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ABSTRACT: The C—F bond is one of the strongest single bonds

in nature. Although microbial reductive dehalogenation is well K N e N
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electron donor, and the fluorinated compound was the sole FTMeUPA Vitamin B,, + Lactate CeH,4F:0,

electron acceptor. The major dechlorinating species in the seed
culture, Dehalococcoides, were not responsible for the defluorina-
tion as no growth of Dehalococcoides or active expression of Dehalococcoides-reductive dehalogenases was observed. It suggests that
minor phylogenetic groups in the community might be responsible for the reductive defluorination. These findings expand our
fundamental knowledge of microbial reductive dehalogenation and warrant further studies on the enrichment, identification, and
isolation of responsible microorganisms and enzymes. Given the wide use and emerging concerns of fluorinated organics (e.g., per-
and polyfluoroalkyl substances), particularly the perfluorinated ones, the discovery of microbial defluorination under common
anaerobic conditions may provide valuable insights into the environmental fate and potential bioremediation strategies of these
notorious contaminants.

H INTRODUCTION defluorination of trifluoroacetate (TFA, CF;COOH) to acetate
in a methanogenic microbial community,'* yet it proved to be
nonreproducible,>'® with no follow-up studies on the
responsible microorganisms/enzymes. An isolate from the
phylum Synergistetes in the absence of known fluoroacetate
dehalogenase genes has shown reductive defluorination
activities on monofluoroacetate but not TFA when grown on
the fermentation of amino acids.'”"®

For >C, fluorinated compounds, microbial defluorination
has been observed for polyfluorinated telomeric structures (i.e.,
fluorinated compounds containing CH, moieties) under both
aerobic and anaerobic conditions,'”~** yet no microbial
defluorination of perfluorinated structures was reported until
very recently when Huang and Jaffé observed F~ release from
perfluorooctanoic acid (PFOA)/perfluorooctanesulfonic acid

Thousands of organofluorine compounds are on the market,
used with diverse applications ranging from surfactants for
firefighting and oil production as well as oil/water-repelling
materials in commercial goods' to refrigerants” and reagents in
catalysis.” Because of their wide applications, the organo-
fluorine compounds, especially the per- and polyfluoroalkyl
substances (PFASs), have caused increasing global concerns on
their persistence in the environment, bioaccumulation in
organisms, and toxicity to human beings and ecosystems.'
Many of them have been frequently detected in various
environments.” ® Tremendous efforts have been and are being
made to understand the environmental fate and transport of
the structurally diverse fluorinated compounds and to develop
effective removal strategies. Because of the strong carbon—
fluorine (C—F) bond,” to date, the defluorination of

fluorinated compounds relies on energy-intensive physiochem- Received: July 8, 2020

ical approaches.g_12 Only sporadic studies on microbial Revised:  September 6, 2020

defluorination have been reported since the 1960s when the Accepted:  October 16, 2020

hydrolytic dehalogenase catalyzing aerobic hydrolytic defluori- Published: October 29, 2020 Dermeerel.
nation of monofluoroacetate was identified.'* Moreover, there

has been only one single study showing the stepwise reductive
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(PFOS) in Feammox cultures using Fe*" as the required
electron acceptor.23 However, convincing evidence for micro-
bial reductive defluorination, in terms of F~ release and
formation of the reductive defluorination products, is still
lacking from all previous studies.

According to the thermodynamic calculation, reductive
defluorination of fluorinated compounds is biologically
feasible.”* Thus, one intriguing yet not well-addressed question
is that can microbes carry out reductive defluorination of >C,
perfluorinated structures? In this study, we aimed to fill this
knowledge gap and investigate microbial reductive defluorina-
tion of a variety of per- and polyfluorinated structures. Recent
studies reported abiotic reductive defluorination of branched
and unsaturated perfluorinated compounds in a vitamin Bj,—
Ti(III) catalytic system at room temperature,g’25 where Ti(III)
recycles and reduces Co(IIl) in B, into Co(I), the active
species carrying out the reductive defluorination.”® It suggests
that reductive defluorination of perfluorinated compounds
with similar structures might also be carried out in an
anaerobic microbial system, where an enzymatically catalytic
system for reductive dehalogenation, such as Bj,-dependent
reductive dehalogenases (RDase), is present.””~*’ We herein
used the subcultures of a well-studied dechlorinating enrich-
ment culture and pure dechlorinating cultures to test the
biotransformation and biodefluorination of five structurally
different per- and polyfluorinated compounds. The biotrans-
formation/biodefluorination products [transformation prod-
ucts (TPs)] were identified, the plausible pathways were
further interpreted, and the possible microorganisms involved
in the reductive defluorination were discussed. The discovery
of microbial defluorination of perfluorinated compounds via
the H=F exchange reductive pathway fills the knowledge gap
of microbially mediated reductive dehalogenation of organo-
fluorine compounds. The findings shed light on a better
understanding of microbial processes that may affect the fate
and transport of fluorinated compounds in the environment.

