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Abstract

Drinking water supplies across the United States have been contaminated by firefighting and 

fire training activities that used aqueous film forming foams (AFFF) containing per- and 

polyfluoroalkyl substances (PFAS). Much of the AFFF was manufactured using electrochemical 

fluorination by 3M. Precursors with six perfluorinated carbons (C6) and non-fluorinated amine 

substituents make up approximately one-third of the PFAS in 3M AFFF. C6 precursors can be 

transformed through nitrification (microbial oxidation) of amine moieties into perfluorohexane 

sulfonate (PFHxS), a compound of regulatory concern. Here, we report biotransformation of the 

most abundant C6 sulfonamido precursors in 3M AFFF with available commercial standards 

(FHxSA, PFHxSAm, and PFHxSAmS) in microcosms representative of the groundwater/surface 
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water boundary. Results showed rapid (<1 day) sorption to living cells by precursors but 

slow biotransformation into PFHxS (1–100 pM day−1). The transformation pathway includes 

one or two nitrification steps and is supported by detection of key intermediates using high 

resolution mass spectrometry. Increasing nitrate concentrations and total abundance of nitrifying 

taxa occurred in parallel with precursor biotransformation. Together, these data provide multiple 

lines of evidence supporting microbially-limited biotransformation of C6 sulfonamido precursors 

involving ammonia oxidizing archaea (Nitrososphaeria) and nitrite-oxidizing bacteria (Nitrospina). 

Further elucidating interrelationships between precursor biotransformation and nitrogen cycling in 

ecosystems would help inform site remediation efforts.
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Introduction

Per- and polyfluoroalkyl substances (PFAS) are a diverse class of aliphatic organofluorine 

compounds that include thousands of precursors that can be abiotically and biotically 

transformed into terminal perfluoroalkyl acids (PFAA) of known health concern.1 

Widespread human exposures to PFAA through drinking water and dietary sources have 

been associated with many deleterious health outcomes.2,3 Precursors outnumber PFAA 

in magnitude and chemical diversity in many product formulations, including aqueous 

film forming foams (AFFF) used for fire-fighting and training activities.4–7 However, little 

is known about the kinetics, timescales and pathways of precursor transformation, and 

microbial communities responsible for biotransformation. This is particularly true in regions 

with enhanced biogeochemical activity that are important for drinking water supplies, such 

as the groundwater/surface water interface.8
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Proximity to sites with known AFFF use is an important predictor of PFAS contamination 

in drinking water.9,10 Precursors with six (C6) perfluorinated carbons attached to a non-

fluorinated sulfonamido substituent make up approximately 1/3 of the PFAS in AFFF 

manufactured by 3M using the electrochemical fluorination process (3M AFFF).4,5,7,11 

C6 sulfonamido precursors contain one or more reduced nitrogen moieties (amines) that 

may undergo biological oxidation, including nitrification, to produce intermediate precursor 

metabolites that can eventually be transformed into perfluorohexane sulfonate (PFHxS).12 

In 3M AFFF, C6 sulfonamido precursors are six times more abundant than PFHxS.7 They 

are frequently detected in contaminated soil, groundwater, and surface water,4,13,14 but 

are not considered alongside their terminal metabolite in current regulations.6 A better 

understanding of the environmental fate of C6 sulfonamido precursors found in AFFF 

products is therefore critical to assessing exposure risks.

Elevated concentrations of PFHxS downgradient from legacy AFFF source zones indicate 

microbial biotransformation of abundant C6 precursors.15–18 Prior work has examined 

biotransformation of a C6 sulfonamido precursor (perfluorohexane sulfonamido propyl 

tertiary amine [PFHxSAm]) and analogous C8 sulfonamido and C7 carboxamido tertiary 

and quaternary amine precursors in soil microcosms.12,19,20 These experiments suggest C6 

and C7 tertiary amine compounds are biotransformed over timescales of months, compared 

to years for the C8 compounds with quaternary amines.12,20 Biotransformation of these 

precursors includes multistep reactions involving nitrification.12,20 Thus, it is plausible that 

biotransformation of the C6 sulfonamido precursor in 3M AFFF is linked to nitrogen cycling 

in contaminated ecosystems.

The role of nitrifying and nitrosofying microorganisms in sulfonamido precursor 

biotransformation has not been previously explored.12 Characterizing microbial 

communities responsible for precursor biotransformation is essential for understanding 

reaction mechanisms and may provide insights into remediation technologies and strategies. 

Limited field studies have linked variability in native microbial communities with spatial 

differences in PFAS concentrations and composition and precursor biotransformation.21,22 

Such studies are challenging due to natural variability in soil, sediment, and groundwater 

but are critically needed to define biogeochemical conditions and reaction rates controlling 

PFAS biotransformation in the environment.

