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Fluorotelomer carboxylic acids (FTCAs) represent an important group of per- and polyfluoroalkyl substances
(PFAS) given their high toxicity, bioaccumulation potential, and frequent detection in landfill leachates and
PFAS-impacted sites. In this study, we assessed the biodegradability of 6:2 FTCA and 5:3 FTCA by activated
sludges from four municipal wastewater treatment plants (WWTPs) in the New York Metropolitan area. Coupling
with 6:2 FTCA removal, significant fluoride release (0.56~1.83 F-/molecule) was evident in sludge treatments
during 7 days of incubation. Less-fluorinated transformation products (TPs) were formed, including 6:2 fluo-
rotelomer unsaturated carboxylic acid (6:2 FTUCA), perfluorohexanoic acid (PFHxA), perfluoropentanoic acid
(PFPeA), and perfluorobutanoic acid (PFBA). In contrast, little fluoride (0.01~0.09 F-/molecule) was detected in
5:3 FTCA-dosed microcosms, though 25~68% of initially dosed 5:3 FTCA was biologically removed. This implies
the dominance of “non-fluoride-releasing pathways” that may contribute to the formation of CoA adducts or
other conjugates over 5:3 FTCA biotransformation. The discovery of defluorinated 5:3 FTUCA revealed the
possibility of microbial attacks of the C-F bond at the y carbon to initiate the transformation. Microbial com-
munity analysis revealed the possible involvement of 9 genera, such as Hyphomicrobium and Dechloromonas, in
aerobic FTCA biotransformation. This study unraveled that biotransformation pathways of 6:2 and 5:3 FTCAs can
be divergent, resulting in biodefluorination at distinctive degrees. Further research is underscored to uncover the
nontarget TPs and investigate the involved biotransformation and biodefluorination mechanisms and molecular
basis.

to perfluorocarboxylic acids (PFCAs) and perfluorosulfonic acids
(PFSAs) (Rahman et al., 2014). Because of the extreme stability of the
C-F bond (Scheringer et al., 2014), these PFASs are considered highly
recalcitrant in the environment.

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) have attracted unprec-
edented attention given their prevalent detection and adverse health

effects (Arvaniti and Stasinakis 2015; Evich et al., 2022; Rahman et al.,
2014). PFASs have been applied in a myriad of commercial products (e.
g., stain- and water-repellents and firefighting foams) due to their
chemical and thermal stability, high surface activity, and hydro-/-
lipophobic properties (Buck et al., 2011; Meshri 1986; Wang et al., 2017;
Xiao 2017). Unfortunately, toxicological studies have demonstrated that
PFAS exposure can elicit hepatotoxicity, neurotoxicity, immunotoxicity,
genotoxicity, and reproductive and developmental effects (Butenhoff
et al., 2002; Guruge et al., 2006; Lau et al., 2004; Ma et al., 2020a;
Pinkas et al., 2010; Ren et al., 2009). Accordingly, primary regulatory
attention has been centered on perfluorooctanoic acid (PFOA), per-
fluorooctane sulfonic acid (PFOS), and other PFASs that mostly belong
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Fluorotelomer carboxylic acids (FTCAs) represent an important
group of PFASs, consisting of one or more non-fluorinated alkyl carbons
between the perfluorinated tail and the carboxylic acid head. FTCAs are
frequently found as key intermediates generated from the biotransfor-
mation of fluorotelomer (FT)-based PFAS precursors, such as fluo-
rotelomer alcohols (FTOHs) (Kim et al., 2012; Liu et al., 2010b; Tseng
et al., 2014a; Wang et al., 2009; Zhao et al., 2013), fluorotelomer sul-
fonates (FTSs) (Shaw et al., 2019; Zhang et al., 2016), and fluoroalkyl
phosphates (PAPs) (Lewis et al., 2016). A portion of the generated
FTCAs can be further degraded, leading to the accumulation of down-
stream shorter chain PFCAs, such as perfluorohexanoic acid (PFHxA),
perfluoropentanoic acid (PFPeA), and perfluorobutanoic acid (PFBA)
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(D’Agostino and Mabury 2017; Evich et al., 2022; Lee et al., 2010; Li
et al., 2018; Qiao et al., 2021; Wang et al., 2011b; Wang et al., 2012a;
Zhang et al., 2013; Zhao et al., 2013).

Recent investigations revealed the dominant detection of FTCAs,
particularly 5:3 FTCA and 6:2 FTCA, in landfill leachates and other
environmental matrixes (Allred et al., 2014; Fuertes et al., 2017; Lang
et al., 2017). Lang et al. reported that 5:3 FTCA accounted for up to
25~57 % of the total mass of PFASs detected in landfill leachates
collected across the US, resulting in a median release estimated at nearly
200 kg/yr (Lang et al., 2017). Since landfill leachates are frequently
handled at domestic wastewater treatment plants (WWTPs), WWTPs can
be considered potential nodes for FTCAs to enter the water cycle (Allred
et al., 2014; Hamid et al., 2018; Huset et al., 2011; Lang et al., 2017). A
recent study revealed a high mass flow of 6:2 FTCA at 12~15 g/d in the
secondary clarifier and effluent at a WWTP of a fluorochemical
manufacturing facility (Dauchy et al., 2017). Accordingly, we identified
FTCAs and their derivatives with hydrogen substitution or unsaturation
bond across the wastewater treatment train at three WWTPs in New
Jersey (Wu et al., 2022). FTCAs have also been reported in other aquatic
environments, such as rainwater at the concentration range of
0.30~1.00 ng/L (Loewen et al., 2005). Unfortunately, FTCAs exhibit
higher bioaccumulating potentials and are at least two orders of
magnitude more toxic than their corresponding PFCAs (Phillips et al.,
2007; Shi et al., 2017). The median effective concentrations (EC50s) of
6:2 FTCA were 63.0 mg/L for the midge fly Chironomus tentans (Phillips
et al.,, 2007) and 26.2 mg/L for the green algae Chlorella vulgaris
(Mitchell et al., 2011), and the median lethal concentration (LC50) of
6:2 FTCA was 7.33 mg/L for zebrafish embryos (Shi et al., 2017).

Considering the introduction of FTCAs from the discharge of landfill
leachates and other domestic sources and their toxicity concerns, it is of
great value to investigate the biodegradability of FTCAs by activated
sludge. In fact, increased PFCA mass flows over the activated sludge
process have emerged as a pressing issue at WWTPs (Kunacheva et al.,
2011; Schultz et al., 2006; Sinclair and Kannan 2006; Wu et al., 2022; Yu
et al., 2009). Biotransformation of FTCAs and other FT-based precursors
to PFCAs during the aeration treatment is widely proposed as a source of
PFCAs in WWTPs (Chen et al., 2017; Lee et al., 2010; Sinclair and
Kannan 2006; Yu et al., 2009). Based on the target analysis, several
studies on biotransformation of FT-based precursors suggested 6:2 FTCA
as a key intermediate that can be further degraded to shorter chain
PFCAs (e.g., PFHxA, PFPeA, and PFBA) and 5:3 FTCA (Kim et al., 2014;
Kleiner and Jho 2009; Lewis et al., 2016; Li et al., 2018; Liu et al., 2010a;
Liu et al., 2010b; Merino et al., 2018; Qiao et al., 2021; Royer et al.,
2015; Shaw et al., 2019; Shi et al., 2017; Tseng et al., 2014a; Wang et al.,
2011b; Zhang et al., 2016; Zhao et al., 2013). Wang et al. reported the
aerobic biotransformation of 5:3 FTCA by activated sludge via "one--
carbon removal pathways" (Wang et al., 2012a), through which 5:3
FTCA is transformed to 4:3 FTCA or shorter chain PFCAs via the for-
mation of a-OH 5:3 acid and 5:2 FTCA (Wang et al., 2012a). However,
limited knowledge is available for a quantitative comparison between
6:2 and 5:3 FTCAs regarding their biotransformation potentials and
biodegradation pathways.

