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Supplementary Methods 
 
Biotransformation experiments 
 

 
Figure S1. Ashumet Pond field map showing origin of water/sediment slurry. The elevation of 
the groundwater table in meters is denoted by the contour lines. 
 

 
Figure S2. PFHxSAm concentrations in microbial community analysis experiments. Light gray 
lines represent data from individual bottles. Black dots represent the mean and error bars 
represent standard deviation of replicate bottles (n=12 at T0 and decreased by increments of 3 at 
each spiking timepoint as bottles were sacrificed for microbial community analysis).  
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Targeted PFAS analysis  

Aqueous phase samples were analyzed for targeted per- and polyfluoroalkyl substances 

(PFAS) using an Agilent (Santa Clara, California, United States) 6460 triple quadrupole liquid 

chromatograph-tandem mass spectrometer (LC-MS/MS) equipped with an Agilent 1290 Infinity 

Flex Cube online SPE, following a previously published method with slight modifications.1 Prior 

to instrumental injection, 750 µL aqueous sample were combined with 710 µL LCMS-grade 

methanol (Honeywell, Charlotte, North Carolina, United States) and 40 µL of internal standard 

(IS) mixture in methanol (800 ng L-1; Wellington Laboratories, Guelph, Ontario, Canada; Table 

S1). For each sample, 300 µL was loaded onto an Agilent Zorbax SB-Aq (4.6 x 12.5 mm; 5 µm) 

online SPE cartridge with 0.85 mL of 0.1% aqueous formic acid at a flow rate of 1 mL min-1. 

Analytes were eluted from the SPE cartridge and loaded onto an Agilent Poroshell 120 EC-C18 

(3.9 x 50 mm; 2.7 µm) reversed-phase high pressure liquid chromatography (HPLC) column 

using ammonium acetate (2 mM) in methanol and ammonium acetate (2 mM) in Milli-Q water at 

a flow rate of 0.5 mL min-1 and a column temperature of 50°C. Analytes were ionized with an 

electrospray ionization (ESI) source switching between negative and positive ion mode and 

introduced to the tandem mass spectrometer at a temperature of 300°C, gas flow rate of 13 L 

min-1, and nebulizer pressure of 45 psi.  

 Targeted PFAS were quantified using isotopic dilution with 9 to 11-point calibration 

curves between 1-10,000 ng L-1. Calibration curves were prepared with 50:50 Milli-Q 

water:methanol to match the sample and had R2 > 0.99. Calibration quality controls ranging 

between 100 and 10,000 ng L-1 were analyzed every 12 sample injections and were within ±30% 

of the expected value. Branched and linear isomers of perfluorohexane sulfonate (PFHxS) were 

quantified with individual native isomer calibration curves and the isotopically labeled PFHxS 
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standard. Perfluorohexane sulfonamide (FHxSA), perfluorohexane sulfonamido propyl tertiary 

amine (PFHxSAm), and perfluorohexane sulfonamido propyl quaternary amine (PFHxSAmS) do 

not have commercially available isotopically labeled standards and were therefore quantified 

using either the FOSA internal standard (FHxSA) or the PFHxS internal standard (PFHxSAm 

and PFHxSAmS) (Table S1).  

 Limits of detection (LODs) were calculated based on the average concentration at which 

the sample signal-to-noise ratio was three. Method detection limits (MDLs) were 2x the LOD 

accounting for the 1:1 dilution of the sample in methanol prior to instrumental injection (Table 

S2). MDLs were 20 ng L-1 for PFHxS (0.05 nM), 24 ng L-1 for PFHxSAm (0.05 nM), 28 ng L-1 

for FHxSA (0.07 nM), and 60 ng L-1 for PFHxSAmS (0.12 nM). Two Milli-Q water procedural 

blanks were run every six sample injections and were always below MDL. Only data above the 

MDL were used for subsequent modeling and data analyses.  

Table S1. LC-MS/MS method. 

ISTD = internal standard  
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PFHxS Target [13C3] PFHxS 398.9 80.0 58 98.9 34 135 

FHxSA Target [13C8] FOSA 398.0 78.0 40   180 

PFHxSAm Target [13C3] PFHxS 485.3 85.0 30 58.0 35 175 

PFHxSAmS Target [13C3] PFHxS 499.3 73.0 35 60.0 35 170 

[13C3] PFHxS ISTD*  401.9 98.9 38   180 

[13C8] FOSA ISTD*  505.9 78.0 38   95 
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Figure S3. Typical chromatograms for PFHxSAm and PFHxSAmS  
 
Table S2. Measured PFAS concentrations. 
 