The main objectives of this work were to better understand the pathways of precursor 

biotransformation and PFHxS production at the sediment/water interface of 3M AFFF 

contaminated sites and associated microbial communities. Two analytical standards for C6 

sulfonamido precursors (PFHxSAm and perfluorohexane sulfonamido propyl quaternary 

amine [PFHxSAmS]) are available commercially, along with one suspected intermediate 

metabolite (perfluorohexane sulfonamide [FHxSA]). These three C6 sulfonamido precursors 

are the focus of this work and account for 34% of total PFAS (PFHxSAmS: 1 mM, 

PFHxSAm: 21 mM, and FHxSA: 0.03 mM) in a 2001 3M LightWater™ AFFF.7 We 

experimentally measured the biotransformation of PFHxSAm, PFHxSAmS, and FHxSA in 

aerobic water and sediment slurries representative of the groundwater/surface water interface 

and concurrently monitored changes in the microbial community. Our work provides 
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insights into metabolic pathways that transform C6 sulfonamido precursors in 3M AFFF 

and their environmental fate at AFFF contaminated sites.

Materials and Methods

Biotransformation experiments

Biotransformation microcosms were set up to replicate microbial sorption and 

transformation conditions at the groundwater/surface water boundary. Microcosms were 

constructed using a slurry of discharging groundwater and lake bottom sediment stored at 

4°C prior to use (Figure S1) that was collected from a mesotrophic kettle lake (Ashumet 

Pond, Massachusetts, United States). Ashumet Pond receives PFAS inputs from an 

upgradient former fire-training area at Joint Base Cape Cod (JBCC) and legacy wastewater 

inputs.8,23 Concentrations of targeted PFAS analytes in this study were below method 

detection limits in the source water. Solids consist of primarily sand and gravel and have an 

organic carbon content of <0.1%.23,24

Design of the biotransformation microcosms followed previously published experiments 

with slight modifications.25 For all experiments, triplicate microcosms containing 30 mL 

of water and 10 g sediment were set up in 158-mL septum-capped clear glass serum 

bottles. Abiotic controls, consisting of either autoclaved groundwater and sediment or 

sterile Milli-Q water without sediment, were incubated with the biotic experiments. Sodium 

azide (0.5 g L−1) was added to the control microcosms to ensure abiotic conditions were 

maintained throughout the duration of the experiment.26 Individual stocks of PFHxSAmS, 

PFHxSAm, and FHxSA in methanol (Wellington Laboratories, Guelph, Ontario, Canada) 

were evaporated under a gentle stream of nitrogen to dryness and reconstituted in sterile 

Milli-Q water to avoid enhanced microbial metabolism. The reconstituted stocks were 

spiked into the bottles for an initial concentration between 14 and 95 nanomolar (nM).

The microcosms were incubated in the dark at 19°C or 29°C with shaking (150 rpm). 

Elevated temperatures relative to field conditions were used to accelerate microbial activity 

and the temperature dependence of reactions was assessed based on differences in reaction 

rates observed in the two experiments. Specifically, we calculated the activation energy to 

produce the terminal metabolite (PFHxS). The activation energy represents the minimum 

energy required for a chemical reaction and was assessed using the Arrhenius equation 

(Equation 1) by comparing results for the two experimental setups at 19°C (292 K = T1) and 

29°C (302 K = T2) as follows:

lnk T 1

k T 1
= Ea

R
1
T 2

− 1
T 1

(Equation 1)

where 

Ea

is the activation energy (kJ mol−1) and R is the ideal gas constant (8.3145×10−3 kJ mol−1 

K−1).

Experiments ran for 45 (29°C conditions) or 60 (19°C conditions) days and were sampled 13 

times each. The pH was monitored throughout the experiments and was typically between 
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6.0 and 7.2. At each sampling timepoint, an aliquot of 1.3–2.3 mL was collected using a 3 

mL syringe fitted with a 22G needle. Filtered air was injected after sampling to maintain 

aerobic conditions. Aliquots were centrifuged for 15 min at 13,000 rpm to remove sediment 

particles and cells, and aqueous samples were split for PFAS and nitrate analyses. Samples 

for PFAS determination were stored at −20°C prior to analysis, which was performed within 

a month.

