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25 Abstract

26 Fluorinated organic compounds have emerged as environmental constituents of concern. We 

27 demonstrate that the soil isolate Pseudomonas sp. strain 273 utilizes fluorinated alkanes, 

28 including 1-fluoroheptane, 1-fluorooctane, 1-fluorononane, 1-fluorodecane (FD), and 1,10-

29 difluorodecane (DFD), as the sole carbon and energy sources in the presence of oxygen. Strain 

30 273 degraded FD (5.97 ± 0.22 mM, nominal) and DFD (5.62 ± 0.13 mM, nominal) within 7 days 

31 of incubation, and 92.7 ± 3.8% and 90.1 ± 1.9% of the theoretical maximum amounts of fluorine 

32 were recovered as inorganic fluoride, respectively. With n-decane, strain 273 attained (3.24 ± 

33 0.14) × 107 cells per µmol of carbon consumed, while lower biomass yields of (2.48 ± 0.15) × 

34 107 and (1.62 ± 0.23) × 107 cells were measured with FD or DFD as electron donors, 

35 respectively. The organism coupled decanol and decanoate oxidation to denitrification, but the 

36 utilization of (fluoro)alkanes was strictly oxygen-dependent, presumably because the initial 

37 attack on the terminal carbon requires oxygen. Fluorohexanoate was detected as an intermediate 

38 in cultures growing with FD or DFD suggesting that the initial attack on the fluoroalkanes can 

39 occur on the terminal methyl or fluoromethyl groups. The findings indicate that specialized 

40 bacteria such as Pseudomonas sp. strain 273 can break carbon-fluorine bonds most likely with 

41 oxygenolytic enzyme systems and that terminally monofluorinated alkanes are susceptible to 

42 microbial degradation. The findings have implications for the fate of breakdown products of per- 

43 and polyfluoroalkyl substances (PFAS). 
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44 Introduction

45 The widespread use of fluorinated organic chemicals as refrigerants, surfactants, lubricants, 

46 pharmaceuticals, pesticides, etc. has resulted in the release of these compounds into the 

47 environment.1-4 Many fluorinated organic chemicals are recalcitrant, and recent studies 

48 demonstrated that a specific group of fluorinated organics, the so-called per- and polyfluoroalkyl 

49 substances (PFAS), are globally distributed and may impact environmental and human health.5-7 

50 Recalcitrance of fluorinated compounds has been explained by the lack of naturally occurring 

51 fluoroorganics and the strength of carbon-fluorine (C-F) bond.8 Fluorinated organics have been 

52 considered xenobiotics; however, there is clear evidence that geologic9-11 and biologic systems12-

53 15 generate C-F bonds. For example, certain plants and some members of the grampositive 

54 Actinomycetales order synthesize monofluoroacetate and -fluorinated fatty acids.16 A fluorinase 

55 that incorporates fluoride into organic molecules has also been identified and characterized in 

56 Streptomyces cattleya.13 The observation that the C-F bond is not solely anthropogenic implies 

57 that fluorinated organics have long been part of the biosphere, and microorganisms have had 

58 ample time to evolve strategies for breaking C-F bonds. 

59 The strength of the C-F bond has served as an argument against direct enzymatic attack 

60 and microbial degradation of fluorinated compounds. The van der Waals radii of the halogen 

61 atoms decrease in the order I > Br > Cl > F, whereas the electronegativity follows the opposite 

62 order, with fluorine being the most electronegative element in the periodic table. These 

63 properties confer a strong polarity to the C-F bond and the C-halogen bond strength increases in 

64 the order C-I < C-Br < C-Cl < C-F.17, 18 Despite the strength of the C-F bond, a number of studies 

65 have demonstrated that naturally occurring microorganisms possess enzyme systems that break 

66 C-F bonds at neutral pH and at room temperature.19-21 Bacteria can catalyze C-F bond cleavage 
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67 via oxygenolytic,21 hydrolytic,22 reductive23-25 and hydration26 mechanisms. In one instance, 

68 evidence for organohalide respiration with monofluoroacetate was obtained,27 suggesting that 

69 microbes can conserve energy from breaking C-F bonds via reductive defluorination.28 Under 

70 oxic conditions, some bacteria and fungi with specific hydrolytic haloacid dehalogenases 

71 degrade monofluoroacetate.29, 30 Pseudomonas sp. strain D2 was reported to perform 

72 defluorination reactions to access the sulfur in certain fluorinated aliphatic sulfonates under oxic, 

73 sulfur-limiting growth conditions.31 Reductive defluorination of certain PFAS has been 

74 demonstrated in vitro using reduced corrinoids, which are biomolecules.32-36 Further, co-

75 metabolic defluorination linked to aerobic methanotrophy has been reported.37 Aureobacterium 

76 sp. strain RHO25 possesses an enzyme system that removes the fluorine substituent from 4-

77 fluorobenzoate to form 4-hydroxybenzoate.38 This organism was unable to grow with 

78 4-chlorobenzoate, 4-bromobenzoate, and 4-iodobenzoate, suggesting that the initial enzyme 

79 system releasing the para fluorine substituent specifically evolved to catalyze a defluorination 

80 reaction. These observations demonstrate that microbes can catalyze C-F bond cleavage, thereby 

81 refuting the perception that bond strength prevents biological systems from breaking these 

82 bonds. 

83 Terminally and partially fluorinated alkanes have industrial and medical applications.4, 39 

84 Certain plant species, in particular members of the family Dichapetalaceae synthesize mono-

85 fluorinated fatty acids, and 1-fluorodecane (FD) has been detected in the abdominal glands of 

86 African weaver ants.40, 41 A potentially significant source of partially fluorinated alkanes stems 

87 from the transformation of PFAS mediated by aggressive physical-chemical treatments42 or 

88 biological defluorinating systems.43, 44 To date, the environmental fate of alkanes with a low 

89 degree of fluorination is unclear. 

Page 5 of 39

ACS Paragon Plus Environment

Environmental Science & Technology



6

90 The soil isolate Pseudomonas sp. strain 273 has been shown to grow with C5 to C12 ,-

91 dichloroalkanes under oxic conditions.45, 46 During growth, stoichiometric amounts of inorganic 

92 chloride were released and preliminary data implicated the involvement of a monooxygenase in 

93 dechlorination.45 Dechlorinating enzyme systems often also cleave C-Br and C-I bonds, but not 

94 C-F bonds.47 Unexpectedly, we observed growth of strain 273 with C7 to C10 fluorinated alkanes 

95 as the sole source of carbon and energy under oxic conditions with concomitant fluoride release, 

96 indicating that this organism has the ability to break C-F bonds. Experiments with Pseudomonas 

97 sp. strain 273 demonstrated that fluorinated alkanes are not inert and susceptible to 

98 defluorination and degradation under oxic conditions.

99

100 Materials and Methods

101 Chemicals. 1-Flurodecane (FD) (purity > 97%), 1-fluorononane (> 98%), 1-fluorooctane (> 

102 99%), 1-fluoroheptane (> 99%), and 1-fluorohexane (> 99%) were obtained from SynQuest 

103 Labs, Inc., Alachua, FL, USA. 1,10-Difluorodecane (DFD) (> 97%) was custom synthesized by 

104 Carbosynth, Newbury, UK. Isocetane (> 98%), sodium decanoate, disodium sebacate, sodium 

105 fluoride, sodium acetate, sodium trifluoroacetate (TFA), boron trifluoride, nitrous oxide (N2O, > 

106 99%) and fatty acid methyl ester (FAME) standards were obtained from Sigma-Aldrich, St. 

