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Chlorinated polyfluorocarboxylic acids (CI-PFCAs) derived from the
widely used chlorotrifluoroethylene oligomers and polymers may enter

andinfluence the aquatic environment. Here we report the substantial

defluorination of CI-PFCAs by an anaerobic microbial community via novel
pathways triggered by anaerobic microbial dechlorination. CI-PFCAs first
underwent microbial reductive, hydrolytic and eliminative dechlorination,

with the hydrolytic dechlorination leading to the highest spontaneous
defluorination. Hydrolytic dechlorination was favoured with increased
Clsubstitutions. Anisolated, highly enriched, anaerobic defluorinating
culture was dominated by two genomes that were most similar to those
of Desulfovibrio aminophilus and Sporomusa sphaeroides, both of which
exhibited defluorination activity towards chlorotrifluoroethylene
tetramer acid. The results imply that anaerobic non-respiratory hydrolytic
dechlorination plays acritical role in the fate of chlorinated polyfluoro
chemicalsinnatural and engineered water environments. The greatly
enhanced biodegradability by Cl substitution also sheds light on the
design of cost-effective treatment biotechnologies, as well as alternative
polyfluoroalkyl substances that are readily biodegradable and less toxic.

Polychlorofluoroalkyl compounds represent alarge group of per-and
polyfluoroalkyl substances (PFAS), which have found widespread usein
commercial products and industrial materials'~. Well-known examples
include fluoropolymers such as polychlorotrifluoroethylene (PCTFE)>®
and chlorotrifluoroethylene (CTFE) oligomers contained in non-flam-
mable hydraulic fluid”®. The thermolysis of PCTFE and metabolism
of CTFE oligomers by higher organisms can generate CTFE oligomer
carboxylic acids’ ™. They may enter into the hydrosphere together
with other chlorinated PFAS (CI-PFAS)™ and ultra-short-chain chloro-
fluorocarboxylic acids used as building blocks for PFAS synthesis® or

derived from chlorofluorocarbons'®”, causing adverse impacts on

the ecosystem. Compared with strong C-F bonds, which have shown
sluggish microbial cleavage inalimited number of PFAS structures'™?,
C-Clbondshave alower bond dissociation energy (BDE) and are more
readily cleaved microbially*. Thus, the C-Cl bonds in CI-PFAS could
be vulnerable positions for microbial attack, thereby enhancing their
biodegradability and even defluorination activity.

Despite the increasing detection of CI-PFAS in diverse natural and
engineered environments, including surface run-off, lakes, sediments
and WWTPs*?, their biodegradability and environmental fate are
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Fig.1|Biotransformation and defluorination pathways of CTFE oligomer
carboxylic acids by the anaerobic microbial community. a, Parent
compound decay and F~ formation over 84 days. The data are presented as
mean values. The error bars represent the s.d. from n =3 replicate experiments.
Def., defluorination. b, The proposed general biotransformation pathways.
Green arrows represent dechlorinating reactions. Red arrows represent
defluorinating reactions. The thickness of the red arrows represents the number
of F ionsreleased. The green-shaded panel shows the non-defluorinating
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reductive dechlorination pathway (-Cl, +H). The grey-shaded panel shows the
defluorinating pathway via eliminative dechlorination (-CICl or —CIF). The pink-
shaded panel shows the defluorinating pathway via hydrolytic dechlorination
(-Cl, +OH). Note that aerobic biotransformation or abiotic transformation was
not observed, except for aminor release of fluoride from CTFE4 in the heat-
inactivated sludge controls, perhaps due to some remaining biological activity
(Supplementary Figs. 1and 2j-I).

not well documented. Studies on the transformations of CI-PFAS by
microbes and higher organisms have been limited to certain structures,
with reductive dechlorination being the major reported biotrans-
formation pathway®’~*.. Whether and how environmental microbes
defluorinate other important CI-PFAS, such as CTFE oligomer acids,
and how the number and position of Cl substitutions would affect
biodegradability are as yet unknown.

Here we report the enhanced anaerobic microbial biotrans-
formations of a comprehensive set of environmentally important
CI-PFAS (Supplementary Tables 1and 2) by three types of dechlorina-
tionreaction. We demonstrate that hydrolytic dechlorination triggers
substantial defluorination of CTFE trimer and tetramer acids by
elucidating the biotransformation and biodefluorination pathways.
Weinterpret the structure-biodegradability relationship and identify
the responsible microorganisms. The findings offer new insightsinto
the environmental fate of CI-PFAS, particularly the CTFE oligomer
acids, PFAS source tracking, the design of readily biodegradable alter-
native PFAS and the development of cost-effective biotechnologies for
the clean-up of PFAS from impacted environments.

Results

Dechlorination-induced defluorination of CTFE

oligomer acids

All three CTFE oligomer carboxylic acids (that is, CTFE2, CTFE3 and
CTFE4; for structures, see Fig. 1b) investigated in this study were com-
pletely biotransformed with substantial fluoride release by the sludge
community under anaerobic conditions. With increasing Cl substitu-
tions in the structure from the dimer to tetramer acid, the half-life
decreased from 19 to 3 days (Supplementary Table 3), and the degree
of defluorination increased significantly (Student’s ¢-test, P <0.05)
from <10% to ~80% after 84 days (Fig.1a). Transformation product (TP)
analysisindicated that the three CTFE oligomer acids first underwent
microbial dechlorination reactions, including reductive, hydrolytic
and eliminative dechlorination. The hydrolytic dechlorination reaction
triggered substantial defluorination (Fig. 1b), which was more favour-
able for the trimer and tetramer acids that have more Cl substitutions,

leading to more defluorination. Reductive dechlorination gave TPs
that were more recalcitrant to biotransformation and did not undergo
defluorination. Eliminative dechlorination led to the formation of
unsaturated TPs, some of which underwent much slower reductive
defluorination or hydrogenation as reported previously”, contribut-
ing therelease of zero to two F~. Stable unsaturated TPs with multiple
C=C bonds caused the dark-yellow colour that developed during the
defluorination of CTFE4.