See accompanying Excel spreadsheet 
 
 

 

 

High resolution mass spectrometry PFAS analysis 

The suspect screening analysis was performed using a SCIEX ExionLC AC UHPLC 

system coupled to a SCIEX X500R quadrupole time-of-flight tandem mass spectrometer (QTOF 

MS/MS). A Phenomenex Gemini 3um C18 110Å 50x2mm LC analytical column preceded with 

a Phenomenex SecurityGuard cartridge was used for the analyte separation. Another 

Phenomenex Gemini 5um C18 110 Å 50x4.6mm LC analytical column was used to delay the 

PFAS instrumental contribution. The aqueous mobile phase (MPA) was 10mM ammonium 

PFHxSAm

PFHxSAmS
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acetate in water and the organic mobile phase (MPB) was 10mM ammonium acetate in 

methanol. LC parameters were set as follows: flow 0.3mL/min, injection 20uL, column oven 

45°C. Solvent gradient of MPB gradually increased from 40% to 80% (1 to 5.5 min), 80% to 

100% (5.5 to 7 min), held for one minute and finally dropped to 40% (8 to 8.5 min) and held for 

another 6.5 minutes. 

The MS data for the suspect screening analysis were collected using both IDA and 

SWATH acquisitions. ESI operated in negative and positive mode with the following parameters 

was used: curtain Gas at 30 psi, ion source gas 1 at 40 psi, ion source gas 2 at 60 psi, temperature 

450°C. The compounds were tentatively identified using the suspect screening approach, based 

on precursor mass, isotope pattern, retention time, exact mass accuracy (<5ppm), and MS/MS 

fragmentation matching (SCIEX Fluorochemical HR-MS/MS Spectral Library 2.0) (Table S3, 

Figures S3 and S4). Following the conventions from Schymanski et. al.,2 both compounds were 

assigned the confidence level of identification 2a (MS/MS spectral library match). 
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Table S3. LC-MS/MS and qTOF diagnostics for sulfonamido precursors and their metabolites 

Analyte Exact mass 
[Da] 

Identification 
confidence* 

Parent chemical m/z 
(ESI mode) 

Diagnostic 
fragments m/z 

PFHxSAmS 499.0719 1 499 
(positive) 

73 
60 

PFHxSAm 484.0490 1 485 
(positive) 

85 
58 

Secondary amine 470.0334 Not detected   
Primary amine 456.0177 Not detected   

Aldehyde 454.9861 Not detected   
Perfluorohexane 

sulfonamido 
propanoic acid 
(FHxSA-PrA) 

470.9810 2a 469.9736 
(negative) 

397.9543 
168.9864 
77.9656 

Acetic acid 
(FHxSAA) 456.9653 Not detected   

FHxSA 398.9599 1 398 
(negative)  

PFHxSi 383.9490 2a 382.9413 
(negative) 

318.9814 
169.9899 
118.9941 
82.9612 

PFHxS 399.9439 1 399 
(negative) 

99 
80 

*Identification confidence according to the Schymanski scale.2 Level 1 = confirmed structure by 
reference standard. Level 2a = Probable structure by library spectrum match. The diagnostic 
fragments for FHxSA-PrA nad PFHxSi are shown in Figures S4 and S5. 
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Figure S4. MS/MS spectra for perfluorohexane sulfonamido propanoic acid (FHxSA-PrA) 
 

 
Figure S5. MS/MS spectra for perfluorohexane sulfinate (PFHxSi) 
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Nitrate analysis  

Nitrate was measured on a Metrohm (Herisau, Switzerland) 930 Compact IC Flex ion 

chromatography system fitted with a Metrosep A Supp 5 (150/4.0) column. The mobile phase 

was a 3.2 mM sodium bicarbonate and 1 mM sodium carbonate mixture in Milli-Q water at a 

flowrate of 0.7 mL min-1. Samples were quantified using a 7-point calibration curve (R2 > 0.99) 

between 0.05-10 mg L-1 in Milli-Q water. Calibration quality controls were analyzed every 20 

samples and were within ±15% of the expected value. Nitrate was never detected in Milli-Q 

water procedural blanks that were run every 8 sample injections. We report all values above the 

lowest calibration concentration = 0.05 mg L-1 (method reporting level) in Table S2. 