Separate biotransformation microcosms were used to assess shifts in microbial community 

structure over time using 16S rRNA gene sequencing. We used a similar experimental 

design, but repeatedly spiked microcosms incubated at 29°C with PFHxSAm. In addition to 

abiotic controls, live, unamended microcosms were constructed to assess shifts in the 

microbial community in the absence of PFHxSAm to distinguish the treatment effect (the 

response to PFHxSAm) from the bottle effect.27 Replicate microcosms 

(

n = 12
) were initially spiked with 6 nM PFHxSAm reconstituted in Milli-Q water. Microcosms 

were sampled at day 7 and again at day 13. Three replicates were sacrificed for PFAS and 

microbial community analysis at each time point. The remaining microcosms received 

additional spikes of 6 nM PFHxSAm. The experiment was run until day 17 when the last 

replicate microcosms were sacrificed. Microcosms were sacrificed by transferring the 

sediment-water slurry to sterile 50 ml centrifuge tubes and centrifuging as described above. 

The water phase was analyzed for PFAS and the pellets were frozen at −80°C and shipped 

on dry ice to the U.S. Geological Survey (USGS) Reston Microbiology Lab (RML) for 

microbial DNA sequencing.

Targeted PFAS analysis

PFHxSAm and PFHxSAmS were measured by liquid chromatography tandem electrospray 

ionization mass spectrometry (ESI LC-MS/MS) by adding their target ions to a previously 

published analytical method that included PFHxS and FHxSA (Table S1).7 Rapid polarity 

switching was used to combine analysis of the zwitterions in ESI positive mode with 

FHxSA and PFHxS in ESI negative mode into one method. Typical chromatograms of 

PFHxSAm and PFHxSAmS are shown in Figure S2. Isotopically labeled PFHxS was used 

as an internal standard to quantify both precursors because they lack commercially available 

internal standards. Details of the LC-MS/MS method are provided in the SI and measured 

concentrations are reported in Table S2.

High resolution mass spectrometry PFAS analysis

Targeted PFAS analysis by LC-MS/MS is only able to provide a partial view of PFHxS 

production from precursors since measurements are limited to those compounds with 

commercial standards. The Swiss Federal Institute of Aquatic Science and Technology’s 

(EAWAG) Biocatalysis/Biodegradation database was used to identify six plausible 

intermediate compounds along the biotransformation pathway for PFHxS production 

without commercially available standards. The exact masses, parent chemical mass-to-

charge ratios (m/z), and diagnostic fragments (m/z) of the metabolites are listed in Table 

S3.
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To identify if any of the potential intermediates were formed in our experiment, we used 

high-resolution ESI quadrupole time of flight (Q-TOF) mass spectrometry to analyze 

aqueous samples from the experiment run at 29°C, following the methods described in 

the SI. MS spectra were screened for the exact masses listed in Table S3 for an identification 

confidence level of 5 according to Schymanski et al.28 Follow-up analysis collected MS/MS 

data for the tentatively identified compounds to confirm their presence using known 

fragment ions for a confidence level of 2a (Figures S3 and S4).28

Nitrate analysis

Concentrations of nitrate were measured in the bioactive microcosms using ion 

chromatography (IC), as described in the SI and reported in Table S2. Concentrations of 

nitrate could not be determined in the control experiments due to interferences with sodium 

azide, the biological inhibitor.

Microbial community composition

We used Quantitative Sequencing (QSeq) to characterize total microbial community 

composition in the microcosm slurries by estimating the total abundance of all taxa by 

integrating quantitative PCR (qPCR)-based enumeration with sequencing.29–31 The same 

primer pair (515F and 806R) targeting the V4 hypervariable region of the 16S rRNA gene in 

Bacteria and Archaea was used for sequencing and qPCR.32–35 Potential biases in the QSeq 

approach reflect variability in 16S rRNA gene copies among bacteria and PCR amplification 

efficiencies.29 We addressed potential variability in amplification efficiency by using the 

same primer set for both sequencing and qPCR (see SI for details). Variability in 16S 

rRNA gene copies among bacteria reflects limitations of present knowledge of the genomic 

composition of all taxa, and is beyond the scope of this work.36

Genomic DNA (gDNA) was extracted from soil samples using the Qiagen Dneasy 

PowerSoil Kit (Qiagen, Germantown, Maryland, United States). Bacterial 16S rRNA gene 

abundances were determined using qPCR (16S rRNA gene primers 515F and 806R) for the 

live microcosms. gDNA was sent to the Michigan State University Genomics Core Facility 

for Illumina 16S iTag sequencing (San Diego, California, United States) targeting the 16S 

rRNA gene V4 hypervariable region.32–35 Initial quality control, alignment, and taxonomic 

assignment of microbial sequence data were performed using mothur v.1.43.037 and the 

USGS Advanced Research Computing (ARC) Yeti high-performance computing facility. 