B MATERIALS AND METHODS

Chemicals. Standard compounds of perfluoro-n-octanoic
acid (CAS number: 335-67-1, PFOA), perfluoro-3,7-dimethy-
loctanoic acid (CAS number: 172155-07-6, PEdiMeOA), (E)-
perfluoro(4-methylpent-2-enoic acid) (CAS number: 103229-
89-6, PFMeUPA), 4,5,5,5-tetrafluoro-4-(trifluoromethyl)-2-
pentenoic acid (CAS number: 243139-64-2, FTMeUPA),
and 4,5,5,5-tetrafluoro-4-(trifluoromethyl)pentanoic acid
(CAS number: 243139-62-0, FTMePA) were purchased form
SynQuest Laboratories (Alachua, FL) and used without further
purification. For PFOA, PFdiMeOA, PFMeUPA, FTMeUPA,
and FTMePA, 10 mM stock solutions of each standard were
prepared anaerobically in autoclaved Milli-Q water in 160 mL
sealed serum bottles and stored at room temperature until use.
Detailed compound structure information is listed in Table SI.

Cultures and Growth Conditions. The Dehalococcoides-
containing trichloroethene (TCE)-dechlorinating enrichment
(KB1) was generously provided by SIREM Lab (https://www.
siremlab.com/). Pure Dehalococcoides mccartyi BAV1 (ATCC
BAA-2100) and FL2 (ATCC BAA-2098) were purchased from
the American Type Culture Collection (ATCC). Pure
Dehalobacter restrictus was purchased from Deutsche Samm-
lung von Mikroorganismen und Zellkulturen (DSM-9455). All
cultures were maintained in 160 mL sealed serum bottles
containing 90 mL of a sterile anaerobic basal medium with 100
ug/L vitamin By, as previously described®”*! and a 60 mL Ar/

CO, headspace. Vitamin B, was provided as an essential
cofactor for the defluorinating pure cultures. For the
maintenance of KB1 culture, 5 mM lactate and 2 uL of neat
TCE (ca. 220 uM) were added as the primary electron donor
and electron acceptor, respectively, and were readded periodi-
cally. The three dechlorinating pure cultures were maintained
in the same basal medium with a H,/Ar/CO, headspace. For
D. mccartyi BAVI, S mM acetate and 2 uL of neat cis-
dichloroethene (DCE) were supplied upon depletion. For D.
mccartyi FL2 and D. restrictus, S mM acetate and 2 uL of neat
TCE were supplied upon depletion. All cultures were
incubated at 34 °C in a dark incubator without shaking.

Biodefluorination Experiments. The dechlorinating
enrichment (KB1) (10 mL) or the pure dechlorinating culture
was inoculated into 90 mL of the sterile basal medium
amended with § mM lactate (or acetate for pure cultures) as
described above. A sole electron acceptor was added in two
scenarios: (1) 75 uM individual organofluorine compound as
the defluorination experimental group and (2) 220 uM TCE/
cis-DCE as the culture activity control. The electron donor
(i.e., lactate for KB1 and H, for Dehalococcoides pure cultures)
and the electron acceptors were readded after depletion. The
dechlorinating activity was examined by measuring TCE and
the dechlorination products via gas chromatography coupled
to a mass-selective detector (GC-MSD) (Figure S1). For
organofluorine-added cultures, aqueous samples were taken
subsequently during the incubation period for the measure-
ment of parent compounds and F~. Briefly, the culture
suspension was centrifuged at 16,000g (4 °C for 30 min) for
F~ measurement (2 mL) and the liquid chromatography—
high-resolution tandem mass spectrometry (LC-HRMS/MS)
measurement (2 mL). Cell pellets were stored properly for
DNA (—20 °C) and RNA (—80 °C) extraction, respectively.
Heat-inactivated biomass controls were set up by inoculating a
10 mL autoclaved (at 121 °C for 20 min for two cycles)
culture in the same basal medium amended with the same
nutrients including the same concentrations of vitamin B,,, the
electron donor (lactate for KB1 subcultures and H, for
Dehalococcoides pure cultures), and the electron acceptor
(organofluorines). All experimental groups and controls were
set up in triplicates.