In this study, we selected 6:2 and 5:3 FTCAs as representatives and
investigated their biotransformation and biodefluorination processes in
activated sludge collected from four municipal WWTPs in the New York
metropolitan area. Nano-electrospray ionization high-resolution mass
spectrometry (Nano-ESI HRMS) was employed for the quantitative
analysis of FTCAs and their transformation products (TPs) over 7 days of
incubation (Wu et al., 2022). Microbial populations that may contribute
to FTCA biotransformation and biodefluorination were investigated by
16S rRNA amplicon-based sequencing and bioinformatics analysis based
on the shifting of the relative abundances of these taxa in response to the
FTCA exposure. These findings are of significant value to advance our
understanding of PFAS biotransformation and biodefluorination path-
ways and involved microorganisms.
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2. Methods
2.1. Chemicals and reagents

Reagents, solvents, and standards used in this study are described
and listed in the SI.

2.2. Sample collection

Activated sludge samples were collected from four domestic WWTPs
(designated as Sludge R, P, L, and W) located in Northern New Jersey
and New York City in October 2019, which serve populations ranging
from 6.0 x 10% to 1.4 x 10° and a diversity of local industries (see
specifics of these four WWTPs in Table S7). At each WWTP, 500 mL of
activated sludge slurry was collected in triplicate in the center of the
aeration tank and stored in a sealed 1-L HDPE container with 500 mL
headspace. All samples were shipped on ice from the sampling sites to
our laboratory at NJIT on the same day. All sludges were then tempo-
rarily stored in 4 °C refrigerator before the experiment within 24 h.

2.3. Microcosm study

Four sets of microcosms, including sludge treatment, analytical
control, abiotic control, and microbial control, were conducted in trip-
licate to investigate the biotransformation of 6:2 FTCA and 5:3 FTCA
individually. 6:2 FTCA and 5:3 FTCA stock solutions were prepared at
the concentration of 40 mM in pure methanol. For sludge treatment
microcosms, 100 pL of the 40 mM FTCA stock solution was added to
160-mL amber serum bottles, which were then flushed with nitrogen
flow to fully evaporate the methanol solvent. Sludges were well mixed
and concentrated via centrifugation at 12,000 rpm, followed by being
washed three times with phosphate buffer saline (PBS, 20 mM sodium
phosphate, pH 7.0) to remove the dissolved and unbounded organic
carbon. After removing the PBS, 1 g of sludge (wet weight) was inocu-
lated into the serum bottles spiked with FTCAs, followed by the addition
of 50 mL synthetic wastewater prepared as previously described(Gao
et al,, 2018) to mimic the BOD (biological oxygen demand), COD
(chemical oxygen demand), and ammonia nitrogen condition of do-
mestic sewage. The recipe of synthetic wastewater consists of: 206.4
mg/L d-glucose, 256.0 mg/L CH3COONa-3H,0, 35.4 mg/L (NH4)2SO4,
11.1 mg/L K;HPOy, 14.2 mg/L CaCly, 0.21 mg/L MgSO4-7H,0, 0.225
mg/L FeCls, 0.018 mg/L, MnCly-4H,0, 0.023 mg/L H3BO3, 0.018 mg/L
ZnS04-7H50, 0.005 mg/L CuS04-5H50, 1.5 mg/L EDTA, and 0.027
mg/L KI. The final wastewater characteristics were as follows (mean +
standard errors): COD = 415421 mg/L, NH{-N = 7.5 + 0.4 mg/L, and
pH = 7.3 + 0.1. All bottles were sealed with septa, leaving adequate
headspace to maintain aerobic conditions.

In parallel, analytical controls were prepared with synthetic waste-
water spiked with either FTCA without inoculating sludges. Abiotic
controls were prepared with autoclaved sludge (120 °C for 20 min) to
distinguish the abiotic loss of FTCAs, mainly due to the adsorption to the
sludge biosolids. Considering the total volume of 50 mlL, the initial
spiking concentration of FTCAs in these treatments and controls was
estimated as 80 pM. Microbial controls containing sludge and synthetic
wastewater, but no FTCAs, were prepared as a reference for the micro-
bial community analysis. All microcosms were incubated at room tem-
perature (24+3 °C) while being shaken at 130 rpm. Since aeration tanks
at these four WWTPs were operated with the solid retention time be-
tween 3 and 24 days, we chose an incubation time of 7 days for the
microcosm assays. On days 0, 1, 2, 3, 5, and 7, 4 mL of the liquid sample
was collected and centrifuged. The supernatant was used for the fluoride
and PFAS analysis, while the biosolids were stored in a —20 °C freezer
prior to DNA extraction. Genomic DNA from triplicates was pooled for
the microbial community analysis. Experimental details are provided in
the SL.
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2.4. Target PFAS quantification by Nano-ESI-HRMS

PFAS analysis by Nano-ESI-HRMS was operated by a high-resolution
Q Exactive hybrid quadrupole—Orbitrap mass spectrometer (Thermo
Fisher Scientific, San Jose, CA) equipped with a Nano-ESI injector. The
instrument setup and operational parameters were optimized based on
our previous publication (Wu et al., 2022). The quantification of FTCAs
and their target TPs derived from "one-carbon removal pathways" (as
shown in Fig. 2c) was achieved through the calibration using analytical
standards that are commercially available (Table S1). As suggested by
EPA method 537.1, a mixed internal standard (IS) stock solution con-
sisting of M2-6:2 FTCA and M8-PFOA was prepared at the concentration
of 500 ug/L. The collected liquid samples (1 mL) were filtered through a
0.22-pm polyethersulfone (PES) membrane. After a 100-fold dilution in
methanol (with 4% Millipore water), the IS stock solution was spiked to
reach the concentration of 50 ug/L for the target PFAS quantification.
More details (e.g., calibration curves and detection limits) can be found
in SI and our publication (Wu et al., 2022).

2.5. Suspect and non-target analysis of novel TPs

In addition to the target analysis, Nano-ESI-HRMS enables the
screening of potential TPs that haven’t been reported. A list of mass
species (m/z) and their intensities was generated as MS1 data exported
by Xcalibur, which were used for the following suspect and non-target
analysis. The suspect screening was conducted following four steps
described in our previous study: local database construction, back-
ground noise removal, positive hit screening, and molecular structure
validation (Wu et al., 2022).

The non-target analysis workflow is outlined in Figure S1 to identify
novel TPs generated from FTCA biotransformation. Positive hits must
meet the following criteria: (1) the mass ion occurred in >50 scans per
sample, (2) the mass ion was positively detected in at least 2 out of 3
replicates at each sampling time and at 2 or more different sampling
intervals for each treatment, (3) the mass ion was positively detected in
at least 2 different treatments (e.g., with different sludge sources or
spiked with different FTCAs), and (4) its average relative intensity (RI)
in samples was at least 100 times higher than those in reagent blanks and
control samples. All positive hits were gathered as a list and ranked by
RI. Then, possible formulae were assigned by matching with the local
database or fitting with the restriction of (1) element filter: C 1-8, H
0-18,F 1-13, 0 0-10, S 0-3, N 0-3, (2) unsaturated degree in the range
between 0 and 8, (3) mass error <5 ppm, and (4) formula validation via
public chemical online databases, including SciFinder, PubChem, and
Chemspider.

2.6. Terms and indices

In this study, we define the total fluorine (TF) as the molar sum of
fluorine in organofluorine (OF, organic molecules that contain at least
one C-F bond) and free fluoride.

fluorine number
TF = Cop ¥—————— Cr-
Z < O molecule e

Fluorine mass recovery (FMR) is estimated as the percent ratio of the
sum of TFs in sludge treatments and abiotically removed FTCA (the
difference between analytical control and abiotic control) as compared
to the TF in analytical control on day 7.

