:2 FTAL) and 4:2
fluorotelomer carboxylic acid (4:2 FTCA), were putatively identified through target
analysis using LC-QTOF (Table S7 and Fig. S9), as a biotransformation product of 6:2
FTS by the consortium. However, structural confirmation via a reference standard or
derivatization®? was not possible due to the unavailability of commercial standards and
the known instability of FTALs in an aqueous solution. The consistent detection of a
signal corresponding to the expected [M—H]™ ion in the biodegradation group and
absent in the control supports its tentative identification. For the non-targeted analysis
of 6:2 FTS, ten (10) additional potential biotransformation metabolites were screened
and tentatively identified using LC-QTOF (Table S8). None of these biotransformation
compounds were detected in the control group (Fig. S8), confirming that the
transformation products observed were a result of the aerobic biotransformation of the

consortium. These findings provide additional evidence supporting the aerobic
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degradation pathway of 6:2 FTS and the diverse transformation products formed in this

process.

3.2.2. Proposed 6:2 FTS biodegradation pathway

Based on the identified biotransformation products using LC-MS/MS and QTOF
analyses, also taking into consideration of the pathways previously reported,!82%2>47
the biotransformation pathway of 6:2 FTS was proposed under sulfur-limiting aerobic
conditions (Fig. 2A). The initial biotransformation step involves microbial
desulfonation, where the sulfonate group is removed from 6:2 FTS. This reaction is
likely catalyzed by monooxygenases, leading to the formation of 6:2 FTOH.
Subsequently, 6:2 FTOH undergoes oxidation to 6:2 FTAL via alcohol dehydrogenase,
which is further oxidized to 6:2 FTCA by aldehyde dehydrogenase.!”-?!2>47:33 In this
study, the formation of PFHpA was observed, which may result from the microbial o-

oxidation of 6:2 FTCA, consistent with findings in earlier studies.!'®2%47

It was proposed that a dehydrohalogenation reaction occurs, involving the elimination
of a hydrogen fluoride bond from 6:2 FTCA, which results in the formation of 6:2
FTUCA. Similar patterns of 6:2 FTS biotransformation have been reported previously,
where 6:2 FTOH is converted to 6:2 FTCA and subsequently to 6:2 FTUCA. 3474 [t
was proposed that FTUCA is the key branching point for further biotransformation. In
the transformation pathway, the defluorination of 6:2 FTUCA occurs, likely catalyzed
by reductive dehalogenase, and produces 5:3 FTUCA, which subsequently transforms
into 5:3 FTCA. Similar reductive defluorination processes have been reported in
previous studies.*”> 5:3 FTCA then undergoes further transformation into 4:2 FTCA
and short-chain PFAS, eventually leading to PFBA formation through one-carbon

removal pathways.>®

17



F
pFORFEF q\s’OH
; &Y
AR K TN
FFF FF F
6:2 FTS
1650;'
F. F F FF F
OH
F'
FrYeFiF
6:2 FTOH
] RFFRF
H
PO
F FF FF F O
6:2 FTAL
) RFRF F_FF FF_F
F%ou ¥ OH
FFFFFF ¢ > LYYy o
6:2 FTCA FH
e ORFEF Wy R FEF F,_FF F OH e R FEF
= OH OH F. OH
F < F z —_ —
FFFF o FFEF ¥ 0 — | FFriF - FFFF
5:3 FTUCA 6:2 FTUCA 5:2 sSFTOH PFHXA
eORF on R FEF FF”FO“
PR PSS PR
F¥Yér 8 F F F o
4:2 FTCA Frien © PFPeA
F. F K F
A e
F F O
PFBA
44 :
6:2 FTOH —<—PFBA
—=—5:3 FTCA 0.15 ——PFPeA
—4—5:3 FTUCA J —&— PFHxA
34 —v—6:2 FTCA —*— PFHpA
—&—6:2 FTUCA J
—<4—PFBA
—>— PFPeA 0.10
= , | ——PFHxA J s
—#— PFHpA =
T 1
0.05 -
Y L
2> 0.00 i * N
T T T T T

0 3 7 14 21 28
Time (d) Time (d)
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end products enlarged (C) were quantified during the biotransformation of 6:2 FTS by

the consortium. Error bars represent the standard error of triplicate samples.
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In an alternative pathway, 6:2 FTUA may convert to 5:2 sFTOH through a series of
enzymatic decarboxylation and defluorination reactions.'®*” Subsequently, 5:2 SFTOH
could undergo further fluorine and carbon eliminations through multiple unknown
reactions, ultimately transforming into PFHXA and PFPeA.!%!%% It is worth noting that
5:2 FTOH was not detected in this study, suggesting that its degradation to the next

transformation product may be fast, resulting in concentrations below the LOD.

3.2.3. Formation profiles of intermediate products

We further quantified the intermediate byproducts and end products generated during
the biodegradation of 6:2 FTS at an initial concentration of 5 mg/L. The concentrations
of polyfluorinated and perfluorinated byproducts at different time intervals during the
biotransformation of 6:2 FTS by the consortium are presented in Fig. 2B-C and Table
S9. Among polyfluorinated byproducts, 6:2 FTUCA was the most abundant, followed
by 5:3 FTUCA, 6:2 FTCA, 5:3 FTCA, and 6:2 FTOH (Fig. 2B). 6:2 FTOH, the direct
intermediate product of 6:2 FTS (Fig. 2A), was quantified with the lowest molar yield,
reaching 0.46 = 0.14 uM on day 28, probably due to its fast degradation by the
consortium.?**” We could not quantify 6:2 FTAL, an intermediate product, because no
authentic standard was available. The molar concentrations of 6:2 FTCA reached 1.12
+ 0.14 uM by day 21, followed by a minor decrease to 1.09 + 0.06 uM, suggesting
further biotransformation into a lower metabolite, 6:2 FTUCA. The molar
concentration of 6:2 FTUCA continuously increased, reaching a peak molar yield of
3.68 £0.36 uM by day 28 (Fig. 2B and Table S9), suggesting the accumulation of 6:2
FTUCA in the system. A comparable trend was reported during the biotransformation
of 6:2 FTS by Gordonia sp. NB4-1Y, where a molar yield of 13.7 mol% was observed

for 6:2 FTUCA.? The accumulation of 6:2 FTUCA implies that further 6:2 FTUCA
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transformation might be the rate-limiting step in the 6:2 FTS biodegradation pathway,

which warrants further exploration.

