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Abstract 

Regarding the emerging concerns of the widely occurring and environmentally persistent 

per- and polyfluoroalkyl substances (PFASs), one intriguing and unsolved scientific question for 

environmental microbiologists, chemists, and engineers is whether microbial reductive 

defluorination of perfluorinated compounds exists in nature. Due to the strong dissociation 

energy of carbon‒fluorine (C‒F) bonds in PFASs, no convincing evidence has ever been 

reported regarding biological cleavage of C‒F bonds from > C2 perfluorinated structures. We, for 

the first time, show C‒F bond cleavage via reductive defluorination by an organohalide-respiring 

microbial community for two PFASs, perfluoro(4-methylpent-2-enoic acid) and  4,5,5,5-

tetrafluoro-4-(trifluoromethyl)-2-pentenoic acid. Comprehensive biotransformation pathways are 

further elucidated. This study brings valuable fundamental knowledge into microbial 

dehalorespiration, which opens avenues for the future exploration of PFAS environmental fate 

and bioremediation strategies.  

One Sentence Summary 

Microbial dehalorespiration of two C6 per- and polyfluorinated structures. 

 



 

3 

 

Global concerns on per- and polyfluoroalkyl substances (PFASs) have been rapidly 1 

emerging over the past decade due to their wide applications, environmental persistence, 2 

bioaccumulation, and toxicity to public health and ecosystems (1). PFASs have diverse structures 3 

and ionization forms (anionic, cationic, zwitterionic, and neutral) determined by the chain length 4 

and head groups (2, 3). Thousands of PFAS compounds are on the global market, and a fraction 5 

of them have been identified in representative products such as aqueous film-forming foams 6 

(AFFFs) and commercial goods (1). A number of those identified PFASs, including the legacy 7 

perfluorooctanoic acid (PFOA), perfluorooctanesulfonic acid (PFOS), and the alternative GenX, 8 

have been detected in surface and subsurface drinking water sources, sewage, biosolids, as well 9 

as in humans and animals (4-8). The United States Environmental Protection Agency (USEPA) 10 

has set drinking water health advisory levels for PFOA and PFOS at 70 ng/L (9). Tremendous 11 

efforts have been and are being made to understand the environmental fate and transport of the 12 

structurally diverse PFAS compounds and to develop effective removal strategies.  Due to the 13 

strong Carbon-Fluorine (C‒F) bond, the most effective defluorination of PFASs to date is via 14 

physiochemical destruction, including advanced oxidation and reduction, electrochemical, 15 

thermolysis, and plasma-based treatment (10-14). Nonetheless, sporadic reports on microbial 16 

defluorination can be dated back to the 1960s, when aerobic microbial defluorination of 17 

monofluoroacetate via glycolate-forming, C‒F bond hydrolysis was observed, and the 18 

corresponding hydrolytic dehalogenase was identified (15). Stepwise reductive defluorination of 19 

trifluoroacetate (TFA, CF3COOH) to acetate via di- and monofluoroacetate in a methanogenic 20 

microbial community was documented two decades ago (16, 17). However, no follow-up study 21 

investigated the responsible microorganisms, enzymes, or the defluorination mechanisms. In 22 

addition to fluoroacetates, monofluoroaromatics such as 2- and 4-fluorobenzoate have been 23 
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observed to undergo biodefluorination under denitrifying conditions by enoyl-CoA 24 

hydratases/hydrolases and an ATP-dependent class I BzCoA reductase, respectively (18, 19). 25 

However, regarding typical PFASs with carbon chains longer than TFA, microbial defluorination 26 

has only been observed for telomeric structures (with ‒CH2 groups on the carbon backbone) and 27 

their polymers rather than perfluorinated ones (20-24). Fluorotelomer alcohols (FTOHs), 28 

carboxylic acids (FTCAs) and sulfonic acids (FTSAs) are all found to be partially 29 

biotransformed into perfluoroalkyl acids (PFAAs) under both aerobic and anaerobic conditions, 30 

suggesting potential sources of PFAAs (25, 26). The responsible microorganisms/enzymes and 31 

the underlying mechanisms are still unknown.  32 

The question that has been scientifically and practically intriguing but not well addressed 33 

is this: can microbes break down perfluorinated compounds longer than TFA or not at all? 34 

Although reductive defluorination of perfluorinated compounds is biologically feasible 35 

according to the thermodynamic calculations (27), to our best knowledge, there is no convincing 36 

evidence reported for microbial cleavage of the C‒F bond in non-TFA perfluorinated 37 

compounds, in terms of both fluoride ion release and the corresponding transformation product 38 

formation (26). Inspired by the very recent studies, in which abiotic reductive defluorination of 39 

branched PFASs slowly occurred in a vitamin B12-TiIII catalytic system at room temperature (10, 40 

28), we hypothesized that biological reductive defluorination of branched PFASs could be 41 

carried out by organohalide-respiring microorganisms that possess B12-dependent reductive 42 

dehalogenases (29, 30). In this study, we fill the knowledge gap by demonstrating the occurrence 43 

of microbial reductive defluorination of branched, unsaturated per- and polyfluoroalkyl 44 

structures and identifying the corresponding defluorination pathways. These groundbreaking 45 

findings open new avenues of investigating and developing PFAS biodegradation technologies to 46 
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remediate contaminated subsurface environments. The structural specificity of microbial 47 

reductive defluorination can also guide the design of more environmentally friendly PFAS 48 

structures. 49 

Reductive defluorination of select PFASs by a dechlorinating enrichment. The 50 

dehalorespiration of PFASs was investigated in the subsequent transfers (10%, v/v) of a well-51 

studied and commercially available dechlorinating enrichment culture KB-1® (SiREM, Ontario, 52 

Canada). Five PFAS structures were tested: three perfluorinated ones, i.e., PFOA (linear, 53 

saturated, long-chain, C8), perfluoro-3,7-dimethyloctanoic acid (PFdiMeOA; branched, 54 

saturated, long-chain, C10), and perfluoro(4-methylpent-2-enoic acid) (PFMeUPA; branched, 55 

unsaturated, short-chain, C6), as well as two polyfluorinated ones structurally similar to 56 

PFMeUPA: 4,5,5,5-tetrafluoro-4-(trifluoromethyl)-2-pentenoic acid (FTMeUPA; branched, 57 

unsaturated, short-chain, C6) and 4,5,5,5tetrafluoro-4-(trifluoromethyl) pentanoic acid (FTMePA; 58 

branched, saturated, short-chain, C6) (Table S1). Given the difficulty to break C‒F bonds in 59 