Fluoride-lon Measurement by the lon-Selective
Electrode Method. The concentration of the fluoride ion
(F7) in the culture supernatant was determined using an ion-
selective electrode (ISE, HACH, Loveland, CO) connected
with an HQ30D Portable Multi Meter (HACH). A 100 ug
fluoride ionic strength adjustment powder (HACH) was added
into 2 mL of the culture supernatant, and the F~ concentration
was then measured with the ISE-Multi Meter system. The ISE
was calibrated each time before sample measurement
according to the manufacturer’s instructions. The limit of
quantification (LOQ) of ISE was 0.01 mg/L (~0.5 uM) F~. In
addition, ion chromatography (IC) was used to validate the
fluoride measurement by ISE. The LOQ of IC was 1 uM F.
For ISE method validation, six mock samples with F~
concentrations ranging from 0 to 100 yM were prepared in
the medium matrix, and three samples were prepared from a
real supernatant sample (measured as 32.7 uM by ISE and 31.0
UM by IC) with the addition of 0, 9.5, and 49.8 uM F~
standard. F~ concentrations in all samples were measured by
ISE and IC, and the results were compared. The two methods
exhibited similar (a 10% or less difference) fluoride
concentration measurement results (Figure S2).
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Figure 1. Parent compound removal and fluoride-ion release for PFMeUPA (A) and FTMeUPA (B) (red: biological samples; black: heat-
inactivated controls; circles: parent compound; triangles: fluoride ion; error bars indicate the standard deviation of three biological replicates).

Fluoride-lon Measurement by IC. A Dionex ICS-5000
IC system equipped with a conductivity detector and a Dionex
IonPac AS10 Analytical Column (4 X 250 mm) (Thermo
Fisher Scientific, Waltham, MA) was used for the ISE
validation. The high-purity potassium hydroxide eluent was
generated by a Dionex ICS-6000 Eluent Generator with the
following gradient: 3 mM for 0—20 min, 40 mM for 20—25
min (slope = 7.4 mM/min), 40 mM for 25—70 min, 3 mM
(slope = 7.4 mM/min) for 70—75 min, and 3 mM for 75—95
min. The flow rate was set at 1 mL/min, and the suppressor
(AERS 4mm) current was set at 99 mA. Chromeleon 7.1
(Thermo Fisher Scientific) was used for data acquisition and
analysis. The retention time of F~ is 17.4 min, which is
consistent throughout the analysis (Figure S3).

High-Performance Liquid Chromatography Coupled
to High-Resolution Tandem Mass Spectrometry Anal-
ysis. Concentrations of the parent compounds and TPs were
analyzed by high-performance liquid chromatography (HPLC)
coupled to a high-resolution quadrupole orbitrap mass
spectrometer (Q Exactive, Thermo Fisher Scientific) in the
Metabolomics Lab of Roy J. Carver Biotechnology Center at
the University of Illinois at Urbana-Champaign. For HPLC
analysis, a 50 pL sample was loaded onto a Zorbax SB-Aq
column (a particle size of S ym, 4.6 X SO mm, Agilent) and
eluted with 10 mM ammonia formate (A) and methanol (B) at
a flow rate of 350 pL/min. The linear gradient for LC
separation was 100% A for 0—1 min, 100—2% A for 2—15 min,
2—100% A in 1 min, and 100% A for 16—21 min. For high-
resolution mass spectrometry (HRMS), mass spectra were
recorded in the full scan mode at a resolution of 70,000 at m/z
200 and a scan range of m/z 50—750 under the negative/
positive switch ionization (electrospray ionization) mode.
Xcalibur 4.0 and TraceFinder 4.1 EFS (Thermo Fisher
Scientific) were used for data acquisition and analysis. The
LOQ for each standard compound was determined as the
lowest concentration of calibration standards with a detection
variation <20%, which is listed in Table SI.

TP Identification. Both suspect screening and nontarget
screening were conducted to identify TPs as previously
described”*™** with slight modification. Briefly, the suspect
screening was done by TraceFinder 4.1 EFS and Xcalibur 4.0
software (Thermo Fisher Scientific). TP suspect lists were
generated by an automated metabolite mass prediction
script,”> which was modified to specifically predict the
defluorination products via different biological reaction
pathways, including a number of known reduction reactions,
hydrolysis reactions, and conjugation reactions at both primary
and secondary levels. Plausible TPs were selected based on the
following criteria: (i) mass accuracy tolerance < S ppm; (ii)
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isotopic pattern score > 90%; (iii) peak area > 10% (iv)
increasing trend along time or first increase and then decrease;
(v) no formation in heat-inactivated controls and absent in
biological samples without any organofluorine addition; and
(vi) not detected as an in-source fragment of the parent
compound or any other identified TPs (in-source fragments
are peaks identified by an MS full scan, which are also MS?
fragments and have the same retention time and formation
pattern as the parent compound or the other TPs). For
nontarget screening, the software Sieve 2.2 (Thermo Fisher
Scientific) was used for data analysis. The potential TPs were
selected based on the same criteria as suspect screening. For
TPs with authentic standards (Table S1), MS® fragment
profiles of both standard compounds and TP candidates were
obtained using a data-dependent MS? scan based on the exact
mass of the precursor ion to elucidate the structures of TPs.
MS? fragment profiles of TPs without available authentic
standards (Table S2) were compared with the predicted
fragments by Competitive Fragmentation Modeling for
Metabolite Identification (CFM-ID, http://cfmid.wishartlab.
com/).*® The confidence level of structure elucidation for each
TP was assigned based on the criteria set up by Schymanski et
al.’’” MarvinSketch (version 19.20.0) was used for drawing,
displaying, and characterizing chemical structures, ChemAxon
(http://www.chemaxon.com).