The molar concentrations of 5:3 FTUCA exhibited similar trends to that of 6:2 FTCA,
reaching 1.19 = 0.15 uM by day 21, followed by a minor decrease to 1.16 + 0.05 uM.
In this study, 5:3 FTUCA was quantified using 5:3 FTCA standards due to their close
retention times in LC-MS/MS analysis. Notably, 5:3 FTUCA has not been previously
reported in studies on the biotransformation of 6:2 FTS by Dietzia aurantiaca J3,'°
Rhodococcus jostii RHA1,'® activated sludge,!® river sediment,?® wetland slurry,”’ or
aerobic soil.*” While one study on Gordonia sp. NB4-1Y reported 5:3 FTUCA as a

transformation product of 6:2 FTS,* another study did not detect it.!”

The peak molar
yield of 5:3 FTCA, an intermediate product of 5:3 FTUCA, was 0.53 £0.15 uM on day
21, which decreased slightly to 0.51 = 0.05 uM by day 28. 4:2 FTCA, the intermediate

product of 4:2 FTCA, could not be quantified either due to the unavailability of standard.

The end products of perfluorinated compounds, including PFBA, PFPeA, PFHxA, and
PFHpA, were also quantified over time (Fig. 2C). Their concentrations gradually
increased over the incubation period, reaching peak molar yield of 0.005 +0.001, 0.017
+ 0.005, 0.14 £ 0.06, and 0.064 + 0.009 uM, respectively, by day 28 (Fig. 2C). It is
noteworthy that trace concentrations of PFPeA, PFHxA, and PFHpA were detected in
the initial concentrations at the beginning of the incubation (day 0) in both of the control
and biodegradation groups (Table S9), and the presented concentrations in Fig. 2C were
corrected, excluding the inference of those in the control. Therefore, the production of
end products is a solid line of evidence for the biodegradation of polyfluorinated
compounds. Furthermore, the production of PFHxXA is much more significant than that

of PFBA, suggesting the alternative branching transformation of 6:2 FTUCA via the
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5:2 sFTOH pathway is more significant than the other proposed pathway, one of the

key discoveries in the current study.

Furthermore, a fluorine mass balance was conducted by quantifying 6:2 FTS, its known
transformation products, and released fluoride (F~) over 28 days (Table 1). In the
control group, total fluorine remained stable throughout the experiment, indicating
negligible 6:2 FTS transformation. In contrast, the biodegradation group exhibited a
significant decrease in 6:2 FTS levels, accompanied by the accumulation of multiple
transformation products and a continuous increase in F~ levels. Total fluorine recovery,
which was 96.98% on Day 0, dropped to 53.54% by Day 14 and gradually rose to 74.42%
by Day 28 in the biodegradation group. The incomplete fluorine balance can be
attributed to the formation of unidentified or unquantified fluorinated compounds.>®> As
previously reported,®® highlighting the need for further non-targeted analysis to fully
elucidate the fate of fluorine during 6:2 FTS biotransformation. The increase in the
fluorine recovery observed in the later phase was mainly due to the continuous release
of F~ and the accumulation of intermediate products (e.g., 6:2 FTUCA), as discussed
above. The fluorine mass balance provides additional supporting evidence for the 6:2

FTS biodefluorination.
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Table 1. Fluorine mass balance (ng/L) in control and biodegradation groups (5 mg/L) over time during 6:2 FTS degradation

D Fin Fin Fin Fin Fin Fin Fin Fin Fin Fin Fin Fin ] F-
ay G:2FTS ~ PEBA  PFPeA  PRHxA — PRHpA F%SA FTSU%A Fl6“gA FT%%IA Fl6“£H Fg}iL F%A ! roult ba(l;}(,n)Ce
Control group

0 3160.86 N.D. 0.20 2.17 2.57 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 3165.81 -

3 3091.65 N.D. 0.21 2.11 2.21 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 3096.18

7 318394  N.D. 0.2 221 2.18 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 3188.53

14 322623 N.D. 0.22 2.58 2.11 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 3231.14 -
21 3160.86  N.D. 0.25 2.55 2.24 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 3165.90

28  3178.17 N.D. 0.29 2.56 2.01 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 3183.03 -
Biodegradation group

0 303781 N.D. 0.22 2.56 2.61 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 27.00 3070.20 96.98
3 257253 N.D. 0.48 2.24 2.32 1.38 43.17 13.62 6.84 6.60 N.D. N.D.  268.00 2917.17 94.22
7 778.68 0.15 0.67 5.66 3.68 46.27 98.59 125.57  266.81 40.38 N.D. N.D.  385.33 1751.81 54.94
14 13.84 0.30 1.33 11.27 7.32 92.51 196.11  250.81  533.45 80.60  N.D. N.D. 54233 1729.88 53.54
21 8.08 0.63 2.59 22.18 10.70 117.55  246.55 259.38 694.89 110.89 N.D. N.D. 695.33 2168.77 68.50
28 8.08 0.61 2.93 30.15 15.91 114.16  241.89 25351 838.86 113.38 N.D. N.D. 74933 2368.81 74.420
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3.3. Metatranscriptomic analysis

3.3.1. Gene response of SXCO01 consortium to 6:2 FTS biotransformation

Metatranscriptome sequencing yielded 11,399,125,799 + 953,282,094 and
13,617,701,957 £ 1,453,050,798 bps of raw sequence data for Day 0 and 7, respectively
(detailed quality assessment is provided in Text S4 and Table S10). The analysis,
including quality filtering, read assembly, and functional annotation, followed by
differential gene expression analysis (e.g., DESeq2), identified 60,533 unique genes
within the communities comparing Days 0 to 7, of which 36,773 differentially
expressed genes (DEGs) (log2 fold change >2, P-adjust<0.05). Among the significant
DEGs, 24,903 genes were upregulated, while 11,870 were downregulated (Fig. 3A).
Downregulated genes may reflect inhibited growth and metabolism of the consortium,
whereas upregulated genes suggest enhanced metabolic activities in response to 6:2
FTS exposure.*® The presence of pollutant toxicity may impair cellular metabolism and
downregulate certain genes, while upregulated genes suggest an adaptive response
enabling the microbial consortium to modulate metabolic pathways and tolerate
environmental stress.®“! This adaptation may allow the consortium to utilize 6:2 FTS
as a sulfur source, thereby supporting microbial growth and the production of

metabolites.