PFASs, it is extraordinarily fascinating to obtain strong evidence in terms of the parent 60 

compound removal and F− release for microbial reductive defluorination of the two unsaturated 61 

C6 PFASs, particularly the perfluorinated PFMeUPA (Fig. 1A−D). Both of them can serve as the 62 

sole electron acceptor with not only organic carbons like lactate but also hydrogen (Fig. S1) as 63 

the primary electron donor, which is evident for reductive defluorination. The defluorination was 64 

much slower compared to the dechlorination of trichloroethene (TCE) by the same culture (Fig. 65 

S2). It took ~ 130 days for the complete removal of 75 µM PFMeUPA, while only ~ 70 days for 66 

the same molar concentration of polyfluorinated FTMeUPA. It is not surprising to see faster 67 

microbial anaerobic degradation of the telomeric PFASs (20, 26), which are more readily 68 

degradable than perfluorinated ones due to the presence of Carbon-Hydrogen (C−H) bonds. 69 
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Moreover, the lack of observed microbial defluorination for the saturated FTMePA (Fig. S3A) 70 

suggests that the presence of the double bond (C=C) facilitated the microbial defluorination of 71 

PFMeUPA and FTMeUPA. For the tested long-chain PFASs, i.e., PFOA and PFdiMeOA, no 72 

microbial defluorination was observed (Fig. S3B−C). The recalcitrance of PFOA to microbial 73 

defluorination is consistent with the findings from other studies (26, 31). The branched structure 74 

in PFdiMeOA seems not to enhance its biodegradability by the investigated culture.  75 

 76 

 77 
 78 

Fig. 1. Decay and fluoride ion release of PFMeUPA (A & B) and FTMeUPA (C & D) in the 79 

dehalorespiring microbial community.  80 
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Transformation product (TP) analysis reveals the C−F bond cleavage positions and 82 

the biodegradation pathways of PFMeUPA and FTMeUPA. According to the suspect and 83 

non-target TP screening criteria (see Materials and Methods in the SI), twelve TPs of PFMeUPA 84 

and six TPs of FTMeUPA were identified (Table S1), indicating that the two PFASs underwent 85 

multiple biotransformation pathways besides reductive defluorination. For TPs with the 86 

reference compounds available, their structures were confirmed by matched tandem mass 87 

spectrometry (MS2) fragments to the MS2 spectra of the authentic standard. For TPs without 88 

available standards, their structures were inferred according to the MS2 spectra and the similarity 89 

to the ones predicted by a web-based competitive fragment modeling tool CFM-ID 2.0 (see 90 

Materials and Methods in the SI) (Fig. S4‒S22, Table S1) (32). Confirmed and plausible 91 

structures of TPs are given in Fig. 3 & 4. Only TPs with authentic standards were quantified. For 92 

the other TPs, peak areas were used to interpret their formation trend over a time course. We are 93 

aware of the difference in MS ionization efficiency among different PFASs and their TPs. As 94 

such differences among the available reference compounds were less than 10-fold (Table S2), the 95 

same ionization efficiency was used for a rough estimation of the relative abundance among TPs 96 

with more than one order of magnitude difference in peak areas.  97 

For PFMeUPA, TP256 (‒F+H from PFMeUPA) is the corresponding TP from the first 98 

step of reductive defluorination (Fig. 2A and Reaction 1 in Fig. 3). TP256 has an MS2 fragment 99 

of C3F7
‒ (Fig. S5), indicating that the first C−F bond cleavage was at the sp2 C−F bond on one of 100 

the unsaturated carbons in PFMeUPA. Similarly, the first C−F bond cleaved during the B12-101 

catalyzed abiotic defluorination of 2,3,3,3-tetrafluoropropene was also at the sp2 C−F bond on 102 

the unsaturated carbon (33). Additionally, it is worth noting that although the tertiary sp3 C−F 103 

bond in PFMeUPA has the lowest bond dissociation energy (BDE) (Fig. 3), the formation of 104 
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TP256 indicates that the sp2 C−F bonds are more microbially active. Due to the very similar BDE 105 

values for the two sp2 C−F bonds in PFMeUPA (Fig. 3), it is not clear which of the two C−F 106 

bonds first underwent the F→H exchange. The MS2 profile of TP256 does not provide any 107 

clearer evidence, either. The microbial reductive defluorination of PFMeUPA is much slower 108 

and to a lower defluorination extent than the chemical reductive defluorination of PFMeUPA 109 

with a B12-TiIII catalytic system (10). This could be due to different defluorination mechanisms 110 

between biological and abiotic systems or to the low enzyme abundance and activity. 111 

 112 

Fig. 2. TP formation during the biotransformation of PFMeUPA (A) and FTMeUPA (B) by the 113 

dehalorespiring community (arrows indicate TPs formed from defluorination reactions). 114 
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Fig. S12). This suggests that rather than the remaining sp2 C−F bond on the unsaturated carbon, 123 

the second defluorination occurred within the ‒C3F7 group. TP195 was likely from the reductive 124 

defluorination of TP212 (Reactions 6 in Fig. 3), which was highly accumulated after the 150-day 125 

incubation period (Fig. 2A). The sp3 C−F bond in the ‒C3F7 group has the lowest BDE, thus 126 

more likely to be cleaved. Furthermore, the behavior of TP195 on the LC-HRMS/MS was 127 

different from the authentic standard of the sp2 C−F cleavage product (3-(trifluoromethyl)-128 

3,4,4,4-tetrafluorobutene-1) (Table S1), indicating a different structure of TP195. TP192, as well 129 

as the third and fourth C−F bond cleavage products (TP174 and TP154) were at relatively low 130 

abundances (Fig. 2A & S23). Due to their unclear structures, the formation routes of these three 131 

TPs are ambiguous and hypothetical (Reactions 7, 13 ‒ 16 in Fig. 3). 132 

 133 

Fig. 3. Proposed biotransformation pathways of PFMeUPA in the dehalorespiring community 134 

(defluorination positions are shaded in blue; dashed arrows for Reaction 6 represent reductive 135 

defluorination of a saturated perfluorinated carboxylic acid; the red number next to a C−F bond 136 

is the calculated bond dissociation energy in kJ/mol); gray box: the major biotransformation 137 

pathway of PFMeUPA; dashed box: tentative downstream pathways. 138 
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Besides the major reductive defluorination route, PFMeUPA also underwent a branched 139 

route of bioreduction (a.k.a. hydrogenation) forming a saturated fluorinated carboxylic acid 140 