107 Louis, MO, USA. n-Decane (decane, > 99%) and 1,10-dichlorodecane (DCD) (> 98%) were 

108 obtained from Acros Organics, Fair Lawn, NJ, USA. n-Hexane (hexane, > 99.8%), methanol (> 

109 99.9%) and sodium nitrite were obtained from Fisher Chemical, Pittsburgh, PA, USA. Sodium 

110 monofluoroacetate (MFA) was obtained from MP Biomedicals, Solon, OH, USA. Dinitrogen, 

111 helium (both ultra-high purity) and acetylene (> 99.99%) were obtained from Airgas, Radnor 

112 Township, PA, USA. Bradford 1x dye reagent was obtained from Bio-Rad Laboratories, 
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113 Hercules, CA, USA. Bovine serum albumin was obtained from Fisher Bioreagents, Pittsburgh, 

114 PA, USA. All other chemicals used were of analytical reagent grade or higher. 

115 Cultivation of Pseudomonas sp. strain 273. Strain 273 was isolated from garden soil and 

116 taxonomically characterized as a pseudomonad.45 Strain 273 was grown in completely synthetic, 

117 defined mineral salts medium that comprised (per liter): 6.34 g of Na2HPO4, 1.33 g of KH2PO4, 

118 1.0 g of (NH4)2SO4, 0.2 g of MgSO4·7H2O, the Wolin vitamin mix48 and a trace metal solution.45 

119 To avoid precipitate formation, a 10-fold concentrated phosphate buffer stock was autoclaved 

120 separately and added to the medium after the solutions had cooled to room temperature. The final 

121 medium pH was 7.3. The vitamins were added from a filter-sterilized (0.2 µm polyethersulfone 

122 membrane filter, Thermo, Waltham, MA, USA) stock solution. The culture was routinely grown 

123 in 160-mL serum bottles containing 50 mL of medium and 110 mL of air headspace. The bottles 

124 were closed with black butyl rubber stoppers (Bellco Glass Inc., Vineland, NJ, US) held in place 

125 with aluminum crimps (Bellco Glass Inc., Vineland, NJ, USA). Neat hydrocarbons (e.g. decane) 

126 were added to autoclaved medium with 5-µL glass microsyringes (Hamilton, Reno, NV, US) to 

127 reach initial (nominal) substrate concentrations ranging from 0.5 to 5 mM, which is higher than 

128 the maximum aqueous phase solubility of the hydrocarbons tested (Table S1). The headspace of 

129 each 160-mL culture vessel was flushed daily with air to ensure oxygen was not limiting 

130 hydrocarbon oxidation. Due to immiscibility of the medium-chain hydrocarbons with water, the 

131 quantification of C10 hydrocarbons required sacrificial sampling and hexane extraction of the 

132 entire incubation vessel. For time-series quantification, triplicate culture vessels (i.e., 20-mL 

133 glass vials containing 2 mL of medium) were prepared for each anticipated sampling time point. 

134 The vials were closed with Teflon-lined butyl rubber septa held in place with aluminum crimps. 

135 To ensure that oxygen availability was not limiting alkane degradation (Table S2), the vials were 
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136 pressurized by injecting 18 mL of air (~2 atm). Independent experiments with larger incubation 

137 vessels and a decreased liquid-to-headspace volume ratio (i.e., 160-mL serum bottles with 10 mL 

138 of medium) verified the results obtained with the 20-mL glass vials. All vessels were shaken at 

139 120 rpm in upright position and incubated at 30C. 

140 Substrate range. The maximum aqueous phase solubility of the fluorohydrocarbons differed 

141 according to chain length (µM values for 25°C in parentheses): FD (15.7), 1-fluorononane 

142 (51.9), 1-fluorooctane (172.5), 1-fluoroheptane (573.6), and 1-fluorohexane (1,910.4) (Table S1). 

143 To test the range of fluorinated alkanes strain 273 could utilize as growth substrates, cultures 

144 received fluoroalkanes dissolved in a water immiscible carrier phase (i.e., isocetane). This 

145 procedure avoided potential toxicity of shorter fluoroalkanes due to their higher aqueous phase 

146 solubility. Stock solutions of fluoroalkanes (14.48 - 15.97 mg) in isocetane (2 mL) were prepared 

147 gravimetrically and fluoroalkane stock concentrations ranged from 49.3 to 69.5 mM (Table S1). 

148 Stock solutions of fluoroalkanes dissolved in isocetane (0.5 mL) were transferred to 20-mL glass 

149 vials containing 10 mL of sterile medium and inoculated (1%, vol/vol). The aqueous phase 

150 concentrations of fluoroalkanes (0.32 - 40.45 µM) at equilibrium were calculated based on 

151 published n-octanol/water partition coefficient (KOW) values (Table S1). Triplicate cultures were 

152 established including control cultures that received only isocetane. The vials were covered with 

153 aluminum foil and shaken at 120 rpm at 30C. Growth occurred in positive control cultures that 

154 received FD dissolved in the carrier phase, indicating that 0.5 mL of isocetane did not prevent 

155 growth with FD. No growth was observed in cultures that received only isocetane.

156 To investigate the range of fatty acids strain 273 could utilize as carbon sources, stock 

157 solutions (prepared in Milli-Q water) of sodium decanoate, disodium sebacate, MFA or TFA 

158 were autoclaved and added to the medium with sterile 1-mL plastic syringes (Becton, Dickinson 
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159 and Company, Franklin Lakes, NJ, USA). The utilization of MFA (1 and 2 mM) and TFA (2 

160 mM) was also tested with decane (5 mM, nominal) supplied as primary substrate.

161 To determine if strain 273 is a complete denitrifier, the organism was grown in anoxic 

162 medium (50 mL) with nitrate (2 mM, 100 µmol), nitrite (2 mM, 100 µmol) or N2O (0.42 mM, 

163 100 µmol) as electron acceptor in 160-mL glass serum bottles. Acetate (10 mM, 500 µmol) was 

164 provided as electron donor. Control cultures received acetylene (11 mL, 10% of headspace) to 

165 inhibit N2O reduction.49 

166 To test if oxygen was required for fluoroalkane degradation, strain 273 was grown under 

167 anoxic conditions with 2 mM nitrite as electron acceptor and decanoate, decane, or FD (1 mM, 

168 nominal) provided as electron donors (four replicate cultures each). To remove oxygen, the 

169 headspace of the 160-mL serum bottles was evacuated (–10 psig for 30 sec) and purged with 

170 oxygen-free nitrogen (three cycles). Four replicate cultures of strain 273 with FD and an air 

171 headspace served as positive controls. Four additional control cultures were maintained under 

172 anoxic conditions with 2 mM nitrite and FD for 7 days before the dinitrogen headspace was 

173 replaced with air. All cultures were inoculated (1%, vol/vol) from a strain 273 culture grown 

174 with decanoate and nitrite under anoxic conditions. 

175 Resting cell assays. Strain 273 was grown with decane (5 mM, nominal) under oxic conditions 

176 in two 2-L glass bottles each containing 1.5 L of medium. The bottles were covered with 

177 aluminum foil to allow gas exchange and shaken at 120 rpm at 30C. The cells were harvested 

178 after 6 days (OD600nm readings of about 0.1) by centrifugation at 11,325  g at 20C for 20 min. 

179 The cell pellets were suspended in 200 mL of sterile mineral salt medium, and 2 mL of cell 

180 suspension (0.7 mg protein mL–1, Figure S1) was transferred to three sets of 20-mL glass vials, 

181 each set receiving 2 µL of decane (5.1 mM), FD (4.9 mM), and DFD (4.7 mM, all nominal). The 
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182 vials were sealed with Teflon-lined butyl rubber septa held in place with aluminum crimps and 

183 pressurized (~ 2 atm) with air. At each sampling event, triplicate vials from each set were 

184 sacrificed for liquid extraction and quantification of hydrocarbon remaining. 

