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ARTICLE INFO ABSTRACT

Keywords: Although 6:2 fluorotelomer sulfonate (6:2 FTS) is a common ingredient in aqueous film-forming foam (AFFF)
6:2 fluorotelomer sulfonate formulations, its environmental fate at AFFF-impacted sites remains poorly understood. This study investigated
FTS the biotransformation of 6:2 FTS in microcosms prepared with soils collected from two AFFF-impacted sites; the
I?Iljil; former Loring Air Force Base (AFB) and Robins AFB. The half-life of 6:2 FTS in Loring soil was 43.3 days; while
Microbial community >60 mol% of initially spiked 6:2 FTS remained in Robins soil microcosms after a 224-day incubation. Differences
Biotransformation in initial sulfate concentrations and the depletion of sulfate over the incubation likely contributed to the different

6:2 FTS biotransformation rates between the two soils. At day 224, stable transformation products, i.e., C4—Cy
perfluoroalkyl carboxylates, were formed with combined molar yields of 13.8 mol% and 1.2 mol% in Loring and
Robins soils, respectively. Based on all detected transformation products, the biotransformation pathways of 6:2
FTS in the two soils were proposed. Microbial community analysis suggests that Desulfobacterota microorgan-
isms may promote 6:2 FTS biotransformation via more efficient desulfonation. In addition, species from the
genus Sphingomonas, which exhibited higher tolerance to elevated concentrations of 6:2 FTS and its biotrans-
formation products, are likely to have contributed to 6:2 FTS biotransformation. This study demonstrates the
potential role of biotransformation processes on the fate of 6:2 FTS at AFFF-impacted sites and highlights the
need to characterize site biogeochemical properties for improved assessment of 6:2 FTS biotransformation
behavior.

1. Introduction fluorotelomer thioether amido sulfonates (6:2 FtTAoS) and 6:2 fluo-
rotelomer sulfonamidoalkyl betaine (6:2 FTAB) (Harding-Marjanovic
et al., 2015; Moe et al., 2012). As a consequence, 6:2 FTS has been

widely detected at AFFF-impacted sites and in the nearby terrestrial and

Per- and polyfluoroalkyl substances (PFAS) have been used in a wide
variety of industrial and consumer products owing to their unique

properties (e.g., water- and oil-repellency, surface tension reduction)
(Buck et al., 2011). However, concerns over the impacts that these
compounds may pose to environmental and human health are growing
(Grandjean and Clapp, 2015). Aqueous film-forming foams (AFFFs),
which were commonly used to extinguish hydrocarbon-based fuel fires
at airports and military bases (Moody and Field, 2000), were identified
as a major source of PFAS in the environment (Baduel et al., 2015;
Houtz et al., 2013). 6:2 fluorotelomer sulfonate (6:2 FTS) has been
identified as a component of AFFF formulations (Backe et al., 2013;
Herzke et al., 2012; Schultz et al., 2004). Moreover, 6:2 FTS is a major
transformation product of other PFAS compounds in AFFFs, such as 6:2

aquatic ecosystems (Backe et al., 2013; Houtz et al., 2013), with con-
centrations up to 14,600 pg/L and 2,101 pg/kg reported in water and
soil, respectively (Karrman et al., 2011; Schultz et al., 2004). Further-
more, the concentration of 6:2 FTS is anticipated to increase at
AFFF-impacted sites, consistent with the shift to global production of
shorter-chain length fluorotelomer-based AFFFs containing 6:2 FTS or
its precursors (Herzke et al., 2012; Moe et al., 2012).
Biotransformation of 6:2 FTS has been reported by pure bacterial
strains (e.g., Gordonia sp. strain NB4-1Y, Rhodococcus jostii RHA1, and
Dietzia aurantiaca J3) (Méndez et al., 2022; Van Hamme et al., 2013;
Yang et al., 2022b), and various mixed microbial cultures from activated
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sludge (Wang et al., 2011), river sediment (Zhang et al., 2016), wetland
slurry (Yin et al., 2019), landfill leachate (Hamid et al., 2020), and soils
(Chen et al., 2019; Yang et al., 2022a). However, large discrepancies in
the 6:2 FTS biotransformation rate and product formation were docu-
mented across those studies. For example, the half-life of 6:2 FTS was
less than 5 days in the river sediment, but approximately 86 days in
landfill leachate sediment and 2 years in activated sludge (Hamid et al.,
2020; Wang et al., 2011; Zhang et al., 2016). Under sulfur-limiting
conditions, rapid biotransformation of 6:2 FTS (>99 mol% depletion
after 7 days) was achieved by pure bacterial cultures, while no
biotransformation was observed in the presence of other sulfur sources
(e.g., sulfate) (Méndez et al., 2022; Yang et al., 2022b). Although pol-
yfluorinated compounds such as 5:3 fluorotelomer carboxylic acid (5:3
acid) and short chain perfluoroalkyl carboxylates, including per-
fluoropentanoic acid (PFPeA) and perfluorohexanoic acid (PFHxA),
were commonly reported as biotransformation products of 6:2 FTS, the
detection frequencies and molar yields of those products varied among
prior studies (Hamid et al., 2020; Wang et al., 2011; Yang et al., 2022b;
Zhang et al., 2016). These findings suggest that the biotransformation of
6:2 FTS is likely dependent on the environmental matrix. Thus, more
research is needed to improve our understanding of 6:2 FTS biotrans-
formation in various environments, and to explore the role of different
microbial communities involved in the biotransformation. Bridging
these knowledge gaps will provide valuable insights into the assessment
of 6:2 FTS fate and behavior in the environment.