From the upregulated DEGs, 123 functional genes potentially involved in fluorotelomer
biotransformation were selected for further analysis (Table S11). However, most of
these genes are associated with KEGG pathways, including carbohydrate, amino acid,
energy, lipid, nucleotide metabolism, xenobiotics biodegradation, secondary
metabolism biosynthesis, genetic information processing, signaling, and cellular

processes, which means such processes might be involved in fluorotelomer
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biotransformation or metabolic pathways.5> Notably, 19 key genes encoding enzymes
relevant to 6:2 FTS biotransformation pathways were identified based on prior

16,18,62

literature and predictions in this study, which are highlighted in Table S11.

The log2 FC of 19 functional gene expressions of Day 0 and Day 7 during 6:2 FTS
biotransformation is illustrated in heatmap (Fig. 3B). Notably, the ssu gene cluster,
including alkanesulfonate monooxygenase (ssuD, K04091), alkanesulfonate-binding
protein (ssud, K15553), alkanesulfonate ABC transporter (ssuB, KI15555),
alkanesulfonate permease protein (ssuC, K15554), and FMN reductase (ssuFE, K00299)
is implicated in the desulfonation of 6:2 FTS. The identification of the ssuFADCB gene
cluster in consortium (Fig. S10), facilitating alkanesulfonate assimilation, aligns with
prior reports of similar ssu proteins in Dietzia aurantiaca J3,'® Rhodococcus jostii
RHAL1,"® and Gordonia sp. NB4-1Y.!7 In the consortium, this gene cluster exhibited
significant upregulation, with log2 FC 3.91 to 6.37 on Day 7, compared to -3.16 to -
9.75 on Day 0 (Fig. 3B), indicating their putative involvement in 6:2 FTS metabolism.
The ssuEADCB cluster was first discovered in E. coli®® and is conserved among
bacterial isolates capable of degrading 6:2 FTS.!® The ssuD gene, which encodes an
FMN-dependent monooxygenase with broad substrate specificity, catalyzes the
cleavage of C-S bonds in sulfonated hydrocarbons, yielding sulfite and aldehydes.'®%+
% The ssuE gene, which encodes a NAD(P)H-dependent FMN oxidoreductase, supplies
ssuD with reduced flavins (FMNH>). Additional enzymes potentially involved in
desulfonation and sulfur metabolism, including sulfur dioxygenase (K17725),%7 sulfite
reductase (encoded by cys/, K00381),%® sulfate transport system substrate-binding
protein (encoded by sbp, K23163),% cysteine desulfurase (encoded by iscS, K04487)7

and sulfur-carrier protein (encoded by moaD, K03636).”! These enzymes likely play
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complementary roles in sulfur utilization and metabolism during 6:2 FTS

biotransformation.
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Fig. 3. Analysis of differentially expressed genes (DEGs) and functional genes
encoding metabolic pathways of 6:2 FTS biotransformation by the consortium.
Volcano map of DEGs during 6:2 FTS biotransformation (A); Heatmap showing the
fold change of identified 19 functional genes associated with metabolic pathways

between consortia on Day 0 and Day 7 (B).

Previous studies have demonstrated the role of dehalogenase enzymes, such as
haloacetate and haloalkane dehalogenase, in degrading halogenated compounds,
including fluorinated, chlorinated, and brominated substances.®*7 In this study, several
enzymes were upregulated in response to 6:2 FTS exposure, suggesting potential
involvement in fluorotelomer biotransformation in the consortium. These include
alkane monooxygenase (encoded by ladA4, K20938), haloalkane dehalogenase (encoded
by dhad, KO01563), haloacid dehalogenase (K01560), haloacetate dehalogenase
(encoded by dehH, K01561), cytochrome P450 reductase (encoded by cypD E,
K14338), and fluoride exporter (encoded by crcB, K06199), which may facilitate 6:2

FTS defluorination (Fig. 3B, Table S11). However, the specific enzymatic functions of
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these genes in the biotransformation of PFAS compounds remain to be experimentally
validated. A recent study on Rhodococcus jostii RHA1 proposed that alkane
monooxygenase, haloacetate dehalogenase, haloalkane dehalogenase, and cytochrome
P450 are key enzymes involved in 6:2 FTS biotransformation, based on quantitative
reverse transcription PCR (RT-qPCR) analysis.!® Similarly, alkane monooxygenase in
Pseudomonas oleovorans grown on n-octane has been shown to defluorinate 6:2
FTOH.” The presence of fluoride exporters, such as creB, is critical for mitigating
fluoride toxicity in polyfluorinated compound-degrading organisms.’* These findings
align with and support our results on 6:2 FTS defluorination. Additionally, several
dehydrogenases and reductase enzymes were predicted to participate in oxidation-
reduction reactions relevant to fluorotelomer biotransformation. Alcohol
dehydrogenase (adh, K00001) may catalyze the oxidation of 6:2 FTOH,* aldehyde
dehydrogenase (K00128) may facilitate the conversion of 6:2 FTCA from 6:2 FTAL”
and butyryl-CoA dehydrogenase (bcd, K00248) may oxidize fluorotelomer carboxylic
acids.”® This study suggests the molecular mechanisms underlying 6:2 FTS degradation
and highlights the potential involvement of specific DEGs in desulfonation and
defluorination. However, further experimental validation is required to confirm their

functional roles.

3.3.2. Microbial community abundance and correlation with gene expression

A total of 428 genera and 2,153 species were identified, spanning 22 phyla in the
consortia. Taxonomic compositions of active microbial genera, represented by the
relative abundance (%) based on transcript-level annotations, are presented in Fig. 4A.
Bacterial genera Brucella dominated the relative abundance at 77%, followed by
Rhodococcus at 7% prior to the incubation on Day 0. The consortium community

structure shifted on day 7, with Brucella, Rhodococcus, and Pseudoclavibacter, which
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might play key roles in 6:2 FTS biodegradation. Brucella remained the most relatively
abundant genus at 52%, while Rhodococcus and Pseudoclavibacter increased their
relative abundance from 7% and 3% to 15% and 11%, respectively. Other genera, such
as Agrobacterium and Achromobacter, exhibited significant expansion from 0.1% and
2% to 6% and 5% of relative abundance, respectively. These genera could potentially
contribute to metabolic processes that facilitate the breakdown of 6:2 FTS and its
intermediate degradation products.
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Fig. 4. Relative abundance (%) of active microbial genera and distribution of functional
genes across dominant taxa involved in 6:2 FTS biotransformation. Relative abundance
(%) of active microbial taxa at the genus level based on annotated transcript reads
reflecting transcriptional activity (A); the Sankey diagram depicts the distribution of
functional genes across abundant bacterial species involved in 6:2 FTS
biotransformation (B). The left side of the Sankey diagram represents bacterial genera
linked to the upregulated DEGs on the right, with color-coded flows indicating their
associations. The flow width reflects the strength or prevalence of each association. The
middle column highlights specific 6:2 FTS degradation pathways, providing an