185 Growth yields. To compare growth yields with different (halo)carbon substrates, strain 273 

186 cultures received decane (15.5  0.7 µmol, 1.55  0.07 mM), FD (14.6  0.4 µmol, 1.46  0.04 

187 mM), DFD (15.3  0.6 µmol, 1.53  0.06 mM), DCD (14.4  0.7 µmol, 1.44  0.07 mM), 

188 acetate (69.6  1.8 µmol, 6.96  0.18 mM), sodium decanoate (12.6  0.2 µmol, 1.26  0.02 

189 mM) or disodium sebacate (12.3  0.4 µmol, 1.23  0.04 mM) in 160-mL serum bottles 

190 containing 10 mL of medium and closed with black butyl rubber stoppers. Dedicated 5-µL glass 

191 microsyringes were used to add 3 µL of the different hydrocarbons and gravimetric 

192 measurements determined the exact amounts of hydrocarbons added. The amount of oxygen in 

193 the headspace allowed complete oxidation of the carbon substrates (i.e., electron acceptor present 

194 in at least 5-fold excess of the theoretical demand) (Table S2). After a 7-day incubation period, 2 

195 mL of culture suspension samples were collected for liquid extraction to quantify hydrocarbons 

196 remaining in the medium. Cell yields were determined with qPCR and the Bradford assay (see SI 

197 for details). For qPCR, forward primer (5’-3’) F-GCTAGTCTAACCTTCGGGGG (Tm = 59°C) 

198 and reverse primer R-TCCCCTACGGCTACCTTGTT (Tm = 60°C) were designed using Primer-

199 BLAST NCBI to amplify a consensus region of the strain 273 five 16S rRNA genes.50 

200 Identification of C10 hydrocarbon metabolites. Strain 273 cultures were grown with decane, 

201 FD or DFD as the sole carbon source (7 mM, nominal) in closed 160-mL serum bottles 

202 containing 50 mL of medium and 110 mL of air headspace, which was replaced daily. Following 

203 a 4-day incubation period (OD600nm > 0.08), 10-mL cell suspension samples were centrifuged at 

204 8,000 × g for 15 min at room temperature and washed once with sterile medium. To identify 
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205 potential metabolites generated from C10 hydrocarbons, fatty acids were extracted from cell 

206 pellets and derivatized for gas chromatography-high resolution mass spectrometry (GC-HRMS) 

207 analysis (see SI for details). 

208 Analytical procedures. Aliphatic hydrocarbons were extracted from culture medium with 

209 hexane and quantified with an Agilent 7890A GC-MS system equipped with an autosampler, a 

210 DB-624 column and a mass-selective detector (Agilent, Santa Clara, CA, USA) (see SI for 

211 details). Fluoride was quantified with an ICS-2100 (Dionex, Sunnyvale, CA, US) ion 

212 chromatography system equipped with a 4 mm  250 mm IonPac AS18 hydroxide-selective 

213 anion-exchange column and a conductivity detector. MFA, TFA and acetate were measured with 

214 an Agilent 1200 series HPLC system (Agilent, Santa Clara, CA, USA) equipped with an Aminex 

215 HPX-87H ion exclusion column (Bio-Rad Lab., Hercules, CA, USA) and a G1365D 

216 multiwavelength detector (Agilent, Santa Clara, CA, USA). Decanoate, sebacate were quantified 

217 as methyl esters, and FAME were analyzed by GC-HRMS following an established method (see 

218 SI for details).51 Oxygen and N2O in culture headspace samples were quantified with an Agilent 

219 7890A GC system equipped with an HP-PLOT/Q column (30 m length, 0.32 mm inner diameter, 

220 20.0 µm film thickness) and a micro-electron capture detector. Optical density (OD600 nm) 

221 readings were obtained after gentle vortexing 1 mL of culture suspension using a 20D+ 

222 spectrophotometer (Thermo Scientific, Waltham, MA, USA). 

223 Statistical analysis. Significant differences between growth yields with different hydrocarbons 

224 were examined by Duncan’s multiple range test using SPSS Statistics (Version 26, SPSS Inc., 

225 Chicago, IL). The calculation of Pearson correlation coefficient between cell number and protein 

226 concentration measurements and the linear regression of OD600nm and protein concentration 

227 measurements were both performed using SPSS Statistics (Version 26).

Page 11 of 39

ACS Paragon Plus Environment

Environmental Science & Technology



12

228 Results

229 Growth of Pseudomonas sp. strain 273 with fatty acids, alkanes and fluoroalkanes. 

230 Pseudomonas sp. strain 273 grew with 1-fluorodecane (FD) as the sole source of carbon with 

231 concomitant release of inorganic fluoride in the presence of oxygen (Figure 1). Cultures 

232 completely consumed 5.97 ± 0.22 mM (11.94 ± 0.44 µmol) FD within 1 week and produced 5.53 

233 ± 0.23 mM (11.06 ± 0.46 µmol) fluoride, which accounted for 92.7 ± 3.8% of the total fluorine 

234 contained in the substrate (Figure 1A). Growth and defluorination were also observed in cultures 

235 amended with 1-fluorononane, 1-fluorooctane and 1-fluoroheptane (Table 1). No growth 

236 occurred in cultures that received 0.5 mM 1-fluorohexane or 1-fluorohexane dissolved in an inert 

237 isocetane carrier phase that lowered the aqueous phase concentration of 1-fluorohexane to ~40 

238 µM. Strain 273 grew with the ,-fluorinated alkane DFD, and cultures completely consumed 

239 5.62 ± 0.13 mM (11.24 ± 0.26 µmol) DFD within 1 week with concomitant release of 10.14 ± 

240 0.22 mM (20.28 ± 0.44 µmol) fluoride, which accounted for 90.1  1.9% of the total fluorine 

241 contained in the initial amount of DFD (Figure 1B). Neither defluorination nor growth occurred 

242 in autoclaved control cultures or in vessels without inoculum.

243 Growth also occurred with 1,10-dichlorodecane (DCD), decane, decanol, decanoate, 

244 sebacate, and acetate as the sole carbon and energy sources in the presence of oxygen (Table 1). 

245 No growth was observed in cultures amended with monofluoroacetate (MFA) or trifluoroacetate 

246 (TFA) as the sole carbon source; however, partial MFA degradation occurred in cultures that 

247 received decane as the primary substrate in the presence of oxygen. Over the course of a 17-day 

248 incubation period, 0.15  0.03 mM MFA (7.35  1.30 µmol or 12.4  2.7% of the initial amount) 

249 was consumed with the concomitant release of 0.15  0.03 mM (7.26  1.59 µmol) fluoride 

250 (Figure S2). Defluorination of TFA was not observed.
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251

A

B

252 Figure 1. Degradation of C10 fluorodecanes by Pseudomonas sp. strain 273 and the concomitant 

253 release of inorganic fluoride. Panel A shows degradation of FD and panel B shows DFD 

254 degradation. The data represent the averages of triplicate cultures and the error bars represent the 

255 standard deviations.

256

257 Strain 273 cultures that received decanoate, sebacate or acetate (i.e., fatty acids) as a 

258 carbon substrate produced (10.55 ± 0.82) × 107, (9.71 ± 1.15) × 107 and (5.22 ± 1.34) × 107 cells 

259 per µmol of carbon consumed, respectively (Table 2). Among all the alkane substrates, the 

260 highest growth yield of (3.24 ± 0.14) × 107 cells per µmol of carbon consumed was observed in 

261 cultures grown with decane. A slightly lower growth yield of (2.48 ± 0.15) × 107 cells per µmol 

262 of carbon consumed was observed with FD. Cultures grown with DFD or DCD reached 

263 significantly lower cell densities and (1.62 ± 0.23) × 107 and (1.61 ± 0.61) × 107 cells per µmol 

264 of carbon consumed were determined, respectively. Protein quantification was used as an 

265 independent measure of growth and corroborated the growth yields determined with qPCR 

266 (Table 2). Strain 273 produced 5.35 ± 0.32, 5.03 ± 0.21 and 2.53 ± 0.14 µg of protein per µmol 
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267 of carbon consumed in cultures that were fed decanoate, sebacate or acetate, respectively. With 

268 decane, FD, DCD or DFD as a carbon substrate, 2.04 ± 0.31, 1.89 ± 0.43, 1.51 ± 0.75 and 1.24 ± 

269 0.58 µg of protein per µmol of carbon consumed were measured, respectively (Table 2). Cell and 

270 protein yield measurements showed a significant correlation (Pearson correlation coefficient, r = 

271 0.95, p < 0.01) (Figure S3), supporting the observation of lower growth yields with halogenated 

272 alkanes.