TP276 (Fig. 2 and Reaction 2 in Fig. 3). Similarly, another saturated TP (TP259) was formed, 141 

likely from the partial hydrogenation of TP256 (Fig. 2 and Reaction 4 in Fig. 3). The 142 

hydrogenation of unsaturated polyfluorinated substances has also been observed in both aerobic 143 

and anaerobic sludges (20, 22). The hydrogenation of α, β-unsaturated carboxylic anions forming 144 

the corresponding saturated carboxylic acids can be catalyzed by enoate reductases with 145 

nicotinamide adenine dinucleotide (NADH) as the cofactor from anaerobic microorganisms such 146 

as Clostridium kluyveri (34). Flavin-based ene-reductases from the “Old Yellow Enzyme” family 147 

possessed by a variety of microorganisms may also carry out the reduction of activated alkenes 148 

with carboxylic acid as the electron withdrawing group (EWG) when there is an additional EWG 149 

such as a halogen (35). It is still unclear whether such hydrogenation reactions are energy-150 

yielding and metabolically essential to sustain the growth of the carrying microorganisms (34). 151 

Besides the hydrogenation pathway, TP259 could also be formed from another route via 152 

microbial defluorination of TP276 (Reaction 5 in Fig. 3). The BDE values of the two C−F bonds 153 

on Carbon 2 and Carbon 3 in TP276 are similar to the BDE values of the other C−F bonds in 154 

TP276 (Fig. 3), as well as the C−F BDE values in the structurally similar saturated FTMePA 155 

(Fig. 4). As FTMePA did not undergo any defluorination reaction (Fig. S3A), the microbial 156 

reductive defluorination of TP276 is thus less likely. 157 

Another secondary TP of PFMeUPA is TP238, which was confirmed to be FTMeUPA 158 

(Fig. S13). TP238 was possibly formed directly from the reductive defluorination of TP256 159 

(Reaction 9 in Fig. 3) or from hydrogenation of TP256 followed by HF elimination (Reactions 4 160 

& 8 in Fig. 3). Both pathways have been previously shown in the biotransformation of 8:2 and 161 



 

11 

 

6:2 fluorotelomeric alcohols/acids in anaerobic sludges (22, 24). The HF elimination reactions 162 

may occur both abiotically and biologically (mediated by enzymes like acyl-CoA 163 

dehydrogenases) (36). The maximum concentration of TP238 (i.e., FTMeUPA) in the 164 

PFMeUPA biotransformation samples was less than 3 μM (< 4% of the added PFMeUPA). 165 

Given that FTMeUPA can be biotransformed by the same community (Fig. 1C), the low level of 166 

FTMeUPA (TP238) during PFMeUPA biotransformation could be attributed to a secondary 167 

degradation. To elucidate this, we analyzed the TPs during FTMeUPA biotransformation and 168 

their formation during PFMeUPA biotransformation.  169 

 170 

Fig. 4. Proposed biotransformation pathways of FTMeUPA in the dehalorespiring community 171 

(defluorination positions are shaded in blue; dashed arrows represent unknown reactions; the red 172 

number next to a C−F bond is the calculated bond dissociation energy in kJ/mol). 173 
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(Fig. 2B & S3A). TP221 was in relatively low abundance likely due to the rapid conversion to 179 

secondary TPs via decarboxylation and/or HF elimination (Fig. 2B & 4). Among all FTMeUPA 180 

TPs, only TP241 was slightly detected in the PFMeUPA biotransformation samples, indicating 181 

that the FTMeUPA formation (Reactions 8 & 9 in Fig. 3) was only a minor pathway of 182 

PFMeUPA biotransformation.  183 

Another minor route during PFMeUPA biotransformation is the conjugation of TP256 184 

and TP276, forming their dimers, i.e., TP514 and TP554, respectively (Reactions 10 and 11 in 185 

Fig. 3). TP536 from the conjugation of TP276 and TP259 was also formed (Reaction 12 in Fig. 186 

3). TP514 significantly decreased after 90 days (Fig. S23), likely being back-transformed to 187 

TP256 while TP256 was being further converted to the downstream TPs (Fig. 2A).  188 

Collectively, PFMeUPA first underwent both reductive defluorination (the first C−F 189 

bond cleavage) and hydrogenation pathways, which should result in a total defluorination less 190 

than what would have been expected if all PFMeUPA was subject to the first C−F bond cleavage 191 

(11%). The actual observed ~11% total defluorination is thus attributed to further defluorination 192 

(more than one C−F bond cleavage). FTMeUPA underwent the same major pathways as 193 

PFMeUPA. The large formation of the hydrogenation TP (TP241) in addition to the 194 

defluorination TPs agrees with the 4% total defluorination of FTMeUPA, which corresponds to 195 

less than one fluorine released per molecule (the total theoretical defluorination is 14% if all 196 

FTMeUPA underwent the first C−F bond cleavage). Notably, Reactions 1 & 6 in Fig. 3 and 197 

Reaction 16 in Fig. 4 are novel microbial reductive defluorination reactions. Unveiling the 198 

microbial capabilities of breaking the “hardest-ever” carbon−halogen bond via reductive 199 

dehalogenation and elucidating the overall pathways are of great scientific significance and 200 
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technological importance for the understanding of PFAS biodegradability and the development 201 

of treatment strategies. 202 

Dehalococcoides spp. were not responsible for the defluorination, while 203 

Dehalobacter spp. were likely involved in downstream biotransformation pathways. The 204 

dominant dechlorinator in the investigated KB-1 culture is Dehalococcoides spp. (37). The 205 

versatility of B12-dependent reductive dehalogenases of Dehalococcoides spp. in metabolizing 206 

various organohalides makes them the most promising candidates capable of microbial reductive 207 

defluorination of the two PFASs (38). Thus, we first looked at the growth and activities of 208 

Dehalococcoides spp. in the PFMeUPA/FTMeUPA-fed culture. Unexpectedly, no 209 

Dehalococcoides activity or growth was observed during the incubation period when 210 

PFMeUPA/FTMeUPA was provided as the sole electron acceptor, in terms of the 16S rRNA 211 

gene abundance and its transcription level, as well as the transcription levels of 14 identified 212 

reductive dehalogenase (RDase) genes in the same community (39) (Fig. 5A & B, Fig. S24A & 213 

B, and Fig. S25). The lack of growth of Dehalococcoides was also reflected by the decrease in 214 

the total bacterial growth (Fig. 5C). In comparison, cultures with TCE addition exhibited active 215 

growth of Dehalococcoides (Fig. 5A & B). Theoretically, the energy generated from the added 216 