Operational taxonomic units (OTUs) were assigned based on a 97% similarity cutoff, with 

taxonomy assigned based on similarity of the Silva nr99 v132 database.38,39 Statistical 

and diversity analyses were performed in R and Prism version 9 (GraphPad Software, 

San Diego, California, United States). Relative abundance data were normalized using the 

QSeq approach,29–31 which incorporates differences in count data across samples (bacterial 

16S rRNA gene copy numbers). This allows sequencing-based abundance of OTUs in the 

microcosms to be presented as total abundance in gene copies per gram of sediment. Raw 

sequences are available under BioProject PRJNA840901 in the NCBI Short Read Archive. 

Total 16S rRNA gene qPCR copy numbers and a biom file of the processed sequence data 

are available in the microbial data release.40 All mothur and R code, as well as additional 

details of the microbial analysis are provided in the SI.
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Model fitting and data analysis

Timeseries concentration data from the biotransformation microcosms were modeled using 

equations based on Michaelis-Menten kinetics for enzyme-mediated reactions.41 Model 

parameters to account for sorption to the glassware/sediment were included.42 Equations 

were fit to data from the triplicate microcosms using Markov-chain Monte Carlo (MCMC) 

analysis to quantify uncertainty (Equations S1 and S2).43 MCMC analysis was performed 

using emcee version 3.1.144 in Python to estimate the expected mean and 90th confidence 

interval (CI) for the rates (Table 1). We temporally extended the experimental data to better 

understand the timescales required for PFHxS formation from precursor biotransformation 

using a four-compartment box model parameterized with the measured rate constants 

(Equations S3–S6, Figure S5). Further details of the data fitting and box-modeling are 

provided in the SI.

Results

Rapid biological sorption of sulfonamido precursors

Large and rapid losses of the major precursors in the 2001 3M AFFF (Figure S6: 

PFHxSAm, PFHxSAmS, and FHxSA) from the aqueous phase were observed immediately 

after spike addition 

(

t = 0
) in both the bioactive and control microcosms, indicating rapid sorption occurred in all 

experiments (Figure 1, Figure S7). Greatest losses were observed in the bioactive slurries, 

followed by the abiotic slurries and DI controls with no sediment.

Significantly greater sorption of precursors in the biologically active experiments compared 

to controls (non-overlapping 90th CI estimates between blue and yellow/green data in Figure 

1 and Figure S7) indicates preferential sorption of PFAS precursors to living cells, which has 

been previously hypothesized for PFAA.46 To quantify rates and magnitudes of sorption 

processes, we fit a model for time-dependent precursor loss from the aqueous phase 

(Equation 2) to the experimental data. Equation 2 includes a first-order term for sorption of 

precursors to living cells 

(

kbio

, days−1) and a first-order term for reversible sorption to the sediment/glassware 

(

kcontrol

, days−1),42 as follows:

dC
dt = kcontrol C − C t = ∞ + kbioC (Equation 2)

The rate constant for sediment/glassware sorption and the equilibrium concentration 

(

C t = ∞
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, nM) was determined from the control experiments (where there is no microbial activity; 

Table 1). We used the derived sediment/glassware sorption rate constants in the model for 

the bioactive experiment to derive the rate of microbial sorption. The expected means of 

sediment/glassware sorption rate constants ranged between −0.1 and −1.6 days−1. For all 

three compounds, the expected means of rate constants for microbial sorption exceeded 

sorption by at least a factor of 2x and ranged between −0.2 to −5.0 days−1 (Table 1). At 

29°C, the first order half-lives of PFHxSAmS and PFHxSAm were less than 0.5 day and 

approximately 5x faster than the biosorption of FHxSA (Table 1).

We used the SPARC physicochemical calculator45 to predict the speciation of PFHxSAmS, 

PFHxSAm, and FHxSA. The predicted pKa of the primary amine in all three precursors 

ranged between 6.2–6.6. The pKa for neutralization (cationic → neutral) of the terminal 

amines was predicted to be greater than 10. This suggests FHxSA was a mixture between 

its anionic and neutral species, while the zwitterions existed as mixtures between the 

zwitterionic and cationic species (Figure 1, microcosm pH range was between 6.0–7.2). 

Cationic functional groups have a greater capacity to associate with the net negatively 

charged phospholipid bilayer on living cells, which could explain larger losses of 

PFHxSAmS and PFHxSAm from the aqueous phase compared to FHxSA in the bioactive 

experiments (Figure 1). The same electrostatic interactions also explain the larger losses 

of PFHxSAmS and PFHxSAm in the control experiments due to sorption to net-negatively 

charged glassware (DI and abiotic controls) and sediment (abiotic control only).24

Formation of terminal PFHxS is likely microbially limited

Biotransformation of all three precursors was indicated by formation of PFHxS, the terminal 

product of microbial biotransformation of C6 sulfonamido precursors (Figure 2). No 

formation of PFHxS was observed in the abiotic or Milli-Q water control microcosms, 

indicating that microbes are responsible for amine oxidation.