273 Resting cell experiments. Dense cell suspensions of strain 273 obtained with decane as a carbon 

274 source consumed decane, FD and DFD without apparent lag phase (Figure 2). DFD was 

275 consumed at the highest rate of 0.89 ± 0.09 µmol h–1 mg–1 protein, and 10.30 ± 0.14 µmol of 

276 DFD was completely consumed over a 12-hour incubation period (Figure 2). FD and decane 

277 were consumed at lower rates of 0.55 ± 0.08 µmol h–1 mg–1 protein and 0.63 ± 0.05 µmol h–1 mg–

278 1 protein, respectively. 

279

280 Figure 2. Consumption of decane, FD and DFD in resting cell suspension assays using 

281 Pseudomonas sp. strain 273 cells grown with decane. The data represent the averages of 

282 triplicate incubations and the error bars represent the standard deviations.

283

284 Oxygen requirement for (halo)alkane degradation. Growth without oxygen was tested in 

285 anoxic medium with nitrate, nitrite or N2O as electron acceptor and excess acetate as electron 
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286 donor (Table S3). Complete consumption of 104.2 ± 4.5 µmol (2.08  0.09 mM) of nitrite was 

287 coupled with the oxidation of 42.7 ± 1.1 µmol (0.85  0.02 mM) of acetate. No N2O was 

288 detected in the cultures at the end of the 7-day incubation period. In cultures that received 100.0 

289 ± 11.6 µmol (0.42 ± 0.05 mM) of N2O as electron acceptor, N2O was completely reduced and 

290 27.8 ± 4.4 µmol (0.56 ± 0.09 mM) of acetate were consumed over a 7-day incubation period, 

291 indicating that strain 273 possesses a functional nos operon responsible for the reduction of N2O 

292 to N2. In cultures that received 112.0 ± 9.2 µmol (2.24 ± 0.18 mM) of nitrite as electron acceptor 

293 and the N2O reductase inhibitor acetylene, 60.0 ± 6.2 µmol (0.25 ± 0.03 mM) of N2O were 

294 measured after a 7-day incubation period indicating stoichiometric conversion of nitrite to N2O. 

295 Electron recoveries calculated for cultures that received nitrite or N2O as electron acceptors 

296 corroborated the involvement of the canonical denitrification pathway (Table S3). In cultures 

297 amended with nitrite, nitrite plus acetylene, or N2O, 91.5 ± 4.0%, 84.8 ± 7.0% and 89.9 ± 10.4% 

298 of the electrons released from acetate oxidation were accounted for in the amount of electron 

299 acceptor consumed, respectively. No electron recoveries were calculated for nitrate-amended 

300 cultures because phosphate in the medium interfered with nitrate quantification. 

301 In addition to acetate, strain 273 utilized decanol and decanoate as electron donors for 

302 nitrate and nitrite reduction (Table 1). With decanoate (1 mM, 50 µmol) as electron donor, 1.79 

303 ± 0.04 mM nitrite (89.5 ± 2.0 µmol) was consumed over a 7-day incubation period (Figure 3A). 

304 In anoxic cultures amended with nitrite as electron acceptor and decane as electron donor, 

305 neither growth, nitrite consumption, nor decane degradation occurred (Figure 3B). Similar 

306 observations were made with FD as electron donor, and no inorganic fluoride was released in 

307 anoxic incubations with nitrite as electron acceptor (Figure 3C). Conversely, both growth and 

308 fluoride release occurred in positive control vessels that received FD with oxygen as electron 
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309 acceptor (Figure 3D). In anoxic cultures amended with nitrite, the consumption of FD and the 

310 release of inorganic fluoride emerged after the nitrogen headspace had been replaced with air 

311 (Figure 3E).

312

A

B

C

D

E

313 Figure 3. Utilization of C10 (fluoro)alkanes and carboxylates by strain 273 under oxic (light red 

314 background) and anoxic (light grey background) conditions. Cultures were supplied with 

315 different electron donor/acceptor combinations including nitrite (2 mM), decanoate (1 mM), 
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316 nitrogen headspace (panel A); nitrite (2 mM), decane (1 mM), nitrogen headspace (panel B); 

317 nitrite (2 mM), FD (1 mM), nitrogen headspace (panel C); FD (1 mM), air headspace (panel D); 

318 FD (1 mM), nitrite (2 mM), nitrogen headspace, which was replaced with air after 7 days (panel 

319 E). The data represent the averages of four replicate cultures and the error bars represent the 

320 standard deviations. 

321

322 Detection of (halo)alkane fatty acid metabolites. Microbes metabolize alkanes via -oxidation 

323 to shorter chain fatty acids.52 GC-HRMS was used to profile the free fatty acid content of strain 

324 273 grown with decane, FD, or DFD at one time point during active growth (Table S4). Non-

325 fluorinated C5 to C10 saturated fatty acids were detected in decane-grown cells. Even-chain 

326 fluorinated fatty acids, including fluorodecanoate, fluorooctanoate, and fluorohexanoate, were 

327 detected in cells grown with DFD and fluorohexanoate was measured in cells grown with FD 

328 (Figure 4).

329

330 Figure 4. Detection of fluorohexanoate as an intermediate of FD and DFD metabolism by strain 

331 273. (A) Merged extracted ion chromatograms of methyl hexanoate ([M+H]+ = 131.1067 m/z) 

332 and methyl fluorohexanoate ([M+H]+ = 149.0972 m/z) in cultures of strain 273 grown with 
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333 decane, FD or DFD. (B) GC-HRMS identification of methyl hexanoate and methyl 

334 fluorohexanoate with a mass accuracy tolerance of 3 ppm to the monoisotopic mass of the 

335 putative structure illustrated. 

336

337 Discussion

338 Only a few organisms have been described that degrade halogenated alkanes, and the substrate 

339 range for most of the characterized halogenated alkane degraders has been restricted to 

340 chlorinated-, brominated- and iodinated- alkanes.53-55 In contrast, Pseudomonas sp. strain 273, 

341 the focus of the current study, utilizes C7 to C10 monofluoroalkanes and DFD as growth 

342 substrates with concomitant release of inorganic fluoride. Apparently, this organism possesses 

343 one or more enzyme systems that lead to C-F bond breakage in alkanes with fluorine substitution 

344 in one or both terminal methyl groups. 

345 Oxidation of the terminal carbon and degradation pathway of (halo)alkanes in strain 273. 

346 The growth studies demonstrated that alkane degradation in strain 273 only occurred in the 

347 presence of oxygen. Presumably, oxygen is a required co-substrate for the initial attack in the 

348 terminal carbon atom and conversion to the respective alcohols via a monooxygenase catalyzed 

349 reaction.56 Prior work implicated the same monooxygenase enzyme system of strain 273 in the 

350 initial attack on decane and on DCD.45 The lack of an apparent lag phase when dense cell 

351 suspensions of decane-grown cells were challenged with FD or DFD (Figure 2) suggested that de 

352 novo enzyme biosynthesis was not required to initiate FD and DFD degradation. Therefore, it is 

353 likely that the same monooxygenase enzyme system is responsible for the initial attack on 

354 decane, FD and DFD. An alternate explanation would be the constitutive expression of a 

355 monooxygenase that causes C-F bond cleavage, and detailed expression studies under various 
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356 growth conditions would be needed to reveal if a single or multiple monooxygenase enzyme 

357 systems are involved in (halo)alkane degradation. 