GC-MSD for TP Analysis in the Gaseous Phase. The
headspace in a culture bottle was preconcentrated by solid-
phase microextraction (SPME). SPME fibers (silica-fused)
coated with polydimethylsiloxane-divinylbenzene (PDMS-
DVB, 65 pm) were purchased from Supelco (Bellefonte,
PA). The PDMS-DVB-coated SPME fiber has been reported
to effectively extract headspace volatile organic compounds
such as terpenes, aldehydes, ketones, and alcohols.”®*” Before
sampling, the SPME fiber carried by a needle was conditioned
in the gas chromatograph inlet at 260 °C for 15 min’’ During
sampling, the SPME needle was injected into the culture bottle
and exposed to the headspace for ~24 h to extract the gas-
phase analytes. Analytes retained on the fiber were assessed
using GC/electron ionization-mass spectrometry (GC/EI-MS)
(Agilent 6890N GC and 5975 MSD, Agilent Technologies,
Santa Clara, CA). Headspace samples from PFMeUPA-fed
cultures were measured after PFMeUPA was gone. The
headspace sample from the heat-inactivated control was also
measured, serving as the matrix blank.

The collected SPME samples were manually injected into
the gas chromatograph inlet in the splitless mode and desorbed
for 3 min at 250 °C. Analytes desorbed from the SPME fiber
were separated using a DB-SMS column (a 30 m X 0.25 mm
i.d,, 0.25 ym film) (Agilent Technologies). The flow rate of the
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Figure 2. Temporal trend of TPs identified by LC-HRMS/MS during PFMeUPA (A) and FTMeUPA (B) biotransformation (arrows indicate the
TPs from reductive defluorination; error bars indicate the standard deviation of three biological replicates); proposed biotransformation pathways
of PFMeUPA (C) and FTMeUPA (D) (the red number next to a C—F bond is the calculated BDE in kJ/mol; TPs in the gray dashed box were
identified in the headspace by GC—MS, whose formulae and structures need further validation; the other TPs were identified in the aqueous phase
by LC-HRMS/MS, the most plausible structures of which are shown according to the confirmed formulae and MS? fragments).

carrier gas (i.e., helium) was 1 mL/min. The GC temperature
was initially at 30 °C, held for 1 min, increased to 150 °C at 5
°C min"}, then increased to 250 °C at 50 °C min~', and held
for 4 min. The total run time was 31 min. EI was performed
using electrons with a kinetic energy of 70 eV. Data acquisition
was performed in a positive mode with a full scan (m/z 40—
300). MS fragments of plausible TPs were interpreted based
on the following criteria: (1) no detection in the matrix blank
and (2) the same retention time for all fragments of one
product.

GC-MSD Analysis for Chlorinated Solvents. Chlori-
nated ethenes and ethene in all experimental samples fed with
TCE/cis-DCE were regularly measured by injecting 500 uL of
the headspace sample into a GC-MSD system (6850 Network
GC system, 5975C VL MSD) equipped with an Rtx-200
capillary column (30 m X 250 gm X 1 um; Shimadzu,
Columbia, MD). The oven temperature was programmed to
hold at 45 °C for 1 min, increased to 200 °C in 3.44 min, and
held at 200 °C for 1 min. The temperatures of the injector and
the detector were maintained at 220 and 250 °C, respectively.
Data acquisition was performed at the selected ion monitoring
mode.