Formation of PFHxS appeared to follow zero-order kinetics (Equation 3) for all precursors 

and both experimental temperatures (19°C, 29°C). Specifically:

dC
dt = kPFHxS (Equation 3)

Zero-order kinetics are supported by the experimentally observed formation of PFHxS at 

a constant rate regardless of changes in the concentrations of reactants (precursors). These 

results imply that the formation of PFHxS was not limited by the supply of precursors for 

biotransformation but rather by the microbial reactions catalyzing transformation. Data from 

previously published experimental results showing production of PFHxS, PFOS, and PFOA 

in aerobic soil microcosms from the biotransformation of PFHxSAm and homologous 

tertiary and quaternary amine precursors indicate similar pseudo-zero order kinetics.12,20

Rate constants for PFHxS formation were similar for both of the zwitterionic precursors and 

ranged from 1 to 16 × 10−3 nM day−1. The PFHxS formation rate from FHxSA was an order 

of magnitude faster than that for the zwitterion and ranged between 2 to 9 × 10−2 nM day−1. 

Production of PFHxS from the zwitterions exhibited minimal temperature dependence (90th 
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CI for the reaction activation energy, 

Ea

, overlapping 0 kJ mol−1, Table 1). Production of PFHxS from FHxSA biotransformation 

more than doubled between the two tested temperatures, corresponding to an average 

Ea

of 73 kJ mol−1 (Table 1). Typical 

Ea

values for enzymatic reactions range between 40 and 130 kJ mol−1.41 Thus, despite faster 

microbial sorption of the zwitterions compared to FHxSA, the rate limiting step for PFHxS 

production is the oxidation of the zwitterions to FHxSA rather than oxidation of FHxSA to 

PFHxS. This could explain why minimal accumulation of FHxSA was observed in the 

bioactive experiments (Table S2).

High resolution mass spectrometry (HRMS) data elucidate potential biotransformation 
pathway

A potential biotransformation pathway for the major C6 precursors in 3M AFFF to PFHxS 

included six plausible metabolites without commercially available standards (gray, green, 

and blue structures in Figure 3). We detected two of six proposed metabolites in the aqueous 

phase (perfluorohexane sulfonamido propanoic acid, FHxSA-PrA, and perfluorohexane 

sulfinate, PFHxSi; green structures in Figure 3). The first step of the reaction is microbial 

sorption accompanied by nitrification of the terminal tertiary or quaternary amine (we did 

not detect the secondary or primary amine). The product of this reaction (blue structure 

in Figure 3) could not be monitored because aldehydes require derivatization to stabilize 

them for detection by ESI-based detection methods. The second step of the potential 

transformation scheme is oxidation of the aldehyde followed by N-dealkylation of FHxSA-

PrA to FHxSA, while the third and final step of the reaction is nitrification of FHxSA 

to PFHxSi followed by sulfur oxidization to PFHxS. The reaction pathway includes two 

nitrification steps (red arrows in Figure 3) including the first oxidization of the zwitterions 

and conversion of FHxSA to PFHxSi. The proposed pathway is mainly consistent with the 

mechanism of PFHxSAm transformation shown in a recent study, but we did not detect the 

tertiary oxidimethyl amine (prior to aldehyde formation) or FHxSAA in this work.12

Links between microbial activity and PFHxSAm biotransformation

Shifts in overall microbial community structure over the 17-day aerobic microcosms 

repeatedly spiked with PFHxSAm were similar to the unamended (control) microcosms 

(Figure S10). This is illustrated by the overlap along dimension one of the nonmetric 

multidimensional scaling (NMDS) plot of the Bray-Curtis distances among microbial 

communities, which reflects temporal changes in microbial populations (Figure S9). At the 

phyla-level, control and amended microcosms had similar microbial taxonomic composition 

throughout the experiment (Figures 4a and S10a, see SI for further discussion). The 

similarity in community composition across microcosm treatments, lack of large shifts in 

the microbial composition due to the presence of PFHxSAm (Figure S9), and microbially-

limited zero-order production of PFHxS (Figure 2), indicate that only a small segment of the 

microbial community was responsible for biotransformation. This is not surprising because 
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low (nM) concentrations of added precursors would not support orders of magnitude 

changes in microbial biomass.