Despite the widespread occurrence and anticipated increased con-
centration at AFFF-impacted sites, the environmental fate of 6:2 FTS at
those sites remains poorly understood. Harding-Marjanovic et al. (2015)
demonstrated that a native AFFF-impacted soil microbial community
biotransformed 6:2 FtTAoS to 6:2 FTS, which was further transformed to
products including 5:3 acid, PFPeA and PFHxA. However, the rate and
pathway of 6:2 FTS biotransformation, as well as the role of the mi-
crobial community in the biotransformation, were not elucidated.
Therefore, the present study aims to (a) examine 6:2 FTS biotransfor-
mation (rates, transformation products, and pathways) under conditions
representative of AFFF-impacted sites using native microbial commu-
nities, and (b) explore soil microbial community dynamics during the
6:2 FTS biotransformation. To this end, surface soils collected from two
U.S. military bases were used for separate 6:2 FTS microcosm studies.
Biotransformation rates and product formation in the two sets of mi-
crocosms were examined over a 224-day incubation period. Addition-
ally, the composition shift of two soil microbial communities during 6:2
FTS biotransformation was evaluated, and microbial taxa that poten-
tially played an important role in the biotransformation were identified.

2. Materials and methods
2.1. Chemicals and materials

The chemical names, acronyms, molecular structures, and suppliers
of PFAS targeted in liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis are listed in the Supplementary Materials (SM),
Table S1. The LC-MS grade water and methanol (>99.9 %) were ob-
tained from Honeywell Burdick & Jackson (Honeywell, Charlotte, NC).
All other chemicals were reagent grade or higher. AFFF-impacted soils
collected from two military sites, the former Loring Air Force Base
(Aroostook County, ME) and Robins Air Force Base (Houston County,
GA) were used in this study (referred to hereafter as Loring soil and
Robins soil). Detailed information on soil collection, and physical and
chemical properties (pH, moisture content, organic matter content,
cation exchange capacity (CEC), particle size distribution) are provided
in SM-section S1 and Table S2.
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2.2. Microcosm set-up and sampling

Two sets of microcosms were constructed in 60-mL Wheaton serum
bottles with either Loring or Robins soil. Each set consisted of live
treatments, abiotic controls, and positive controls (composition
described in Table S3). In each bottle, 3 g (dry weight) of Loring or
Robins soil and 30 mL of synthetic groundwater (SM-section S1) were
added. For live treatments, each bottle was dosed with approximately
1,700 pg/L of 6:2 FTS prepared in diethylene glycol butyl ether (DGBE),
which is a primary organic solvent in AFFF formulations and has also
been demonstrated as an electron donor and carbon source in prior
microcosm studies (Dong et al., 2023; Yan et al., 2022). The initial
concentration of DGBE added into the microcosms was approximately 5
mM. Abiotic controls were prepared similarly to live treatments, except
with the addition of 1 g/L NaNj to inhibit microbial growth (1 g/L was
determined to be effective in preliminary experiments; data not shown).
Abiotic controls were used to evaluate potential abiotic transformation
of 6:2 FTS and/or background PFAS originally present in Loring and
Robins soils. In positive control bottles, only DGBE (no 6:2 FTS) was
added to monitor background PFAS and potential PFAS biotransfor-
mation in Loring and Robins soils. Throughout the experiments, DGBE
was amended into the live treatment and positive control microcosms as
needed to support the microbial growth (Fig. S1). All bottles were
crimp-sealed with rubber septa and aluminum caps (Chemglass; Vine-
land, NJ). One C;g cartridge (Maxi-Clean™, Alltech, Deerfield, IL)
pre-conditioned with methanol, was connected to an 18 G x 1" needle
that was pushed through the septum into the headspace of each bottle.
The cartridge ensured sufficient aeration, and captured potential vola-
tile transformation products (Zhao et al., 2013). All bottles (98 bottles in
total; each soil set comprised of 21 bottles for live treatment, 14 bottles
for abiotic control, and 14 bottles for positive control) were continu-
ously agitated at 150 rpm on an orbital shaker (Innova 2350, New
Brunswick Scientific) at room temperature until sampling.

On days 0, 7, 28, 56, 98, 154, and 224, triplicate bottles from live
treatments, and duplicate bottles from abiotic and positive controls were
destructively sampled. The headspace of each bottle was initially purged
through the C;g cartridge using an aquarium air pump (Imagitarium,
Petco Brand). The cartridges were then eluted with 5 mL methanol for
subsequent PFAS analysis described below. To ensure the efficiency of
Cyg cartridges during the long-term incubation (i.e., 224 days), new C;g
cartridges were installed to replace the old ones on the remaining bottles
on days 28, 56, 98, 126, 154, and 189. The cartridge eluents from each
bottle were combined to account for the total volatile PFAS captured
over the course of the experiment. After headspace sampling, superna-
tant (0.5-mL) was collected from each bottle and immediately added
into methanol (9.5-mL) to minimize potential loss of volatile PFAS. The
diluted sample was then filtered through a 0.22-um nylon filter (Corning
Inc., Corning, NY). Each bottle was then shaken vigorously, and well-
mixed slurry (1-mL) was withdrawn for the measurements of dissolved
organic carbon (DOC) and sulfate (SM-section S1). All remaining slurry
was transferred into a 50-mL centrifuge tube, along with the rubber
septum. The bottle was rinsed with 5 mL ultrapure water and the rinse
water was decanted into the 50-mL tube. The tube was then centrifuged
at 4,000 rpm for 20 min, and the supernatant was discarded. The soil
pellet was resuspended with 30 mL methanol and vortexed for 30 min,
followed by 30 min sonication (operating frequency of 35 kHz) at 60 °C.
The methanol extract from soil and septum were collected after centri-
fugation, and further filtered through a 0.22-pm nylon filter. The Cyg
cartridge eluents, and the filtrates of methanol-diluted aqueous samples
and methanol extracts of soil and septum were stored at —20 °C prior to
PFAS analysis.
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2.3. PFAS analysis