PFMeUPA/FTMeUPA (75 μM) can sustain the growth of Dehalococcoides via reductive 217 

dehalogenation if it occurs. Therefore, the dominant chloroethene-respiring Dehalococcoides 218 

spp. in the community were not responsible for the reductive defluorination of 219 

PFMeUPA/FTMeUPA. Corroboratively, the two isolated Dehalococcoides strains, D. mccartyi 220 

FL2 and BAV1, were not able to cleave F−  from PFMeUPA while the cells exhibited 221 

dechlorination activities (Fig. S26).  222 
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Instead of contributing to defluorination, the presence of TCE and/or dechlorination 223 

activity of Dehalococcoides inhibited the defluorination of PFMeUPA after 30 – 50 days (Fig. 224 

1A & B), while no inhibition for FTMeUPA during the entire incubation period (Fig. 1C & D). 225 

The inhibition was less likely caused by substrate competition because the substrate lactate was 226 

added intermittently in excess throughout the entire incubation period. Thus, we inferred that 227 

different microbial groups were involved in the defluorination of the two compounds, and TCE 228 

specifically inhibited the PFMeUPA-defluorinating species. 229 

 230 

 231 

Fig. 5. The growth of Dehalococcoides spp. as the 16S rRNA gene copy numbers (A), 232 

Dehalococcoides spp. activities as the 16S rRNA copy numbers (B), and the total bacterial 233 

growth as the total 16S rRNA gene copy numbers (C). 234 
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We then looked at the growth of another two dechlorinators in this community: the 236 

second dominant TCE-dechlorinating species Geobacter spp. in addition to Dehalococcoides 237 

(37) and the recently identified trichlorobenzene (TCB)-dechlorinating species Dehalobacter spp 238 

(40). Again, Geobacter spp. showed no growth in the PFMeUPA-fed culture, hence were not 239 

responsible for the reductive defluorination. Nevertheless, we observed significantly higher 240 

growth and activities (in terms of cell densities and 16S rRNA levels) of Dehalobacter in the 241 

PFMeUPA/FTMeUPA-fed culture compared to the TCE-fed ones (Fig. 6 and Fig. S24C). One 242 

should note that the initial abundance of Dehalobacter in the seed culture fed with TCE was 243 

extremely low (< 103/mL). Such low Dehalobacter abundance was consistent with what was 244 

observed in the TCE-fed subcultures of the same microbial community (40). Several 245 

Dehalobacter strains have been demonstrated to biodegrade chlorinated compounds such as 246 

TCE, trichloroethane (TCA), and TCB (40-42). A similar emergence of Dehalobacter population 247 

with a significant decrease of Dehalococcoides population was observed when the terminal 248 

electron acceptor was switched from TCE to 1,2,4-TCB (41). The abilities of Dehalobacter spp. 249 

to utilize diverse chlorinated compounds to alleviate substrate competition with other 250 

dehalorespiring microorganisms make them likely involved in the defluorination of PFMeUPA 251 

and FTMeUPA. Thus, we further examined the defluorination capabilities of the pure culture of 252 

Dehalobacter restrictus strain PER-K23, the closest one to Dehalobacter spp. in the community 253 

(40), but we did not detect any F− release from PFMeUPA and FTMeUPA (Fig. S27A & B). 254 

Nonetheless, one may still not exclude the possibility that the actual Dehalobacter spp. in the 255 

community were able to carry out the reductive defluorination of PFMeUPA or the 256 

biotransformation intermediates of PFMeUPA, such as the first C−F bond cleavage product 257 

TP256. Because there was not a sufficient amount of authentic or isolated TP256 available, the 258 
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actual role of Dehalobacter spp. on the PFMeUPA and FTMeUPA 259 

defluorination/biotransformation remains elusive. 260 

 261 

Fig. 6. The growth of Dehalobacter spp. as its 16S rRNA gene copy numbers (A), Dehalobacter 262 

spp. activities as the 16S rRNA copy numbers (B). 263 

 264 

According to this study, unsaturated perfluorinated compounds seem to be more 265 

bioavailable, and the first C−F bond cleavage at the sp2 position is crucial for the following 266 

stepwise defluorination to occur. As the dominant dechlorinating species in the community were 267 

not responsible for the PFMeUPA/FTMeUPA defluorination, the actual defluorinating 268 

microorganisms are likely in low abundance in this community, rendering the slow activities for 269 

the two compounds. The low abundance might also cause no defluorination for the other tested 270 

long-chain and saturated PFASs, because the defluorination can be kinetically limited for those 271 

more recalcitrant structures. Thus, higher activities and perhaps a wider PFAS substrate range is 272 

expected for enriched, isolated, and acclimated PFMeUPA/FTMeUPA-defluorinating 273 

microorganisms. While the enrichment, identification, and isolation are still ongoing due to the 274 

slow growth of the defluorinating culture, considering the commercial use and environmental 275 
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occurrence of unsaturated PFASs (43, 44), the present findings already open various 276 

opportunities for PFAS management and treatment in the future. These include finding 277 

alternative PFASs with more readily biodegradable structures, assessing the environmental fate 278 

of branched and unsaturated PFASs, and developing biotechnologies and treatment train systems 279 

for PFAS removal and destruction.   280 
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Materials and Methods 1 

Chemicals. Standard compounds of perfluoro-n-octanoic acid (CAS number: 335-67-1, PFOA), 2 

perfluoro-3,7-dimethyloctanoic acid (CAS number: 172155-07-6, PFdiMeOA), (E)-perfluoro(4-3 

methylpent-2-enoic acid) (CAS number: 103229-89-6, PFMeUPA), 4,5,5,5-tetrafluoro-4-4 

(trifluoromethyl)-2-pentenoic acid (CAS number: 243139-64-2, FTMeUPA), 4,5,5,5-tetrafluoro-5 

4-(trifluoromethyl) pentanoic acid (CAS number: 243139-62-0, FTMePA), and 3-6 

(trifluoromethyl)-3,4,4,4-tetrafluorobutene-1 (CAS number: 88562-41-8, polyfluorobutene) were 7 

purchased form Synquest Laboratories and used without further purification. For PFOA, 8 

PFdiMeOA, PFMeUPA, FTMeUPA, and FTMePA, 10 mM stock solutions of each standard were 9 

prepared anaerobically in autoclaved Milli-Q water in 160 mL sealed serum bottles and stored at 10 

room temperature until use. For the polyfluorobutene, methanol was used to dissolve the 11 

compound for MS2 analysis.  12 

Cultures and growth conditions. The Dehalococcoides-containing TCE-dechlorinating 13 

enrichment (KB1) was generously provided by SiREM Lab (https://www.siremlab.com/). Pure 14 