overview of the functional processes within the microbial community.
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The observed shifts in the community composition suggest the selective pressure
exerted by 6:2 FTS, favoring taxa with pollutant tolerance and degrading capabilities.
Prior studies have demonstrated the degradative roles of Gordonia,”> Rhodococcus,'®
and Dietzia'® in 6:2 FTS biotransformation, as well as Mycobacterium in 6:2 FTOH
degradation.’? Brucella, previously linked to polyethylene terephthalate degradation,’’
showed the highest abundance during 6:2 FTS biodegradation in this study, along with
Agrobacterium and Achromobacter, which are known to degrade terbuthylazine’® and
polycyclic aromatic hydrocarbons,” respectively. Furthermore, Rhodococcus and
Achromobacter have been observed in AFFF-impacted soil microcosms and are
implicated being involved in the 6:2 FTS biotransformation.*’ In the current study, we
hypothesize that Brucella, along with other dominant genera, including Rhodococcus,

Pseudoclavibacter, Agrobacterium, and Achromobacter, collectively or individually

play a role in the biotransformation of 6:2 FTS.

The Sankey diagram depicts the distribution of functional gene-coded enzymes across
abundant bacterial species potentially involved in 6:2 FTS biodegradation (Fig. 4B,
Table S12). We identified 19 suspected functional gene-coded enzymes, which are
linked to key processes such as desulfonation, defluorination, and biotransformation.
Genes associated with suspected desulfonation potential, including the ssuEADCB
cluster, sulfite reductase (cysl, KOO381), sulfate transport system binding protein (sbp,
K23163), and cysteine desulfurase (iscS, K04487), were primarily linked to Brucella,
Achromobacter, Agrobacterium, and Rhodococcus (Fig. 4B). These bacteria likely
facilitate sulfate group assimilation under sulfur-limiting conditions. Similarly,
defluorination-associated gene-coded enzymes, such as alkane monooxygenase (ladA,
K20938), were predominantly linked to Achromobacter, Rhodococcus, and

Agrobacterium. In contrast, Brucella was associated with haloacid dehalogenase
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(K01560), haloacetate dehalogenase (dehH, K01561), and fluoride exporter (crcB,
K06199), which may facilitate defluorination (Fig. 4B). Additional enzymes, such as
aldehyde dehydrogenase (K00128), alcohol dehydrogenase (adh, K0O0001) and butyryl-
CoA dehydrogenase (bcd, K00248) were shared among Brucella, Achromobacter,
Rhodococcus, and Agrobacterium, and these enzymes likely play significant roles in
aldehyde, alcohol and fatty acid metabolism during 6:2 FTS degradation

biotransformation.

Additionally, the most upregulated DEGs on Day 7 (Fig. 3A) were further identified
(Table S13), including genes such as cfa (K00574), cspA (K03704), and rpoE (K03088),
among others. Their associated bacteria are visualized in the Sankey diagram (Fig. S11,
Table S14). While the specific roles of these highly upregulated genes in 6:2 FTS
biotransformation remain unclear, they are notably associated with Brucella,
Rhodococcus, and Achromobacter. Further research is needed to elucidate their roles in
6:2 FTS biotransformation. The Sankey diagram suggests the functional diversity
within the microbial community, illustrating how specific genera may specialize in
distinct degradation pathways and desulfonation and defluorination functional genes.
This interconnectedness suggests complementary roles among microbial taxa in
breaking down complex pollutants, emphasizing the importance of microbial

interactions in environmental bioremediation.

3.4. 6:2 FTS metabolism by pure bacterial isolates

Five single bacterial strains were isolated from the consortium SXCO1 and could
biodegrade 6:2 FTS in the current study. The metatranscriptomic analysis revealed that
Brucella, Rhodococcus, and Pseudoclavibacter were dominant microbes during the

biotransformation of 6:2 FTS (Fig. 4A), and the desulfonation and defluorination
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functional genes were found to be abundant in Brucella (Fig. 4B). Therefore, a pure
culture of Brucella anthropi SX009 was chosen to demonstrate the ability of 6:2 FTS
defluorination by a single species. The colony morphology on LB agar is presented in
Fig. 5A, and A phylogenetic tree depicting the sequence similarity of SX009 with
closely related other species is shown in Fig. 5B, constructed using the neighbor-joining
method. The tree clusters SX009 within the Brucella anthropi clade, indicating its close

evolutionary relationship with other Brucella strains.

The degradation kinetics of 6:2 FTS (5 mg/L) by strain SX009 were assessed for over
28 days, as shown in Fig. 5C. In the sterile control, no significant change in 6:2 FTS
concentration was observed throughout the incubation, indicating that the compound
remains stable without bacterial activity. In contrast, strain SX009 demonstrated 65%
degradation of 6:2 FTS by day 7, and near-complete degradation (99.5%) was achieved
by day 14. The degradation of 6:2 FTS by single pure bacterial strains has also been
observed in D. aurantiaca 13,'° Gordonia sp. NB4-1Y,'" R. jostii RHA1,'"® and
Pseudomonas sp. D2.2* However, this is the first study to report members of the

Brucella genus as a degrader of 6:2 FTS.

Fluoride ions were generated in the presence of bacterial strain SX009 under sulfur-
limiting conditions, achieving 3% of defluorination ratio on day 7 and 6.5 % on day 28
(Fig. 5C). However, the ratio was lower than that observed for SXCO1. We hypothesize
that although Brucella anthropi SX009 can achieve near-complete biodegradation of
6:2 FTS, multiple bacterial strains within the consortium have participated in the
defluorination of 6:2 FTS, contributing to its much higher defluorination ratio by the
consortium. No fluoride generation was observed throughout the experiment in the
control group. The identification of Brucella and its associated degradation and

defluorination activities provides further evidence of the collaborative roles of different
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strains in the SXCO1 microbial communities in the biotransformation of 6:2 FTS. We
believe these findings provide a foundation for future investigations into the enzymatic

and genetic mechanisms underlying PFAS biotransformation by this strain.
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Fig. 5. Pure bacterial isolate and its role in 6:2 FTS degradation. Colony morphology
of Brucella anthropi SX009 (A); phylogenetic relationship of SX009 based on 16S
rRNA gene analysis (B); and degradation efficiency and defluorination ratio of 6:2 FTS
over time (C). Degradation efficiency is represented in the dashed line, while the
defluorination ratio is in the solid line. Error bars represent the standard error of three

replicates.