PFAS analysis was performed using a Waters ACQUITY ultra-
performance liquid chromatography system coupled with a Waters
Xevo TQ-S Micro triple quadrupole mass spectrometer (UPLC-MS/MS)
(Waters Corporation, Milford, MA). Samples from each of the three
phases (i.e., headspace, aqueous, and solid phases) were analyzed by
LC-MS/MS separately. Target PFAS analytes are listed in Table S1.
Perfluoroalkyl acids (PFAAs) were analyzed following established
methods (McCord et al., 2018), while polyfluorinated compounds were
analyzed using a method (Szostek et al., 2006) with no ammonium ac-
etate addition to mobile phases. A different method was used for poly-
fluorinated compounds because fluorotelomer alcohols (e.g., 6:2 FTOH)
that are potential transformation products of 6:2 FTS could form adducts
with ammonium acetate under negative electrospray ionization. In both
methods, analyte separation was achieved using a Waters ACQUITY
UPLC BEH C18 Column (130 [o\, 1.7 um, 2.1 mm X 50 mm). Details on the
solvent gradient and instrumental parameters used in each targeted
method are provided in Tables S4-S7. The detection limits of target PFAS
are provided in Table S8. Information on the procedures taken to
minimize matrix effects on PFAS analysis, and the steps taken to verify
target PFAS recovery throughout the experimental procedure are pro-
vided in SM-Section S1.

2.4. Microbial community analysis

To gain insight into the role of native microbial communities in 6:2
FTS biotransformation in AFFF-impacted soils, duplicate microcosm
samples at two sampling points (day 0 and 224) were collected from
Loring and Robins live treatments and positive controls for microbial
community analysis. Since the quantity of DNA extracted from Robins
soil microcosms on day 0 was too low to be amplified, day 7 samples
from the positive control (i.e., biostimulation with DGBE) were used as
the initial samples. Amplification and sequencing of Loring and Robins
soil DNA samples were performed at the Alkek Center for Metagenomics
and Microbiome Research at Baylor College of Medicine, following the
procedures detailed in our recent study (Dong et al., 2023).

3. Results and discussion
3.1. Experimental system

The consumption of DGBE was monitored throughout the experi-
ments conducted in Loring and Robins soil bioactive microcosms (i.e.,
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live treatments and positive controls), which were amended 4-5 times
with 10 mM DGBE (Fig. S1). No change in DOC concentration was
detected in abiotic controls (Fig. S1). These results indicated that aera-
tion was sufficient to support DGBE biodegradation by the aerobic mi-
croorganisms in both soils. In addition, no differences in the
consumption rates of DGBE were observed between live treatments and
positive controls (Fig. S1), suggesting that the addition of 6:2 FTS did not
negatively impact substrate consumption by the native microbial
community.

Background levels of 6:2 FTS and potential transformation products
(Wang et al., 2011; Zhang et al., 2016) in the Loring and Robins soils
were determined from the day O positive control samples (Table S9).
Additional discussion on the occurrence of background PFAS in the two
AFFF-impacted soils is provided in SM-section S2. The total mass of 6:2
FTS initially spiked into the live treatments and abiotic controls was
approximately 180-fold and 22-fold greater than the background 6:2
FTS (this term refers to the total mass of 6:2 FTS originally present) in
the Loring and Robins soils, respectively (Tables S10 and S11). Such
spiked amounts allowed for the identification and quantification of 6:2
FTS transformation products. As shown in Fig. 1, 102.9 + 5.5 mol% and
95.9 £ 6.6 mol% of the initially spiked 6:2 FTS remained in the Loring
and Robins abiotic controls, respectively, with no significant changes (p
> 0.05) over the 224-day incubation period. This finding demonstrates
the integrity of the experimental system and the efficiency of extraction
methods used in this study, and that 6:2 FTS was stable under the abiotic
experimental conditions.

3.2. Biotransformation of 6:2 FTS in Loring and Robins soil microcosms

3.2.1. Biotransformation rates

In the Loring soil microcosm live treatments, rapid 6:2 FTS
biotransformation was observed with only 0.2 mol% of the initially
spiked 6:2 FTS remaining after 154 days (Fig. 1A). The half-life was
determined to be 43.3 days by fitting 7 data points using a first-order
kinetic model (R® = 0.98). Biotransformation of background 6:2 FTS
was also observed in positive controls, where the total mass of 6:2 FTS
decreased from 0.8 + 0.2 nmol at day O to 0.0 + 0.0 nmol at day 28
(Table S10). In contrast, much slower 6:2 FTS biotransformation was
observed in Robins soil, with 63.7 + 6.0 mol% of initially spiked 6:2 FTS
remaining in live treatments after the 224-day incubation (Fig. 1B).
Similarly, background 6:2 FTS in positive controls was biotransformed
slowly, with 7.0 + 2.0 nmol remaining at day 98 (8.3 &+ 0.3 nmol at day
0, Table S11). The measurement of background 6:2 FTS biotransfor-
mation in the Loring and Robins soils suggests that a lack of electron
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Fig. 1. Changes in molar ratios of residual 6:2 FTS during aerobic biotransformation in Loring (Panel A) and Robins (Panel B) soil microcosms. Error bars represent

the standard error of triplicate live treatments and duplicate abiotic controls.



P.-F. Yan et al.

donor, carbon source, and/or nutrients limited natural attenuation of
6:2 FTS at the field sites.