_ TFuage treamen + (TF analytical control — TF apioric cnmml)

FMR * 100%

TF, analytical control
_ <1 TFab[al[C control — TF:Iu(ige treatment

TF, analytical control

> * 100%
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3. Results
3.1. Biotransformation of 6:2 FTCA coupled with fluoride liberation

Concentrations of 6:2 FTCA and its target TPs were monitored by
Nano-ESI-HRMS in treatment and control microcosms over 7 days of
incubation as shown in Fig. 1c and Table S2. The increase of 6:2 FTCA
concentrations on day 1 reflected the dissolution equilibrium of the
dosed 6:2 FTCA necessitated ~24 h to reach in the microcosm setup. On
day 7, 6:2 FTCA concentrations were 76.8 + 1.8 uM in analytical con-
trols, and 18.9 + 1.7 uM (50.3 + 5.4 uM), 36.7 &+ 3.3 pM (45.9 + 1.7
uM), 29.6 + 0.8 uM (50.7 + 3.9 uM), and 14.4 + 1.9 uM (47.1 + 4.1 uM)
in FTCA treatments (and their corresponding abiotic controls) inocu-
lated with Sludge P, L, R, and W, respectively. On day 7, 6:2 FTCA
concentrations in abiotic controls were all similar at an average of 48.5
uM, indicating an abiotic loss of ~37% 6:2 FTCA as compared to the
analytical control, probably due to the adsorption to the sludge bio-
solids. Biotic 6:2 FTCA removal varied greatly (12~43%) among four
activated sludge treatments, following the rank: Sludge W> Sludge P >
Sludge R> Sludge L (Fig. 1c and S2), suggesting the sources and mi-
crobial community structures and activities can affect 6:2 FTCA removal
performance at different municipal WWTPs.

Significant defluorination was observed in all treatments of 6:2 FTCA
with activated sludge from four WWTPs (Fig. 1a). After 7 days of in-
cubation, 18.2 + 1.0 uM, 11.6 + 1.3 uM, 36.4 + 2.1 uM, and 27.0 + 1.5
uM of fluoride were released in microcosms inoculated with Sludge P, L,
R, and W (Table 1), respectively. In contrast, no fluoride accumulation
(<1 pM) was observed in analytical or abiotic controls, indicating the
fluoride release was attributed to the biotransformation of 6:2 FTCA
rather than abiotic processes. On average, 0.61~1.92 F was released
per molecule of 6:2 FTCA that was biodegraded (Table 1).

PFHpA, 6:2 FTUCA, 5:3 FTCA, PFHxA, PFPeA, and PFBA were
observed as the major target TPs of 6:2 FTCA (Fig. 2a), which together
accounted for 14.5% (Sludge P), 56.7% (Sludge L), 61.0% (Sludge R),
and 7.3% (Sludge W) of biotic 6:2 FTCA molar removal. Fluorine mass
recovery (FMR) was estimated as the total fluorine (TF) in sludge
treatments and abiotically removed FTCA normalized to the TF in
analytical control on day 7. The FMR of four treatments inoculated with
Sludge P, L, R, and W were 68.0%, 91.3%, 92.5%, and 60.9%, respec-
tively (Table 1). The molar discrepancies between target TPs generation
and biotic 6:2 FTCA removal (Table S2), as well as FMR of 61~93%,
supported the existence of unknown F-containing TPs, which accounted
for 7~39% of TF in analytical controls. Furthermore, if we assume the
fluorine difference between 6:2 FTCA and its target TPs was all released
as free fluoride, the theoretical fluoride release amounts based on all
detected target TPs were only 5~77% of the corresponding fluoride
release detected over 6:2 FTCA biotransformation (Table 1). This sug-
gested the significant contribution of unknown TPs to fluoride release
during the biotransformation of 6:2 FTCA by activated sludge. These
unknown TPs are unlikely derived from the one-carbon removal path-
ways shown in Fig. 2¢, implying the possibility of different defluorina-
tion pathways.

3.2. Biotransformation of 5:3 FTCA with minimal fluoride release

Different from 6:2 FTCA, liberation of free fluoride was minimal
during 5:3 FTCA transformation in microcosms inoculated with all four
types of activated sludge (Fig. 1b). After 7 days of incubation, only 4 +
0.2 pM fluoride was released by Sludge P, and no significant accumu-
lation of fluoride was observed in Sludge L, R, or W. However, signifi-
cant 5:3 FTCA removal was observed as shown in Fig. 1d. On day 7,
concentrations of 5:3 FTCA in treatments dropped to 32.3 + 1.7 uM
(Sludge P), 23.8 + 0.4 uM (Sludge L), 29.5 + 3.1 uM (Sludge R), and
57.3 £+ 1.5 pM (Sludge W) as compared to the initial dosage of 80 uM on
day 0. Unlike 6:2 FTCA, adsorption to biosolids was minimal for 5:3
FTCA since its concentrations remained high at 74.3 + 10.0 pM
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—M— Sludge Treatment P
®— Sludge Treatment L
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--O-- Abiotic Control P
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Fig. 1. Fluoride release and FTCA removal in treatment and control microcosms spiked with 6:2 FTCA (a and c) and 5:3 FTCA (b and d) at a theoretical initial dosage

of 80 uM.

Table. 1

FTCA removal and generation of target TPs and free fluoride in 6:2 FTCA treatments on day 7.

6:2 FTCA Treatment Sludge P Sludge L Sludge R Sludge W Abiotic Control Analytical Control
Total A6:2 FTCA (uM) 57.9 40.0 47.2 62.4 28.2 -

Biotic A6:2 FTCA (uM) 29.6 11.8 19.0 34.2 - -

Target TPs (uM) 4.6 5.2 12.9 2.4 0.2 0.7

Theoretical fluorine release from Target TPs (uM) 8.9 8.6 27.9 1.3 — —

F- (uM) 18.2 11.6 36.4 27.0 1.7 0.6

F- / Biotic A6:2 FTCA 0.61 0.98 1.92 0.79

FMR (%) 68.0 91.3 92.5 60.9

(average) among four abiotic controls, which were comparable to the
analytical controls (74.0 £ 8.3 uM). This was probably due to the lower
hydrophobicity of 5:3 FTCA (Log P = 4.19, predicted by ACD/Labs
platform, same below) than 6:2 FTCA (Log P = 5.72). Overall, these
results indicated that 25~68% of the initially dosed 5:3 FTCA was
removed via biotransformation, while such process did not generate free
fluoride. Though variance existed in different sludge treatments, a
consensus could be drawn that the 5:3 FTCA biotransformation was
dominated by non-fluoride-releasing pathways.

Accordingly, PFHxA was detected as the dominant non-defluorinated
TP for 5:3 FTCA biotransformation (Fig. 2b). On day 7, PFHxXA con-
centrations ranged between 1.54 and 7.69 uM, accounting for
3.7~40.2% of the 5:3 FTCA biotic removal. As shown in Fig. 2c, the
transformation of 5:3 FTCA to PFHxXA can involve a series of dehydro-
genation, hydroxylation, and other oxidation processes for the cleavage
of the two alkyl carbons without the breakdown of any C-F bond.
Alternatively, 5:3 FTCA may behave similar to its fatty acid analog,
octanoic acid, and enter p oxidation considering the availability of both
a and p carbons (Wang et al., 2012b). Unfortunately, none of key target
TPs (e.g., non-defluorinated 5:3 FTUCA in Fig. 2¢ and 5:2 sFTOH) were
detected in our sludge treatments to discern the pathways for PFHxA
formation.

In 5:3 FTCA treatments, a noticeable accumulation of PFBA and
PFPeA indicated the breakdown of C-F bonds in 5:3 FTCA. PFBA

(1.09~2.04 uM) and PFPeA (up to 0.33 pM) occurred in minor con-
centrations across four sludge treatments (Fig. 2b), though no other
target TPs in Fig. 2¢ were detected. However, free fluoride was barely
detected. As shown in Table 1, the theoretical fluoride release based on
these target TPs was greater than the fluoride detected in all four sludge
treatments. Further, the TF of target TPs and F only accounted for
6.4%, 18.6%, 12.5%, and 48.3% of biotic 5:3 FTCA removal observed in
treatments with Sludge P, L, R, and W, respectively (Table 2 and S5). As
compared to 6:2 FTCA treatments, FMR of four 5:3 FTCA treatments
were much lower in general, with 47.4%, 44.9%, 47.5%, and 88.6% for
Sludge P, L, R, and W, respectively (Table 2). These findings corroborate
the existence of non-fluoride-releasing processes (e.g., adduct formation
and conjugation) that contribute significant to 5:3 FTCA biotransfor-
mation, underscoring future investigation.