358 In light of the experimental observations, a single pathway is likely utilized for the 

359 degradation of (halo)alkanes in strain 273 (Figure 5). The detection of fluorinated fatty acids 

360 (e.g., fluorohexanoate) in cells grown with FD and DFD suggests that the initial oxidation can 

361 occur at either the terminal methyl (-CH3) or fluoromethyl (-CH2F) carbon. With decane as 

362 growth substrate, the initial oxidation product would be the corresponding alcohol (i.e., decanol), 

363 which would then be oxidized to a carboxylic acid to undergo -oxidation or channeled into 

364 anabolic pathways. Analogously, the initial attack of a monooxygenase on the terminal 

365 fluoromethyl group carbon would generate an unstable geminal fluorohydrin that would 

366 spontaneously eliminate fluoride to form the corresponding aldehyde, which would be further 

367 oxidized to the carboxylic acid.19,57 No monooxygenase enzyme system of strain 273 has been 

368 characterized, and it is unknown whether the enzyme(s) has (have) a preference for the terminal 

369 methyl group carbon or the fluoromethyl group carbon. For both FD and DFD, -oxidation could 

370 lead to the formation of fluoroacetyl-CoA, which is potentially toxic (Figure 5). Utilization of 

371 fluoroacetyl-CoA by the tricarboxylic acid cycle (TCA) cycle would lead to the formation of 

372 fluorocitrate, a known inhibitor of aconitase, a key TCA cycle enzyme.58-60 Although MFA did 

373 not support growth of strain 273, some fluoride release was observed with decane serving as the 

374 primary substrate, suggesting that strain 273 has inherent mechanisms to defluorinate MFA and 

375 potentially other -fluorofatty acids (or the respective CoA thioesters).
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377 Figure 5. Proposed pathways for decane, FD, and DFD catabolism in Pseudomonas sp. strain 

378 273. Fluorohexanoate and hexanoate were identified by GC-HRMS analysis and are shown as 

379 intermediates.  

380

381 Theoretically, both terminal carbon atoms of the alkane could be attacked by the 

382 monooxygenase19,61, which would transform FD and DFD to the corresponding dicarboxylates. 

383 Such a mechanism would avoid the formation of fluoroacetyl-CoA. A purified monooxygenase 

384 from the alkane degrader Pseudomonas oleovorans could not only hydroxylate n-alkanes to the 

385 corresponding primary alcohols but also convert fatty acids to their -hydroxy derivates62,63, 

386 suggesting that attacks on both ends of the alkane molecule by the same monoxoygenase enzyme 
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387 system are feasible. However, the GC-HRMS analysis provided no evidence for the formation of 

388 C4 to C10 dicarboxylic acids, suggesting that an attack on both ends of the molecule did not occur 

389 (Figure 5). 

390 Metabolic burden of (fluoro)alkane degradation. Strain 273 attained approximately 3-fold 

391 more biomass per µmol of carbon utilized with decanoate or sebacate compared to decane as 

392 carbon substrate (Table 2). Even lower growth yields were measured in cultures grown with 

393 halogenated alkanes, which declined about 50% with DFD and DCD compared to the yield with 

394 decane (Table 2). The standard Gibbs free energy changes associated with complete oxidation of 

395 decane, halogenated C10 alkanes, decanoate and sebacate are in a similar range (Table S5); thus, 

396 thermodynamics alone cannot explain the measured growth yield differences. Possible 

397 explanations for the lower growth yields with decane and (halo)alkanes compared to the 

398 corresponding fatty acids may include the required synthesis of the monooxygenase enzyme 

399 system(s) and/or the production of biosurfactant(s) needed for emulsifying the sparingly soluble 

400 (halo)alkanes. Strain 273 efficiently solubilizes water-insoluble alkanes with a yet 

401 uncharacterized biosurfactant(s).45 The production of biosurfactants by prolific oil hydrocarbon-

402 degrading bacteria is a well-studied phenomenon, and several Pseudomonas spp. were shown to 

403 produce rhamnolipids to emulsify hydrocarbons with a low solubility in water.64-66 Conversely, 

404 growth with water-soluble decanoate and sebacate does not burden the cells with the synthesis of 

405 the monooxygenase enzyme system and biosurfactant(s). This reasoning cannot explain the 

406 lower growth yields with FD and DFD compared to cultures that were grown with decane. The 

407 GC-HRMS analysis detected -fluorofatty acids as intermediates during growth with both FD 

408 and DFD. -Fluorofatty acids are precursors of potentially inhibitory fluoroacetyl-CoA. For FD, 

409 preferential initial oxidation of the fluoromethyl carbon would avoid the formation of -
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410 fluorinated intermediates and fluoroacetyl-CoA. In this case, cultures fed with FD or decane 

411 should exhibit similar growth yields; however, the experimental data determined about 23.4 ± 

412 4.7% lower growth yields with FD. This observation suggests that the monoxygenase may not 

413 discriminate between the  and the  positions of FD and oxidizes both the methyl and the 

414 fluoromethyl group carbon atoms. In the case of DFD, the initial attack must occur on one of the 

415 two fluoromethyl groups, and the formation of fluorinated metabolites (e.g., -fluorofatty acids, 

416 fluoroacetyl-CoA) could explain the observed reduction in growth yields with DFD (Table 2). 

417 Fluoride toxicity offers another potential explanation for the lower growth yields with FD and 

418 DFD, which would only occur during growth with fluorinated electron donors.67 

419 Implication for the environmental fate of fluorinated compounds. Knowledge about the 

420 presence and the distribution of organofluorines in environmental systems is rapidly evolving, 

421 and improved understandings of the processes that affect the fate and longevity of fluorinated 

422 compounds is needed. Physical,68 chemical,69 and biological70, 71 approaches, as well as 

423 combined treatments72 have been shown to transform PFAS and generate partially defluorinated 

424 alkyl products. The data herein demonstrate that α,-fluorinated alkanes are susceptible to 

425 microbial degradation, and organisms with defluorinating oxygenase enzyme systems may 

426 contribute to the degradation of partially defluorinated transformation products generated during 

427 aggressive remedial treatment of PFAS. Therefore, future efforts should explore whether 

428 organisms like Pseudomonas sp. strain 273 have value in sequential treatment (i.e., combined 

429 remedy) approaches for PFAS.

430

431

432

Page 22 of 39

ACS Paragon Plus Environment

Environmental Science & Technology



23

433 Acknowledgements

434 The University Consortium for Field-Focused Groundwater Research supported this work. 

435 Yongchao Xie participates in the China - University of Tennessee One-Hundred Scholars 

436 Program and the authors acknowledge the support from the China Scholarship Council. 

437

438 Supporting information 

439 Detailed experimental procedures including protein measurements, cell enumeration with qPCR, 

440 derivatization of decanoate, sebacate and FAME analysis, and supplemental analytical 

441 procedures are provided in the Supporting Information. Tables S1, S2 and S5 are provided in a 

442 separate Excel file. Table S1: Solubility and n-octanol/water partition coefficient data for the 

443 carbon substrates tested; Table S2: Oxygen demand for complete oxidation of different carbon 

444 substrates; Table S3: Electron recovery in strain 273 cultures grown with nitrite or nitrous oxide 

445 as electron acceptors; Table S4: FAME metabolites detected in cultures of strain 273 grown with 

446 decane, FD or DFD. Table S5: Gibbs free energy changes associated with the complete oxidation 

447 of different carbon substrates. Figure S1: Linear regression of OD600nm readings versus protein 

448 concentration measurements; Figure S2: Co-metabolism of MFA with decane as the primary 

449 substrate by strain 273; Figure S3: Pearson correlation between cells produced and protein yields 

450 per µmol of carbon consumed during growth of Pseudomonas sp. strain 273 with different 

451 carbon substrates. 