Bond Dissociation Energy Calculation. The GAUS-
SIAN 09 quantum chemistry package was used to obtain the
C—F bond dissociation energies (BDEs) for the parent
compound and TPs examined in Figure 2. All molecular
structures were optimized at the B3LYP/6-311+G(2d,2p) level
of theory.*™* Grimme’s empirical dispersion correction with
Becke—Johnson damping was employed to approximate the
dispersion interaction between molecules.”* The SMD
continuum solvation model was selected to simulate the
solvent effect implicitly.”> Frequency examinations of all
optimized geometries were done to confirm that the local
minima were reached instead of obtaining the first-order saddle
point. The BDE for each C—F bond was calculated through a
previously reported formula

g% * *
BDE = (Hradical[PFASminusFI + HradicalF) - HparentPFAS
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where H* represents the enthalpy of formation.®

DNA Extraction and Quantitative Polymerase Chain
Reaction. Biomass from 0.5 mL of the culture was sampled
from each biological replicate. Microbial genomic DNA was
extracted using a DNeasy PowerSoil Kit (QIAGEN, German-
town, MD) according to the manufacturer’s instructions. Cell
growth was measured by quantitative polymerase chain
reaction (qQPCR) using primers targeting universal bacterial
16S rRNA genes and 16S rRNA genes of Dehalococcoides spp.,
Dehalobacter spp., and Geobacter spp. (Table S3). Genomic
DNAs of D. mccartyi FL2 and D. restrictus were quantified by
NanoDrop One (Thermo Fisher Scientific) and served as
qPCR standards. The relative abundance of reductive
dehalogenase genes was determined by qPCR using the
primers listed in Table S3. PowerUp SYBR Green reagents
(Thermo Fisher Scientific) were used for qPCR according to
the manufacturer’s instructions. Briefly, every 20 uL reaction
mixture contained 2.5 uL of the gDNA sample or serially
diluted standard, 10 uL of 2X PowerUp SYBR Green master
mix solution, and 1.25 uL of 10 uM forward and reverse
primers. The PCR procedure included an initial deactivation at
95 °C for 2 min, followed by 40 thermal cycles at 95 °C for 1 s
and then at 60 °C for 30 s.

Reverse-Transcription qPCR. RNA was extracted using
acid-phenol/chloroform/isoamyl alcohol (25:24:1) and pre-
cipitated in ethanol at —20 °C as previously described.”® RNA
was cleaned up using the RNeasy PowerClean Pro CleanUp
Kit (QIAGEN) according to the manufacturer’s instructions.
Contaminating DNA in the RNA samples was removed using a
Turbo DNase Kit (Thermo Fisher Scientific) following the
manufacturer’s instructions. qPCR was carried out to verify the
removal of genomic DNA contamination from the purified
RNA. The quality of RNA was examined by agarose gel
electrophoresis.

A SuperScript I First-Strand Synthesis System (Thermo
Fisher Scientific) was applied for complementary DNA
(cDNA) synthesis according to the manufacturer’s instruc-
tions. In general, the 10 4L cDNA synthesis mix containing 8
uL of the RNA sample, 1 pL of the primer (random
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Figure 3. Structure elucidation of the first defluorination product of PFMeUPA (TP256).

hexamers), and 1 uL of 10 mM dNTP mix was incubated at 65
°C for S min and then placed on ice for 1 min. The cDNA
synthesis mix was added to each RNA/primer mixture and
incubated at 25 °C for 10 min and then at 50 °C for 50 min.
The reaction was terminated at 85 °C for 5 min, and then, the
entire tube was chilled on ice. At last, 1 4L of RNase H was
added to each tube and incubated at 37 °C for 20 min. The
cDNA synthesis products were stored at =20 °C for qPCR
measurement using primers listed in Table S3.

The relative gene expression of RDase genes was calculated
using the double-delta Ct method”” (as shown in the following
equation) with the Dehalococcoides 16S rRNA gene as the
reference gene.

Relative gene expression = QmAAC

, where

AACt=A CtOrganoﬂuorine— added sample

- A CtTCE— added control” ACt

= CtRDase gene - Ct16S rRNA gene

B RESULTS AND DISCUSSION

Microbial Reductive Defluorination of a C4 Perfluori-
nated Compound. The reductive defluorination was
conducted in subsequent transfers (10%, v/v) of a well-studied
and commercially available dechlorinating enrichment culture

14397

KB-1 (SiREM, Ontario, Canada). We investigated three
perfluorinated compounds that exhibited abiotic reductive
defluorination activities in a Ti(Ill)—vitamin B,, catalytic
system® as well as two polyfluorinated compounds structurally
similar to the Cg4 perfluorinated compound (see compound
details in the Materials and Methods section, Table S1). We
obtained strong evidence for microbial reductive defluorination
of the C; perfluorinated compound (i.e., PFMeUPA) as well as
the polyfluorinated FTMeUPA in the following aspects: (i)
complete parent compound biotransformation in biological
samples but not in the heat-inactivated control (Figure 1A,B),
indicating microbially/enzymatically mediated biotransforma-
tion; (ii) significant F~ release (Figure 1A,B) with the
formation of the corresponding defluorination products
(Figure 2A—D), indicating reductive defluorination; and (iii)
no defluorination activity when no electron donor was
provided, thus excluding defluorinating fermentation (Figure
S4). For the saturated perfluorinated structures (PFOA and
PFdiMeOA) or the saturated polyfluorinated structure
(FTMePA), no microbial defluorination was observed (Figure
SS), suggesting that the double bond (C=C) was crucial for
the microbial reductive defluorination of FTMeUPA.