 

Microbial community composition 

DNA Extraction, Quantification, and Amplification. Frozen sediment pellets from the 

microbial analysis microcosms were shipped on dry ice to the USGS Reston Microbiology Lab 

(RML). At RML, genomic DNA (gDNA) was extracted from soil samples using the Qiagen 

DNeasy PowerSoil Kit (Qiagen, Germantown, Maryland, United States) according to the 

manufacturer’s protocol. The gDNA was quantified with a Quant-iT™ double-stranded DNA 

(dsDNA) High Sensitivity assay kit (Life Technologies, Carlsbad, California, United States). 

Bacterial 16S rRNA gene abundances were determined using quantitative PCR (qPCR) for the 

live microcosms. Each 20 µL reaction contained 10 µL of KiCqStart® SYBR® Green qPCR 

ReadyMix™ with Rox (Sigma), 0.5 µM of each forward and reverse primer, and 2 µL of DNA 

extract diluted to 1.0 ng µL-1. The primers 515f (5’-GTGCCAGCMGCCGCGGTAA-3’) and 

806r (5’-GGACTACHVGGGTWTCTAAT-3’), targeting the V4 region of the bacterial 16S 

rRNA gene of Bacteria and Archaea,3–6 were used for amplification. Triplicate qPCR reactions 
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for each sample were run on a StepOne™ Real-Time PCR System (Applied Biosystems, 

Waltham, Massachusetts, United States) according to the following thermocycling conditions: 

heat inactivation at 95°C for 10 s, followed by 40 cycles of 95°C for 15 s (denaturation), 55°C 

for 15 s (annealing), and 72°C for 10 s (extension and acquisition), followed by a melt curve step 

comprising of 95°C for 15 seconds, 60°C for 1 minute, and 95°C for 15 seconds. A standard 

curve was constructed by serially diluting plasmid DNA containing the cloned 16S rRNA gene 

from E. coli. A 10-fold dilution series was generated, consisting of standards that were 100 to 104 

gene copy numbers per μL of solution. A second, spiked standard curve with microcosm and 

plasmid DNA was used to account for sample-specific inhibition according to Hargreaves et al. 

2013.7 Standard curves had r2 values > 0.99 and efficiency values of 95 and 100% for the normal 

and spiked standards. 

Illumina 16S rRNA gene sequencing. gDNA extracts were sent to Michigan State 

University’s Research Technology Support Facility (RTSF, East Lansing, MI, United States) for 

Illumina 16S iTag sequencing (Illumina, Inc., San Diego, CA, United States). Amplicon libraries 

of the V4 hypervariable region of the 16S rRNA gene of Bacteria and Archaea were prepared 

using dual indexed, Illumina compatible primers 515f and 806r3–6 following the protocol 

developed by the Patrick Schloss lab.8 Following PCR, all products were batch normalized using 

Invitrogen SequalPrep DNA Normalization (Invitrogen, Carlsbad, CA, United States) plates, and 

products were recovered from the plate pooled. The pool was quality controlled and quantified 

using a combination of Qubit dsDNA HS, Agilent 4200 TapeStation HS DNA1000 and 

Invitrogen Collibri Library Quantification qPCR assays. This pool was loaded onto an Illumina 

MiSeq Standard v2 flow cell, and sequencing was performed in a 2 × 250 bp paired-end format 

using a 500-cycle v2 reagent cartridge. Custom sequencing primers were added to appropriate 
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wells of the reagent cartridge as described in Kozich et al.8 Base calling was done by Illumina 

Real-Time Analysis (RTA) v1.18.54, and output of RTA was demultiplexed and converted to 

FastQ format with Illumina Bcl2fastq v2.20.0.  

Sequence Processing and Analysis. Initial quality control, alignment, and taxonomic 

assignment of microbial sequence data were performed using mothur v.1.43.09 according to the 

mothur MiSeq standard operating procedure8 and using 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 the Silva nr99 v132 database.10,11 Sequencing yielded an average of 237,656 ± 44,121 

reads and 6,288 ± 745 OTUs over the 24 live microcosm samples (Table S4). The killed controls 

had an average of 14,151 ± 6,375 reads and 345 ± 90 OTUs indicating that autoclaving and 

addition of azide successfully inhibited microbial activity (Supplementary Methods Table 1).  

Supplementary Methods Table 1. Phylogenetic affiliation of the 16S rRNA gene sequences 
from the killed control microcosms that was collected at day 0 and 17. 
 