Page 23 of 39

ACS Paragon Plus Environment

Environmental Science & Technology



24

452 References

453 1. Prevedouros, K.; Cousins, I. T.; Buck, R. C.; Korzeniowski, S. H., Sources, fate and transport 
454 of perfluorocarboxylates. Environmental Science & Technology 2006, 40, (1), 32-44.
455 2. Key, B. D.; Howell, R. D.; Criddle, C. S., Fluorinated organics in the biosphere. 
456 Environmental Science & Technology 1997, 31, (9), 2445-2454.
457 3. Lewandowski, G.; Meissner, E.; Milchert, E., Special applications of fluorinated organic 
458 compounds. Journal of Hazardous Materials 2006, 136, (3), 385-391.
459 4. Müller, K.; Faeh, C.; Diederich, F., Fluorine in pharmaceuticals: looking beyond intuition. 
460 Science 2007, 317, (5846), 1881-1886.
461 5. Krafft, M. P.; Riess, J. G., Per- and polyfluorinated substances (PFASs): Environmental 
462 challenges. Current Opinion in Colloid & Interface Science 2015, 20, (3), 192-212.
463 6. Borg, D.; Lund, B. O.; Lindquist, N. G.; Håkansson, H., Cumulative health risk assessment 
464 of 17 perfluoroalkylated and polyfluoroalkylated substances (PFASs) in the Swedish 
465 population. Environment International 2013, 59, 112-123.
466 7. Dassuncao, C.; Pickard, H.; Pfohl, M.; Tokranov, A. K.; Li, M.; Mikkelsen, B.; Slitt, A.; 
467 Sunderland, E. M., Phospholipid levels predict the tissue distribution of poly- and 
468 perfluoroalkyl substances in a marine mammal. Environmental Science & Technology Letters 
469 2019, 6, (3), 119-125.
470 8. Ross, I.; McDonough, J.; Miles, J.; Storch, P.; Kochunarayanan, T. P.; Kalve, E.; Hurst, J.; 
471 Dasgupta, S. S.; Burdick, J., A review of emerging technologies for remediation of PFASs. 
472 Remediation Journal 2018, 28, (2), 101-126.
473 9. Isidorov, V.; Zenkevich, I.; Ioffe, B., Volatile organic compounds in solfataric gases. Journal 
474 of Atmospheric Chemistry 1990, 10, (3), 329-340.
475 10. Jordan, A., Volcanic formation of halogenated organic compounds. In Natural Production of 
476 Organohalogen Compounds, Gribble, G. W., Ed. Springer: Berlin, Heidelberg, 2003; pp 121-
477 139.
478 11. Jordan, A.; Harnisch, J.; Borchers, R.; Le Guern, F.; Shinohara, H., Volcanogenic 
479 halocarbons. Environmental Science & Technology 2000, 34, (6), 1122-1124.
480 12. Zechel, D. L.; Reid, S. P.; Nashiru, O.; Mayer, C.; Stoll, D.; Jakeman, D. L.; Warren, R. A. 
481 J.; Withers, S. G., Enzymatic synthesis of carbon − fluorine bonds. Journal of the American 
482 Chemical Society 2001, 123, (18), 4350-4351.
483 13. Dong, C.; Huang, F.; Deng, H.; Schaffrath, C.; Spencer, J. B.; O'hagan, D.; Naismith, J. H., 
484 Crystal structure and mechanism of a bacterial fluorinating enzyme. Nature 2004, 427, 
485 (6974), 561.
486 14. Walker, M. C.; Thuronyi, B. W.; Charkoudian, L. K.; Lowry, B.; Khosla, C.; Chang, M. C., 
487 Expanding the fluorine chemistry of living systems using engineered polyketide synthase 
488 pathways. Science 2013, 341, (6150), 1089-1094.
489 15. O’Hagan, D.; Deng, H., Enzymatic fluorination and biotechnological developments of the 
490 fluorinase. Chemical Reviews 2014, 115, (2), 634-649.
491 16. Carvalho, M. F.; Oliveira, R. S., Natural production of fluorinated compounds and 
492 biotechnological prospects of the fluorinase enzyme. Critical Reviews in Biotechnology 
493 2017, 37, (7), 880-897.
494 17. Lemal, D. M., Perspective on fluorocarbon chemistry. The Journal of Organic Chemistry 
495 2004, 69, (1), 1-11.
496 18. O'Hagan, D., The fluorinated natural products. Natural Product Reports 1994, 11, 123-133.

Page 24 of 39

ACS Paragon Plus Environment

Environmental Science & Technology



25

497 19. Natarajan, R.; Azerad, R.; Badet, B.; Copin, E., Microbial cleavage of C-F bond. Journal of 
498 Fluorine Chemistry 2005, 126, (4), 424-435.
499 20. Murphy, C. D., Microbial degradation of fluorinated drugs: biochemical pathways, impacts 
500 on the environment and potential applications. Applied Microbiology and Biotechnology 
501 2016, 100, (6), 2617-2627.
502 21. Kiel, M.; Engesser, K. H., The biodegradation vs. biotransformation of fluorosubstituted 
503 aromatics. Applied Microbiology and Biotechnology 2015, 99, (18), 7433-7464.
504 22. Goldman, P.; Milne, G. W., Carbon-fluorine bond cleavage. II. Studies on the mechanism of 
505 the defluorination of fluoroacetate. Journal of Biological Chemistry 1966, 241, (23), 5557-
506 5559.
507 23. Schennen, U.; Braun, K.; Knackmuss, H. J., Anaerobic degradation of 2-fluorobenzoate by 
508 benzoate-degrading, denitrifying bacteria. Journal of Bacteriology 1985, 161, (1), 321-325.
509 24. Vargas, C.; Song, B.; Camps, M.; Häggblom, M. M., Anaerobic degradation of fluorinated 
510 aromatic compounds. Applied Microbiology and Biotechnology 2000, 53, (3), 342-347.
511 25. Tiedt, O.; Mergelsberg, M.; Boll, K.; Müller, M.; Adrian, L.; Jehmlich, N.; von Bergen, M.; 
512 Boll, M., ATP-dependent C-F bond cleavage allows the complete degradation of 4-
513 fluoroaromatics without oxygen. mBio 2016, 7, (4), 7:e00990-16.
514 26. Tiedt, O.; Mergelsberg, M.; Eisenreich, W.; Boll, M., Promiscuous defluorinating enoyl-CoA 
515 hydratases/hydrolases allow for complete anaerobic degradation of 2-fluorobenzoate. 
516 Frontiers in Microbiology 2017, 8, 2579.
517 27. Davis, C. K.; Webb, R. I.; Sly, L. I.; Denman, S. E.; McSweeney, C. S., Isolation and survey 
518 of novel fluoroacetate-degrading bacteria belonging to the phylum Synergistetes. FEMS 
519 Microbiology Ecology 2012, 80, (3), 671-684.
520 28. Parsons, J. R.; Saez, M.; Dolfing, J.; de Voogt, P., Biodegradation of perfluorinated 
521 compounds. Reviews of Environmental Contamination and Toxicology 2008, 196, 53-71.
522 29. Goldman, P., The enzymatic cleavage of the carbon-fluorine bond in fluoroacetate. Journal 
523 of Biological Chemistry 1965, 240, (8), 3434-3438.
524 30. Kurihara, T.; Yamauchi, T.; Ichiyama, S.; Takahata, H.; Esaki, N., Purification, 
525 characterization, and gene cloning of a novel fluoroacetate dehalogenase from Burkholderia 
526 sp. FA1. Journal of Molecular Catalysis B: Enzymatic 2003, 23, (2-6), 347-355.
527 31. Key, B. D.; Howell, R. D.; Criddle, C. S., Defluorination of organofluorine sulfur 
528 compounds by Pseudomonas sp. strain D2. Environmental Science & Technology 1998, 32, 
529 (15), 2283-2287.
530 32. Im, J.; Mack, E. E.; Seger, E. S.; Löffler, F. E., Biotic and abiotic dehalogenation of 1, 1, 2-
531 trichloro-1, 2, 2-trifluoroethane (CFC-113): implications for bacterial detoxification of 
532 chlorinated ethenes. Environmental Science & Technology 2019, 53, (20), 11941-11948.
533 33. Yan, J.; Bi, M.; Bourdon, A. K.; Farmer, A. T.; Wang, P.-H.; Molenda, O.; Quaile, A. T.; 
534 Jiang, N.; Yang, Y.; Yin, Y., Purinyl-cobamide is a native prosthetic group of reductive 
535 dehalogenases. Nature Chemical Biology 2018, 14, (1), 8.
536 34. Ochoa-Herrera, V.; Sierra-Alvarez, R.; Somogyi, A.; Jacobsen, N. E.; Wysocki, V. H.; Field, 
537 J. A., Reductive defluorination of perfluorooctane sulfonate. Environmental Science & 
538 Technology 2008, 42, (9), 3260-3264.
539 35. Im, J.; Walshe-Langford, G. E.; Moon, J. W.; Löffler, F. E., Environmental fate of the next 
540 generation refrigerant 2,3,3,3-tetrafluoropropene (HFO-1234yf). Environmental Science & 
541 Technology 2014, 48, (22), 13181-13187.