3.2.2. Biotransformation products quantified by LC-MS/MS analysis
Four polyfluorinated compounds, including 6:2 fluorotelomer satu-
rated carboxylic acid (6:2 FTCA), 6:2 fluorotelomer unsaturated car-
boxylic acid (6:2 FTUA), 5:2 secondary fluorotelomer alcohol (5:2
sFTOH) and 5:3 acid, and four perfluorinated compounds (per-
fluorobutanoic acid-PFBA, PFPeA, PFHxA, and perfluoroheptanoic acid-
PFHpA), were identified as biotransformation products of 6:2 FTS in the
Loring soil using LC-MS/MS analysis. Significant increases (p < 0.05) in
the mass of these compounds were detected in live treatments compared
to abiotic and positive controls (Table S10). Formation of 6:2 FTUA and
5:2 sFTOH in positive controls confirmed the occurrence of background
6:2 FTS biotransformation in the Loring soil (Table S10). An initial in-
termediate of 6:2 FTS biotransformation reported previously (Zhang
et al., 2016), 6:2 FTOH, was below the limit of detection (LOD), sug-
gesting that it was rapidly converted to downstream products. This
finding is consistent with observations in activated sludge (Wang et al.,
2011) and river sediment (Zhang et al., 2016), where 6:2 FTOH was
absent or detected at low levels (<2.5 mol%). Similarly, low levels of 6:2
FTCA (<0.5 mol%) were detected over the 224-day incubation likely
due to its rapid biotransformation to 6:2 FTUA, which peaked at day 28
(3.7 £ 0.5 mol%) and decreased to less than 0.5 mol% by day 224
(Fig. 2A). As a major intermediate product reported previously (Zhang
et al., 2016), 5:2 sFTOH concentrations increased throughout the incu-
bation period, reaching a peak molar yield of 13.3 + 5.1 mol% by day
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224 (Fig. 2A). The majority of the 5:2 sFTOH was measured in the
headspace of the microcosm bottles. As an example, >75 % of 5:2 sSFTOH
was in the headspace between day 28 and day 224, and thus, a majority
of the 5:2 sFTOH was likely unavailable for further biotranformation by
the Loring soil microbial community. Another major transformation
product of 6:2 FTS (Wang et al., 2011; Zhang et al., 2016), 5:3 acid,
reached its peak molar yield at 8.9 + 1.2 mol% by day 154 then
decreased to 0.2 + 0.1 mol% at day 224 (Fig. 2A). The biotransforma-
tion of 5:3 acid was reported previously in activated sludge via “one--
carbon removal pathways”, leading to the formation of two major
products (4:3 acid and PFPeA) and two minor products (3:3 acid and
PFBA) (Wang et al., 2012). In the present study, the substantial decrease
in 5:3 acid and increases in PFPeA and PFBA between days 154 and 224
indicated that reactions in “one-carbon removal pathways” likely
occurred in the later stage of incubation (Fig. 2A). However, 4:3 acid
could not be quantified due to the absence of an authentic standard,
while the formation of 3:3 acid was not found to be significant (p > 0.05)
in live treatments (Table S10). Neither 4:3 acid nor 3:3 acid was iden-
tified in subsequent non-targeted PFAS analysis (SM-section S1), sug-
gesting that both compounds were not formed or formed with an
extremely low molar yield that cannot be distinguished from the back-
ground levels. PFBA, PFPeA, and PFHxXA were the major stable trans-
formation products in Loring soil with molar yields of 1.3 £+ 0.5 mol%,
7.0 + 2.7 mol%, and 5.3 £ 0.7 mol% by day 224, respectively (Fig. 2B).
Low amounts of PFHpA (0.2 + 0.1 mol%) were also formed. The
detection of PFPeA and PFHXA as the most abundant terminal products
is consistent with previous studies of 6:2 FTS biotransformation in

20
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Fig. 2. Changes in concentrations of poly- (Panels A and C) and perfluorinated (Panels B and D) biotransformation products during 6:2 FTS aerobic biotransfor-
mation in Loring (Panels A and B) and Robins (Panels C and D) soil microcosms. Error bars represent the standard error of triplicate live treatments. Note that

different y-axis scales were used in Panels A-D.
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activated sludge (Wang et al., 2011), sediment (Zhang et al., 2016),
wetland slurry (Yin et al., 2019), and landfill leachate (Hamid et al.,
2020).

Fig. 2C and D show the molar yields of 6:2 FTS biotransformation
products in the live treatments of Robins soil microcosms. Similar to the
Loring soil, 6:2 FTUA, 6:2 FTCA, and 5:2 sFTOH were detected in pos-
itive controls but not in abiotic controls, indicating that biotransfor-
mation of background 6:2 FTS occurred in Robins soil (Table S11). In
live treatments, trace amounts (<0.01 mol%) of 6:2 FTOH were detected
at day 98, which increased to 0.1 + 0.0 mol% by day 154, while other
transformation products were below the LODs until day 154 (Fig. 2C and
D). At day 224, 6:2 FTS biotransformation in Robins soil yielded 6:2
FTUA (2.1 £ 1.0 mol%), 6:2 FTCA (0.3 £ 0.2 mol%), 5:2 sFTOH (2.0 +
0.1 mol%), 5:3 acid (2.3 £+ 1.9 mol%), PFBA (0.3 + 0.1 mol%), PFPeA
(0.1 + 0.0 mol%), and PFHxA (0.8 + 0.7 mol%). Taken together, the
total molar yield of all quantified transformation products in the Robins
soil microcosms by day 224 was ca. 8.0 mol%, in contrast to that of ca.
27.1 mol% in the Loring soil microcosms. These results illustrate that 6:2
FTS was biotransformed in the Robins soil at a much slower rate and to a
lesser extent than in the Loring soil.