3.3. Biodefluorination of 5:3 FTCA at the y carbon

Coupling with 5:3 FTCA biotransformation, a less-fluorinated 5:3
FTUCA intermediate (IUPAC name: 4,5,5,6,6,7,7,8,8,8-decafluorooct-3-
enoic acid) was first detected as an important metabolite. This inter-
mediate was detected on day 3 and day 5 and fully vanished on day 7 in
all treatments, though with the low detection at RIs in the range between
0.012 to 0.069 (equivalent to <0.5 pM when estimated using the cali-
bration of 5:3 FTCA). Compared to 5:3 FTCA, this intermediate has one
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Fig. 2. Detection of target TPs in (a) 6:2 FTCA and (b) 5:3 FTCA treatment and control microcosms. (c) FTCA biotransformation pathways that form target TPs based
on “one-carbon removal pathways” and previous literature. Double arrows indicate multiple transformation steps. PFASs highlighted in red were detected in

this study.

Table. 2

FTCA removal and generation of target TPs and free fluoride in 5:3 FTCA treatments on day 7.

5:3 FTCA Treatment Sludge P Sludge L Sludge R Sludge W Abiotic Control Analytical Control
Total A5:3 FTCA (uM) 41.6 50.2 44.4 16.6 0.0 -

Biotic A5:3 FTCA (uM) 41.6 50.2 44.4 16.6 - -

Target TPs (uM) 2.8 10.1 5.8 8.8 0.1 0.00

Theoretical fluorine release from Target TPs (uM) 4.7 8.8 5.0 7.9 - -

F- (uM) 1.4 3.9 1.4 2.4 0.9 0.6

F- / Biotic A5:3 FTCA 0.01 0.06 0.01 0.09 - -

FMR (%) 47.4 44.9 47.5 88.6

less fluorine and hydrogen, forming a double bond between the fluori-
nated p and non-fluorinated y carbons possibly via dehydrogenation
(Fig. 3). This intermediate is possibly formed from different microbial
dehydrogenases as those initiated the “one-carbon removal pathways”
in Fig. 2¢, in which a non-defluorinated 5:3 FTUCA was formed via the
dehydrogenation of two non-fluorinated o and f§ carbons of 5:3 FTCA. It
is plausible different dehydrogenases attack different carbons in 5:3
FTCA, leading to the variance in defluorination levels and subsequent
biotransformation pathways. Low detection of this less fluorinated 5:3
FTUCA and PFBA (Fig. 2b) may explain the minimal fluoride release
(Table 2) during 5:3 FTCA biotransformation, demonstrating the minor
contribution of well-received fluoride-releasing pathways.

3.4. Shifting of sludge communities by FTCA exposure

Genomic DNA in the microcosm assays was extracted on day 5 to
assess the responses of microbial populations to FTCA exposure. 16S
rRNA amplicon-based sequencing of 12 samples resulted in 42,168 to
99,533 total qualified and valid sequences, which were assigned as 7783

OTUs. Student t-test was used to evaluate the significance of FTCA
exposure influence on the dominant OTUs with maximum relative
abundance (RA) >1%o by comparing their normalized relative abun-
dances (NRAs) among 6:2 FTCA treatments (n = 4), 5:3 FTCA treatments
(n = 4), and microbial controls (n = 4). As depicted in Fig. 4, 12 OTUs
were significantly influenced by the exposure to FTCAs (see their taxo-
nomic details in Table S9), falling into three groups according to their
NRA responses. Group 1 contains only 1 OTU that presented unique
opposite trends in 5:3 FTCA and 6:2 FTCA treatments (Fig. 4), Group 2
contains 8 OTUs that presented a correlated increasing trend in both
FTCA treatments (Figure S4), and Group 3 contains 3 OTUs that pre-
sented a consistent decreasing trend with the presence of either FTCA
(Figure S5). All 12 OTUs are commonly found and isolated in activated
sludge (Chen et al., 2020; Gao et al., 2016; Layton et al., 2000; Ma et al.,
2020b; Martineau et al., 2015) and their RA data are presented in
Table S8.
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Fig. 3. Detection of a 5:3 FTUCA metabolite (4,5,5,6,6,7,7,8,8,8-decafluorooct-3-enoic acid) in 5:3 FTCA treatments inoculated with Sludge R on day 5 as compared
to its theoretical spectrum (a) indicating the biodefluorination of 5:3 FTCA at the y carbon (b).
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Fig. 4. Ternary plot depicting the normalized relative abundance (NRA) of 12 OTUs that shows significant responses to FTCA exposure. The boxplot shows the

normalized RA of OTU09_Hyphomicrobium in treatment and control microcosms. Statistical analysis was done by student t-test (*:

3.4.1. Hyphomicrobium possibly responsible for 6:2 FTCA
biotransformation

OTUO09 assigned to the genus of Hyphomicrobium in Group 1 (Fig. 4)
was significantly increased in 6:2 FTCA treatments (RA 1.0~1.8%o, p <
0.01) but decreased in 5:3 FTCA treatments (RA 0~0.5%) when
compared to the microbial controls (RA 0.3~0.7%0) by student t-test.
Since Hyphomicrobium was the only dominant OTU presenting incon-
sistent responses to two FTCAs, it may contribute to initiating the
degradation pathways unique for 6:2 FTCA but not 5:3 FTCA and
participate in the fluoride-releasing reactions during 6:2 FTCA
biotransformation. Hyphomicrobium spp. are widely identified as
restricted facultative methylotrophs (Layton et al., 2000; Martineau

p < 0.05, **: p < 0.01).
et al., 2015). Different from obligate methylotrophs, Hyphomicrobium
can utilize a limited range of more complex organic compounds (Mad-
haiyan et al., 2009), including dichloromethane(Kohler-Staub et al.,
1995). Though Hyphomicrobium members can express inducible oxida-
tive dichloromethane dehalogenase(Kohler-Staub et al., 1995), their
capability for defluorination remains uncertain.

3.4.2. 8 OTUs with potential contribution to FTCA biotransformation
RAs of 8 OTUs were increased in both FTCA treatments, including
Candidatus Accumulibacter, Zoogloea, Methyloversatilis, Propionicimonas,
Dechloromonas, Sphingobium, Nitrospira, and Thermomonas. Members of
these relevant genera, such as Methyloversatilis (Cai et al., 2011) and
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Propionicimonas (Song et al., 2018), are associated with organochlorine
biodegradation, implying their potential contribution to the FTCA
biotransformation. More biochemical and physiological properties for
Group 2 members are stated in SI.

3.4.3. Inhibition to three OTUs

As shown in Figure S15, three OTUs were found significantly
decreased in at least one FTCA treatment, including Turneriella (both
FTCAs), Leptothrix (5:3 FTCA), and Methylibium (6:2 FTCA). The
decrease might be related to the toxicity of FTCAs (Shi et al., 2017). The
information on the function and environmental roles of genera Turn-
eriella, Leptothrix, and Methylibium remains limited to date. However, the
occurrence of FTCAs might impact the performance of activated sludge
by inhibiting functional genera.

4. Discussion

FTCAs contain one or more non-fluorinated carbons, enabling mi-
crobial attacks for biodefluorination. In this study, we observed
distinctive biodefluorination potential between 6:2 and 5:3 FTCAs by
activated sludge even though the only difference in these two molecules
is the fluorination of the p carbon. The defluorination degrees of 6:2
FTCA were between 5~15%. This is in good agreement with previous
biotransformation studies on 6:2 FTOH (16%) (Kim et al., 2014; Tseng
et al., 2014b) and 6:2 FTS (9%) (Che et al., 2021; Shaw et al., 2019;
Wang et al., 2011a), implying the terminal functional group doesn’t
affect the biodefluorination extent. On average, approximately 1 to 2
fluorines can be detached from these C8 PFAS molecules.