Thehydrolytic dechlorination reaction produced unstable fluoro-
alcohol moieties that underwent spontaneous HF elimination. The
acylfluoride structure resulting from hydrolytic dechlorination at the
terminal position could be further hydrolysed, resulting in a diacid,
such as TP170 in the case of the CTFE dimer acid CTFE2 (Fig. 2b). Two
F atoms were cleaved per molecule of TP170 formed in this defluorinat-
ing pathway. The theoretical release of F~ (15.8 pM), corresponding to
the 7.9 uM TP170 formed on day 192 (Fig. 2a), was less than the actual
totalrelease of F~ (26 pM) from CTFE2, probably due to the formation
of undetected defluorination intermediates such as chlorotrifluoro-
succinic acid, as indicated in Fig. 2b. Assuming that two F- would be
released per parent compound molecule via the defluorinating path-
ways, the actual total release of 26 uM F-would correspond to 13 pM of
the initial 52 pM CTFE2 (Fig. 2a). Thus, the remaining CTFE2 (39 pM,
75%) underwent non-defluorinating pathways, that is, reductive and
eliminative dechlorination (Fig. 2b) to form more recalcitrant TPs
that exhibited slower (TP210 and TP174) or no biotransformation/
defluorination (TP176; Fig. 2a).

Thebiotransformation became faster with increasing number of
CTFE monomers in the oligomers. All three types of dechlorination
reaction also occurred with the trimer and tetramer acids (CTFE3
and CTFE4, respectively), as indicated by the detected TPs, with the
anaerobic hydrolytic dechlorination and spontaneous defluorina-
tion pathway more favoured as more diacid TPs were formed (Fig. 3).
Theoretical BDE calculations (Supplementary Methods) suggested that
the BDEs of the C-Clbonds in CTFE3 and CTFE4 are lower than those
in CTFE2 (Supplementary Fig. 4a), especially theinternal C-Clbonds.
The C-Clbonds with lower BDEs in CTFE3 and CTFE4 could be more
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Fig.2|Biotransformation and defluorination pathways of CTFE2 by the
anaerobic microbial community. a, The decay of CTFE2 and the formation of
fluoride and TPs. TP170 was quantified using a reference standard and is shown
ontheleft-hand y axis along with F~and the initial CTFE2, while the other TPs
arerepresented as peak areas on the right-hand y axis. The data are presented as
mean values. The error bars represent the s.d. from n = 3 replicate experiments.
b, Proposed biotransformation pathways for CTFE2. Green arrows indicate
dechlorinating reactions. Red arrows indicate defluorinating reactions.
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The thickness of the arrows represents the relative proportion of CTFE2 under-
going the different pathways. Reaction code: —Cl, +H, reductive dechlorination;
-2Cl, eliminative dechlorination; —Cl, +OH, hydrolytic dechlorination; -HF,
eliminative defluorination; —F, +OH, hydrolytic defluorination. Unstable transient
intermediates are shown in brackets. The proposed TPs not detected by liquid
chromatography coupled with high-resolution mass spectrometry (LC-HRMS)
areshownin dashed boxes. See Supplementary Fig. 3a-d for LC coupled with
tandem HRMS (LC-HRMS/MS) detection of the four identified TPs.
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Fig.3|Biotransformation and defluorination of CTFE3 by the anaerobic
microbial community. a, CTFE3 decay and formation of TP170 and F~. TP170
was quantified using a reference standard. b,c, Other TPs formed in higher (b)
and lower (c) peak areas from the decay of CTFE3. The data presentedinband ¢

Time (d)
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are peak areas with different y-axis scales. The data are presented as mean values.
(1) and (2) represent isomers of TPs with the same m/z value and formula but
different retention times on the LC-HRMS. The error bars represent the s.d. from
n=3replicate experiments.

reactiveinananaerobic microbial system, particularly in the hydrolytic
dechlorination reaction, thus leading to faster biotransformation and
greater defluorination.

Besides diacid TPs with the same chainlength as the starting CTFE,
shorter-chain diacids were also formed in the hydrolytic dechlorina-
tion pathway, including C, and C; diacids from CTFE3 and C,, C, and
C, diacids from CTFE4 (Fig. 3b,c and Fig. 4a,b). The longer chain with
additional Clsubstitutionsin CTFE3 and CTFE4 likely allows hydrolytic
dechlorination to occurat multiple Cl substitutionsitesin the middle
of the structure either simultaneously or in series. Fluoro keto acids
(RCO(CH,),COO0H, n=0, 1, 2) may also be formed, as a fluoro keto
acid was detected as a transient intermediate from CTFE4 (TP404 in

Supplementary Fig. 5e,g). The fluoro keto acids, if formed, would be
unstable and undergo chain-shortening reactions to yield the detected
shorter-chain acids or diacids (reaction (v) in Fig. 4a). a-Keto diacids
were decarboxylated, forming one-carbon-shortened TPs (that is,
TP202 and TP370 from CTFE3 and CTFE4, respectively; Fig. 4a,b).
The C, diacid TP370 was a major intermediate of CTFE4 (Supple-
mentary Fig. 5b,g), and was further transformed, likely via hydrolytic
dechlorination ateither of the two Cl substitutions, forming C, -keto
fluoro diacids. C, and Cg 3-keto fluoro diacid intermediates were also
proposed to form from CTFE3 and CTFE4, respectively (Fig. 4a,b).
These structures are unstable and subject to hydrolysis. Furthermore,
the microbial decomposition of -keto acids to form acetate and the
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Fig.4 | Proposed biotransformation pathways for CTFE3 and CTFE4.
a,b, Proposed pathways for CTFE3 (a) and the proposed key defluorination
pathways via hydrolytic dechlorination and chain-shortening reactions for