Page 25 of 39

ACS Paragon Plus Environment

Environmental Science & Technology



26

542 36. Park, S.; de Perre, C.; Lee, L. S., Alternate reductants with VB12 to transform C8 and C6 
543 perfluoroalkyl sulfonates: Limitations and insights into isomer-specific transformation rates, 
544 products and pathways. Environmental Science & Technology 2017, 51, (23), 13869-13877.
545 37. Chang, W. K.; Criddle, C. S., Biotransformation of HCFC-22, HCFC-142b, HCFC-123, and 
546 HFC-134a by methanotrophic mixed culture MM1. Biodegradation 1995, 6, (1), 1-9.
547 38. Oltmanns, R.; Müller, R.; Otto, M.; Lingens, F., Evidence for a new pathway in the bacterial 
548 degradation of 4-fluorobenzoate. Applied and Environmental Microbiology 1989, 55, (10), 
549 2499-2504.
550 39. Shen, Q.; Huang, Y.-G.; Liu, C.; Xiao, J.-C.; Chen, Q.-Y.; Guo, Y., Review of recent 
551 advances in C-F bond activation of aliphatic fluorides. Journal of Fluorine Chemistry 2015, 
552 179, 14-22.
553 40. Dembitsky, V. M.; Srebnik, M., Natural halogenated fatty acids: their analogues and 
554 derivatives. Progress in Lipid Research 2002, 41, (4), 315-367.
555 41. Igwe, O. U.; Eze, P. N., Chemical analyses of volatile compounds from cuticular and non-
556 cuticular abdominal glands of African weaver ants (Oecophylla longinoda). Chemical 
557 Science International Journal 2015, 5, (4), 304-312.
558 42. Kucharzyk, K. H.; Darlington, R.; Benotti, M.; Deeb, R.; Hawley, E., Novel treatment 
559 technologies for PFAS compounds: A critical review. Journal of Environmental 
560 Management 2017, 204, 757-764.
561 43. Tseng, N.; Wang, N.; Szostek, B.; Mahendra, S., Biotransformation of 6: 2 fluorotelomer 
562 alcohol (6: 2 FTOH) by a wood-rotting fungus. Environmental Science & Technology 2014, 
563 48, (7), 4012-4020.
564 44. Luo, Q.; Lu, J.; Zhang, H.; Wang, Z.; Feng, M.; Chiang, S.-Y. D.; Woodward, D.; Huang, Q., 
565 Laccase-catalyzed degradation of perfluorooctanoic acid. Environmental Science & 
566 Technology Letters 2015, 2, (7), 198-203.
567 45. Wischnak, C.; Löffler, F. E.; Li, J.; Urbance, J. W.; Müller, R., Pseudomonas sp. strain 273, 
568 an aerobic α, ω-dichloroalkane-degrading bacterium. Applied and Environmental 
569 Microbiology 1998, 64, (9), 3507-3511.
570 46. Heath, E.; Brown, W. A.; Jensen, S. R.; Bratty, M. P., Biodegradation of chlorinated alkanes 
571 and their commercial mixtures by Pseudomonas sp. strain 273. Journal of Industrial 
572 Microbiology and Biotechnology 2006, 33, (3), 197-207.
573 47. Fetzner, S., Aerobic degradation of halogenated aliphatics. In Handbook of hydrocarbon and 
574 lipid microbiology, Timmis, K. N., Ed. Springer: Berlin, Heidelberg, 2010; pp 865-885.
575 48. Wolin, E.; Wolin, M. J.; Wolfe, R., Formation of methane by bacterial extracts. Journal of 
576 Biological Chemistry 1963, 238, (8), 2882-2886.
577 49. Yoshinari, T.; Knowles, R., Acetylene inhibition of nitrous oxide reduction by denitrifying 
578 bacteria. Biochemical and Biophysical Research Communications 1976, 69, (3), 705-710.
579 50. Ye, J.; Coulouris, G.; Zaretskaya, I.; Cutcutache, I.; Rozen, S.; Madden, T. L., Primer-
580 BLAST: a tool to design target-specific primers for polymerase chain reaction. BMC 
581 Bioinformatics 2012, 13, (1), 134.
582 51. Powers, J. B.; Campagna, S. R., Design and evaluation of a gas chromatograph-atmospheric 
583 pressure chemical ionization interface for an exactive orbitrap mass spectrometer. Journal of 
584 the American Society for Mass Spectrometry 2019, 30, (11), 2369-2379.
585 52. Rojo, F., Degradation of alkanes by bacteria. Environmental Microbiology 2009, 11, (10), 
586 2477-2490.
587 53. Belkin, S., Biodegradation of haloalkanes. Biodegradation 1992, 3, (2-3), 299-313.

Page 26 of 39

ACS Paragon Plus Environment

Environmental Science & Technology



27

588 54. Scholtz, R.; Schmuckle, A.; Cook, A. M.; Leisinger, T., Degradation of eighteen 1-
589 monohaloalkanes by Arthrobacter sp. strain HA1. Microbiology 1987, 133, (2), 267-274.
590 55. Curragh, H.; Flynn, O.; Larkin, M. J.; Stafford, T. M.; Hamilton, J. T.; Harper, D. B., 
591 Haloalkane degradation and assimilation by Rhodococcus rhodochrous NCIMB 13064. 
592 Microbiology 1994, 140, (6), 1433-1442.
593 56. Van Beilen, J. B.; Funhoff, E. G., Alkane hydroxylases involved in microbial alkane 
594 degradation. Applied Microbiology and Biotechnology 2007, 74, (1), 13-21.
595 57. Koe, G. S.; Vilker, V. L., Dehalogenation by cytochrome P‐450cam: Effect of oxygen level 

596 on the decomposition of 1, 2‐dibromo‐3‐chloropropane. Biotechnology Progress 1993, 9, (6), 
597 608-614.
598 58. Gribble, G. W., Fluoroacetate toxicity. Journal of Chemical Education 1973, 50, (7), 460.
599 59. Chidthaisong, A.; Conrad, R., Specificity of chloroform, 2-bromoethanesulfonate and 
600 fluoroacetate to inhibit methanogenesis and other anaerobic processes in anoxic rice field 
601 soil. Soil Biology and Biochemistry 2000, 32, (7), 977-988.
602 60. Goldman, P., The carbon-fluorine bond in compounds of biological interest. Science 1969, 
603 164, (3884), 1123-1130.
604 61. Kunz, D. A.; Weimer, P. J., Bacterial formation and metabolism of 6-hydroxyhexanoate: 
605 evidence of a potential role for omega-oxidation. Journal of Bacteriology 1983, 156, (2), 
606 567-575.
607 62. Peterson, J. A.; Kusunose, M.; Kusunose, E.; Coon, M. J., Enzymatic ω-oxidation II. 
608 Function of rubredoxin as the electron carrier in ω-hydroxylation. Journal of Biological 
609 Chemistry 1967, 242, (19), 4334-4340.
610 63. McKenna, E. J.; Coon, M. J., Enzymatic ω-oxidation IV. Purification and properties of the ω-
611 hydroxylase of Pseudomonas oleovorans. Journal of Biological Chemistry 1970, 245, (15), 
612 3882-3889.
613 64. Maier, R. M.; Soberon-Chavez, G., Pseudomonas aeruginosa rhamnolipids: biosynthesis and 
614 potential applications. Applied Microbiology and Biotechnology 2000, 54, (5), 625-633.
615 65. Zhang, X.; Xu, D.; Zhu, C.; Lundaa, T.; Scherr, K. E., Isolation and identification of 
616 biosurfactant producing and crude oil degrading Pseudomonas aeruginosa strains. Chemical 
617 Engineering Journal 2012, 209, 138-146.
618 66. Zhang, Y.; Miller, R. M., Effect of rhamnolipid (biosurfactant) structure on solubilization 
619 and biodegradation of n-alkanes. Applied and Environmental Microbiology 1995, 61, (6), 
620 2247-2251.
621 67. Hamilton, I. R., Biochemical effects of fluoride on oral bacteria. Journal of Dental Research 
622 1990, 69, (2), 660-667.
623 68. Bentel, M. J.; Yu, Y.; Xu, L.; Li, Z.; Wong, B. M.; Men, Y.; Liu, J., Defluorination of per- 
624 and polyfluoroalkyl substances (PFASs) with hydrated electrons: structural dependence and 
625 implications to PFAS remediation and management. Environmental Science & Technology 
626 2019, 53, (7), 3718-3728.
627 69. Liu, J.; Van Hoomissen, D. J.; Liu, T.; Maizel, A.; Huo, X.; Fernández, S. R.; Ren, C.; Xiao, 
628 X.; Fang, Y.; Schaefer, C. E., Reductive defluorination of branched per- and polyfluoroalkyl 
629 substances with cobalt complex catalysts. Environmental Science & Technology Letters 
630 2018, 5, (5), 289-294.
631 70. Luo, Q.; Yan, X.; Lu, J.; Huang, Q., Perfluorooctanesulfonate degrades in a laccase-mediator 
632 system. Environmental Science & Technology 2018, 52, (18), 10617-10626.