4. Environmental implications

This study investigates the aerobic biotransformation of 6:2 FTS, an environmental
contaminant, under sulfur-limiting conditions using an enrichment culture. The
research achieved high degradation and defluorination efficiencies, uncovering
extensive intermediate products formed during the process. The accumulation of 6:2
FTUCA implies that further 6:2 FTUCA transformation might be the rate-limiting step
in the 6:2 FTS biodegradation pathway. Furthermore, the generation of end-product
PFHxA is much more significant than that of PFBA, suggesting the alternative

branching transformation via the 5:2 sFTOH pathway is a significant pathway for 6:2
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FTUCA. Metatranscriptomic analysis revealed the upregulation of functional genes and
microbial genera responsible for critical desulfonation and defluorination pathways,
providing novel insights into the underlying mechanisms of PFAS biodegradation.
Notably, the isolation of a Brucella species as a pure strain capable of degrading 6:2
FTS represents a valuable resource for further investigations into the specific functional
genes involved in biodefluorination. This research advances our understanding of
PFAS biodefluorination, and future studies should focus on the elucidation of the
molecular mechanisms of key functional genes and enzymatic pathways involved in

desulfonation and defluorination processes.
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Text of Contents

Text S1: Sulfur-Free Acetate (SFA) Medium

The sulfur-free acetate (SFA) medium!-? with the following composition per liter: 0.4 g
potassium dihydrogen phosphate (KH2PO4), 1.6 g dipotassium phosphate (K2HPO4), 1.55 g
ammonium chloride (NH4Cl), 5 g Sodium acetate (NaCH3COO), 0.165 g magnesium
dichloride (MgCl), 0.09 g calcium chloride dihydrate (CaCl,. 2H>0).

Sulfur-free trace elements solution? (1 mL) was added, which contained the following
composition per liter, acidified with 10 mL of 25% HCI: 1.5 g ferrous chloride tetrahydrate,
0.19 g cobalt chloride hexahydrate, 0.1 g manganese chloride tetrahydrate, 0.07 g zinc chloride,
0.006 g boric acid, 0.036 g sodium molybdate dehydrate, 0.024 g nickel chloride hexahydrate,
0.002 g copper chloride dihydrate.

Wolin vitamin solution® (1 mL) was added, which contained per liter (pH 7): 0.02 g biotin,
0.02 g folic acid, 0.1 g pyridoxine hydrochloride, 0.05 g riboflavin, 0.05 g thiamine, 0.05 g
nicotinic acid, 0.05 g pantothenic acid, 0.001 g vitamin B12, 0.05 g p-aminobenzoic acid and

0.05 g thiotic acid.

Text S2: Stability of the Enrichment Culture

The stability of the enrichment culture was evaluated by monitoring 6:2 FTS degradation
and fluoride generation over five successive enrichment cycles, as shown in Fig. S1. The
enrichment was transferred once at each concentration before increasing to the next level. Fig.
S1 A illustrates the decline in 6:2 FTS concentration over time in the presence of the enriched
consortium, whereas the control showed no degradation. A consistent decrease in 6:2 FTS
concentration across successive enrichments indicates the sustained metabolic activity of the
consortium. Fluoride ion generation is a key indicator of defluorination. Fig. S1 B depicts a
progressive increase in fluoride concentration over successive enrichments, suggesting that the
consortium maintained its ability to degrade 6:2 FTS and catalyze defluorination over time.
These results confirm the stability and enrichment of a microbial community capable of 6:2

FTS biotransformation.

Text S3: Metatranscriptomic Analysis

Metatranscriptomic sequencing analysis was employed to investigate the active microbial

community and functional gene expression profiles during 6:2 FTS biotransformation.
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Microbial samples were collected from a duplicate biodegradation experiment using 5 mg/L of
6:2 FTS, where 6:2 FTS biodegradation and fluoride release closely mirrored those observed
in the main study. 10 mL of samples were collected in triplicate on Days 0, 7, and 14. Samples
from Days 7 and 14 represented the active transformation phase of 6:2 FTS, while Day 0 was
used as the control. However, the Day 14 sample did not pass the RNA quality control and was

therefore excluded from sequencing.

Collected samples were filtered through 0.22 pm sterilized membrane filters and
immediately transported to MajorBio (Shanghai, China) for total RNA extraction, rRNA
removal, and library preparation. RNA was extracted and purified using a Soil RNA Extraction
Kit (Majorbio, Shanghai, China), following the manufacturer’s protocol. The integrity of the
extracted RNA was assessed using an Agilent 5300 Bioanalyzer (Agilent Technologies, USA),
while the quality was measured using a Qubit 2.0 Fluorometer (Thermo Scientific, Palo Alto,
CA, USA). The cDNA libraries were prepared using the Illumina Stranded mRNA Prep,
Ligation (Illumina, San Diego, CA, USA), while rRNA was depleted using a RiboCop rRNA
Depletion Kit (Lexogen, USA) prior to sequencing. PCR amplification was performed on a
T100 Thermal Cycler with the following thermocycling conditions: initial denaturation at 95°C
for 5 min, followed by 25 cycles of denaturation at 95°C for 30 sec, annealing at 56°C for 30
sec, extension at 72°C for 90 sec, and a final extension at 72°C for 10 min. Sequencing was
performed on an Illumina Novaseq Xplus sequencer (Illumina, San Diego, CA, USA) using

paired-end sequencing with a read length of 400 bp at Majorbio (Shanghai, China).