CTFE4 (b). See Supplementary Fig. 5a—f for the TP formation curves of CTFE4,
and Supplementary Figs. 3e-p and 5g for the LC-HRMS/MS detection of the
identified TPs of CTFE3 and CTFE4, respectively.

corresponding C,,acid hasbeen reported®. However, difluoroacetate
was not detected in our analysis, indicating that it was not formed from
the chain-shortening reaction asit s recalcitrant to anaerobic defluori-
nation (Supplementary Fig. 6) and would have accumulated and been
detectedifformed. Two alternative scenarios were proposed: a carbene
(:CF,CO0") formed during C-C cleavage, followed by the formation of
COwithF release, similar to the transformation of CFCl; in the anaero-
biciron porphyrin-cysteine system®, or a hydroxy group attached to
theleaving group, followed by spontaneous defluorination. C;and Cg
diacids from the deacetylation of the C, and Cg 3-keto fluoro diacids
were not detected, indicating that further transformation was likely
via hydrolytic dechlorination at the remaining Cl substitution sites,
forming Csand C, B-keto diacid intermediates (Fig. 4b). The C;3-keto
diacidin Fig.4b could thenbe cleaved at two symmetric positions, lead-
ing to complete defluorination, or at one position to form the stable
difluoromalonic acid (TP138, structure confirmed in Supplementary
Fig. 5h), a TP unique to CTFE4. The C, B-keto diacid may forma C,
diacid, that s, chlorotrifluorosuccinic acid (TP204), which was also a
deacetylation product from CTFE3 (Fig. 4a). Chlorotrifluorosuccinic

acid (TP204) underwent a very slow biotransformation to trifluoro-
succinic acid (TP170; the structure confirmed is in Supplementary
Fig. 3d) via reductive dechlorination (Figs. 3a and 4a). This suggests
that hydrolytic dechlorination is more difficult for C-Cl bonds in C,
and C, fluoro diacids.

We thenidentified the major pathways leading to defluorination
in the biotransformations of CTFE3 and CTFE4. For the quantifiable
less fluorinated TPs, trifluorosuccinic acid (TP170) and difluoromalonic
acid (TP138) accounted for less than10% (1.5-3 uM formation each) of
the initial parent compound, indicating that they were not the major
end products and that their formation pathways were not the major
routes. Instead, for CTFE3, the formation of C, diacids (for example,
TP252) with the release of two F~ via the hydrolytic dechlorination
pathway was more likely the major defluorination route. The greater
defluorination (release of three to five F-) from chain-shortening path-
ways and the lower defluorination (release of no or just one F~) from
the reductive and eliminative dechlorination pathways averaged out
to 27% of the observed defluorination of CTFE3 (release of about two
ofthe eight Fatoms per added molecule) onthe last day of incubation
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Fig. 5| Biotransformation of Cl-terminal PFCAs by the anaerobic microbial
community. a-c, Parent compound decay, F release and TP formation from
Cl-C5a(a), CI-C7a (b) and CI-C9a (c). The data are presented as mean values. The
error bars represent the s.d. from n =3 experimental replicates. d, The proposed
biotransformation pathways shared by ClI-C5a, Cl-C7aand CI-C9a. Red arrows

represent defluorinating reactions. Green arrows represent dechlorinating
reactions. Unstable transient TPs are shown in brackets. No aerobic or abiotic
transformation or adsorption was observed, as shown in Supplementary
Figs.1and 2g-i. See Supplementary Fig. 9 for the LC-HRMS/MS detection of the
identified TPs.

(day197).Similarly, according to the 77% total defluorination of CTFE4
after-200 days, an average of 8 to 9 of the 11 F atoms should be released
per added CTFE4 if all underwent defluorination. As CTFE4 partially
underwent reductive and eliminative dechlorination pathways with
no or much lower F-release, we reasonably expect that a substantial
portion of CTFE4 underwent complete defluorination and propose a
pathway via the formation of the C, diacid TP370, as shown in Fig. 4b.

Dechlorination-enhanced defluorination of other
polyfluorocarboxylic acids

The biotransformation of other environmentally relevant CI-PFCAs,
such as Cl-terminal and ultra-short-chain structures, was also sig-
nificantly (Student’s t-test, P < 0.05) stimulated compared with their
H-substituted counterparts, which exhibited no or very little biotrans-
formation (Figs. 5a-cand 6a,b and Supplementary Figs. 6,7 and 8a,b).
The enhanced biodegradability was attributed to biodechlorination
pathways similar to those of the CTFE oligomer acids. Incontrast to the
polychlorinated structures (thatis, CTFE oligomer acids and dichloro-
fluoro C, and C; acids), which showed complete and fast biotransfor-
mation and defluorination (Figs. 1aand 6a,b), the biotransformations
of monochlorinated structures (that is, Cl-terminal polyfluorocar-
boxylic acid (PFCAs) and monochloro-perfluoro C, and C; acids) was
much slower (Supplementary Table 3). The biotransformation was
incomplete after more than 160 days for the Cl-terminal C,, C, and C,
PFCAs (Fig. 5a-c), and the Cl-terminal C, and C; PFCAs did not show
any biotransformation (Supplementary Fig. 6). This is in line with
the much higher BDE of the terminal C-Cl bond in those structures
(Supplementary Fig. 4b,c).