See accompanying Excel spreadsheet 
 

Statistical and diversity analyses were performed in R using the vegan version 2.5.6,12 

and phyloseq v. 1.26.113 packages. Alpha diversity statistics were calculated without rarefaction 

or singleton removal and prior to normalization. Coverage ranged from 0.98 to 1.00 indicating 

that the microbial community was well sampled (Supplementary Methods Table 2). The 

phylogenetic affiliation of OTUs were converted to percent (%) relative abundance. The 

Quantitative Sequencing (QSeq) approach 14–16 was used to normalize relative abundance data 

with bacterial 16S rRNA gene copy numbers to incorporate differences in count data across 

samples. In R and using code adapted from (https://benjjneb.github.io/dada2/tutorial.html), 

relative abundance data were multiplied by total 16S rRNA gene copy numbers for each sample 



 S12 

to calculate the estimated total abundance of microbial taxa. This generated a new phyloseq 

object that was used to create a Bray Curtis distance matrix which was created using the 

‘ordinate’ function within phyloseq. Non-metric multidimensional scaling (NMDS) constrained 

to 2 axes was performed on this distance matrix, with a minimum of 1,000 replicates performed 

using the ‘plot_ordination’ function in the phyloseq package.  

Supplementary Methods Table 2. Characteristics of the microbial community in unamended 
and PFHxSAm-amended microcosms including a summary of sequencing, diversity statistics, 
and 16S rRNA gene copy numbers. 
 

See accompanying Excel spreadsheet 
 

Following QSeq normalization, microbial taxonomic data were plotted using Prism 

version 9 (GraphPad Software, San Diego, CA). A literature review was conducted to identify 

taxa with known dechlorinating bacteria, PFAS-tolerance or biotransforming ability, and 

ammonia oxidizers. Those taxa were then identified in the QSeq normalized biom file with all 

the OTUs. The total abundance of these taxa was calculated for each microcosm, averaged per 

treatment then imported into Prism version 9 (GraphPad Software, San Diego, California, United 

States). Values were transformed via the standard function Y = log(Y) to allow for low 

abundance taxa to be visible in graphical outputs. The transformed data were graphed into a 

heatmap using Prism version 9. 

mothur code 
#Mothur version 1.43.0 run on 10/12/2021 by Cassandra Harris, USGS using 
the USGS Advanced Research Computing (ARC) Yeti high-performance computing 
facility. 
  
set.dir(tempdefault=/home/crharris/Lara_Mothur) 
make.contigs(file=LaraPFAS.files.txt, processors=40)  
summary.seqs() 
screen.seqs(fasta=current, group=current, maxambig=1, optimize=start-end-
minlength-maxlength, criteria=90, maxhomop=8) 
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summary.seqs() 
unique.seqs(fasta=current) 
count.seqs(name=current, group=current) 
summary.seqs(count=current) 
align.seqs(fasta=current, 
reference=/home/crharris/Silva_Files_Cass/silva.nr_v138.align, flip=T) 
summary.seqs(count=current) 
screen.seqs(fasta=current, count=current, optimize=start-end-minlength-
maxlength, criteria=95) 
summary.seqs(count=current) 
filter.seqs(fasta=current, vertical=T, trump=.) 
summary.seqs(count=current) 
unique.seqs(fasta=current, count=current) 
pre.cluster(fasta=current, count=current, diffs=3) 
summary.seqs(count=current) 
chimera.vsearch(fasta=current, count=current, dereplicate=t) 
remove.seqs(fasta=current, accnos=current) 
summary.seqs(count=current) 
classify.seqs(fasta=current, count=current, 
reference=/home/crharris/Silva_Files_Cass/silva.nr_v138.align, 
taxonomy=/home/crharris/Silva_Files_Cass/silva.nr_v138.tax, cutoff=80, 
probs=F) 
remove.lineage(fasta=current, count=current, 
taxonomy=current,taxon=Chloroplast-Mitochondria-unknown-Eukaryota) 
summary.seqs(count=current) 
cluster.split(fasta=current, count=current, taxonomy=current, 
splitmethod=classify, taxlevel=5, cutoff=0.03) 
make.shared(list=current, count=current, label=0.03) 
classify.otu(list=current, count=current, taxonomy=current, label=0.03) 
make.biom(shared=current, constaxonomy=current) 
count.groups(shared=current) 
collect.single(shared=current, calc=chao-invsimpson, freq=100) 
summary.single(shared=current, calc=nseqs-coverage-sobs-invsimpson) 
tree.shared(shared=current,calc=jclass-braycurtis) 
 