Dehalococcoides mccartyi BAV1 (ATCC BAA-2100) and FL2 (ATCC BAA-2098) were 15 

purchased from American Type Culture Collection (ATCC). Pure Dehalobacter restrictus was 16 

purchased from DSMZ (DSM-9455). All cultures were maintained in 160 mL sealed serum 17 

bottles containing 100 mL sterile anaerobic basal medium with 100 μg/L vitamin B12 as 18 

previously described (45, 46) and 60 mL Ar/CO2 headspace. For the maintenance of KB1 19 

culture, 5 mM lactate and 2 μL neat TCE (ca. 220 μM) were added as electron donor and 20 
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electron acceptor, respectively, and were re-added periodically. For Dehalococcoides mccartyi 21 

BAV1, 5 mM acetate, 2 μL neat cis-DCE were supplied upon depletion. For Dehalococcoides 22 

mccartyi FL2 and Dehalobacter restrictus, 5 mM acetate, 2 μL neat TCE were supplied upon 23 

depletion. H2/Ar/CO2 headspace was used for the three dechlorinating pure cultures. All cultures 24 

were incubated at 34 °C in a dark incubator without shaking. 25 

Biodefluorination experiments. Ten mL of the dechlorinating enrichment or pure culture was 26 

inoculated into 90 mL sterile fresh medium as described above. The electron acceptor was added 27 

in three scenarios: (1) 75 μM individual PFAS species as the sole electron acceptor; (2) 75 μM 28 

PFAS with 220 μM TCE (or cis-DCE for BAV1) as the co-substrate, and TCE/cis-DCE was re-29 

added upon depletion; (3) 220 μM TCE/cis-DCE as the sole electron acceptor with reamendment 30 

upon depletion as culture activity control. Headspace and aqueous samples were taken 31 

subsequently during the incubation period for the measurement of chloroethenes, PFASs and F−. 32 

Briefly, four mL culture suspension was centrifuged at 16,000 × g (4 °C for 30 min). Two mL 33 

supernatant was used for F− measurement. The rest 2 mL was collected for LC-HRMS/MS 34 

measurement. Cell pellets were stored properly for DNA (− 20 °C) and RNA (− 80 °C) 35 

extraction, respectively. Heat-inactivated biomass (two cycles of autoclavation at 121 °C for 20 36 

min) control and biomass-free sterile fresh medium control were set up in the same way as 37 

described above, both controls were amended with the same nutrients. All experimental groups 38 

and controls were set up in triplicates. 39 

Fluoride ion measurement. The concentration of fluoride ion (F–) in culture supernatant was 40 
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determined by an ion selective electrode (ISE, HACH, Loveland, CO) connected with a HQ30D 41 

Portable Multi Meter (HACH). A 100 μg fluoride ionic strength adjustment powder (HACH) was 42 

added into 2 mL culture supernatant, and the F− concentration was then measured with the ISE-43 

Multi Meter system. The ISE was calibrated each time before sample measurement according to 44 

manufacturer’s instructions. In addition, ion chromatography (IC) was used to validate the 45 

fluoride measurement by ISE. The two methods exhibited consistent fluoride concentrations in 46 

the tested samples.  47 

Gas chromatography coupled to mass selective detector (GC-MSD) analysis. Chlorinated 48 

ethenes and ethene in all experimental samples fed with TCE/cis-DCE were regularly measured 49 

by injecting 500 µL headspace sample into a GC-MSD (6850 Network GC system, 5975C VL 50 

MSD, Agilent, Santa Clara, CA) equipped with a Rtx-200 capillary column (30 m × 250 µm × 51 

1 µm; Shimadzu, Columbia, MD). The oven temperature was programmed to hold at 45 °C for 1 52 

minute, increased to 200 °C in 3.44 minutes, and hold at 200 °C for 1 minute. The temperatures 53 

of injector and detector were maintained at 220 °C and 250 °C, respectively.  54 

High-performance liquid chromatography coupled to high-resolution tandem mass 55 

spectrometry (HPLC-HRMS/MS) analysis. Concentrations of parent compound and 56 

transformation products were analyzed by high performance liquid chromatography coupled to a 57 

high-resolution quadrupole orbitrap mass spectrometer (HPLC-HRMS/MS, Q Exactive, Thermo 58 

Fisher Scientific, Waltham, MA) in the Metabolomics Lab of Roy J. Carver Biotechnology 59 

Center at University of Illinois at Urbana-Champaign. For HPLC analysis, a 50 μL sample were 60 
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loaded onto a Zorbax SB-Aq column (particle size 5μm, 4.6×50 mm, Agilent), and eluted with 61 

10 mM ammonia formate (A) and methanol (B) at a flow rate of 350 μL/min. The linear gradient 62 

for LC separation was set as: 100% A for 0 − 1 min, 100% − 2% A for 2 − 15 min, 2% − 100 % 63 

A in 1 min, and 100% A for 16 − 21 min. For HRMS, mass spectra were acquired in full scan 64 

mode at a resolution of 70,000 at m/z 200 and a scan range of m/z 50 − 750 under 65 

negative/positive switch ionization (ESI) mode. The Xcalibur 4.0 and TraceFinder 4.1 EFS 66 

(Thermo Fisher Scientific) were used for data acquisition and analysis. The limit of 67 

quantification (LOQ) for each investigated compound is determined as the lowest concentration 68 

of calibration standards with a detection variation < 20%, which was listed in Table S1.  69 

Transformation product (TP) identification. Both suspect screening and nontarget screening 70 

were conducted to identify transformation products as previously described (47, 48). Suspect 71 

screening was done by TraceFinder 4.1 EFS and Xcalibur 4.0 software (Thermo Fisher 72 

Scientific). TP suspect lists were generated by an automated metabolites mass prediction script 73 