Allthree C;, C,and C, biotransformed Cl-terminal PFCAs share two
common biotransformation pathways, namely the major non-defluor-
inating reductive dechlorination pathway and the minor defluori-
nating hydrolytic dechlorination pathway, the same as for the CTFE
oligomer acids (Fig. 5d). The reductive dechlorination of the parent

compound increased with chain length (Fig. 5a-c). More than half of
Cl-C9awasreductively dechlorinated, while less than 25% of the Csand
C,structures underwent the same process. Reductive dechlorination
has been reported as the major biotransformation pathway for other
Cl-terminal PFAS structures, such as 8:2 chlorinated polyfluorinated
ether sulfonate (8:2 CI-PFESA) and 6:2 CI-PFESA (F-53B), which were
not defluorinated®". It is worth noting that notable active biosorp-
tion (-60%) was observed for CI-9a (n = 9), while the tested structures
withachainlength of n < 8 showed lessthan 5% adsorption to biomass.
CIl-9awas only taken up by actively growing biomass (Supplementary
Fig.10), and not by heat-inactivated biomass (Supplementary Fig. 2i).
The active biosorption of its two TPs, that is,H-terminal perfluoron-
onanoic acid (H-PFNA) and perfluorononanoic diacid (PFNdiA),
was much lower (10-13%; Supplementary Fig. 10), suggesting that
the biotransformation of less mobile PFAS can result in TPs with
higher mobility, thus being more easily transported into aqueous
environments.

Compared with CI-C3a with terminal Cl substitution, which did not
exhibitanybiotransformation, CI-C3b (2-chloro-2,3,3,3-tetrafluoropro-
panoicacid) with «-Clsubstitution showed amuch faster and complete
biotransformation (Fig. 6d), but without defluorination (Fig. 6b). It
was reductively dechlorinated to form the stable TP144 (2,3,3,3-tetra-
fluoropropanoic acid (C3b); Fig. 6g). This agrees with the lower BDE
of the a-C-Cl bond in CI-C3b compared with the terminal C-Cl bond
inCl-C3a (Supplementary Fig. 4c) and again suggests that C-Clbonds
closer to the carboxy group are more reactive.

Thereductive dechlorination product (TP144, C3b) accounted for
90% of the added CI-C3b, with the formation of 3,3,3-trifluoropropion-
ate (TP127,C3c¢) accounting for the remaining 10% (-6 pM; Fig. 6d). C3¢
is the reductive dehalogenation product of CI-C3b (that is, CI>H and
F->H). As the CI>H product C3b did not undergo further biotransfor-
mation, the F>H exchange most likely occurred at the same time as the
reductive dechlorination. The formation of C3c (2-3 yuM after 64
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Fig. 6 | Biotransformation of C,and C; chlorinated fluorocarboxylic acids and
their H-substituted counterparts by the anaerobic microbial community.
a,b, Defluorination of C, (a) and C; (b) chlorinated fluorocarboxylic acids. The
initial concentration of the parent compounds was 50 pM. Except for CI-C2c,
which showed abiotic and aerobic defluorination, none of the other compounds
was abiotically or aerobically transformed, as shown in Supplementary Figs. 1
and 2a-f. MFA, monofluoroacetic acid; DFA, difluoroacetic acid; TFA,
trifluoroaceticacid. c-e, Parent compound removal, F~ release and TP formation
from CI-C2b (c), CI-C3b (d) and CI-C3c (e). Ina-e, the dataare presented as mean
values. The error bars represent the s.d. from n = 3 experimental replicates.

f-h, The proposed biotransformation pathways of CI-C2b (f), CI-C3b (g) and
CI-C3c (h). Note that no F- formation was observed for the three compounds in

abiotic and heat-inactivated sludge controls, with the exception of CI-C3c, which
underwent a non-defluorinating abiotic transformation (Supplementary
Fig.2b,e,f). Red arrows represent defluorinating reactions. Green arrows
represent dechlorinating reactions. The thickness of the arrows represent the
relative proportion of CI-C2b (f), CI-C3b (g), and CI-C3c (h) undergoing the
different pathways. Proposed TPs whose formation was difficult to determine
because of potential formation from other essential metabolic routes and

their further use during anaerobic growth are shown in dashed brackets. In

f, two possible reaction pathways for MFA are presented, namely hydrolytic
defluorination (-F, +OH)* and reductive defluorination (-F, +H)*". The
‘B-oxidation-like pathway’ is the same as that reported in a previous study**.
See Supplementary Fig. 11 for the LC-HRMS/MS detection of the identified TPs.

days) resulted in an equal molar concentration (2-3 pM) of F-release
(Fig. 6d,g). C3c was very slowly defluorinated anaerobically (Fig. 6b),
leading to a further small increase in released F~ after the depletion
of CI-C3b (Fig. 6d). The anaerobic defluorination of C3c occurred
via the same B-oxidation-like pathway as its aerobic defluorination®*.
Thisis supported by the increase in malonate, the end product of this
pathway (Supplementary Fig. 7a). The reductive dechlorination of