3.2.3. Comparison of 6:2 FTS biotransformation in AFFF-impacted soils to
other environmental matrices and pure cultures

The 6:2 FTS transformation rates and product formation in the Lor-
ing and Robins soils were compared to other environmental matrices
and pure cultures reported previously (Table 1). Rapid biotransforma-
tion of 6:2 FTS was generally achieved in studies utilizing pure bacterial
cultures (Gordonia sp. strain NB4-1Y, Rhodococcus jostii RHA1, and
Dietzia aurantiaca J3), with a substantial decrease (i.e., 44-100 mol%) in
6:2 FTS during short incubation periods (<10 days) (Table 1). In
contrast, relatively slow 6:2 FTS biotransformation was observed in
various environmental matrices including activated sludge, wetland
slurry, landfill leachate, and AFFF-impacted soils, with the exception of
river sediment where a half-life of <5 days was reported (Table 1). 6:2
FTS biotransformation in Robins soil (63.7 mol% remaining after 224
days) was comparable to that in activated sludge (63.7 mol% remaining
after 90 days) and constructed wetlands (91.1 mol% remaining after 142
days), but was lower than that observed in landfill leachate (50 mol%
remaining after 90 days; half-life = 86 days) (Table 1). The biotrans-
formation in the Loring soil (half-life = 43.3 days), however, was
approximately 2-fold faster than that observed in landfill leachate
(Table 1). The presence of more easily assimilated sulfur sources (e.g.,

Water Research 249 (2024) 120941

sulfate) was reported to impact the 6:2 FTS biotransformation rate by
inhibiting the initial step of biotransformation, i.e., enzymatic desulfo-
nation (Key et al., 1998). For example, rapid 6:2 FTS biotransformation
was achieved by pure microbial cultures under sulfur-limiting condi-
tions (Méndez et al., 2022; Shaw et al., 2019; Yang et al., 2022b), while
the presence of sulfate (10 mM) suppressed the desulfonation process
(Yang et al., 2022b). The sulfate present in activated sludge (0.21-0.52
mM) (Wang et al., 2011), landfill leachate (0.32 mM) (Hamid et al.,
2020), and wetland slurry (8 mM) (Yin et al., 2019) was also assumed by
researchers to cause the observed slow 6:2 FTS biotransformation. In the
present study, sulfate concentrations in the Loring and Robins soil mi-
crocosms were monitored throughout incubation (Fig. S2). The initial
concentration was 3-5 times higher in Robins soil than Loring soil (0.10
+ 0.00 mM and 0.02 + 0.01 mM, respectively). Sulfate in bioactive
Loring soil microcosms was rapidly and completely consumed by day 7,
whereas sulfate was not nearly depleted (<0.01 mM) until day 98 in
Robins soil (Fig. S2). The time point of the initiation of 6:2 FTS
biotransformation (e.g., formation of biotransformation products)
appeared to coincide with the time point of sulfate depletion in both
microcosms (Figs. 1, 2, and S2; day 7 and day 98 for Loring and Robins
microcosms, respectively), indicating that 6:2 FTS biotransformation
was favored by the microbial consortium in both soils once sulfur
sources were depleted. Therefore, differences in the initial sulfate con-
centrations and its depletion over the incubation period were likely
critical factors resulting in the differing 6:2 FTS biotransformation rates
observed between the Loring and Robins soil microcosms. These find-
ings indicate that availability of alternate sulfur sources in the envi-
ronment could inhibit the desulfonation of 6:2 FTS, making it a limiting
step for 6:2 FTS biotransformation.

In addition to biotransformation rates, variations in 6:2 FTS trans-
formation products and yields are observed for different environmental
matrices and pure cultures (Table 1). The biotransformation of 6:2 FTS
by pure bacterial cultures yielded minimal or negligible amounts of
perfluoroalkyl carboxylic acids (PFCAs), whereas the biotransformation
by microbial communities in environmental media consistently resulted
in PFCAs formation. Although the molar yields of PFCAs varied among
the experimental systems, PFPeA and PFHxA were the most abundant
(Table 1), and PFBA and PFHpA were not consistently detected as 6:2
FTS biotransformation products. Small amounts of PFHpA were only
detected in the studies using river sediment (Zhang et al., 2016), pure
strain Rhodococcus jostii RHA (Yang et al., 2022b), and in the present
study. Polyfluorinated products, including 6:2 FTOH, 6:2 FTCA, 6:2

Table 1
Comparison of 6:2 FTS biotransformation rates and product formation in AFFF-impacted soils to other environmental matrices and pure cultures.
Environmental matrix/ Duration Biotransformation rate (half- Biotransformation products at the end of experiment (yield in mol%, if Reference
pure culture (days) life, if applicable) determined)
Pseudomonas sp. strain 1 Not available Not available Key et al. (1998)
D2
Gordonia sp. strain NB4- 5 56 mol% remaining at day 5 6:2 FTCA, 6:2 FTUA, 5:3 acid, 5:3U acid Van Hamme
1Y et al. (2013)
Gordonia sp. strain NB4- 7 0.1 mol% remaining at day 7 6:2 FTOH (4.1), 6:2 FTCA (4.3), 6:2 FTUA (13.7), 5:2 sFTOH (9.0), 5:2 ketone Shaw et al.
1Y (43.9), 5:3 acid (0.4), PFBA (<0.1), PFPeA(<0.1), PFHxA(0.6) (2019)
Rhodococcus jostii RHA1 6 <1 mol% remaining at day 6 6:2 FTCA, 6:2 FTUA, a-OH-5:3 acid, PFHpA Yang et al.
(2022b)
Dietzia aurantiaca J3 7 0 mol% remaining at day 6 6:2 FTCA, 6:2 FTUA, 5:3 acid, PFPeA, PFHxA Méndez et al.
(2022)
Activated sludge 90 63.7 mol% remaining at day 90 5:2 ketone & 5:2 sFTOH (3.4), 5:3 acid (0.1), PFBA (0.1), PFPeA (1.5), PFHXA  Wang et al.
(1.1) (2011)
River sediment 90 1.9 mol% remaining at day 90 6:2 FTOH (<2.5), 6:2 FTCA (12), 5:2 sFTOH (<8), 5:2 ketone (<8), 5:3 acid Zhang et al.
(<5 days) (16), PFPeA(21), PFHxA(20), PFHpA (0.6) (2016)
Wetland slurry 142 91.1 mol% remaining at day 5:3 acid (2.7), PFPeA (6.1), PFHxA (2.1) Yin et al. (2019)
142
Landfill leachate and 90 ~50 mol% remaining at day 90 5:2 sFTOH (0.6), 5:3 acid (0.2), PFBA (0.6), PFPeA (5.6), PFHxA (3.1) Hamid et al.
sediment (86 days) (2020)
Loring soil 224 0.2 mol% remaining at day 224 6:2 FTUA (0.3), 5:2 sFTOH (12.8), 5:3 acid (0.2), PFBA (1.3), PFPeA (7.0), This study
(43.3 days) PFHxA (5.3), PFHpA (0.2)
Robins soil 224 63.7 mol% remaining at day 6:2 FTUA (2.1), 6:2 FTCA (0.3), 5:2 sFTOH (2.0), 5:3 acid (2.3), PFBA (0.3), This study