The fastp® tool (version 0.19.6) (https://github.com/OpenGene/fastp) was used for quality
trimming of adapter sequences at the 3' and 5' ends of the reads. Reads shorter than 50bp, with
a quality value lower than 20, or containing N bases after trimming were removed, ensuring
the retention of high-quality reads. The reads were eliminated by aligning them to the SILVA
SSU (16S/18S) and SILVA LSU (23S/28S) database using the SortMeRNA* (version 2.1b)
(http://bioinfo.lifl.fr/RNA/sortmerna/) and optimized de novo sequences were assembled using
Trinity® (version 2.2.0) (http://trinityrnaseq.github.io/). The CD-HIT®
(http://www.bioinformatics.org/cd-hit/) was used to cluster and remove redundancy in
transcriptomes of length > 300 bp assembled sequence with 95 % identity and 90% coverage.
The longest sequence in each cluster was selected as the representative sequence to construct
a Unigene set for subsequent species and functional annotation. Clean reads were aligned to
the Unigene set, and gene expression levels (RPKM values) were calculated by RSEM
(http://deweylab.biostat.wisc.edu/rsem/) using transcripts per million (TPM) based on the
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number of aligned reads. The assembled sequences of upregulated differentially expressed
genes (DEGs) were annotated by comparison to the NCBI Non-redundant Protein (NR)
database using the BLASTP algorithm with an e-value threshold of <le™ to predicted gene

descriptions.’

For taxonomic annotation, the best-hit taxonomy of unigenes was determined by aligning
them against the NCBI NR (non-redundant) database using DIAMOND? (version 0.8.35;
http://www.diamondsearch.org/index.php) with the same e-value <le” cutoff. Species
composition and relative abundance of microbes were determined by comparing unigenes with
taxonomic information. In contrast, relative abundance was expressed as a percentage of the
total annotated transcript reads within a sample. Similar transcript-based methods for
taxonomic profiling have been applied in previous studies.”!® Open reading frames (ORFs)

were predicted using TransGeneScan'!

(http://sourceforge.net/projects/transgenescan/).
Functional annotation of unigenes was conducted using the KEGG (Kyoto Encyclopedia of
Genes and Genomes, http://www.genome.jp/kegg/) database. Differentially expressed genes
(DEGs) between samples were identified based on unigene expression levels using DESeq2,
with statistical significance determined at P-adjust < 0.05 and > 2 log2-fold change (FC)

threshold.

Text S4: Quality Evaluation of RNA-Sequenced Data

The quality of RNA-sequenced data was assessed through multiple parameters to ensure
the reliability of downstream analyses (Table S10). Raw reads represent the total number of
sequencing reads obtained directly from the sequencing platform before preprocessing. Clean
reads were generated after implementing quality control measures, including adapter trimming,
removal of low-quality reads, and elimination of sequences containing ambiguous bases (N),
utilizing the fastp tool. Non-rRNA reads were obtained by filtering out ribosomal RNA
sequences using the SILVA SSU (16S/18S) and SILVA LSU (23S/28S) databases to retain
only mRNA sequences for transcriptomic analysis. The GC content (%) was calculated as the
proportion of guanine (G) and cytosine (C) bases relative to the total bases in the clean reads,
using the fastq tool. Additionally, sequencing accuracy was evaluated through >Q20 (%)
and >Q30 (%) scores, which indicate the proportion of bases with quality scores exceeding 20

and 30, respectively, calculated using the fastq tool.
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Supporting Tables
Table S1: Biotransformation Experimental Conditions of 6:2 FTS

Condition name Spiking Consortium  Spiking

concentration (mg/L)

Blank SXCO01 SXCO01

Control 6:2 FTS 6:2 FTS 0.5,2.5,5.0,25.0

Biodegradation = SXCO01 + 6:2 6:2 FTS SXCO01 0.5,2.5,5.0,25.0
FTS
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Table S2. Chemical Names, Acronyms, Molecular Structure, CAS No., and Suppliers of
Target Poly- and Perfluoroalkyl Substances (PFAS) Used in This Study For LC-MS/MS

Quantitative Analysis

Chemical name Acronym Molecular structure Molecular CAS No. Supplier
weight (g/mol)

6:2 fluorotelomer sulfonate 6:2 FTS F(CF,)sCH,CH,SO; 428.16 27619-97-2 Sigma-aldrich
(St. Louis, USA)

6:2 fluorotelomer sulfonate 6:2 FTS F(CF,)sCH,CH,SO; 428.16 27619-97-2

Perfluorobutanoic acid PFBA F(CF»);COOH 214.039 375-22-4 PFAC-HIF-ES

Perfluoropentanoic acid PFPcA F(CF»),COOH 264.05 2706-90-3 stock,
Wellington

Perfluorohexanoic acid PFHxA F(CF,)sCOOH 314.054 307-24-4 Laboratories

Perfluoroheptanoic acid PFHpA F(CF,)sCOOH 364.06 375-85-9

6:2 Fluorotelomer Alcohol 6:2 FTOH F(CF,)sCH,CH,OH 364.11 647-42-7 Weng Jiang
Reagent

6:2 fluorotelomer saturated 6:2 FTCA F(CF,)sCH,COOH 378.09 53826-12-3 Wellington

carboxylic acid Laboratories

6:2 fluorotelomer 6:2 FTUCA  F(CF,)SCF=CHCOOH  358.08 70887-88-6 Weng Jiang

unsaturated carboxylic acid Reagent

5:3 fluorotelomer carboxylic 5:3 FTCA F(CF,)sCH,CH,COOH 342.11 914637-49-3 Weng Jiang

acid Reagent

5:3 Fluorotelomer unsaturated 5:3 FTUCA  F(CF2)sCH=CHCOOH 340.09 875878-70-9 -

carboxylic acid

6:2 fluorotelomer aldehyde 6:2 FTAL F(CF2)s§CHCHOH 362.09 56734-81-7 -

4:2 Fluorotelomer carboxylic 4:2 FTCA F(CF2)«CH.COOH 278.07 - -

acid
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Table S3. Instrument Conditions and LC Gradient Were Used For The Detection and
Quantification of PFASs By UPLC-MS/MS

LC-MS AB 5500 (Sciex, USA)

Water BEH C-18 analytical column (100 mm x 3.0 mm, 1.7 pm dia)

Lc system

Column

Column temp. 40°C
Sample temp. 15°C
Injection volume 3uL
Mobile phase A

Mobile phase B Acetonitrile

LC gradient conditions

2 mM Ammonium acetate

MS conditions

Time (Min)  Flow rate (mL/min) A% B %
0.00 0.300 78 22
1.00 0.300 78 22
12.00 0.300 10 90
14.00 0.300 10 90
14.50 0.300 0 100
15.50 0.300 0 100
16.00 0.300 78 22
20.00 0.300 78 22
MS system AB TripleQuad
Ionization mode ESI-
Capacity voltage 0.5kV
Desolvation temp 350°C
Desolvation gas flow 650 L/hr
Source temp 150°C
Cone gas flow 20 L/hr
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Table S4. Multiple Reaction Monitoring (MRM) Parameters For The Detection and
Quantification of PFASs by UPLC-MS/MS AB 5500 (Sciex, USA)