2,2-dichloro-3,3,3-trifluoropropanoic acid (CI-C3c) also led to the
formation of C3c, but the slow defluorination of C3c¢ could not con-
tribute to the rapid release of Ffrom CI-C3c observed within 40 days
(Fig. 6e,h). Instead, the primary reductive dechlorination product
TP160 seemed to partially undergo eliminative dehalogenation (-CIF;
Fig.6h),leadingtoal:1release of F. The —CIF product, anintermediate
of'the C3cbiodefluorination pathway, was not detected and might be
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Fig.7| CTFE4 defluorination in subcultures of the anaerobic communities,
theisolated colony and the pure cultures. a, Defluorination of 50 uM CTFE4 in
subcultures of anaerobic communities. The data are presented as mean values.
Theerror bars represent the s.d. from n = 3 experimental replicates, except

for the fourth subculture, the error bars of which represent thes.d.fromn =2
experimental replicates. b, Defluorination of 50 pM CTFE4 in the colony isolated
from the third subculture. The upper photo in the inset shows the morphology of
theisolated colony, and the lower photo shows the liquid culture of the isolated
colony after 40 days’ growth. ¢, Characteristics of the two major genomes
reconstructed from the metagenome of the isolated colony. HAD family

hydrolases includes a variety of hydrolases, including 2-haloacid dehalogenases.
d. Total fluoride formation, cell-normalized fluoride formation and the major
stable TPs from CTFE4 (50 uM) formed in S. sphaeroides and D. aminophilus after
40 days. The data are presented as mean values. The error bars represent the
s.d.fromn =2 experimental replicates for S. sphaeroides and n = 3 experimental
replicates for D. aminophilus. The dot plots represent the raw data for total
fluoride formation (yellow triangles) and cell-normalized fluoride formation
(bluecircles). The average total defluorination percentage is indicated in the
first column. Representative isomeric structures of TP354, TP354 and TP318 are
shown (right). See Supplementary Fig. 5g for all possible isomeric structures.

further transformed. This pathway led to aslower release of F-after the
depletion of TP160 (Fig. 6¢,h).

It is likely that the two C, acids 2,2-dichloro-2-fluoroacetate
(CI-C2b) and its primary reductive dechlorination product 2-chloro-
2-fluoroacetate (CI-C2c) underwent hydrolytic dechlorination, trig-
gering the nearly complete defluorination (Fig. 6a,c,f). The reductive
dechlorination product TP77 (2-fluoroacetic acid) of CI-C2b and CI-C2¢
was detected at a low level, and its defluorination was slow (Fig. 6a,c
and Supplementary Fig. 7). Thus, the fast and complete defluorination
should be triggered by the hydrolytic dechlorination of CI-C2b and
ClI-C2c.Itwasreported previously that di-and monochloroacetate were
converted into glyoxylate by a haloacid dehalogenase in an anaerobic
bacterium‘Candidatus Dichloromethanomonas elyunquensis’ strain
RM via hydrolytic dechlorination®. Thus, it is possible that the struc-
turally similar CI-C2b and CI-C2c, with one C-H replaced by C-F, can
also undergo hydrolytic dechlorination in an anaerobic microbial
community, leading to spontaneous cleavage of the C-F bond.

Microorganisms responsible for the defluorination of CTFE4

So far we have demonstrated substantial defluorination triggered by
hydrolytic dechlorination of various CI-PFCAs. We next focused on
CTFE4, which exhibited the greatest defluorination, and tried to enrich
the responsible microorganisms. However, during the enrichment
process, the defluorination rate of CTFE4 decreased after subcultur-
ing four times, that is, transferring 5% (v/v) of the previous cultureinto
the same basal medium amended with 123 mM methanol and 50 pM
CTFE4 (Fig. 7a). This suggests that the dehalogenation of CTFE4 does
not supportor benefit the sustainable growth of the responsible micro-
organisms, rendering diluted biomass and decreasing defluorination

activity. As CTFE4 dehalogenation did not lead to outgrowth of the
responsible microorganisms, cultivation-independent metagenomic
analysiswould not provide clear clues as to the identity of the respon-
sible microorganisms, as the abundant species would most likely be
those grown by methanol fermentation without CTFE4 dehalogenation.

Therefore, we used the isolation approach toidentify responsible
microbes. From the third subculture, we isolated and screened one
colony that exhibited a similar CTFE4 defluorination activity as the
third subculture in the same medium after 40 days (Fig. 7b). It was a
highly enriched culture consisting of two dominant bingenomes that
were most similar to the genomes of Sporomusa sphaeroides and Des-
ulfovibrio aminophilus (Fig. 7c and Supplementary Table 4). We then
obtained pure cultures of S. sphaeroides (DSM 2875) and D. aminophilus
(DSM 12254), which completely removed CTFE4 after 21 and 14 days,
respectively (Supplementary Fig. 12). The total defluorination was
about twofold higher in D. aminophilus (77%) than in S. sphaeroides
(41%; Fig.7d). The faster removal and greater defluorination of CTFE4
in D.aminophilus canbe attributed toits faster growth compared with S.
sphaeroides, while the latter showed a higher (2.4-fold) defluorination
capacity per cell. Additionally, S. sphaeroides converted more CTFE4
into stable, less defluorinated products via reductive and eliminative
dechlorination (Fig. 7d), and this could also result in the lower total
defluorination compared with in D. aminophilus. Given the phyloge-
netically insignificant similarity of the two identified genomes to the
twotested pure strains, as well as the phylogenetic divergence between
the two genomes, CTFE4-degrading microorganisms might be less
specific across the same genus and commonly occurring in anaero-
bic environments. Knowing the characteristics of the defluorinating
microorganisms could help to enhance defluorination in a microbial
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community. Given that the Desulfovibrio-like bingenome possesses
dissimilatory sulfate reduction pathways (Supplementary Fig. 8¢)**, by
providing sulfate to the fourth subculture of the CTFE4-defluorinating
microcosm with declined defluorination activity (Fig. 7a), we selec-
tively stimulated the growth of the defluorinating sulfate reducers
in the community, thus substantially boosting the defluorination of
CTFE4 (Supplementary Fig. 13). Neither of the two bingenomes has
genes annotated as reductive dehalogenases (RDHSs) or 2-haloacid
dehalogenases (HAD; Fig. 7c). Only one HAD family hydrolase gene
with unclear specific function was annotated in the two bingenomes
with 40% amino acid similarity. Whether the HAD family protein could
catalyse the hydrolytic dechlorination of CTFE4 remains unclear and
warrants future investigation.