224 PFPeA (0.1), PFHxA (0.8)
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FTUA, 5:2 sFTOH, 5:2 ketone and 5:3 acid, were commonly reported
during 6:2 FTS biotransformation. However, the detection frequency
and molar yield of each product varied across these studies (Table 1).
Taken together, these results suggest that 6:2 FTS biotransformation in
different environments and/or by different microbial communities is
likely to undergo different pathways.

3.2.4. Biotransformation pathways of 6:2 FTS in AFFF-impacted soils

In the Loring and Robins soil microcosm live treatments, total mass
recovery of 6:2 FTS and transformation products generally decreased
with incubation time. For Loring soil, mass recovery decreased from
92.5 + 5.4 mol% at day 7 to 55.8 & 4.8 mol% at day 56, then further to
25.7 + 3.2 mol% at day 154, and for Robins soil, recovery decreased
from 98.3 £+ 1.1 mol% at day 7 to 71.1 + 8.1 mol% at day 154 (Fig. S3).
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However, a similar decrease was not observed in the abiotic controls
(Fig. S3). The relatively lower mass recovery observed in the live
treatments of Loring soil compared with Robins soil can, thus, be
attributed to an increased extent of 6:2 FTS biotransformation and the
associated formation of unknown transformation products. Non-
targeted LC—HRMS analysis was then performed on the samples from
each treatment of the Loring and Robins microcosms (SM-section S1),
with an attempt to identify unknown 6:2 FTS biotransformation prod-
uct. Unfortunately, no potential product was putatively identified by
LC—HRMS analysis.

Based on the transformation products detected by targeted LC-MS/
MS analysis (Fig. 2), the biotransformation pathways of 6:2 FTS in the
Loring and Robins soil microcosms are proposed in Fig. 3. The detection
of 5:2 sFTOH, 5:3 acid, and PFCAs indicated that pathways reported
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Fig. 3. Proposed aerobic biotransformation pathways of 6:2 FTS in AFFF-impacted soils. Compounds in the rectangular boxes were detected by LC-MS/MS analysis.
Compounds in the brackets are proposed transformation products and were not detected in this study. The solid arrows represent the biotransformation steps ex-
pected to occur based on the present and previous studies (Shaw et al., 2019; Wang et al., 2011; Zhang et al., 2016). The double arrows represent multiple enzymatic

steps involved.
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previously in activated sludge (Wang et al., 2011), river sediment
(Zhang et al., 2016), and landfill leachate (Hamid et al., 2020), also
occurred during 6:2 FTS biotransformation by native microbial com-
munities in AFFF-impacted soils. The biotransformation initiated by the
microbial desulfonation of 6:2 FTS catalyzed by monooxygenases (Van
Hamme et al., 2013; Yang et al., 2022b), resulted in the formation of 6:2
FTOH. Then, 6:2 FTOH was oxidized to 6:2 fluorotelomer aldehyde (6:2
FTAL) by an alcohol dehydrogenase, which was further oxidized to 6:2
FTCA catalyzed by an aldehyde dehydrogenase. Through a dehy-
drohalogenation reaction, 6:2 FTCA was converted to 6:2 FTUA
involving elimination of a hydrogen fluoride (HF). Similar to those
previously reported (Liu et al., 2010b, 2010a; Yang et al., 2022b), the
biotransformation of 6:2 FTOH to 6:2 FTAL, to 6:2 FTCA, and then to 6:2
FTUA was likely a rapid process, so that accumulation of 6:2 FTCA
(<0.5 mol%) was minimal (Fig. 2). The low level of PFHpA formation
(Fig. 2, Tables S10 and S11) observed in this study suggests that
a-oxidation of 6:2 FTCA might be a minor pathway during 6:2 FTS
biotransformation. Although microbial a-oxidation of fluorotelomer
compounds (e.g., 6:2 FTOH, 8:2 FTOH) was not previously observed in
studies conducted with bacterial cultures, activated sludge or pristine
soils (Liu et al., 2010b, 2010a, 2007; Wang et al., 2011, 2009), the
detection of PFHpA in recent 6:2 FTS and 6:2 polyfluoroalkyl phos-
phates (PAPs) biotransformation studies supports the possibility that
microbial a-oxidation of 6:2 FTS to PFHpA occurred (Lee et al., 2010;
Yang et al., 2022b; Zhang et al., 2016). A key branching point for further
biotransformation was 6:2 FTUA, after which the pathways diverged.
Through multiple enzymatic steps (e.g., defluorination and decarbox-
ylation) (Wang et al., 2011), 6:2 FTUA was metabolized to 5:2 ketone.
Then, the ketone was converted to 5:2 sFTOH, which is the precursor to
PFPeA and PFHxA via multiple unknown reactions involving the
removal of fluorine and carbon atoms (Liu et al., 2010b; Wang et al.,
2011). The other transformation pathway for 6:2 FTUA led to the for-
mation of 5:3 U acid, possibly via reductive defluorination (Hamid et al.,
2020). Recently, Yu et al. (2020) demonstrated the microbial reductive
defluorination of unsaturated PFAS by a mixed microbial culture.
Further, 5:3 U acid was converted to 5:3 acid through a reduction step
facilitated by nicotinamide-adenine dinucleotide phosphate (NADPH),
and 5:3 acid could then enter into the “one-carbon removal pathways”,
leading to the formation of 5:2 U acid and 4:2 ketone, which are the
precursors to PFBA and PFPeA (Wang et al., 2012).