TP Analysis Reveals the C—F Bond Cleavage
Positions and the Biotransformation Pathways of
PFMeUPA and FTMeUPA. We have identified the major
TPs for PFMeUPA and FTMeUPA according to the LC-
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HRMS/MS data (see details in the Materials and Methods
section). Authentic standards were used to confirm the
structures of some TPs in Figure 2C,D. For those without
available authentic standards, the TP structures were inferred
according to the MS” fragmentation patterns and the model-
predicted MS? spectra®® (Materials and Methods, Tables S1
and S2, Figures 3 and S6—S11). Because of the difference in
MS ionization efficiency among different organofluorine
structures (Table S4), the peak areas were only used to
indicate the formation trend of individual TPs but not their
relative abundance.

The TP profiles indicate two major biotransformation
pathways: reductive defluorination and hydrogenation. The
first-step, reductive defluorination, is the major reaction
leading to the significant F~ release from PFMeUPA, forming
TP256 (—F + H) (Figure 2A and Reaction 1 in Figure 2C).
TP256 has an MS? fragment of C;F,, representing the intact
branched tail in the structure (Figure 3). It indicates that the
first C—F bond cleavage was at the sp” carbons of the double
bond rather than at the sp® ones. It appears that the sp> C—F
bonds are more readily for reductive defluorination, despite
their higher BDE than the tertiary sp> C—F bond in PEMeUPA
(Figure 2C). Similarly, the first C—F bond cleavage also
occurred at the sp® carbon during the Bj,-catalyzed abiotic
reductive defluorination of another unsaturated compound
2,3,3»,3-tetraﬂuoropropene.2 The C=C bond provides a readily
binding site for catalysts containing a transition metal, such as
Co, Fe, Ni, and Mn, which can carry out reductive
defluorination of unsaturated organofluorines in abiotic
catalytic systems.”®**"*°Similarly, the C=C bond may
facilitate the binding of the defluorinating enzymes, which
likely possess a metal center, to initiate the reductive
defluorination. All the above-mentioned metals are also
biologically relevant and could be the catalytic center of
defluorinating enzymes, which may or may not be Bj,-
dependent. Investigating an extended list of unsaturated/
saturated and branched/linear organofluorines and identifying
and isolating the responsible defluorinating enzymes/micro-
organisms are needed in future studies to fully demonstrate the
actual roles of the double bond (C=C) and B,, in the
microbial reductive defluorination. In FTMeUPA, which is
unsaturated but lacks sp2 C—F bonds, the reductive
defluorination occurred at one sp® C—F bond, most likely
the tertiary sp> C—F bond that has a much lower BDE than the
primary sp®> C—F bonds, forming the corresponding TP221
(Figure 2B and Reaction § in Figure 2D).

Besides reductive defluorination, the other major pathway
for both PFMeUPA and FTMeUPA was hydrogenation,
forming the corresponding saturated carboxylic acids (TP276
and TP241; Reaction 2 in Figure 2C and Reaction 4 in Figure
2D, respectively). The hydrogenation pathway occurred in
parallel with the reductive defluorination pathway because the
hydrogenation products of PEMeUPA and FTMeUPA (ie.,
TP276 and TP241) were accumulated to a plateau without a
further decrease (Figure 2A,B). It appears that the saturated
products were more recalcitrant to reductive defluorination
than the unsaturated parent compounds, again suggesting the
important role of the C=C bond. The hydrogenation of
unsaturated polyfluorinated carboxylic acids is not uncommon
and has been observed in both aerobic and anaerobic
sludges."””" The hydrogenation of @, f-unsaturated carboxylic
anions forming the corresponding saturated carboxylic acids
can be catalyzed by enoate reductases with nicotinamide—

adenine—dinucleotide as the cofactor from anaerobic micro-
organisms such as Clostridium kluyveri®" In addition, flavin-
based ene-reductases from the “Old Yellow Enzyme” family
possessed by a variety of microorganisms may also carry out
the reduction of activated alkenes that contain a carboxyl as the
electron-withdrawing group (EWG) and an additional EWG
such as a halogen.52 However, it is still unclear whether
microorganisms can obtain energy for growth from such
hydrogenation reactions.