Implications for PFAS research

Polytetrafluoroethylene (PTFE) and PCTFE are two widely used fluo-
ropolymers. Compared with polytetrafluoroethylene, PCTFE, with
one F substituted by Cl in the CTFE monomer, would become more
biodegradable and less persistentin the environment once transformed
into CTFE oligomer carboxylic acids via thermal decomposition® " or
oxidative metabolism'>"”. Our findings also indicate that longer-chain
CTFE oligomer acids may have an even shorter half-life and undergo
much greater defluorination in anaerobic environments where the
identified responsible microorganisms (Desulfovibrio and Sporomusa
species) are commonly distributed® *°. Itis worth noting that despite
the enhanced bioavailability of the Cl-substituted structures, only
specific types of dechlorination, namely hydrolytic and eliminative
dechlorination, cantrigger the defluorination of CTFE oligomer acids.
Theimportance of previously underestimated non-respiratory hydro-
lytic dechlorination genes in chlorinated natural organic matter cycling
was recently highlighted, given their high detection frequenciesinthe
environment”. Here, we have demonstrated another critical role that
they may play in the defluorination of chlorinated PFAS.

The higher biodegradation potential of chlorinated PFAS could
provide critical guidance for the design of alternative PFAS that are
morereadily biodegradable and meanwhile have similar functionality
and no increase in toxicity. It is commonly thought that an increase
in the number of Cl substitutions could render higher toxicity. This
seems not to be the case with regards the microbial toxicity of chlorin-
ated PFAS. The mono- and poly-CI-PFCAs (C, to C,) investigated in this
study showed alower inhibitory effect than PFCAs with the same chain
length onthe luminescence of Vibriofischeri (Supplementary Fig.14),
the standard toxicity measurement*. In contrast, the H-terminal PFCA,
amajor biotransformation product of the corresponding Cl-terminal
PFCA, exhibited a higher inhibitory effect on the luminescence than
the parent compound. It should be noted that the luminescent bacteria
testonly indicates acute microbial toxicity. Toxicity tests using higher
organisms are needed to obtainacomprehensive and systematic evalu-
ation of the ecotoxicity of chlorinated PFAS.

Another concern might be that although CI substitutions
enhanced biodegradability, complete defluorination was still not
achieved due to non-defluorinating biotransformation pathways, such
as the reductive dechlorination pathway. The incompletely defluori-
nated products might be more mobile in the aquatic environment with
higher toxicity to the ecosystem. Nonetheless, as many of them contain
C-Hbonds at saturated and unsaturated carbon atoms, they are prone
to aerobic biodegradation, as indicated in our previous studies?**.
We collected the spent medium of cultures after reaching maximum
anaerobic defluorination (-80%) of the CTFE tetramer acid and further
treated it aerobically using the activated sludge community collected
from the same wastewater treatment plant (WWTP). An additional
12% defluorination was achieved after 9 days (Supplementary Fig. 15).
Therefore, asequential anaerobic-aerobicbioreactor could be adapted
from the anaerobic-aerobic configurations commonly employed
in municipal or industrial wastewater treatment by increasing the

anaerobic sludge retention time to cost-effectively treat wastewater
containing CTFE tetramer acid. Nearly complete destruction of the
tetramer acid that enters aquatic environments may also be expected
atthe anaerobic-aerobicinterfacein nature.

Thenovelbiotransformation pathwaysidentified for CI-PFCAs also
provideimportantinsightsinto PFAS source tracking, environmental
monitoring and risk assessment. Besides the reported H-terminal
polyfluorocarboxylic acids from reductive dechlorination, two new
groups of TP, that is, perfluorodicarboxylic acids and unsaturated
fluorocarboxylicacids, have been demonstrated experimentally from
the anaerobic biotransformation of various CI-PFCAs. Thus, CI-PFAS
could be acritical source of all three of the above classes of emerging
PFAS detected in different environments®** This is supported by
recent studies™* that revealed correlations between the detection of
H-substituted, unsaturated and diacid products and the occurrence
of CI-PFAS in impacted wastewater and soils. Thus, closer and more
accurate PFAS monitoring and toxicity studies could also be conducted
onthenon-andslowly biotransformed CI-PFAS as well as the stable end
products (for example, H-terminal polyfluorocarboxylic acids, perfluo-
rodicarboxylic acids and unsaturated PFCAs) given their persistence
inthe aquatic environment.

The discovery of the new capabilities of commonly occurring
anaerobic microorganisms in transforming and defluorinating indus-
trially critical CI-PFAS not only advances the current fundamental
knowledge of microbial dehalogenation, but also provides critical
insights into a more accurate assessment of the environmental fate
and ecotoxicity of CI-PFAS, the design of readily biodegradable and
less toxic alternative PFAS, and the development of cost-effective
bioremediation strategies.

Methods

Chemicals

The12 CI-PFCAs (see Supplementary Table 1for details) investigatedin
this study were purchased from SynQuest Laboratories, Matrix Scien-
tificand Manchester Organics. Stock solutions (-10 mM) of individual
CI-PFCAs and reference compounds of plausible TPs (Supplementary
Table 2) were prepared in methanol (HPLC grade). All the stock solu-
tions were stored at —20 °C.