In contrast, defluorination of 5:3 FTCA was minimal (<1%). The
absence of fluoride release when the f carbon is non-fluorinated was also
reported for aerobic biodegradation of 1:3 FTCA and its unsaturated or
less fluorinated analogs (Che et al., 2021). Further molecular work
identified the medium-chain acyl-CoA synthetase from the soil bacte-
rium Gordonia sp. strain NB4-1Y can catalyze the formation of CoA
adducts of 2:3 FTCA, the two fluorine-eliminated 2:3 FTUCA, and 1:4
FTCA (Mothersole et al., 2023). These findings corroborate that the
availability of C—H bonds on both a and p carbons may promote the
entry of n:3 FTCAs to the § oxidation, forming CoA adducts or other
conjugates without the liberation of fluoride. These molecules may
mimic the behaviors of non-fluorinated analogs in eukaryotic and pro-
karyotic cells and may be further transformed to building blocks that can
be integrated into macromolecules, such as phospholipid fatty acids as
recently reported (Xie et al., 2022). Fluorinated macromolecules may
pose imminent health concerns and stimulate further investigations on
their chronic effects on humans and natural biota.

The discovery of target TPs over FTCA biotransformation supports
the possibility of “one-carbon removal pathways”, even though they
were minor in our sludge treatments. We also identified an alternative
biodefluorination pathway that eliminate the H and F at the p and y
carbons in 5:3 FTCA. This finding of this new PFAS TPs does not only
advance our knowledge of the diversity of microbial pathways that may
contribute to the breakdown of the recalcitrant C-F bond (Wackett
2022), but also improves the mass recovery analysis for future PFAS
biotransformation studies. Though the combination of HRMS and
non-target analysis is the predominant tool for PFAS metabolite
screening (Bangma et al., 2021; Jin et al., 2023; Manz et al., 2023), the
discovery of the new TP underscores the need for further analytical ef-
forts that synergize MS-based approaches with other techniques (e.g.,
fluorine nuclear magnetic resonance spectroscopy [°F-NMR] (Camdzic
et al., 2021; Camdzic et al.,, 2023; Mifkovic et al., 2022),
particle-induced gamma-ray emission [PIGE] (Mifkovic et al., 2022),
and Raman spectroscopy (D’Amico et al., 2021)) to validate their
structures (e.g., positional and stereo-isomerism) and conduct absolute
quantification with appropriate internal and external standards for each
molecule of interest.

The microbial community analysis revealed several key bacteria that
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may contribute to the biotransformation and biodefluorination of
FTCAs, though this approach can be biased due to the choice of primers
and difference in amplification efficiency. Four sludge communities
investigated in this study were all from the New York Metropolitan Area
in the Northeast of the US. It is uncertain if activated sludge from other
regions with distinctive influent sources (e.g., urban vs industrial vs
agricultural) and geographical features (e.g., tropical vs temperate vs
arctic) would respond similarly to FTCAs. Thus, further studies at the
pure culture and community levels are needed to investigate their ability
to degrade FTCAs and other PFASs. Several bacteria in the sludge were
inhibited by exposure to FTCAs. Thus, it would be of important value to
assess the impacts of FTCAs on the performance of activated sludge,
particularly under environment-relevant concentrations. Furthermore,
transcriptomics and other approaches can be useful to developing data
for the investigation of enzymes involved in PFAS biotransformation
(Bottos et al., 2020; Khan and Murphy 2023; Méndez et al., 2022; Me-
rino et al., 2023; Shaw et al., 2019).

When compared with typical volatile PFASs (e.g., 6:2 FTOH with Ky
= 1.28 (David Hanigan 2022) and pKa = 15.76, predicted by Chemic-
alize, same below), 6:2 FTCA and 5:3 FTCA present lower volatility
(Kg=0.06 and 0.66) and stronger deprotonation ability (pKa =1.56 and
1.82). Therefore, this study primarily focuses on investigating the anion
metabolites that are soluble and can be ionized by ESI. The mass re-
covery can be improved by the inclusion of FTCAs and the metabolites
that are volatile or adsorbed or attached to the sludge. TPs of neutral or
positive charge (e.g., CoA adducts aforementioned) may also account for
a significant portion, necessitating further analytical efforts. Nonethe-
less, our study revealed the dominance of non-fluoride-releasing path-
ways for 5:3 FTCA and other PFAS precursors when both a and p carbons
are not fluorinated by municipal activated sludge, calling for further
investigation on these biotransformation processes and the associated
impacts of their TPs.

5. Conclusions

This study revealed the distinctive biodefluorination potentials be-
tween 6:2 and 5:3 FTCAs, two of the most concerning PFASs in water
and other environments. These two FTCAs were only differentiated by
the fluorination of their § carbons. With two fluorine attached to the p
carbon, 6:2 FTCA showed significant defluorination and liberate an
average of up to 2 fluoride per molecule. In contrast, without a fluori-
nated p carbon, 5:3 FTCA was transformed with little fluoride release.
These findings indicated the fluorination of p carbons in FTCAs governs
the biodefluorination extent and associated transformation pathways by
municipal activated sludge. Microbial community analysis facilitated
the identification of possible FTCA degraders (e.g., Hyphomicrobium and
Dechloromonas) in activated sludge. Future studies are underscored to
investigate FTCA biotransformation and biodefluorination at a pure
culture level to untangle the key metabolites, pathways, and responsible
enzymes. This is of significant value as it will advance our understanding
of the fate of FTCAs in the environment and promote the development of
green defluorinating techniques for site cleanup.

Code availability

The scripts for non-target PFAS analysis were developed in Python
and are available from the authors on reasonable request.

CRediT authorship contribution statement

Chen Wu: Writing - original draft, Visualization, Software, Meth-
odology, Investigation, Formal analysis, Data curation. Sandra Good-
row: Writing — review & editing, Resources. Hao Chen: Resources,
Methodology. Mengyan Li: Writing — review & editing, Writing —
original draft, Supervision, Resources, Project administration, Investi-
gation, Funding acquisition, Conceptualization.



C. Wuetal

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

This work was funded by National Science Foundation (NSF, CBET-
1903597), New Jersey Department of Environmental Protection
(NJDEP, SR21-019), US Geological Survey (G24AP00026), New Jersey
Water Resources Research Institute (NJWRRI, 2019NJ183B), and New
Jersey Department of Health (NJDOH) - Fostering the Growth of Private
Well Researchers at New Jersey’s Universities. Chen Wu was sponsored
by the Mark B. Bain Graduate Fellowship from the Hudson River
Foundation. Hao Chen thank the National Institutes of Health
(1R15GM137311-01) for financial support. We thank Sumbel Yaqoob at
NJIT for her assistance in fluoride analysis. Funders had no role in study
design, data collection, and interpretation, or the decision to submit the
work for publication.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.watres.2024.121431.

References

Allred, B.M., Lang, J.R., Barlaz, M.A., Field, J.A., 2014. Orthogonal zirconium diol/C18
liquid chromatography-tandem mass spectrometry analysis of poly and
perfluoroalkyl substances in landfill leachate. J. Chromatogr. A 1359, 202-211.

Arvaniti, O.S., Stasinakis, A.S., 2015. Review on the occurrence, fate and removal of
perfluorinated compounds during wastewater treatment. Sci. Total. Environ. 524-
525, 81-92.

Bangma, J.T., Reiner, J., Fry, R.C., Manuck, T., McCord, J., Strynar, M.J., 2021.
Identification of an analytical method interference for perfluorobutanoic acid in
biological samples. Environ. Sci. Technol. Lett. 8 (12), 1085-1090.

Bottos, E.M., Al-Shabib, E.Y., Shaw, D.M., McAmmond, B.M., Sharma, A., Suchan, D.M.,
Cameron, A.D., Van Hamme, J.D., 2020. Transcriptomic response of Gordonia sp.
strain NB4-1Y when provided with 6: 2 fluorotelomer sulfonamidoalkyl betaine or 6:
2 fluorotelomer sulfonate as sole sulfur source. Biodegradation 31, 407-422.

Buck, R.C., Franklin, J., Berger, U., Conder, J.M., Cousins, .T., de Voogt, P., Jensen, A.A.,
Kannan, K., Mabury, S.A., van Leeuwen, S.P., 2011. Perfluoroalkyl and
polyfluoroalkyl substances in the environment: terminology, classification, and
origins. Integr. Environ. Assess. Manage 7 (4), 513-541.