Analytes Molecular Cone Collision Quant. Cone Collision
Ion (m/z) Voltage (V) Energy (V) Ion(m/z) Voltage (V) Energy (V)
6:2 FTS 427 -20 -34 407 -20 -52
5:3 FTCA 341 -40 -15 237 -40 -35
5:3 FTUCA 339 -20 -25 269 -20 -25
6:2 FTCA 377 -40 -15 293 -40 -35
6:2 FTUCA 357 -20 -25 293 -20 -25
6:2 FTOH 423 =70 -27 236.9 =70 -27
4:2 FTCA 291 -30 -30 187 -30 -30
6:2 FTAL 361 -40 -30 141 -40 -30
PFBA 213 -30 -11 168.9 -30 -13
PFPeA 263 -40 -11 218.9 -40 -11
PFHxA 3129 -35 -11 268.9 -35 -11
PFHpA 362.9 -30 -13 318.9 -30 -13
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Table S5. Limits of Detection (LODs) and Limits of Quantification (LOQs) of Target
PFAS

Analytes LOD (pg/L) LOQ (pg/L)
6:2FTS 0.002 0.005
5:3 FTCA 0.024 0.081
5:3 FTUCA 0.059 0.195
6:2 FTCA 0.043 0.143
6:2 FTUCA 0.020 0.068
6:2 FTOH 0.34 6.01
PFBA 0.004 0.013
PFPeA 0.003 0.011
PFHxA 0.004 0.013
PFHpA 0.003 0.010
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Table S6. Comparison of 6:2 FTS Aerobic Biotransformation Efficiency Across

Enrichment Cultures and Environmental Matrices

Cultur

Source of Initial  Biotransfo
) Durati _ _ Refer
Microbial _ spiking rmation Biotransformation products
conditi on ence
consortium on (mg/L)  Efficiency
6:2 FTUA, 6:2 FTCA, 5:2
AFFF Soil 1.7
) - 36.30% 224d  sFTOH, 5:3 acid, PFBA, PFPeA, 13
(Robins) mg/L
PFHxA
6:2 FTUA, 5:2 sFTOH, 5:3 acid,
AFFFSoil 1.7
) - 99.80% 224 d PFBA, PFPeA, 13
(Loring) mg/L
PFHxA, PFHpA
6:2 FTUSA, 4:3 FTCA, 5:3
Aerobic 1.2
- >99% 60d FTCA, PFBA, PFPcA, PFHXA, 14
sludge mg/L
PFHpA
Landfill 0.65
- 21% 60d PFBA, PFPeA, PFHxA, PFHpA 15
leachate mgl/L
Wetland
- 8 mg/L 8.90% 142 d 5:3 acid, PFPeA, PFHxA 16
slurry
6:2 FTOH, 6:2 FTCA, 5:2
River 1.3 '
) - 98.10% 90 d sFTOH, 5:2 ketone, 5:3 acid, 17
sediment mg/L
PFPeA, PFHxA, PFHpA
Activated 1.8-2.6 5:2 ketone, 5:2 sFTOH, 5:3 acid,
- 36.30% 90d 18
sludge mg/L PFBA, PFPeA, PFHxA
Acclimatize S- 6:2 FTOH, 5:3 FTCA, 5:3
d free 05-5 FTUCA, 6:2 FTCA, 6:2 FTUCA, This
. . >99% 14d
enrichment condi  mg/L 6:2 FTAL, 4:2 FTCA, PFBA, study
consortium  tions PFPeA, PFHxA, PFHpA
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Table S7. List of Targeted Biotransformation Products Identified by LC-QTOF-MS

SI.  Acronym Formula m/z Mass RT Peak area
No. Theoretical Observed Error (min)
(ppm)
Parent compound
1 6:2 FTS CsHsF 13038 426.96790 426.96796 +0.12  12.01 1.06E+05
Biotransformation products
1 PFBA C4HF-0; 212.97920 212.97926 +0.27  3.58 6.85E+03
2 PFPeA CsHF9O» 262.97601 262.97599 -0.06 6.57 1.98E+04
3 PFHxA CsHF 110, 312.97281 312.97292 +0.35 8.98 1.18E+05
4 PFHpA C7/HF 130, 362.96962 362.96967 +0.15 1093 7.16E+04
5 4:2FTCA CsH3F90; 276.99166 276.98860 -1.90 0.87 6.25E+05
6 53FTCA CsHsF110; 341.00411 341.00400 -0.33  10.29 2.17E+05
7  5:3FTUCA CsH3F110; 338.98846 338.98860 +0.4 10.37 1.02E+06
8 6:2FTCA CsH3F130; 376.98527 376.98498 -0.76  10.46 2.21E+04
9 6:2FTUCA  CsHyF1202 356.97904 356.97908 +0.11  10.36 5.59E+05
10  6:2 FTOH CsHsF 130 363.00600 363.00571 -1.27 0.88 3.73E+04
11 6:2FTAL CsH3F1;0 360.99035 360.98956 -2.20 0.96 5.63E+05

513



Table S8. List of Non-targeted Biotransformation Products Identified by Q-TOF

SI. Peak Area Retention Precursor Formula Formula

No. Time Mass Finder Results  Finder Score
1 3.07E+06 10.36 292.983 C7HF 1 95.776
2 6.01E+05 0.99 246.982 CsHF90 85.154
3 3.45E+05 8.98 268.984 CsHF 11 93.273
4 2.17E+05 10.29 341.004 CsHsF1102 96.672
5 1.87E+05 10.29 236.996 C7H2Fs 97.519
6 1.19E+05 8.98 312.974 CsHF1102 94.005
7 6.23E+04 6.57 218.987 C4HFy 82.581
8 5.45E+04 8.98 246.981 CsHF90 91.255
9 1.75E+04 1.49 147.021 C7HaN202 85.442
10 1.47E+04 4.76 316.987 CsH3F903 92.649
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Table S9. Changes in Concentration (um) of 6:2 FTS and its Biotransformation Products Over Time

Day 6:2 FTS 6:2 FTOH 5:3 FTCA 5:3 FTUCA 6:2 FTCA 6:2 FTUCA 6:2 4:2 FTCA PFBA PFPeA PFHxA PFHpA
FTAL
Control group

0 12.799 £ 0.420 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.001 £ 0.010 £ 0.010+
0.001 0.002 0.003