Anaerobicbiotransformation

An activated sludge community freshly taken from a local municipal
WWTP was used. To avoid the carryover of dissolved oxygen, settled
activated sludge (6,700-6,800 mg suspended solids per litre) wasinoc-
ulated (10%, v/v) into a 160-ml sealed serum bottle containing 90 ml
autoclaved basal medium containing vitamins, including 100 pg 1" B,,,
aspreviously described**, and a 60-ml headspace of Ar/CO, (75:25, v/v).
Methanol (-123 mM), asan electron donor, was added to the culture and
re-added twice aweek. The selected PFAS (-50 pM) was spiked into the
culture. The pH of the culture was buffered at 7.4 + 0.1. Biomass-free
abiotic and heat-inactivated biomass controls were prepared in the
same way using autoclaved sludge filtrate (0.22 pm) and autoclaved
sludge instead of the activated sludge as the inoculum, respectively.
Sodiumazidewasadded (-0.2 g I") to both abiotic and heat-inactivated
biomass controls to further inhibit microbial activities over the entire
incubation period. All cultures were incubated in the dark at 34 °C
without shaking. The biotransformation experiments with the acti-
vated sludge communities and abiotic and heat-inactivated controls
were performed in triplicate. One bottle containing only sludge was
also studied as a control for the sludge matrix, which was subtracted
inthe TP analyses.

Samples (2 ml) were removed periodically and centrifuged at
16,000g at 4 °C for 35 min. The supernatant was collected to meas-
ure fluoride, parent compound and TP content by the following
method. Cell pellets were collected and extracted using 1 ml methanol
with 0.1% NH,OH. The 2C-labelled perfluoro-n-octanoic acid-1-">C
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(CAS#:864071-09-0) surrogate was spiked to account for the extraction
recovery. The samples were vortexed and ultrasonicated for 30 min, and
then centrifuged at 16,000g at 4 °C for 35 min. The concentrations of
the parentcompounds and TPsin the extracted samples were analysed
to account for biomass adsorption. Except for CI-C9a, which showed
substantial biological adsorption, all tested CI-PFCAs showed less than
5% adsorption by the biomass. Thus, extracellular concentrations of
the parent compounds and TPs were used to interpret biotransfor-
mation pathways, except for CI-C9a and its TPs, for which the total
concentrations (extracellular and biomass-associated) were used.
The half-lives of the parent compounds were determined assuming
first-order reactionkinetics (see Supplementary Methods for details).

Aerobic biotransformation

The aerobic biotransformation experiments were conducted using
a similar set-up to that used in a previous study?**. Thus, 50 ml of
fresh activated sludge (~4,400 mg 1™ as total suspended solids) was
inoculated into batch reactors (150 ml, loosely capped) spiked with
~50 puM CI-PFCA and incubated with shaking (150 r.p.m.) at room
temperature for 5 days. The level of dissolved oxygen in the reactors
was measured and remained at 4-5 mg 1™ over the period of study.
Heat-inactivated controls were prepared using autoclaved (121 °C,
40 min) sludge and autoclaved sludge filtrate (0.22 umfilter). A sludge-
only control was also analysed to obtain the F~ concentration in the
sludge matrix, which did not show any notable change throughout the
incubation period.

Fluoride measurement

The F~ concentration was measured using an HQ30D portable multi-
meter (HACH) connected to anion-selective electrode (HACH) with a
limit of quantification of 0.01 mg 17 (-0.5 uM). First, 0.1 g fluoride ionic
strength adjustor powder (HACH) was dissolved in 2 ml of sample.
Calibration was conducted by preparing a calibration curve using
three standard sodium fluoride solutions (0.5,1and 2 mg 1™, HACH).
Calibrationwas conducted before each sample measurement. Samples
were diluted to the calibration range, as needed, before measurement.
The fluoride measurement was cross-validated by ion chromatography
(Supplementary Methods). F- formation was calculated by subtracting
the F~ concentration at time zero ¢, from that at time ¢. The degree of
defluorination was determined using the following equation.

Degree of defluorination (%)

_ F- formed (uM) x 100%

Removed concentration(puM)xNumber of F in one molecule

Ultra-high-performance LC-HRMS analysis
All organofluorines were analysed by ultra-high-performance (UHP)
LC-HRMS/MS (Q Exactive Plus, Thermo Fisher). For the UHPLC, the
mobile phase consisted of 10 mM ammonium acetate in Milli-Q water
(eluent A) and 10 mM ammonium acetate in HPLC-grade methanol (elu-
entB).A2 plsample wasloaded onto a Hypersil Gold column (particle
size1.9 um, 2.1 mm x 100 mm, Thermo Fisher) and eluted at aflow rate
of 300 pl min™. Alinear elution gradient was used: 95% A for 0-1min,
95-5% A for 1-6 min, 5% A for 6-8 min and 95% A for 8-10 min. For
HRMS, negative electrospray ionization was used for sample ionization
with a default charge of one. The mass analyser was set up for both afull
mass spectrometry (MS') scan (m/z=50-750) ataresolution 0f 140,000
@ m/z=200 and a data-dependent tandem MS (MS?) scan at aresolu-
tion 0f 17,500 @ m/z =200 with a normalized collision energy of 25.
The peak areas of all parent compounds and TPs were determined
using TraceFinder 4.1 EFS and Freestyle 1.6 (Thermo Fisher). Mass
spectrometry data, including MS' and MS?, were primarily collected
with Freestyle 1.6. The concentrations of the parent compounds and
TPswithreference standards were determined by establishing external
calibration curves using a matrix-match calibration standard series.