We therefore examined taxa that increased in PFHxSAm-amended microcosms during the 

17-day incubation to better understand potential population shifts associated with PFHxSAm 

transformation. Temporal increases in total abundance were observed in 14 microbial 

classes in the PFHxSAm-amended microcosms (Figure 4b) and 27 classes in the control 

microcosms (Figure S10b). Eight of these classes increased in both treatments, resulting 

in six classes that increased only in the PFHxSAm-amended microcosms. These classes 

include Rhodothermia, Rubrobacteria, Nitrospinia, Limnochordia, Marinimicrobia, and 

Thermoanaerobaculia. The six classes that increased in abundance in the precursor-amended 

microcosms were below detection at the start of incubation (except Thermoanaerobaculia) 

and increased to 0.2% by the end of the experiment.

OTUs affiliated with three genera of known nitrifiers were only detected in the 

PFHxSAm-amended microcosms, including Nitrospina,47 Candidatus Nitrosopumilus,48 

and Candidatus Nitrososphaera.49 Nitrospina are nitrite-oxidizing (nitrite → nitrate) 

bacteria in the class Nitrospinia. Candidatus Nitrosopumilus and Candidatus Nitrososphaera 

are autotrophic ammonia oxidizing (amines → nitrite) archaea (AOA) in the class 

Nitrososphaeria. These taxa increased in total abundance from below detection to 8,662 

(Nitrospina), 18,112 (Candidatus Nitrosopumilus), and 3,150 (Candidatus Nitrososphaera) 

genes per g soil, respectively at day 17 (Figure 4c, Table S5). They were always below 

detection in the control microcosms. Five additional nitrifying taxa were detected in both 

control and PFHxSAm-amended microcosms with no significant differences between groups 

over time (paired t-test, p-value > 0.05; see SI for further discussion) (Figure 4c and 

Figure S10c). These data together with the HRMS and rate data indicate a link between 

PFHxSAm biotransformation and biological nitrification performed by a small subset of 

the microbial population. Further work could identify whether this is a direct metabolic 

pathway, a co-metabolic process, or the result of a non-specific enzymatic reaction.

Taxa known to biotransform PFAS compounds were detected in the PFHxSAm-amended 

and control microcosms including members of the Acidimicrobiia,50 Actinobacteria,51 

Gammaproteobacteria,52,53 and Alphaproteobacteria51–53 (Figures 4d and S10d). PFAS-

tolerant taxa were also detected with members of the Gammaproteobacteria,52,53 

Alphaproteobacteria,51–53 and Blastocatellia55 in both treatments. The composition of these 

taxa decreased over time in all microcosms (Table S5).

Discussion

In biotransformation microcosms representative of the groundwater/surface water interface, 

zwitterionic and semi-neutral precursors were rapidly sorbed to living microbial cells where 

they were predominantly sequestered instead of transformed into PFHxS (Figures 1 and 

2). Multiple lines of evidence support a plausible relationship between PFHxS production 

and nitrifying taxa, including two amine oxidation steps in the biotransformation pathway 

(Figure 3), production of PFHxS only in bioactive microcosm (Figure 2), and statistically 

significant increases in nitrifying taxa only in precursor amended microcosms (Table S5).
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Modeling the temporal evolution of PFHxS formation

We developed a four-compartment box model (Equations S3–S6, Figure S5) to better 

understand the timescales associated with precursor biotransformation and production of 

PFHxS (Figure 5a,b). Under aerobic conditions, FHxSA is transformed into PFHxS with 

only one unstable intermediate (PFHxSi: Figure 3), so this is the focus of the modeling. The 

four compartments include aqueous reservoirs for FHxSA and PFHxS, sorbed (sediment and 

glassware) FHxSA (sorption of PFHxS is negligible)23, and biologically associated FHxSA. 

The biologically associated and sorbed PFHxS reservoirs were negligible (see SI Methods 

for more details) and thus not included in the model. The model was parametrized using the 

experimentally measured rates reported in Table 1.

Results indicate that most FHxSA was stored in microbial biomass during the experiments 

(up to 60 days) but only a small fraction of the microbial reservoir was converted to PFHxS 

(Figure 5). Complete (100%) conversion of all the FHxSA to PFHxS was estimated to take 

more than three years (Figure 5c,d). This may be attributed to non-selective sorption of 

precursors to living cells, where only a small component of the microbiome participates 

in nitrification and the rest does not contribute to biological removal of PFHxSAm 

(Figures 1 and 4). Since the microbiome is dominated (93–99%) by non-nitroso/nitrifying 

microbes that cannot perform the necessary reactions to produce PFHxS (Figure 3), non-

selective biosorption sequesters precursors and shields them from undergoing transformation 

reactions. In the environment, precursor transformation would occur over even longer 

timescales due to lower average annual temperatures compared to experimental conditions. 