Microbial Preference between the Two Major
Biotransformation Pathways of PFMeUPA and FTMeU-
PA. It is worth noting that although FTMeUPA was
biotransformed faster than PFMeUPA (~70 days vs ~130
days for >90% removal), the F~ released from FTMeUPA was
less and slower (Figure 1). The defluorination degree of the
removed FTMeUPA during the entire incubation period was
4—5%, which is much lower than what would have been
expected if all FTMeUPA was subject to the first-step reductive
defluorination (i.e., one out of seven F, corresponding to 14%).
In contrast, the defluorination degree of the removed
PFMeUPA was about the same as that if all PFMeUPA
underwent the first-step reductive defluorination (i.e., one out
of nine F, corresponding to 11%). This result indicates that the
reductive defluorination at the sp> C—F bond was favored over
the hydrogenation pathway for PEMeUPA, whereas the sp* C—
F bond cleavage was less favorable than the hydrogenation of
the F-free sp® carbons for FTMeUPA. In addition, if the
accumulation of TP276 (Figure 2A) was in a significant
amount, the total 11% defluorination of PFEMeUPA would
suggest a secondary defluorination. However, we were not able
to determine the accurate portions of PFMeUPA that
underwent reductive defluorination and hydrogenation be-
cause of the lack of reference standards of TP256 and TP276.
According to the LC-HRMS/MS results, we observed a further
transformation of TP256 after 90 days (Figure 2A), but the
only identified secondary TP (TP259) is a hydrogenation
product of TP256 (Reaction 3 in Figure 2C). Plausible
secondary defluorination TPs, including FTMeUPA and its
TPs (i.e., TP221 and TP241), were not observed during the
biotransformation of PFMeUPA. Thus, the secondary
defluorination products of PEMeUPA, if any, could be smaller
molecules that are not detectable by LC-HRMS/MS. We
further used gas chromatography—mass spectrometry (GC—
MS) to identify possible secondary defluorination products
from the headspace. According to GC—MS fragment
interpretation, we identified two plausible secondary defluori-
nation products (Figure S12A,B). They were two olefin
isomers with the second sp”> C—F bond or the tertiary sp> C—F
bond cleaved. As we did not detect the corresponding
carboxylic acids of these two olefins by LC—MS/MS and the
GC—MS data indicated the presence of the decarboxylation
product of TP256 (Figure S12C), the second C—F bond
cleavage likely occurred after the decarboxylation of TP256.
Because of the low resolution of GC—MS and the lack of
standards, the structures of the two secondary defluorination
products could not be validated or quantified. The preferred
position of the second C—F bond cleavage remains elusive.
Collectively, the cleavage of the first C—F bond in a
perfluorinated structure is more critical and of greater
significance given the recalcitrance of perfluorinated structures
to biodegradation. Our findings suggest that the presence of
the C=C bond in a perfluorinated structure plays a crucial
role in initiating the first C—F bond cleavage, which can result
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Figure 4. Growth (as 16S rRNA gene copy numbers) (A) and activities (as 16S rRNA copy numbers) (B) of Dehalococcoides spp. and the growth
(C) and activities (D) of Dehalobacter spp. in KB-1 subcultures (10% v/v inoculation of KB-1) fed with ~75 uM PFMeUPA compared to those

grown on TCE (n = 3).

in the formation of polyfluorinated structures with C—H
bond(s) that are more vulnerable to attack by other
environmental microorganisms under aerobic or anaerobic
conditions.”>>>*

Microbial Reductive Defluorination Capabilities of
the Identified Dehalorespiring Microorganisms in the
Community. The dominant dehalorespiring microor%anism
in the investigated KB-1 culture is Dehalococcoides spp..”> The
versatility of Bj,-dependent reductive dehalogenases of
Dehalococcoides spp. in metabolizing various organohalides
makes them the most promising candidates capable of
microbial reductive defluorination of the two fluorinated
compounds.’® Thus, we first looked at the growth and
activities of Dehalococcoides spp. in the PEMeUPA/FTMeU-
PA-fed culture, in terms of the 16S rRNA gene abundance and
its transcriptional levels, as well as the transcriptional levels of
14 RDase genes’’ identified in the community. Unexpectedly,
no Dehalococcoides growth or RDase gene transcription was
observed during the incubation period when PFMeUPA/
FTMeUPA was provided as the sole electron acceptor (Figures
4A,B, S13, and S14). In comparison, cultures with TCE
addition exhibited active growth of Dehalococcoides (Figures
4A,B and S13). Theoretically, the energy generated from the
added PFMeUPA/FTMeUPA (~75 uM) could sustain the
growth of Dehalococcoides via reductive dehalogenation if it
occurred. Therefore, the dominant chloroethene-respiring
Dehalococcoides spp. in the community were not responsible
for the reductive defluorination. It was corroborated by the two
isolated Dehalococcoides strains, D. mccartyi FL2 and BAV1, not
being able to cleave F~ from PFMeUPA but exhibiting
reductive dechlorination activities (Figure S15).