Butenhoff, J., Costa, G., Elcombe, C., Farrar, D., Hansen, K., Iwai, H., Jung, R.,
Kennedy Jr, G., Lieder, P., Olsen, G., 2002. Toxicity of ammonium
perfluorooctanoate in male cynomolgus monkeys after oral dosing for 6 months.
Toxicol. Sci. 69 (1), 244-257.

Cai, T., Qian, L., Cai, S., Chen, L., 2011. Biodegradation of benazolin-ethyl by strain
methyloversatilis sp. Cd-1 isolated from activated sludge. Curr. Microbiol. 62 (2),
570-577.

Camdzic, D., Dickman, R.A., Aga, D.S., 2021. Total and class-specific analysis of per-and
polyfluoroalkyl substances in environmental samples using nuclear magnetic
resonance spectroscopy. J. Hazard. Mater. Lett. 2, 100023.

Camdzic, D., Dickman, R.A., Joyce, A.S., Wallace, J.S., Ferguson, P.L., Aga, D.S., 2023.
Quantitation of total PFAS including trifluoroacetic acid with fluorine nuclear
magnetic resonance spectroscopy. Anal. Chem. 95 (13), 5484-5488.

Che, S., Jin, B., Liu, Z., Yu, Y., Liu, J., Men, Y., 2021. Structure-specific aerobic
defluorination of short-chain fluorinated carboxylic acids by activated sludge
communities. Environ. Sci. Technol. Lett. 8 (8), 668-674.

Chen, H., Peng, H., Yang, M., Hu, J., Zhang, Y., 2017. Detection, occurrence, and fate of
fluorotelomer alcohols in municipal wastewater treatment plants. Environ. Sci.
Technol. 51 (16), 8953-8961.

Chen, H., Wang, M., Chang, S., 2020. Disentangling community structure of ecological
system in activated sludge: core communities, functionality, and functional
redundancy. Microb. Ecol. 80 (2).

D’Agostino, L.A., Mabury, S.A., 2017. Aerobic biodegradation of 2 fluorotelomer
sulfonamide-based aqueous film-forming foam components produces perfluoroalkyl
carboxylates. Environ. Toxicol. Chem. 36 (8), 2012-2021.

Water Research 254 (2024) 121431

D’Amico, F., Musso, M.E., Berger, R.J., Cefarin, N., Birarda, G., Tondi, G., Menezes, D.B.,
Reyer, A., Scarabattoli, L., Sepperer, T., 2021. Chemical constitution of polyfurfuryl
alcohol investigated by FTIR and Resonant Raman spectroscopy. Spectrochim. Acta
Part A 262, 120090.

Dauchy, X., Boiteux, V., Bach, C., Colin, A., Hemard, J., Rosin, C., Munoz, J.-F., 2017.
Mass flows and fate of per-and polyfluoroalkyl substances (PFASs) in the wastewater
treatment plant of a fluorochemical manufacturing facility. Sci. Total Environ. 576,
549-558.

David Hanigan, C.H., Abusallout, Ibrahim, 2022. Are PFAS a Vapor Intrusion Threat? St.
Louis, MO, USA.

Evich, M.G., Davis, M.J.B., McCord, J.P., Acrey, B., Awkerman, J.A., Knappe, D.R.U.,
Lindstrom, A.B., Speth, T.F., Tebes-Stevens, C., Strynar, M.J., Wang, Z., Weber, E.J.,
Henderson, W.M., Washington, J.W., 2022. Per- and polyfluoroalkyl substances in
the environment. Science 375 (6580), eabg9065.

Fuertes, 1., Gomez-Lavin, S., Elizalde, M.P., Urtiaga, A., 2017. Perfluorinated alkyl
substances (PFASs) in northern Spain municipal solid waste landfill leachates.
Chemosphere 168, 399-407.

Gao, P., Xu, W,, Sontag, P., Li, X., Xue, G., Liu, T., Sun, W., 2016. Correlating microbial
community compositions with environmental factors in activated sludge from four
full-scale municipal wastewater treatment plants in Shanghai, China. Appl.
Microbiol. Biotechnol. 100 (10), 4663-4673.

Gao, P., Xu, W., Ruan, X., Qian, Y., Xue, G., Jia, H., 2018. Long-term impact of a
tetracycline concentration gradient on the bacterial resistance in anaerobic-aerobic
sequential bioreactors. Chemosphere 205, 308-316.

Guruge, K.S., Yeung, L.W., Yamanaka, N., Miyazaki, S., Lam, P.K., Giesy, J.P., Jones, P.
D., Yamashita, N., 2006. Gene expression profiles in rat liver treated with
perfluorooctanoic acid (PFOA). Toxicol. Sci. 89 (1), 93-107.

Hamid, H., Li, L.Y., Grace, J.R., 2018. Review of the fate and transformation of per- and
polyfluoroalkyl substances (PFASs) in landfills. Environ. Pollut. 235, 74-84.

Huset, C.A., Barlaz, M.A., Barofsky, D.F., Field, J.A., 2011. Quantitative determination of
fluorochemicals in municipal landfill leachates. Chemosphere 82 (10), 1380-1386.

Jin, B., Liu, H., Che, S., Gao, J., Yu, Y., Liu, J., Men, Y., 2023. Substantial defluorination
of polychlorofluorocarboxylic acids triggered by anaerobic microbial hydrolytic
dechlorination. Nat. Water 1 (5), 451-461.

Khan, M.F., Murphy, C.D., 2023. Fluorotelomer alcohols are efficiently biotransformed
by Cunninghamella elegans. Environ. Sci. Pollut. Res. 30 (9), 23613-23623.

Kim, M.H., Wang, N., McDonald, T., Chu, K.H., 2012. Biodefluorination and
biotransformation of fluorotelomer alcohols by two alkane-degrading Pseudomonas
strains. Biotechnol. Bioeng. 109 (12), 3041-3048.

Kim, M.H., Wang, N., Chu, K.H., 2014. 6: 2 Fluorotelomer alcohol (6: 2 FTOH)
biodegradation by multiple microbial species under different physiological
conditions. Appl. Microbiol. Biotechnol. 98 (4), 1831-1840.

Kleiner, E., Jho, C., 2009. Recent Developments in 6:2 Fluorotelomer Surfactants and
Foam Stabilizers.

Kohler-Staub, D., Frank, S., Leisinger, T., 1995. Dichloromethane as the sole carbon
source for Hyphomicrobium sp. strain DM2 under denitrification conditions.
Biodegradation 6 (3), 229-235.

Kunacheva, C., Tanaka, S., Fujii, S., Boontanon, S.K., Musirat, C., Wongwattana, T.,
Shivakoti, B.R., 2011. Mass flows of perfluorinated compounds (PFCs) in central
wastewater treatment plants of industrial zones in Thailand. Chemosphere 83 (6),
737-744.

Lang, J.R., Allred, B.M., Field, J.A., Levis, J.W., Barlaz, M.A., 2017. National estimate of
per-and polyfluoroalkyl substance (PFAS) release to US municipal landfill leachate.
Environ. Sci. Technol. 51 (4), 2197-2205.

Lau, C., Butenhoff, J.L., Rogers, J.M., 2004. The developmental toxicity of perfluoroalkyl
acids and their derivatives. Toxicol. Appl. Pharmacol. 198 (2), 231-241.

Layton, A., Karanth, P., Lajoie, C., Meyers, A., Gregory, L., Stapleton, R., Taylor, D.,
Sayler, G., 2000. Quantification of Hyphomicrobium populations in activated sludge
from an industrial wastewater treatment system as determined by 16S rRNA
analysis. Appl. Environ. Microbiol. 66 (3), 1167-1174.

Lee, H., D’eon, J., Mabury, S.A., 2010. Biodegradation of polyfluoroalkyl phosphates as a
source of perfluorinated acids to the environment. Environ. Sci. Technol. 44 (9),
3305-3310.

Lewis, M., Kim, M.H., Liu, E.J., Wang, N., Chu, K.H., 2016. Biotransformation of 6:2
polyfluoroalkyl phosphates (6:2 PAPs): effects of degradative bacteria and co-
substrates. J. Hazard. Mater. 320, 479-486.