3 12.519+£0.317 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.001 £ 0.010 0.009 +
0.001 0.001 0.001

7 12.892 £ 0.306 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.001 £ 0.011+ 0.009 +
0.001 0.002 0.000

14 13.064 £0.221 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.001 £ 0.012 + 0.009 £
0.001 0.000 0.002

21 12.799 +£0.227 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.001 £ 0.012 + 0.009 +
0.001 0.002 0.001

28 12.869 = 1.087 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.002 £ 0.012 + 0.008 +
0.001 0.001 0.002

Biodegradation group

0 12.301 £0.054 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.001 £ 0.012 + 0.011+
0.003 0.003 0.004

3 10.417£0.679 0.027+£0.013 0.006 £0.003 0.208 £0.025 0.059+0.030 0.030+0.002 N.D. N.D. N.D. 0.003 £ 0.010 + 0.009 £
0.002 0.002 0.005

7 3.153+0.210 0.164+£0.062 0.207+0.064 0.475+0.062 0.540+0.041 1.170+0.410 N.D. N.D. 0.001 £0.001 0.004 + 0.027 £ 0.015 +
0.001 0.018 0.005

14 0.056+0.005 0.326+0.124 0.414+0.127 0.944+0.124 1.080+0.082 2.340 +0.821 N.D. N.D. 0.002 +0.002 0.008 £ 0.054 + 0.030 +
0.004 0.035 0.014

21 0.033+£0.000 0.449+0.113 0.526+0.148 1.187+0.152 1.116+0.143 3.048 +0.925 N.D. N.D. 0.005 £ 0.002 0.015+ 0.106 + 0.043 +
0.004 0.044 0.019
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28 0.033+0.000 0.459+0.138 0.511+0.054 1.164+0.055 1.091=+0.059 3.680+0.358 N.D. N.D. 0.005 +0.001 0.017 + 0.144 + 0.064 +
0.005 0.063 0.009
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Table S10.

The Quality Evaluation of Sequenced Sample Data

Samples Raw reads Clean reads Non- GC content (%) >Q20 (%) >Q30 (%)
rRNA
reads
Day OR1 70,753,964 81,660,126 47,466,488 45.54 98.93 96.48
Day O R2 82,657,976 68,300,908 39,861,914 46.58 98.88 96.33
Day O R3 73,060,758 72,247,888 41,383,556 45.42 98.94 96.51
Day 7R1 97,199,860 95,413,618 63,216,536 54.77 98.74 95.98
Day 7R2 94,136,948 92,196,454 55,169,958 53.62 98.74 96.05
Day 7R3 79,213,562 77,931,612 48,344,344 53.77 98.76 96.04

#R = Replicates

Tables S11-S14: Excel file

Table S11. KEGG-Based functional annotation of Differentially Expressed Genes (DEGs) and
their associated metabolic pathways

Table S12. Differentially expressed transcripts with predicted functional genes and their
taxonomic assignment

Table S13. KEGG-Based functional annotation of the most upregulated DEGs and their
associated metabolic pathways on Day 7 of 6:2 FTS biotransformation

Table S14. Bacterial taxa associated with the most upregulated differentially expressed

transcripts on Day 7 of 6:2 FTS biotransformation
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Supporting figures
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Fig. S1 Evaluation of the consortium SXCO1 stability was conducted across successive
enrichments with 6:2 FTS. (A) 6:2 FTS degradation across different enrichment stages. (B)
Fluoride generation corresponds to different enrichment stages. Error bars represent the

standard error of three replications.
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Fig. S2 Evaluation of the consortium (SXCO01) for its ability to utilize 6:2 FTS as a carbon
source. The consortia did not exhibit significant growth in the culture media without acetate
(SFA (No acetate) with or without 6:2FTS, yellow and dark green lines), while significant
growth was observed in the presence of acetate (SXCO1 in SFA, bright green line), suggesting
that acetate serves as the primary carbon source. The growth was further significantly increased
with the presence of 6:2 FTS in the SFA media (SXCO1 in SFA with 6:2FTS, blue line),
suggesting 6:2FTS is the primary sulfur source, a key cofactor for the consortium growth.
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Fig. S3 Growth curves of SXCO01 consortium with 6:2 FTS at different concentrations for the
evaluation of its toxicity, and 6:2 FTS as the sole sulfur source. Note: SRA refers to the media
in which MgCl in the original SFA was replaced by MgSO4 (0.165 g/L) with the equivalent
of Mg concentration in MgCl..

No significant growth was observed in sulfur-free medium without 6:2 FTS or MgSOa (red
line), while robust growth was observed in the presence of MgSOa, with or without 6:2 FTS
(blue, green, and purple lines), confirming that MgSOs serves as a readily assimilable sulfur
source. Moderate growth was observed when 6:2 FTS was the sole sulfur source, with higher
biomass at 25 mg/L (olive green line) than at 5 mg/L. (orange line), indicating that 6:2 FTS
supports growth in a concentration-dependent manner. Notably, co-supplementation with
MgSOs further enhanced growth at both concentrations, suggesting that the cultures remained

sulfur-limited and were not adversely affected by 6:2 FTS or its transformation products.
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Fig. S4 Growth of SXCO01 consortium on different concentrations of 6:2 FTS. A. 0.5 mg/L, B.
2.5mg/L, C. 5 mg/L, D. 25 mg/L. Error bars represent the standard error of three replications.
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Fig S5. Growth curve of Brucella anthropi SX009
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Fig. S6 Degradation efficiency of 6:2 FTS at different concentrations in microcosm by the

consortium at different time intervals. Error bars represent the standard error of three

replications.
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Fig. S8 Detection of the extracted-ion chromatogram (XIC) of the parent compound and
biotransformation products of 6:2 FTS in the control and biodegradation group at 5 mg/L. A.
Control (14 days); B. Biodegradation (0 day); C. Biodegradation (14 days)
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Fig. S9 Putative identification of target biotransformation products using LC-QTOF-MS. A.1-
A.3:6:2FTAL, B.1-B.3: 4:2 FTCA. Al and B1: Control and A2 and B2: biodegradation group,

while A3 and B3 show peaks in area comparison between the control and biodegradation

groups.
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Fig. S10 KEGG pathway analysis of ssuEADCB gene cluster. Functional enrichment analysis
using the KEGG pathway of the ssu gene cluster and the hypergeometric distribution algorithm

to obtain the functions of significantly enriched genes in the gene set.
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