R analysis code 

### QSeq normalization and construction of NMDS plot 
library(phyloseq) 
library(ggplot2) 
library(Biostrings) 
library(vegan) 
theme_set(theme_bw()) 
setwd("~/Documents/1-Projects/2-Lara_PFAS") 
### Upload your metadata file 
### For the cells without a qPCR value, leave them blank 
Meta.data <- read.csv("Lara_metadata_qPCR.csv") 
Meta.df <- data.frame(Meta.data) 
row.names(Meta.df) #<-Sample_ID 
View(Meta.df) 
Metadata.df <- sample_data(data.frame(Treatment = Meta.df["Treatment"],  
                                                     Treatment = Meta.df["Treatment"],  
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                                                     Sample_Type = Meta.df["Sample_Type"],  
                                                     qPCR = Meta.df["qPCR"], 
                                                     Time_Point = Meta.df["Time_Point"],  
                                                     PFAS_Additions = Meta.df["PFAS_Additions"],  
                                                     Library_Name = Meta.df["Library_Name"], 
                                                     Subset1 = Meta.df["Subset1"], 
                                                     Bottle = Meta.df["Bottle"], 
                                                     Subset2 = Meta.df["Subset2"])) 
View(Metadata.df) 
### Setting the row names since my original rownames were changed to sa## and not my sample 
names 
rownames(Metadata.df) <- 
c("225","226","227","228","229","230","231","232","233","234","235","236","237","238","239
","240","241","242","243","244","245","246","247","248","249","250","251","252","253","254"
,"Neg1","Neg2","RTSF_NTC") 
View(Metadata.df) 
otu.table.L <- as.data.frame(as.matrix(read.csv("LaraPFAS_BiomTable_Fresh.csv", header = 
TRUE, row.names = 1))) 
View(otu.table.L) 
### Setting my column names because my original column names were changed to have an X in 
front of the sample name and not my column names 
colnames(otu.table.L) <- 
c("225","226","227","228","229","230","231","232","233","234","235","236","237","238","239
","240","241","242","243","244","245","246","247","248","249","250","251","252","253","254"
,"Neg1","Neg2","RTSF_NTC") 
View(otu.table.L) 
### Changing the orientation of the OTU table so that it matches the metadata with samples 
names as the rows 
otu.table.L.flipped <- t(otu.table.L) 
View(otu.table.L.flipped) 
### Adding Taxa 
Taxa2 <- import_mothur(mothur_constaxonomy_file 
="LaraPFAS.files.trim.contigs.good.unique.good.filter.unique.precluster.pick.pick.opti_mcc.0.03
.cons.taxonomy") 
### Created a phyloseq object 
ps <- phyloseq(otu_table(otu.table.L.flipped, taxa_are_rows = FALSE), 
sample_data(Metadata.df), tax_table(Taxa2)) 
### We used this command to turn our OTU table into a relative abundance table 
rel.abund <- transform_sample_counts(ps, function(OTU)((OTU/sum(OTU)))) 
### Now we're going to normalize using the qPCR genes per g of sediment 
orf.ra <- as.data.frame(as.matrix(otu_table(rel.abund))) 
View(orf.ra) 
qpcr.data <- as.matrix(Metadata.df$qPCR) 
View(qpcr.data) 
orf.normalized <- orf.ra*qpcr.data ### New OTU table 
View(orf.normalized) 
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### Flipping because Excel does NOT like this orientation 
orf.normalized.flipped <- t(orf.normalized) 
View(orf.normalized.flipped) 
write.csv(orf.normalized.flipped, "LaraPFAS_qPCR_OTU_Table_New.csv") 
### Created a new phyloseq object 
ps.norm <- phyloseq(otu_table(orf.normalized, taxa_are_rows = FALSE), 
sample_data(Metadata.df), tax_table(Taxa2)) 
### From here on out, I should be able to use ps.norm as my normal phyloseq object 
### Removing the negatives and the killed control from the NMDS because they skew the 
figures  
subset_qLaraPFAS <- subset_samples(ps.norm, Subset1=="no") 
sample_data(subset_qLaraPFAS) 
subset_qLaraPFAS.ord <- ordinate(subset_qLaraPFAS, "NMDS", "bray") 
p51<- plot_ordination(subset_qLaraPFAS,  
                     subset_qLaraPFAS.ord,  
                     type = "samples", color = "Treatment", shape = "Sample_Type", 
                     title = "taxa") 
p51 + geom_point(size=5) +  
  ggtitle("Lara PFAS Sample Treatments") +  
  scale_color_manual(values = c("#332288", "#D16103", "#44AA99", "#332288", "#D16103", 
"#44AA99", "#CC6677")) + stat_ellipse()  
### Creating a diversity table 
estimate_richness(subset_qLaraPFAS, split = TRUE, measures = NULL) 
 