The microbiome in the field expands and contracts on seasonal timescales. Thus, precursors 

associated with living cells would be re-released during colder wintertime months and 

re-absorbed in warmer months several times before they are ultimately transformed, which is 

consistent with field measurements at the JBCC site in MA, USA.8

Experimental and modeling results agree with field observations

Modeling results that indicate a long lifetime for FHxSA biotransformation are consistent 

with field detections of this precursor downgradient from contaminated source zones and 

surface waters 20–50 years after 3M AFFF was last used.8,17 The relative stability of 

precursors against oxidation into PFAA in soils allows for their transport through the 

vadose zone into groundwater and downstream watersheds.8 Environmental conditions and 

microbial communities vary along the flow path, especially near groundwater/surface water 

boundaries where large gradients in nutrients and redox conditions can be present.4,13,17 

Past work near the field sampling location for the groundwater/sediment slurries used in this 

study showed a distinct seasonality in precursor transport across the groundwater/surface 

water boundary immediately downgradient from a legacy AFFF plume.8 Rapid removal 

(<36 hours) of up to 85% of precursors was observed in field data during the summer 

months but not in the winter months. These field-observations are consistent with the large 

and rapid (<1 day) biosorption of precursors observed experimentally in this study (Figure 

1). We estimated based on modeling that biotransformation of all precursors into PFHxS 

would require more than a year (Figure 5). These results indicate that some of the precursors 

and/or intermediate metabolites associated with the immobile microbiome in the field will 
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be released back into the aqueous phase during winter months when turnover of microbial 

biomass occurs, which is consistent with prior field observations.8

Experimental data from this study indicate zero-order production of PFHxS (Figure 2). Such 

kinetics indicate microbial limitations on biotransformation rather than the availability of 

precursors. Theory based on Michaelis-Menten kinetics41 indicates that zero-order kinetics 

occurs when the substrate is much more abundant than the Michaelis constant (KM) or the 

maximum rate of product formation is much less than the total time of the experiment (poor 

enzymatic efficiency). Typical values for KM (≥ 1 μM)57 are orders of magnitude larger 

than the maximum precursor spike at the beginning of the experiments. This implies PFHxS 

production could only be enzyme-limited if sulfonamido precursors are in competition 

with other reduced nitrogen species for coordination sites. In the bioactive experiments, 

zero-order production of nitrate exceeded what could be potentially released upon complete 

biotransformation of the spiked precursor pool (Figure S11). Future work could identify 

specific enzymes responsible for biotransformation to understand the role of competing 

substrates and reaction efficiency on precursor reaction rates.

In parallel with biotransformation of PFHxSAm, several microbial taxa increased in total 

abundance. These included both the nitrosofying and nitrifying microbes, which could be 

responsible for or assist in precursor biotransformation (Figure 4). All precursors in this 

work, and many of the most abundant precursors in other AFFF products, contain one or 

more amine functional group which must be oxidized to produce terminal PFAA.5,7 Our 

work indicates a role for nitrifying microbes in sulfonamido precursor biotransformation. 

This hypothesis can be tested in future research using enriched and pure cultures of 

nitrifying microbes. By using simplified microbial systems, studies can assess whether 

sulfonamido precursor biotransformations are metabolic processes and identify which 

enzymes are involved. These experiments should also closely monitor ions associated with 

nitrification, including nitrite and ammonia, which were not measured in this study.

This work highlights the importance of the microbiome in controlling both the 

transformation and mobility of precursors at the groundwater/surface water interface. 

Associations between PFAS biotransformation and nitrifying microbes indicates close links 

to nitrogen biogeochemistry. Nitrosofying and nitrifying microbes are found in diverse 

ecosystems and may therefore play an important role in the global fate of sulfonamido 

precursors. Moving forward, many decades of research on these microorganisms and the 

nitrogen cycle could be leveraged to better inform risk assessment and potential remediation 

strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis

This work shows a link between transformation of PFAS precursors in legacy aqueous 

film forming foams into compounds of known health concern and microbially mediated 

nitrogen cycling.
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Figure 1. 
Time-dependent loss of PFAS precursors in a water-sediment slurry incubated at 29°C. 