Page 27 of 39

ACS Paragon Plus Environment

Environmental Science & Technology



28

633 71. Huang, S.; Jaffé, P. R., Defluorination of perfluorooctanoic acid (PFOA) and perfluorooctane 
634 sulfonate (PFOS) by Acidimicrobium sp. strain A6. Environmental Science & Technology 
635 2019, 53, (19), 11410-11419.
636 72. Nzeribe, B. N.; Crimi, M.; Mededovic Thagard, S.; Holsen, T. M., Physico-chemical 
637 processes for the treatment of per- and polyfluoroalkyl Substances (PFAS): A review. 
638 Critical Reviews in Environmental Science and Technology 2019, 49, (10), 866-915.
639

Page 28 of 39

ACS Paragon Plus Environment

Environmental Science & Technology



29

640 Figure legends

641 Figure 1. Degradation of C10 fluorodecanes by Pseudomonas sp. strain 273 and the concomitant 

642 release of inorganic fluoride. Panel A shows degradation of FD and panel B shows DFD 

643 degradation. The data represent the averages of triplicate cultures and the error bars represent the 

644 standard deviations.

645

646 Figure 2. Consumption of decane, FD and DFD in resting cell suspension assays using 

647 Pseudomonas sp. strain 273 cells grown with decane. The data represent the averages of 

648 triplicate incubations and the error bars represent the standard deviations.

649

650 Figure 3. Utilization of C10 (fluoro)alkanes and carboxylates by strain 273 under oxic (light red 

651 background) and anoxic (light grey background) conditions. Cultures were supplied with 

652 different electron donor/acceptor combinations including nitrite (2 mM), decanoate (1 mM), 

653 nitrogen headspace (panel A); nitrite (2 mM), decane (1 mM), nitrogen headspace (panel B); 

654 nitrite (2 mM), FD (1 mM), nitrogen headspace (panel C); FD (1 mM), air headspace (panel D); 

655 FD (1 mM), nitrite (2 mM), nitrogen headspace, which was replaced with air after 7 days (panel 

656 E). The data represent the averages of four replicate cultures and the error bars represent the 

657 standard deviations. 

658

659 Figure 4. Detection of fluorohexanoate as an intermediate of FD and DFD metabolism by strain 

660 273. (A) Merged extracted ion chromatograms of methyl hexanoate ([M+H]+ = 131.1067 m/z) 

661 and methyl fluorohexanoate ([M+H]+ = 149.0972 m/z) in cultures of strain 273 grown with 

662 decane, FD or DFD. (B) GC-HRMS identification of methyl hexanoate and methyl 
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663 fluorohexanoate with a mass accuracy tolerance of 3 ppm to the monoisotopic mass of the 

664 putative structure illustrated.

665

666 Figure 5. Proposed pathways for decane, FD, and DFD catabolism in Pseudomonas sp. strain 

667 273. Fluorohexanoate and hexanoate were identified by GC-HRMS analysis and are shown as 

668 intermediates.
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669 Table 1. Growth and defluorination observed in cultures of Pseudomonas sp. strain 273 with 

670 different electron donor/electron acceptor combinations.

Electron donor (mM) Electron acceptor (mM) Growth a Defluorination b

Decane (1c, 5c) Oxygen + NA
Decane (1c) Nitrite (2) - NA
1-Fluorodecane (0.5c,1c, 5c, carrierd) Oxygen + +
1-Fluorodecane (0.5c, 1c) Nitrite (2) - -
1-Fluorodecane (0.5c) Nitrous oxide (0.42) - -
1,10-Difluorodecane (1c, 5c) Oxygen + +
1-Fluorononane (0.5c, carrierd) Oxygen + +
1-Fluorooctane (0.5c, carrierd) Oxygen + +
1-Fluoroheptane (0.5, 1c)e Oxygen + +
1-Fluorohexane (0.5, carrierd) Oxygen - - f
1,10-Dichlorodecane (1c) Oxygen + NA
Acetate (2, 5, 10) Oxygen + NA
Acetate (5, 10) Nitrite (1, 2) + NA
Acetate (5, 10) Nitrate (2) + NA
Acetate (5, 10) Nitrous oxide (0.42) + NA
Monofluoroacetate (1, 2) Oxygen - -
Trifluoroacetate (2) Oxygen - -
Monofluoroacetate (1) + decane (5c) Oxygen + +
Trifluoroacetate (2) + decane (5c) Oxygen + -
Decanol (1c) Oxygen + NA
Decanol (1c) Nitrite (2) + NA
Decanoate (1) Oxygen + NA
Decanoate (1) Nitrite (2) + NA
Decanoate (1) Nitrate (2) + NA
Sebacate (1) Oxygen + NA

671 a Growth was determined by the increase of culture turbidity and the degradation of substrates

672 b Defluorination was determined by the detection of released fluoride in medium

673 c Nominal concentration

674 d An isocetane carrier phase was used to sustain a low concentration of electron donor in the 

675 aqueous phase. 
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676 e Independent experiments demonstrated growth with 0.5 and 1 mM 1-fluoroheptane but not in 

677 systems with an isocetane carrier phase. 

678 f Some fluoride release from 1-fluorohexane was observed in cultures that received decane as a 

679 primary substrate. 

680 NA: Not applicable
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681 Table 2. Pseudomonas sp. strain 273 growth yields with different carbon substrates.

Growth yield bCarbon 
substrate
(electron 
donor) a

Carbon substrate 
consumed 

(mM)

Carbon 
consumed 

(µmol) Cell numbers 
(× 107/µmol carbon)

Protein 
(µg/µmol carbon)

Acetate 6.96 ± 0.18 139.18 ± 3.54 5.22 ± 1.34 B 2.53 ± 0.14 B
Decanoate 1.26 ± 0.02 125.86 ± 1.64 10.55 ± 0.82 A 5.35 ± 0.32 A
Sebacate 1.23 ± 0.04 123.37 ± 4.49 9.71 ± 1.15 A 5.03 ± 0.21 A
Decane 1.55 ± 0.07 154.60 ± 7.03 3.24 ± 0.14 C 2.04 ± 0.31 B,C

FD 1.46 ± 0.04 145.56 ± 3.60 2.48 ± 0.15 C,D 1.89 ± 0.43 B,C,D

DFD 1.53 ± 0.06 153.30 ± 6.48 1.62 ± 0.23 D 1.24 ± 0.58 D
DCD 1.44 ± 0.07 143.62 ± 7.23 1.61 ± 0.61 D 1.51 ± 0.75 C,D

682 a The carbon substrates were completely consumed after a 1-week incubation period. 

683 b Cell numbers were determined with qPCR and protein amounts were estimated after alkaline 

684 cell lysis using the Bradford assay. The yield data represent the net increase of cells and protein 

685 per µmol of carbon consumed. For both the qPCR and the protein datasets, the Duncan test ( = 

686 0.05) observed significant differences between A, B, C and D.

687 The data represent the averages and the standard deviations of triplicate cultures.
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