(49), which was modified to specifically predict the defluorination products via different 74 

biological reaction pathways including a number of known reduction reactions, hydrolysis 75 

reactions, and conjugation reactions at both primary and secondary levels. Plausible 76 

transformation products were selected based on the following criteria: (i) mass accuracy 77 

tolerance < 5 ppm; (ii) isotopic pattern score > 90%; (iii) peak area > 108; (iv) increasing trend 78 

along time or first increase then decrease; (v) no formation in heat-inactivated controls and 79 

absent in biological samples without any PFAS addition. For non-target screening, software 80 
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Sieve 2.2 (Thermo Fisher Scientific) was used for data analysis. The potential TPs were selected 81 

based on the same criteria as suspect screening. For TPs with authentic standards, MS2 fragment 82 

profiles of both standard compounds and TP candidates were acquired using data-dependent MS2 83 

scan based on the exact mass of the precursor ion to elucidate the structures of TPs. MS2 84 

fragment profiles of TPs without available authentic standards were compared with the predicted 85 

fragments by Competitive Fragmentation Modeling for Metabolite Identification (CFM-ID, 86 

http://cfmid.wishartlab.com/).  87 

Bond dissociation energy (BDE) calculation. GAUSSIAN 09 quantum chemistry package was 88 

used to obtain the C−F BDEs for the parent and daughter PFASs examined in Fig. 3 and 4. All 89 

molecular structures were optimized at the B3LYP/6-311+G(2d,2p) level of theory (50-53). 90 

Grimme’s empirical dispersion correction with Becke-Johnson damping (GD3-BJ) was 91 

employed to approximate the dispersion interaction between molecules (54). The SMD 92 

continuum solvation model was selected to simulate the solvent effect implicitly (55). Frequency 93 

examinations of all optimized geometries were done to confirm that the local minima were 94 

reached instead of obtaining the first-order saddle point. The BDE for each C−F bond was 95 

calculated through a previously reported formula: 96 

𝐵𝐷𝐸 = (𝐻𝑟𝑎𝑑𝑖𝑐𝑎𝑙[𝑃𝐹𝐴𝑆𝑚𝑖𝑛𝑢𝑠𝐹]
∗ + 𝐻𝑟𝑎𝑑𝑖𝑐𝑎𝑙𝐹

∗ ) − 𝐻𝑝𝑎𝑟𝑒𝑛𝑡𝑃𝐹𝐴𝑆
∗  97 

where 𝐻∗ represents the enthalpy of formation (10). 98 

DNA extraction and quantitative polymerase chain reaction (qPCR). Biomass from 0.5 mL 99 

culture were sampled from each biological replicate. Microbial genomic DNA was extracted by 100 

http://cfmid.wishartlab.com/
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DNeasy PowerSoil Kit (QIAGEN, Germantown, MD) according to manufacturer’s instructions. 101 

Cell growth was measured by qPCR using primers targeting universal bacterial 16S rRNA genes, 102 

and 16S rRNA genes of Dehalococcoides spp., Dehalobacter spp., and Geobacter spp. (Table 103 

S3). Genomic DNA of Dehalococcoides mccartyi FL2 and Dehalobacter restrictus were 104 

quantified by NanoDrop One (Thermo Fisher Scientific) and served as qPCR standards. The 105 

relative abundance of reductive dehalogenase (RDH) genes was determined by qPCR using the 106 

primers listed in Table S3. PowerUp SYBR Green reagents (Thermo Fisher Scientific) were used 107 

for qPCR according to the manufacturer’s instructions. Briefly, every 20-μL reaction mixture 108 

contained 2.5 μL of gDNA sample or serially diluted standard, 10 μL of 2 × PowerUp SYBR 109 

Green master mix solution, and 1.25 μL 10μM of forward and reverse primers. The PCR 110 

procedure included an initial deactivation at 95 °C for 2 min, followed by 40 thermal cycles at 111 

95 °C for 1 s, then at 60 °C for 30 s.  112 

Reverse-transcription qPCR (RT-qPCR). RNA was extracted using acid-phenol: chloroform: 113 

isoamyl alcohol (25: 24: 1), and precipitated in ethanol at – 20 °C as described previously (49). 114 

RNA was cleaned up using the RNeasy PowerClean Pro CleanUp Kit (QIAGEN) according to 115 

the manufacturer’s instructions. Contaminating DNA in the RNA samples was removed by Turbo 116 

DNase Kit (Thermo Fisher Scientific) following the manufacturer’s instructions. qPCR was 117 

carried out to verify the removal of genomic DNA contamination from the purified RNA. The 118 

quality of RNA was examined by agarose gel electrophoresis.  119 

SuperScript III First-Strand Synthesis System (Thermo Fisher Scientific) was applied for 120 
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cDNA synthesis according to the manufacturer’s instructions. In general, the 10 μL cDNA 121 

synthesis mix containing 8 μL of RNA sample, 1 μL of primer and 1 μL of 10 mM dNTP mix 122 

was incubated at 65 °C for 5 min, then placed on iced for 1 min. The cDNA synthesis mix was 123 

added to each RNA/primer mixture and incubated at 25 °C for 10 min then 50 °C for 50 min. 124 

The reaction was terminated at 85 °C for 5 min, then the entire tube was chilled on ice. At last, 1 125 

μL of RNase H was added to each tube and incubated at 37 °C for 20 min. The cDNA synthesis 126 

products were stored at – 20 °C for qPCR measurement using primers listed in Table S3.  127 

Double delta Ct method (calculated by Equation 1) was used to determine the relative gene 128 

expression of RDH genes with Dehalococcoides 16S rRNA gene as the reference gene (56). 129 

Equation: Fold Change of Transcript Abundance =  2−∆∆Ct, where  130 

∆∆Ct =  ∆CtPAFS−added sample − ∆CtTCE−only control, ∆Ct = CtRDH gene − Ct16S rRNA gene                                              131 

 132 
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Table S1. Standards and TPs information 

Compound ID Formula [M−H]− 
Observed 

Fragments 

Predicted 

Fragments 
Structure 

LOQ 

(μM) 

PFOA C8HF15O2 412.9664 

368.9765; 

218.9858; 

168.9883; 

118.9914 

368.9766; 

268.9830 
 

0.01 

PFdiMeOA C10HF19O2 512.9600 

468.9706; 

318.9804; 

268.9833; 

218.9854; 

168.9883; 

118.9912 

468.9702; 

318.9798; 

68.9958  

0.01 

PFMeUPA C6HF9O2 274.9760 

230.9859; 

180.9892; 

68.9942 

230.9862; 

168.9894 
 

0.01 

TP256 C6H2F8O2 256.9854 

212.9952; 

192.9887; 

168.9884 

212.9956; 

192.9894; 

168.9894 
 

n.a. 

236.9792; 

212.9956; 

192.9894; 

186.9824; 

168.9894; 

142.9926 

 

236.9792; 

212.9956; 

192.9894; 

150.9988 
 

n.a. 236.9792; 

212.9956; 

192.9894; 

150.9988; 

106.9950 
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Table S1. Standards and TPs information (continue) 

Compound ID Formula [M−H]− Observed  Predicted  Structure LOQ (μM) 

TP276 C6H3F9O2 276.9917 
212.9949; 

192.9886 

258.9811; 

256.9854; 

233.0018; 

230.9862; 

212.9956; 

206.9886; 

168.9894; 

162.9988 

 

n.a. 