TPidentification and biotransformation pathway elucidation
Suspect screening was conducted using a custom-compiled suspect
list thatincluded the possible reductive defluorination and reductive
dechlorination products'. Non-target screening was also employed
for TP analysis using the modified ‘Expected and Unknown Met ID
Workflow’ in Compound Discoverer 3.1 (Thermo Fisher). Plausible
TPswereidentified using the following criteria: (1) amass tolerance of
<5ppm, (2) aproper peak shape withapeak arealarger than10°,(3) an
isotopic pattern score of >70, (4) a notable formation trend over time
(increasing or increasing followed by decreasing), (5) not detected
in the abiotic, heat-inactivated or sludge-only controls, and (6) not
identified as in-source fragments”. The structures of the plausible
TPswere further elucidated from MS? fragmentation profiles. For TPs
with reference compounds available, the structures were confirmed
by comparing the retention times and MS'/MS? profiles of the TP and
reference compound. The confidence levels in the TP identification
were determined according to the criteria set by Schymanski et al.®.

We proposed the most reasonable biotransformation pathways
based onthe following three trends: (1) the removal trend of the parent
compound, (2) the formation trend of TPs with accurate formula or
identified structure, and (3) the formation trend of fluoride. The three
trends should beintercorrelated. For example, for biotransformation
pathways that include multiple levels of reactions, the TPs from the
primary reactions should exhibit aformation trend that firstincreases,
thendecreases, followed by the formation of secondary TPs. Generally,
primary transient TPs peaked when most of the parent compound
had been removed, then the corresponding secondary TPs started to
increase substantially; the same applied for the next level of reactions.
Stable products (or end products) were those with anincreasing trend
or an increasing trend with a plateau if the precursor was depleted.
The formation of fluoride should correspond to the formation of less-
fluorinated TPs.

CTFE4-defluorinating subcultures

The original CTFE4-defluorinating anaerobic microcosm obtained
fromthe activated sludge was subcultured (5%, v/v) into the same basal
medium containing the same concentrations of methanol and CTFE4.
After the defluorination reached the maximum level (-80%), the last
subculture was further transferred (5%, v/v) into the same medium to
obtain the subsequent subcultures.

Anaerobicisolation

Anaerobic agar shake tubes were used to isolate and purify the colo-
nies from the CTFE4-defluorinating subcultures. First, 10 ml sterile
agar medium (0.3-0.5%, w/w) containing the same nutrients (that is,
mineral salts, vitamins, methanol and CTFE4) asin the broth medium
was added to each 20-ml sealed glass tube with an N, headspace. The
tubes were incubated at 45-50 °C before inoculation. After the tem-
perature of the agar medium had decreased slightly, one agar shake
tube was inoculated with 1 ml of the third subculture, then gently
mixed by inverting the tube several times. Then, 1 ml of the mixture was
transferred toanew agar shake tube. The contents of aset of inoculated
agar shake tubes with10™to 108 serial dilution were solidified at room
temperature and incubated at 34 °C. After 14 days of incubation, indi-
vidual colonies were picked up using syringe needles and inoculated
into new agar shake tubes for further purification. Further purified
individual colonies with different morphology were picked up and
transferred into the same liquid basal mediumamended with methanol
(-123 mM) and CTFE4 for the defluorination activity test. The liquid
cultures from two colonies that showed defluorination activity were
subject to metagenomic sequencing for genomic composition analysis.

Metagenomic sequencing
Celugation at 18,000 for 20 min at room temperature. Genomic DNA
was extracted using a DNeasy Blood and Tissue Kit (Qiagen) according
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to the manufacturer’s instructions and then sent to the Microbial
Genome Sequencing Center (Pittsburgh) for sequencing (lllumina
NextSeq 2000, 2 x 150 base pairs, 680 x 10° base-pair output).

Reconstruction of bingenomes

The draft genome assembly and binning were performed using the
Department of Energy Systems Biology Knowledgebase (KBase) plat-
form (https://www.kbase.us/). The sequencing reads of each sample
were trimmed and quality-filtered using Trimmomatic v0.36 with
default parameters. The clean reads were assembled into contigs using
MEGAHIT v1.2.9, and the contigs were then binned using MetaBAT v1.7.
The quality (that is, completeness and contamination) of the recon-
structed bingenomes was assessed using CheckM v1.0.18. Bingenomes
with >85% completeness and <5% contamination were considered as
successfully reconstructed and subject to downstream analysis. The
taxonomic assignment of the reconstructed bingenomes was assessed
using GTDB-TK v1.3.0, and the genome annotation was generated
using RASTtk v1.073. The relative abundance of each reconstructed
bingenome was calculated by mapping the quality-filtered sequence
reads against the reconstructed bingenome using Bowtie2 v2.3.2. The
percentage of mapped reads out of the total reads was regarded as the
relative abundance of the reconstructed bingenome.

CTFE4 defluorination by pure cultures

Thetwo pure cultures, thatis, S. sphaeroides and D. aminophilus, were
obtained from DSMZ-German Collection of Microorganisms and Cell
Cultures under the DSM numbers 2875 and 12254, respectively. Both
cultures were maintained in the same basal medium as used for the
anaerobic biotransformation by the sludge community, as described
above, with the addition of20 mM sodium lactate as the electron donor.
For the sulfate-reducing D. aminophilus, sodiumsulfate (2 mM) was also
added. For the CTFE4 defluorination test, each culture was inoculated
(10%, v/v) into 50 ml of fresh medium containing the same growth
substrates and 50 uM CTFE4. After ~40 days, cells were collected by
centrifugation at 18,000g for 20 min at room temperature for DNA
extraction to determine the cell density (Supplementary Methods).
The supernatant was subjected to F-and CTFE4 analysis.

Data availability

The metagenomic sequencing dataset has been deposited in the
Sequence Read Archive under accession number PRJNA838587.
Source data are provided with this paper. The draft genomes of the
two dominant bacterial species in the isolated defluorinating colo-
nies have been deposited in GenBank under the accession numbers
JAMHFZ000000000 and JAMHGAOO00000000. All other data
supporting the findings in this study are available within the paper
and its Supplementary Information. Source data are provided with
this paper.
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