We then looked at the growth of another two dechlorinators
in this community: the second dominant TCE-dechlorinating
species Geobacter spp.” and the minor dechlorinating species
Dehalobacter spp..>" Again, Geobacter spp. showed no growth in
the PEMeUPA-fed culture and hence were not responsible for
the reductive defluorination (Figure S16). Nevertheless, we

observed significantly higher growth and activities of
Dehalobacter in the PFMeUPA/FTMeUPA-fed culture com-
pared to that in the TCE-fed ones (Figures 4C,D and S17).
One should note that the initial abundance of Dehalobacter in
the seed culture fed with TCE was extremely low (<10°/mL).
Such a low Dehalobacter abundance was consistent with what
was observed in the TCE-fed subcultures of the same microbial
community.”® Several Dehalobacter strains have been demon-
strated to biodegrade chlorinated compounds such as TCE,
trichloroethane, and Trichlorobenzene (TCB).”*% A similar
emergence of Dehalobacter population with a significant
decrease of Dehalococcoides population was observed when
the terminal electron acceptor was switched from TCE to
1,2,4-TCB.>® The abilities of Dehalobacter spp. to utilize
diverse chlorinated compounds to alleviate substrate competi-
tion with other dehalorespiring microorganisms make them
likely involved in the defluorination of PFMeUPA and
FTMeUPA. Thus, we further examined the defluorination
capabilities of the pure culture of D. restrictus strain PER-K23,
the closest strain to Dehalobacter spp. in the community.”® D.
restrictus strain PER-K23 is known as an obligate organohalide-
respiring bacterium, which is able to dechlorinate tetrachlor-
oethene or TCE with hydrogen as the sole electron donor.®!
However, we did not detect any F~ release from PFMeUPA
and FTMeUPA (Figure S18). As Dehalobacter spp. in the
community showed higher growth and activities when fed with
PFMeUPA/FTMeUPA than TCE, one may still not exclude
the possibility that the actual Dehalobacter spp. in the
community had different physiological characteristics and
were able to carry out the reductive defluorination of
PFMeUPA/FTMeUPA. Alternatively, they could carry out
the biotransformation of primary intermediates, such as the
first C—F bond cleavage product TP256 of PEMeUPA, thus
dependent on the microorganisms involved in the primary
biotransformation. Microorganisms responsible for the reduc-
tive defluorination may also be other members in the
community, which are quite different from those for reductive
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dechlorination, and the responsible enzymes were different
from the known B,,-dependent RDases.

Environmental Relevance. According to this study,
microbial reductive defluorination of >C, perfluorinated
compounds does exist in nature. The unsaturated structures
seem to be more bioavailable, and the first C—F bond cleavage
at the sp® position is a crucial first step to destruct
perfluorinated structures, which could lead to further
defluorination of the formed polyfluorinated products by
environmental microorganisms. As the dominant dechlorinat-
ing species in the community were not responsible for the
reductive defluorination, the actual defluorinating micro-
organisms were likely those in low abundances. Thus, higher
defluorinating activities and perhaps a wider fluorinated
substrate range would be expected for enriched and/or
isolated defluorinating microorganisms. Therefore, future
studies are needed to enrich and/or isolate the microorganisms
responsible for the reductive defluorination and characterize
their physiological properties in the highly enriched cultures
and/or isolates. While the enrichment, identification, and
isolation are still ongoing because of the slow growth of the
defluorinating microorganisms, unveiling the microbial path-
ways of breaking the “hardest-ever” carbon—halogen bond via
reductive dehalogenation has already initiated one significant
step further toward a complete understanding of anaerobic
microbial reductive defluorination.

In recent years, some short-chain (<Cg), branched, and
unsaturated organofluorine compounds have already been used
as alternatives to the legacy perfluoroalkyl substances and
PFASs (e.g,, PFOA and PFOS), and some have been detected
in various environments as the original forms and the
transformed forms from certain parent PFASs.”>®* Given the
increasing concerns of PFASs worldwide, the findings here will
provide important implications and open up diverse venues for
both fundamental science and engineering applications. These
include identifying and characterizing the defluorinating
microorganisms/enzymes for potential bioremediation strat-
egies as well as assessing the environmental fate and
biodegradability of PFASs, particularly for the unsaturated
and/or branched perfluorinated structures. In addition, as
PFASs cannot be completely phased out in the short term,**
the structural specificity of biodefluorination may provide
implications to the molecular design of fluorochemicals with
enhanced biodegradability, a shorter half-life, and hence less
bioaccumulability.
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