TP212 C5H2F8 212.9952 
192.9887; 

168.9884 

192.9894; 

168.9894 
 

n.a. 
192.9894; 

168.9894; 

142.9926 
 

3-

(Trifluoromethyl)-

3,4,4,4-

tetrafluorobutene-1 

C5H3F7 195.0043 n.d. 

174.9988; 

168.9894; 

154.9926; 

125.0020;  

104.9958 

 

n.a. 

TP195 C5H3F7 195.0043 
174.9980; 

154.9915 

174.9988; 

154.9926; 

150.9987; 

130.9926  

n.a. 174.9988; 

154.9926;  

150.9988; 

130.9926; 

125.0020; 

104.9957 
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Table S1. Standards and TPs information (continue) 

Compound ID Formula [M−H]− Observed  Predicted  Structure LOQ (μM) 

TP259 C6H4F8O2 259.0011 

238.9951; 

195.0043; 

174.9960; 

168.9985; 

154.9915 

240.9905; 

238.9949; 

215.0112; 

212.9956; 

195.0050; 

188.9980; 

170.9875; 

168.9918; 

145.0082 

 

n.a. 
240.9905; 

238.9949; 

215.0112; 

212.9956; 

195.0050; 

188.9980; 

170.9875; 

168.9918; 

145.0082 

 

TP238 (FTMeUPA) C6H3F7O2 238.9949 

218.9879;  

198.9815;  

174.9977;  

168.9883;  

154.9913;  

132.9895 

220.9843; 

218.9886; 

198.9824; 

195.0050; 

192.9894; 

174.9988; 

168.9894; 

148.9856; 

125.0020 

 

0.01 

TP192 C5HF7 192.9881 no fragment no fragment 

 

n.a. 

 

TP174 C5H2F6 174.9974 154.9915 154.9926 

 

n.a. 
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Table S1. Standards and TPs information (continue) 

Compound ID Formula [M−H]− Observed  Predicted  Structure 
LOQ 

(μM) 

TP154 C5HF5 154.9915 no fragment no fragment 

 

n.a. 

TP241(FTMePA) C6H5F7O2 241.0105 

221.0059; 

200.9978; 

180.9911; 

177.0137 

222.9999; 

221.0043; 

202.9934; 

200.9980; 

197.0203; 

177.0144 

 

0.01 

TP221 C6H4F6O2 221.0043 

200.9974; 

180.9910; 

152.9958; 

132.9895; 

130.9917; 

108.9893; 

104.9943 

202.9937; 

200.9980; 

182.9875; 

180.9918; 

177.0144; 

174.9988; 

168.9918; 

157.0082; 

154.9926; 

151.0012; 

132.9907; 

130.9926; 

125.0020; 

107.0114; 

104.9958 

 

n.a. 

200.9974; 

180.9910; 

152.9958; 

132.9895; 

130.9917; 

108.9893; 

104.9943 

202.9937; 

200.9980; 

182.9875; 

180.9918; 

177.0144; 

174.9988; 

157.0082; 

154.9926; 

151.0012; 

130.9926; 

107.0114 

 

n.a. 
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Table S1. Standards and TPs information (continue) 

Compound 

ID 
Formula [M−H]− Observed  Predicted  Structure 

LOQ 

(μM) 

TP177 C5H4F6 177.0133 
137.0008; 

116.9944 

157.0082; 

150.9988; 

137.0020; 

130.9926; 

125.0020; 

107.0114; 

104.9958 

 

n.a. 

157.0082; 

150.9988; 

137.0020; 

130.9926; 

107.0114 
 

TP287 C7H7F7O4 287.0163 

241.0106; 

206.3808; 

200.9973; 

180.9911; 

177.0137 

269.0054; 

254.9898; 

241.0105; 

229.0105; 

210.9999; 

196.9843; 

168.9894;  

 

n.a. 

TP200 C6H3F5O2 200.9978 

180.9912, 

160.9850, 

152.9960, 

132.9896, 

108.9894, 

182.9874, 

180.9918, 

157.0082, 

154.9926, 

137.0019, 

130.9950, 

130.9926, 

110.9887 

 

n.a. 

n.a.: not available; n.d.: not detected; TP names in bold are those with confirmed (confidence level 1) 

or highly plausible (confidence level 2b) structures.  
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Table S2. Comparison of selected PFASs ionization efficiency. 

Compound Ionization efficiency ratio 

FTMeUPA: PFMeUPA 5.69  

FTMePA: PFMeUPA 0.57  

FTMeUPA: FTMePA 9.93  
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Table S3. Primer sets information. 

Gene target Primer name Sequence (5′-3′) References 

Universal bacteria 

16S rRNA gene 

Unibac_341f CCTACGGGAGGCAGCAG 
(57, 58) 

Unibac_518r ATTACCGCGGCTGCTGG 

Dehalococcoides 16S 

rRNA gene 

Dhc_f GGTAATACGTAGGGAAGCAAGCG 
(59-61) 

Dhc_r CCGGTTAAGCCGGGAAATT 

Dehalobacter 16S 

rRNA gene 

Dhb_447f GATTGACGGTACCTAACGAGG 
(62) 

Dhb_647r TACAGTTTCCAATGCTTTACGG 

Geobacter_1 16S 

rRNA gene 

Geo_f CTTGCTCTTTCATTTAGTGG 
(37) 