Li, F., Su, Q., Zhou, Z., Liao, X., Zou, J., Yuan, B., Sun, W., 2018. Anaerobic
biodegradation of 8:2 fluorotelomer alcohol in anaerobic activated sludge: metabolic
products and pathways. Chemosphere 200, 124-132.

Liu, J., Wang, N., Buck, R.C., Wolstenholme, B.W., Folsom, P.W., Sulecki, L.M., Bellin, C.
A., 2010a. Aerobic biodegradation of [14C] 6:2 fluorotelomer alcohol in a flow-
through soil incubation system. Chemosphere 80 (7), 716-723.

Liu, J., Wang, N., Szostek, B., Buck, R.C., Panciroli, P.K., Folsom, P.W., Sulecki, L.M.,
Bellin, C.A., 2010b. 6-2 Fluorotelomer alcohol aerobic biodegradation in soil and
mixed bacterial culture. Chemosphere 78 (4), 437-444.

Loewen, M., Halldorson, T., Wang, F., Tomy, G., 2005. Fluorotelomer carboxylic acids
and PFOS in rainwater from an urban center in Canada. Environ. Sci. Technol. 39
(9), 2944-2951.

Ma, J., Zhu, H., Kannan, K., 2020a. Fecal excretion of perfluoroalkyl and polyfluoroalkyl
substances in Pets from New York State, United States. Environ. Sci. Technol. Lett.

Ma, X., Liang, B., Qi, M., Yun, H., Shi, K., Li, Z., Guo, Y., Yan, P., Liu, S.-J., Wang, A,
2020b. Novel pathway for chloramphenicol catabolism in the activated sludge
bacterial isolate Sphingobium sp. CAP-1. Environ. Sci. Technol. 54 (12), 7591-7600.

Madhaiyan, M., Poonguzhali, S., Kwon, S.-W., Sa, T.-M., 2009. Methylophilus
rhizosphaerae sp. nov., a restricted facultative methylotroph isolated from rice
rhizosphere soil. Int. J. Syst. Evol. Microbiol. 59 (11), 2904-2908.


https://doi.org/10.1016/j.watres.2024.121431
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0001
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0001
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0001
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0002
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0002
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0002
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0003
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0003
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0003
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0004
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0004
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0004
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0004
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0005
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0005
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0005
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0005
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0006
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0006
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0006
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0006
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0007
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0007
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0007
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0008
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0008
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0008
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0009
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0009
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0009
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0010
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0010
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0010
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0011
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0011
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0011
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0012
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0012
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0012
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0013
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0013
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0013
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0014
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0014
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0014
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0014
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0015
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0015
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0015
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0015
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0016
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0016
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0017
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0017
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0017
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0017
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0018
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0018
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0018
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0019
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0019
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0019
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0019
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0020
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0020
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0020
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0021
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0021
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0021
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0022
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0022
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0023
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0023
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0024
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0024
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0024
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0025
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0025
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0026
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0026
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0026
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0027
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0027
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0027
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0028
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0028
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0029
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0029
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0029
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0030
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0030
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0030
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0030
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0031
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0031
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0031
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0032
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0032
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0033
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0033
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0033
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0033
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0034
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0034
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0034
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0035
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0035
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0035
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0036
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0036
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0036
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0037
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0037
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0037
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0038
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0038
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0038
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0039
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0039
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0039
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0040
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0040
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0041
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0041
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0041
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0042
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0042
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0042

C. Wuetal

Manz, K.E., Feerick, A., Braun, J.M., Feng, Y.-L., Hall, A., Koelmel, J., Manzano, C.,
Newton, S.R., Pennell, K.D., Place, B.J., Godri Pollitt, K.J., Prasse, C., Young, J.A.,
2023. Non-targeted analysis (NTA) and suspect screening analysis (SSA): a review of
examining the chemical exposome. J. Expo Sci. Environ. Epidemiol.

Martineau, C., Mauffrey, F., Villemur, R., Miiller, V., 2015. Comparative analysis of
denitrifying activities of hyphomicrobium nitrativorans, hyphomicrobium
denitrificans, and hyphomicrobium zavarzinii. Appl. Environ. Microbiol. 81 (15),
5003-5014.

Méndez, V., Holland, S., Bhardwaj, S., McDonald, J., Khan, S., O’Carroll, D., Pickford, R.,
Richards, S., O’Farrell, C., Coleman, N., 2022. Aerobic biotransformation of 6: 2
fluorotelomer sulfonate by Dietzia aurantiaca J3 under sulfur-limiting conditions.
Sci. Total Environ. 829, 154587.

Merino, N., Wang, M., Ambrocio, R., Mak, K., O’Connor, E., Gao, A., Hawley, E.L.,
Deeb, R.A., Tseng, L.Y., Mahendra, S., 2018. Fungal biotransformation of 6:2
fluorotelomer alcohol. Remediat. J. 28 (2), 59-70.

Merino, N., Wang, N., Gao, Y., Wang, M., Mahendra, S., 2023. Roles of various enzymes
in the biotransformation of 6:2 fluorotelomer alcohol (6:2 FTOH) by a white-rot
fungus. J. Hazard. Mater. 450, 131007.

Meshri, D.T., 1986. The modern inorganic fluorochemical industry. J. Fluor. Chem. 33
(1-4), 195-226.

Mifkovic, M., Pauling, J., Vyas, S., 2022. Computational protocol for predicting 19F NMR
chemical shifts for PFAS and connection to PFAS structure. J. Comput. Chem. 43
(20), 1355-1361.

Mitchell, R.J., Myers, A.L., Mabury, S.A., Solomon, K.R., Sibley, P.K., 2011. Toxicity of
fluorotelomer carboxylic acids to the algae Pseudokirchneriella subcapitata and
Chlorella vulgaris, and the amphipod Hyalella azteca. Ecotoxicol. Environ. Saf. 74
(8), 2260-2267.

Mothersole, R.G., Wynne, F.T., Rota, G., Mothersole, M.K., Liu, J., Van Hamme, J.D.,
2023. Formation of CoA adducts of short-chain fluorinated carboxylates catalyzed by
Acyl-CoA synthetase from Gordonia sp. Strain NB4-1Y. ACS Omega 8 (42),
39437-39446.

Phillips, M.M., Dinglasan-Panlilio, M.J.A., Mabury, S.A., Solomon, K.R., Sibley, P.K.,
2007. Fluorotelomer acids are more toxic than perfluorinated acids. Environ. Sci.
Technol. 41 (20), 7159-7163.

Pinkas, A., Slotkin, T.A., Brick-Turin, Y., Van der Zee, E.A., Yanai, J., 2010.
Neurobehavioral teratogenicity of perfluorinated alkyls in an avian model.
Neurotoxicol. Teratol. 32 (2), 182-186.

Qiao, W., Miao, J., Jiang, H., Yang, Q., 2021. Degradation and effect of 6:2 fluorotelomer
alcohol in aerobic composting of sludge. Biodegradation 32 (1), 99-112.

Rahman, M.F., Peldszus, S., Anderson, W.B., 2014. Behaviour and fate of perfluoroalkyl
and polyfluoroalkyl substances (PFASs) in drinking water treatment: a review.
Water. Res. 50, 318-340.

Ren, H., Vallanat, B., Nelson, D.M., Yeung, L.W., Guruge, K.S., Lam, P.K., Lehman-
McKeeman, L.D., Corton, J.C., 2009. Evidence for the involvement of xenobiotic-
responsive nuclear receptors in transcriptional effects upon perfluoroalkyl acid
exposure in diverse species. Reprod. Toxicol. 27 (3-4), 266-277.

Royer, L.A., Lee, L.S., Russell, M.H., Nies, L.F., Turco, R.F., 2015. Microbial
transformation of 8:2 fluorotelomer acrylate and methacrylate in aerobic soils.
Chemosphere 129, 54-61.

Scheringer, M., Trier, X., Cousins, L.T., de Voogt, P., Fletcher, T., Wang, Z., Webster, T.F.,
2014. Helsinggr Statement on poly-and perfluorinated alkyl substances (PFASs).
Chemosphere 114, 337-339.