Means (circles = bioactive; squares = controls) and standard deviation (error bars) of 

measurements 

(

n = 3
per timepoint) are shown as values normalized to the input concentration. Data were 

modeled using Equation 2. Solid lines show modeled values (expected mean), and shaded 

regions represent the 90th percentile (%) confidence intervals (CI). Rates (days−1, expected 

mean and 90th% CI) are shown in text on each panel. The structure of each precursor is 

shown above the panels including species likely to be abundant in the range of experimental 

pH according to their pKa values computed using a physicochemical calculator (SPARC).45
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Figure 2. 
Time-dependent production of PFHxS from precursor biotransformation in experiments with 

a water-sediment slurry. Plots show mean concentrations (circles) and standard deviations 

(error bars) of measurements 

(

n = 3
per timepoint) for experiments conducted at 19°C and 29°C. The second y-axis shows the 

concentration normalized to the input precursor spike. Data was modeled using Equation 3. 

Solid lines show modeled fit (expected mean) and shaded regions denote the 90th% CI. 

Rates (nM day−1, expected mean and 90th% CI) are shown at the top of each panel.
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Figure 3. 
Potential biotransformation pathway of C6 sulfonamido precursors into PFHxS. Black 

structures are those with analytical standards. Gray (undetected), green (detected using 

HRMS), and blue (not detectable using HRMS without derivatization) structures are 

proposed metabolites without analytical standards. Red arrows indicate reaction steps in 

which nitrification occurs.
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Figure 4. 
Composition of microbial communities in PFHxSAm-amended microcosms based on QSeq. 

Panel (a) shows total abundance of operational taxonomic units (OTUs) at the phyla level 

or at class level for Proteobacteria. Panel (b) shows taxa at the class level that increased 

over time in PFHxSAm-amended microcosms (asterisks indicate classes that also increased 

over time in the control microcosms). Heat maps of the total abundance of taxa known 

for their ability to catalyze nitrification reactions (panel c) or biotransform or tolerate PFAS-

compounds (panel d). Values in panels (c-d) were log transformed to visualize taxa with 

low abundance. ‘nd’ indicates not detected. In panel (d), PFAS transforming taxa include 

both bioaccumulating and biodegrading organisms. Data are presented as average genes per 

g sediment for triplicate microcosms; values for each replicate are presented in Table S4 and 

references used to assign putative function for each taxon are presented in Table S5. Results 
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for the control microcosms are shown in Figure S10 and biom file of taxonomic assignment 

of all OTUs can be found at Harris et al.40
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Figure 5. 
Results from 4-compartment box model parameterized using experimentally measured rates 

for timescales of FHxSA biotransformation into PFHxS. Panels (a) and (b) show the mean 

(circles) and standard deviation (error bars) of triplicate microcosms. Lines represent the 

modeled concentrations using the 4-compartment model (solid lines show compartments 

that were directly measured, and dashed lines correspond to model results). We assume the 

biological mass is 0.1% the sediment mass to estimate the biologically associated FHxSA 

concentration.24 Panels (c) and (d) show the temporal evolution of FHxSA and PFHxS in the 

aqueous, sorbed, and biological phases.
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Table 1.

Modeled kinetics of precursor biosorption and PFHxS formation in a water-sediment slurry.
a

PFHxSAmS PFHxSAm FHxSA

kbio

Rate constant
[day−1]

19°C
29°C

−2.7 (−1.2 – −4.2)
−5.0 (−3.7 – −6.4)

−4.9 (−3.4 – −6.4)
−3.7 (−2.4 – −5.0)

−0.2 (−0.04 – −0.4)
−0.7 (−0.2 – −1.4)

Half-life
[day]

19°C
29°C

0.3 (0.2 – 0.6)
0.1 (0.1 – 0.2)

0.1 (0.1 – 0.2)
0.2 (0.1 – 0.3)

3.5 (1.7 – 17)
1.0 (0.5 – 3.5)

kcontrol

Rate constant
[day−1]

19°C
29°C

−0.4 (−0.3 – −0.4)
−1.6 (−1.2 – −2.0)

−1.3 (−0.7 – −2.0)
−1.4 (−0.8 – −2.0)

−0.1 (−0.1 – −0.2)
−0.3 (−0.1 – −0.6)

Half-life
[day]

19°C
29°C

1.7 (1.7 – 2.3)
0.4 (0.3 – 0.6)

0.5 (0.3 – 1.0)
0.5 (0.3 – 0.9)

6.9 (3.5 – 6.9)
2.3 (1.2 – 6.9)

kPFHxS

Rate Constant
[nM day−1]

19°C
29°C

6 (1 – 12) 10−3

9 (3 – 14) 10−3
6 (1 – 11) 10−3

9 (4 – 16) 10−3
3 (2 – 4) 10−2

8 (6 – 9) 10−2

Activation energy
[kJ mol−1]

24 (−63 – 120) 31 (−51 – 120) 73 (49 – 98)

a
Results show the expected mean and the 90th confidence interval in parentheses.
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