3.3. Microbial community dynamics during aerobic biotransformation of
6:2 FTS

3.3.1. Diversity and richness of microbial community

The mapped reads of 16S rRNA gene amplicons from Loring and
Robins soil microcosms varied in the range of 1,878 to 18,059
(Table S12). To compare the diversity and richness of microbial com-
munities, the number of reads in all samples was rarefied to an identical
sequencing depth (1,878). The quality-filtered reads were clustered into
operational taxonomic units (OTUs) ranging from 25 to 554 at a 97 %
similarity level. Alpha diversity, defined as the mean diversity of species
in a community (Whittaker, 1972), was estimated using Shannon and
Simpson indices. Species richness, the number of species or OTUs in a
community, was estimated using Chaol index. The original Robins soil
has lower Shannon, Simpson and Chao 1 indices than those of Loring soil
(Table S12), indicating Robins soil has both lower microbial richness
and diversity than Loring soil. Although both Robins and Loring soils
were heavily contaminated by PFAS (Table S9), the lower richness and
diversity of Robins soil could be associated with its milieu conditions; for
example, the lack of sufficient carbon sources for microbial growth at
the site (lower organic carbon content in Robins soil (0.6 %) than Loring
soil (3.5 %)). A significant difference (p < 0.05) in Chaol, Shannon, or
Simpson indices was not found between day 224 samples from the live
treatment (~1,700 pg/L 6:2 FTS spiked) and the positive control (no 6:2
FTS spiked) in both Loring and Robins soil microcosms (Table S12),
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suggesting that the presences of spiked 6:2 FTS and its biotransforma-
tion products did not significantly change the microbial diversity in this
study. Although the results are not in agreement with previous studies
that found microbial diversity (in river sediment and soil) was reduced
by exposure to PFCAs or 6:2 FTS biotransformation products, the con-
centrations of PFAS detected or applied in those studies were much
higher (e.g., 15 mg/L) than that in the present study (Qiao et al., 2018;
Zhang et al., 2017). Principle coordinate analysis (PCoA) was also
applied as a measurement of beta diversity to visualize microbial com-
munity alteration among the different treatments in Loring and Robins
microcosms. The minimal impact of spiked 6:2 FTS on overall diversity
was further supported by the clear grouping of day 224 samples from the
live treatment and positive controls (Fig. S4). In addition, the apparent
separation of Loring and Robins soil samples revealed the distinct dif-
ferences between microbial community compositions in two soils
(Fig. S4).

3.3.2. Microbial community composition in Loring and Robins soil
microcosms

The microbial community composition in Loring and Robins soils
was further analyzed on various taxonomic levels. A total of 36 classified
phyla in the domain Bacteria and 5 phyla in the domain Archaea were
shared. Fig. 4 shows Proteobacteria was the most dominant phylum in
Loring and Robins soils (relative abundance >35 %). The results
corroborate with previous studies that identified Proteobacteria as the
predominant phylum in surface soils and river sediments that were
heavily contaminated by PFAS (Bao et al., 2018; Li et al., 2017). Addi-
tionally, prior studies observed obvious increases (12.5-65.7 %) in
Proteobacteria in wetland slurry and fresh water following exposure to
PFAS (Yin et al., 2019; Zhang et al., 2020). These results suggest that
Proteobacteria is likely more tolerant of PFAS than other phyla. In this
study, two classes of Proteobacteria, Alpha- and Gamma-proteobacteria,
were observed in Loring and Robins soils; these microorganisms have
been reported to degrade various hydrocarbon compounds (Sutton et al.,
2013), as well as PFAS (e.g., FTOHs, 6:2 FTS) (Key et al., 1998; Kim
et al., 2014; Lewis et al., 2016). Another phylum, Actinobacteriota was
also observed in all of Loring and Robins soil samples (Fig. 4). Some
genera from Actinobacteriota are known as PFAS degraders; for
example, Mycobacterium is known to degrade 6:2 FTOH (Kim et al.,
2014), and Gordonia, Rhodococcus, and Dietzia have been shown to
transform 6:2 FTS (Méndez et al., 2022; Shaw et al., 2019; Yang et al.,
2022b). In the current study, Rhodococcus was present in Loring and
Robins soils (Fig. 5). Taken together with prior work, Rhodococcus
and/or other strains belonging to the Proteobacteria and Actino-
bacteriota phyla are likely tolerant to 6:2 FTS and associated biotrans-
formation products; some of these strains may also play a role in the 6:2
FTS biotransformation observed in both soils.

Desulfobacterota was present in Loring soil at a relative abundance
of 1.7-6.5 % whereas it was absent in Robins soil (Fig. 4). Many genera
in Desulfobacterota have been reported to desulfonate the organo-
sulfonates (Cook et al., 1998). Since desulfonation is a critical and often
a rate-limiting step in 6:2 FTS biotransformation (Hamid et al., 2020;
Wang et al., 2011), the distinct difference in the abundance of Desul-
fobacterota could have contributed to the observed differences in
biotransformation rates of 6:2 FTS in Loring and Robins soils. In addi-
tion, higher abundances of Bacteroidota (12.7 + 3.4% vs. 0.9 & 1.3 %),
Zixibacteria (3.0 £+ 2.5% vs. 0 %), Cyanobacteria (2.1 + 1.5% vs. 0 %),
Patescibacteria (1.6 4= 0.8% vs. 0 %), as well as Archaea (1.2 4 0.5% vs.
0 %), in Loring soil than Robins soil may partially account for the
observed differences in 6:2 FTS biotransformation (Fig. 4). Bacteroidota
and Archaea were shown to be associated with diesel- and
PFAS-contaminated soils (Sutton et al., 2013; Zhang et al., 2017). Cya-
nobacteria species were reported to degrade aromatic hydrocarbons and
xenobiotics using various enzymes (Touliabah et al., 2022). Patesci-
bacteria was widely detected at sites with organic and metal pollutants
(Tripathi et al., 2022), and was linked to the remediation of aromatic
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hydrocarbons and heavy metals (Cao et al., 2022). Zixibacteria was
recently proposed as a new bacterial phylum, and the representative
organism in the phylum was reported to be metabolically versatile
(Castelle et al., 2013).