Schultz, M.M., Higgins, C.P., Huset, C.A., Luthy, R.G., Barofsky, D.F., Field, J.A., 2006.
Fluorochemical mass flows in a municipal wastewater treatment facility. Environ.
Sci. Technol. 40 (23), 7350-7357.

Shaw, D.M., Munoz, G., Bottos, E.M., Duy, S.V., Sauvé, S., Liu, J., Van Hamme, J.D.,
2019. Degradation and defluorination of 6: 2 fluorotelomer sulfonamidoalkyl
betaine and 6: 2 fluorotelomer sulfonate by Gordonia sp. strain NB4-1Y under sulfur-
limiting conditions. Sci. Total Environ. 647, 690-698.

Water Research 254 (2024) 121431

Shi, G., Cui, Q., Pan, Y., Sheng, N., Guo, Y., Dai, J., 2017. 6:2 fluorotelomer carboxylic
acid (6:2 FTCA) exposure induces developmental toxicity and inhibits the formation
of erythrocytes during zebrafish embryogenesis. Aquat. Toxicol. 190, 53-61.

Sinclair, E., Kannan, K., 2006. Mass loading and fate of perfluoroalkyl surfactants in
wastewater treatment plants. Environ. Sci. Technol. 40 (5), 1408-1414.

Song, J., Chen, L., Chen, H., Sheng, F., Xing, D., Li, L., Zhang, Y., Rittmann, B., 2018.
Characterization and high-throughput sequencing of a trichlorophenol-
dechlorinating microbial community acclimated from sewage sludge. J. Clean. Prod.
197, 306-313.

Tseng, N., Wang, N., Szostek, B., Mahendra, S., 2014a. Biotransformation of 6:2
fluorotelomer alcohol (6:2 FTOH) by a wood-rotting fungus. Environ. Sci. Technol.
48 (7), 4012-4020.

Tseng, N., Wang, N., Szostek, B., Mahendra, S., 2014b. Biotransformation of 6: 2
fluorotelomer alcohol (6: 2 FTOH) by a wood-rotting fungus. Environ. Sci. Technol.
48 (7), 4012-4020.

Wackett, L.P., 2022. Nothing lasts forever: understanding microbial biodegradation of
polyfluorinated compounds and perfluorinated alkyl substances. Microb. Biotechnol.
15 (3), 773-792.

Wang, N., Szostek, B., Buck, R.C., Folsom, P.W., Sulecki, L.M., Gannon, J.T., 2009. 8-2
fluorotelomer alcohol aerobic soil biodegradation: pathways, metabolites, and
metabolite yields. Chemosphere 75 (8), 1089-1096.

Wang, N., Liu, J., Buck, R.C., Korzeniowski, S.H., Wolstenholme, B.W., Folsom, P.W.,
Sulecki, L.M., 2011a. 6: 2 Fluorotelomer sulfonate aerobic biotransformation in
activated sludge of waste water treatment plants. Chemosphere 82 (6), 853-858.

Wang, N., Liu, J., Buck, R.C., Korzeniowski, S.H., Wolstenholme, B.W., Folsom, P.W.,
Sulecki, L.M., 2011b. 6:2 Fluorotelomer sulfonate aerobic biotransformation in
activated sludge of waste water treatment plants. Chemosphere 82 (6), 853-858.

Wang, N., Buck, R.C., Szostek, B., Sulecki, L.M., Wolstenholme, B.W., 2012a. 5:3
Polyfluorinated acid aerobic biotransformation in activated sludge via novel "one-
carbon removal pathways". Chemosphere 87 (5), 527-534.

Wang, N., Buck, R.C., Szostek, B., Sulecki, L.M., Wolstenholme, B.W., 2012b. 5: 3
Polyfluorinated acid aerobic biotransformation in activated sludge via novel “one-
carbon removal pathways. Chemosphere 87 (5), 527-534.

Wang, Z., DeWitt, J.C., Higgins, C.P., Cousins, L.T., 2017. A Never-Ending Story of Per-
and Polyfluoroalkyl Substances (PFASs)? ACS Publications.

Wu, C., Wang, Q., Chen, H., Li, M., 2022. Rapid quantitative analysis and suspect
screening of per-and polyfluorinated alkyl substances (PFASs) in aqueous film-
forming foams (AFFFs) and municipal wastewater samples by Nano-ESI-HRMS.
Water Res. 219, 118542.

Xiao, F., 2017. Emerging poly-and perfluoroalkyl substances in the aquatic environment:
a review of current literature. Water Res. 124, 482-495.

Xie, Y., May, A.L., Chen, G., Brown, L.P., Powers, J.B., Tague, E.D., Campagna, S.R.,
Loffler, F.E., 2022. Pseudomonas sp. strain 273 incorporates organofluorine into the
lipid bilayer during growth with fluorinated alkanes. Environ. Sci. Technol. 56 (12),
8155-8166.

Yu, J., Hu, J., Tanaka, S., Fujii, S., 2009. Perfluorooctane sulfonate (PFOS) and
perfluorooctanoic acid (PFOA) in sewage treatment plants. Water Res. 43 (9),
2399-2408.

Zhang, S., Szostek, B., McCausland, P.K., Wolstenholme, B.W., Lu, X., Wang, N., Buck, R.
C., 2013. 6:2 and 8:2 fluorotelomer alcohol anaerobic biotransformation in digester
sludge from a WWTP under methanogenic conditions. Environ. Sci. Technol. 47 (9),
4227-4235.

Zhang, S., Lu, X., Wang, N., Buck, R.C., 2016. Biotransformation potential of 6: 2
fluorotelomer sulfonate (6: 2 FTSA) in aerobic and anaerobic sediment.
Chemosphere 154, 224-230.

Zhao, L., Folsom, P.W., Wolstenholme, B.W., Sun, H., Wang, N., Buck, R.C., 2013. 6:2
fluorotelomer alcohol biotransformation in an aerobic river sediment system.
Chemosphere 90 (2), 203-209.


http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0043
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0043
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0043
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0043
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0044
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0044
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0044
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0044
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0045
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0045
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0045
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0045
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0046
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0046
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0046
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0047
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0047
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0047
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0048
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0048
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0049
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0049
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0049
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0050
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0050
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0050
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0050
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0051
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0051
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0051
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0051
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0052
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0052
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0052
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0053
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0053
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0053
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0054
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0054
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0055
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0055
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0055
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0056
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0056
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0056
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0056
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0057
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0057
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0057
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0058
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0058
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0058
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0059
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0059
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0059
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0060
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0060
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0060
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0060
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0061
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0061
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0061
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0062
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0062
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0063
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0063
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0063
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0063
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0064
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0064
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0064
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0065
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0065
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0065
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0066
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0066
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0066
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0067
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0067
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0067
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0068
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0068
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0068
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0069
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0069
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0069
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0070
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0070
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0070
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0071
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0071
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0071
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0072
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0072
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0073
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0073
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0073
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0073
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0074
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0074
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0075
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0075
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0075
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0075
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0076
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0076
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0076
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0077
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0077
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0077
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0077
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0078
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0078
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0078
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0079
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0079
http://refhub.elsevier.com/S0043-1354(24)00333-6/sbref0079

	Distinctive biotransformation and biodefluorination of 6:2 versus 5:3 fluorotelomer carboxylic acids by municipal activated ...
	1 Introduction
	2 Methods
	2.1 Chemicals and reagents
	2.2 Sample collection
	2.3 Microcosm study
	2.4 Target PFAS quantification by Nano-ESI-HRMS
	2.5 Suspect and non-target analysis of novel TPs
	2.6 Terms and indices

	3 Results
	3.1 Biotransformation of 6:2 FTCA coupled with fluoride liberation
	3.2 Biotransformation of 5:3 FTCA with minimal fluoride release
	3.3 Biodefluorination of 5:3 FTCA at the γ carbon
	3.4 Shifting of sludge communities by FTCA exposure
	3.4.1 Hyphomicrobium possibly responsible for 6:2 FTCA biotransformation
	3.4.2 8 OTUs with potential contribution to FTCA biotransformation
	3.4.3 Inhibition to three OTUs

	4 Discussion
	5 Conclusions
	Code availability

	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Supplementary materials
	References