Geo_r AAGAAAACCGGGTATTAACC 

rdhA1 
rdhA1_246f ATCGGAGCTGCACAAGTAGG 

(39) 
rdhA1_336r TCTTGTGAGCGGTGTCTTTG 

rdhA2 
rdhA2_720f CAAAGGAGATGTTCCGGTGT 

(39) 
rdhA2_985r CAGGTGGAAAAGACCGGTTA 

rdhA3 
rdhA3_1149f CATTCTCCGGGAAGAAAACA 

(39) 
rdhA3_1379r CCAGGCTTCCTTGTCTTCAG 

rdhA4 
rdhA4_754f TTGTTATGCCGCCAATATGA 

(39) 
rdhA4_925r TCTATCCATTTCGCCCAGAC 

rdhA5 
rdhA5_1017f GATGCAGGCATTTACCGTTT 

(39) 
rdhA5_1137r GTCTCTTTGCCTTCGGTCAG 

rdhA6 
rdhA6_318f ATTTAGCGTGGGCAAAACAG 

(39) 
rdhA6_555r CCTTCCCACCTTGGGTATTT 

rdhA7 
rdhA7_1391f GCTAAAGAGCCGTCATCCTG 

(39)  
rdhA7_1539r GCAGTAACAACAGCCCCAAT 

rdhA8 
rdhA8_845f CCCAAGGTAGGTGTGCAGAT 

(39) 
rdhA8_1016r CCCGGTTAGTTACCCCGTAT 

rdhA9 
rdhA9_251f CTGACCTTGAAACCCCTGAA 

(39) 
rdhA9_425r TTGCCACCCATTTCCATATT 

rdhA10 
rdhA10_710f GCTGAAACACCCACCAAACT 

(39) 
rdhA10_860r CGACAAAGGGGAATCTTTGA 

rdhA11 
rdhA11_429f TAATGGCAACCGGAGGTAAG 

(39) 
rdhA11_609r TCTACCGGTATGGCCTGAAC 

rdhA12 
rdhA12_864f AGGAGTTCCTGTGGGGACTT 

(39) 
rdhA12_994r TTTGGGGGTCATAACTGCTC 

rdhA13 
rdhA13_1356f CAGGGTACCTGTCCCTTCAA 

(39) 
rdhA13_1493r AGGGTTCTTCCGTCCGTACT 

rdhA14 
rdhA14_642f GAAAGCTCAGCCGATGACTC 

(39) 
rdhA14_846r TGGTTGAGGTAGGGTGAAGG 
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Supplementary Figures. 

 

Fig. S1. Fluoride ion release from PFMeUPA (100 μM) with hydrogen/lactate as the primary 

electron donor. 
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Fig. S2. TCE, cis-DCE, and VC in the culture with only TCE added (A) and the culture with 

both TCE and PFMeUPA added (B) (green arrows indicate the times when TCE was re-added). 
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Fig. S3. Fluoride ion release from 100 μM of FTMePA (A), PFdiMeOA (B), and PFOA (C) in 

the dechlorinating microbial community.  
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Formula: C6HF9O2 

Structure: 

 

Fig. S4. MS2 fragments of PFMeUPA 

−CO2
−CF2−C3F4
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Formula: C6H2F8O2 

Atomic Modification: −F +H of PFMeUPA 

Hypothetical Structure: 

or  

Confidence level: 2b 

Fig. S5. TP256 structure elucidation 
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Formula: C12H4F8O4 

Atomic Modification: Conjugate of two molecules of TP256 

Confidence level: 2b 

Fig. S6. TP514 structure elucidation   

−2C

−HF

−CO2



24 
 

 

Formula: C6H3F8O2 

Atomic Modification: +2H of PFMeUPA 

Confidence level: 2b 

Hypothetical Structure:  

 

Fig. S7. TP276 structure elucidation 
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Formula: C12H6F18O4 

Atomic Modification: Conjugate of two molecules of TP276 

Confidence level: 2b 

Fig. S8. TP554 structure elucidation 
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Formula: C6H4F8O2 

Atomic Modification: −F +3H of PFMeUPA 

Confidence level: 2b 

Hypothetical Structure:  

or  

Fig. S9. TP259 structure elucidation 
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Formula: C12H7F17O4 

Atomic Modification: Conjugate of TP259 and TP276 

Confidence level: 2b 

Fig. S10. TP536 structure elucidation 
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Formula: C5H2F8 

Atomic Modification: −F +H −CO2 of PFMeUPA 

Confidence level: 2b 

Hypothetical Structure:  

or  

Fig. S11. TP212 structure elucidation 
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Formula: C5H3F7 

Atomic Modification: −2F +2H −CO2 of PFMeUPA 

Hypothetical Structure:  

or   

Confidence level: 2b 

Fig. S12. TP195 structure elucidation  

MS2 spectra of TP195
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MS2 spectra of 3-(Trifluoromethyl)-3,4,4,4-

tetrafluorobutene-1
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Formula: C6H3F7O2 

Atomic Modification: −2F +2H of PFMeUPA 

Confirmed Structure:  

 

Confidence level: 1 

Fig. S13. TP238 structure elucidation 
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Formula: C5HF7 

Atomic Modification: −CO2 −2F of PFMeUPA 

Confidence level: 3 

Fig. S14. TP192 structure elucidation 
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Formula: C5H2F6 

Atomic Modification: −CO2 −3F +H of PFMeUPA 

Confidence level: 3 

 

Fig. S15. TP174 structure elucidation 
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Formula: C5HF5 

Atomic Modification: −CO2 −4F of PFMeUPA 

Confidence level: 3 

Fig. S16. TP154 structure elucidation 

  



34 
 

  

Formula: C6H5F7O2 

Atomic Modification: +2H of FTMeUPA 

Confidence level: 1 

Confirmed Structure:  

 

Fig. S17. TP241 structure elucidation 
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Formula: C6H4F6O2 

Atomic Modification: −F +H of FTMeUPA 

Confidence level: 2b 

Hypothetical Structure:  

 

Fig. S18. TP221 structure elucidation 
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Formula: C5H4F6 

Atomic Modification: −F +H −CO2 of FTMeUPA 

Confidence level: 2b 

Hypothetical Structure:  

  

Fig. S19. TP177 structure elucidation 

  

−2HF
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Formula: C7H7F7O4 

Atomic Modification: +C +4H of FTMeUPA 

Confidence level: 3 

Fig. S20. TP287 structure elucidation 
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Formula: C6H3F5O2 

Atomic Modification: −2F of FTMeUPA 

Confidence level: 3 

Fig. S21. TP200 structure elucidation 
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Formula: C6H3F5O2 

Atomic Modification: −3F −H of FTMeUPA 

Confidence level: 3 

Fig. S22. TP180 structure elucidation 
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Fig. S23. Formation of minor PFMeUPA TPs. 
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Fig. S24. Total bacterial growth (A), the growth of Dehalococcoides spp. (B), and Dehalobacter 

spp. (C) after 70 days in FTMeUPA defluorination experiments (* indicates significant 

difference between the two samples, p < 0.05, n = 3). 
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Fig. S25. Fold changes (91d/0d) of RDH gene copy numbers (A) and relative gene expression 

levels (transcripts) of RDH genes in PFMeUPA-added samples in comparison to those in TCE-

added samples on 77d (B) (16S rRNA gene is the reference gene; n=3; *: no gene expression). 
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Fig. S26. Biotransformation of PFMeUPA by FL2 (A) and BAV1 (B). 
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Fig. S27. Biotransformation of PFMeUPA (A) and FTMeUPA (B) by Dehalobacter restrictus. 
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