The impacts of 6:2 FTS and its biotransformation products on mi-
crobial community composition were also investigated by comparing
the day 224 samples from live treatments (~1,700 pg/L 6:2 FTS spiked)
and from positive controls (no 6:2 FTS spiked). At the phylum level, the
increases in Myxococcota and Firmicutes were found in both Loring and
Robins soils after being exposed to 6:2 FTS (Fig. 4). Specifically, the
relative abundance of Myxococcota was 2.2 + 0.7 % and 1.1 + 0.4 % in
non-spiked Loring and Robins soils, respectively; while it increased to
3.5+ 1.9 % and 3.5 + 0.3 % in the 6:2 FTS spiked soils, respectively.
Likewise, Firmicutes increased from 1.3 + 0.1 % and 4.3 + 0.2 % in non-
spiked soils, to 2.7 + 0.5 % and 7.5 + 1.1 % in the 6:2 FTS spiked Loring

and Robins soils, respectively. These results suggest that Myxococcota
and Firmicutes were relatively more tolerant to 6:2 FTS and/or its
transformation products. Both phyla were found capable of biotrans-
formation of chlorinated solvents (Krzmarzick et al., 2014; Sanford
et al.,, 2002), and Firmicutes was a dominant phylum in the
PFAS-contaminated soils (Li et al., 2017; Qiao et al., 2018). At the genus
level, a total of 320 genera were shared, and the Welch t-test with
Benjamini-Hochberg false discovery rate (FDR) for multiple test cor-
rections was applied to compare the relative abundance of each genus in
live treatments and positive controls. It was found that Sphingomonas
was the only genus that increased significantly (adjusted p < 0.05) in
live treatments compared to positive controls in both the Loring and
Robins soil microcosms. In Loring soil, the relative abundance of
Sphingomonas was 0.3 + 0.0 % in live treatments compared to positive
controls (0.2 £ 0.0 %); in Robins soil, the relative abundance was 12.0
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+ 3.8 % in live treatments compared to positive controls (5.7 + 1.1 %)
(Fig. 5). These results suggest that the genus of Sphingomonas likely has
higher tolerance to the elevated concentrations of 6:2 FTS and its
biotransformation products. Moreover, some species in Sphingomonas
may play a role in 6:2 FTS biotransformation. Species in Sphingomonas
are present in various natural environments, and widely known to
degrade many kinds of environmental pollutants (e.g., polycyclic aro-
matic hydrocarbons, chlorinated pesticides) (Bhatt et al., 2020; Nagata
et al.,, 1999; Premnath et al., 2021). Recent studies reported that the
relative abundance of Sphingomonas increased under PFAS-spiked (e.g.,
PFOS, 6:2 FTS) conditions (Qiao et al., 2018; Yin et al., 2019).

4. Conclusions

This study investigated the aerobic biotransformation of 6:2 FTS in
two different AFFF-impacted soils. Different biotransformation rates
were observed for the two soils; a half-life of 43.3 days was calculated
for the Loring soil microcosms, while >60 mol% of initially spiked 6:2
FTS remained in the Robins soil microcosms after a 224-day incubation.
Differences in initial sulfate concentrations and its depletion rate over
the incubation were likely associated with the different biotransforma-
tion rates between the two soils. Previously documented 6:2 FTS
biotransformation products, including 6:2 FTCA, 6:2 FTUA, 5:2 sFTOH,
5:3 acid, and C4—C; PFCAs, were identified and quantified by LC-MS/
MS. After 224 days incubation, C4—C; PFCAs were formed with com-
bined molar yields of 13.8 mol% and 1.2 mol% in Loring and Robins
soils, respectively. Based on these identified products, the aerobic
biotransformation pathways of 6:2 FTS in AFFF-impacted soils were
proposed.

This study also explored the microbial community composition and
dynamics during the 6:2 FTS biotransformation in the Loring and Robins
soil microcosms. Rhodococcus and/or other strains belonging to the
Proteobacteria and Actinobacteriota, which were found to be present in
both soils, could play a role in the 6:2 FTS biotransformation. Moreover,
microorganisms from phylum Desulfobacterota, which has a relative
abundance of 1.7-6.5 % in Loring soil but was absent in Robins soil,
likely promoted 6:2 FTS biotransformation via more efficient desulfo-
nation. Additionally, species in the genus Sphingomonas, which exhibi-
ted higher tolerance to the elevated concentrations of 6:2 FTS and its
biotransformation products, are likely to have contributed to 6:2 FTS
biotransformation. These findings provide insights into the role of native
soil microbial communities in the biotransformation of fluorotelomer
compounds, which can be valuable for future screening and isolation of
microorganisms that could biodegrade fluorotelomers and/or other
PFAS.

Overall, this study advances our understanding of the biotransfor-
mation rates and reaction pathways of 6:2 FTS, and the associated mi-
crobial mechanisms in AFFF-impacted soils. The different
biotransformation rates observed in the two AFFF-impacted soils also
highlight that evaluations of site geochemical and biological attributes
are critical for achieving a better understanding of 6:2 FTS trans-
formation in the field. The findings in this study could also serve as a
reference for predicting the environmental fate of 6:2 FTS that can be
used in the development of improved future conceptual site models.
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