 

Model fitting and data analysis 

Solving rate equations. The kinetic rates (k) in Equations 1 and 2 were fit to the measured 

data (X) using Markov chain Monte Carlo (MCMC) analysis (Equation S1): 

𝑃(𝑘|𝑋) ∝ 𝑃(𝑋|𝑘) × 𝑃(𝑘) (Equation S1) 

Where P(k|X) is the posterior probability distribution of the data-optimized kinetic rates, P(X|k) 

is the likelihood equation, and P(k) is the prior. For each rate (k), we implemented normal priors 

parameterized by the mean and standard deviation of a non-linear least squares fitting of the 

experimental data implemented in scipy version 1.7.3.17 The likelihood was the squared error 

between the measurements and the modeled concentration shown in Equation S2: 

𝑃(𝑋|𝐾) = +𝑋 − 𝑓(𝑘).! (Equation S2) 
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Where f(k) is either Equation 1 (1st order loss of precursor spike) or Equation 2 (0th order 

production of PFHxS), depending on the data being modeled. 

 MCMC analysis was performed using emcee version 3.1.1 with four independently 

seeded walkers that update their sampling location according to the differential evolution 

Snooker algorithm. The analyses were run until the MCMC error was 2500-0.5. We present 

results for the expected mean and 90th confidence interval throughout the manuscript. The code 

is available for use at https://github.com/SunderlandLab/pfas-precursor-biotransformation.  

Box model. Zero and first order reactions compose the four box model (Equations S3-S6) 

and is shown graphically in Figure S6.  

"#!"

"$
= k!M%&'( + k()&M()& − k*c+, − k()&M+,   (Equation S3) 

"##$%&
"$

= k*M+, − k!M%&'(  (Equation S4) 

"#&'$
"$

= k()&M+, − k()&M()& − k-./01   (Equation S5) 

"#()*+,
"$

= k-./01   (Equation S6) 

Where Mx is the mass in nmoles of PFAS is reservoir x (where x is either aqueous, bio, or sorbed 

FHxSA or PFHxS), k1 and k2 (day-1) are the forward and backwards rate constants matching 

kcontrol (Table 1; see https://github.com/SunderlandLab/pfas-precursor-biotransformation for 

more details), kbio (day-1) is the rate of precursor microbial association (Table 1), and kPFHxS 

(nmol day-1) is rate of PFHxS production (Table 1). The model is initiated by setting Maq(t=0) 

equal to the initial mass of the precursor spike at the start of incubation.  
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Figure S6. Schematic of four box model. The box model is used to generate results shown in 
Figure 5. 
 

The sorbed (sediment/glassware) and biological reservoirs of PFHxS were neglected 

because they are not substantial reservoirs in our experimental setup. The PFHxS mass balance is 

shown in Supplementary Methods Equation 1:   

𝑀232 = 𝑀45 +𝑀6378 +𝑀893  (Supplementary Equation 1) 

 Where M is the mass of PFHxS is various reservoirs. Substituting partitioning coefficient (Kd 

for sediment/water and Koc for microbial/water) into equation Supplementary Methods Equation 

1 results in Supplementary Methods Equation 2: 

𝑀232 = 𝑐45(𝑉 + 𝑘:𝑀6;: + 𝐾3<𝑀893)	  (Supplementary Methods Equation 2) 
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Where caq is the aqueous phase concentration of PFHxS, V is the water volume (35 mL), Msed is 

the sediment mass (10 g), and Mbio is the microbial mass. The term for the sorbed reservoir can 

be neglected because logKd of PFHxS < -1.5 to Cape Cod sediment.18 Using the range of logKoc 

reported in the literature (0.66 – 2.0),18 Mbio would have to be 0.35–7.6 g for the biological 

reservoir to be greater than the aqueous reservoir. The biomass to sediment ratio in the 

microcosms would therefore have to be approximately 1:10 – 1:1. Although the mass of biomass 

was not directly measured, we assume that such large ratios are not likely because the fraction of 

organic carbon on Cape Cod sediment is <0.1% by weight.18,19 

 

Supplementary Results 

Rapid biological sorption of sulfonamido precursors 

 
Figure S7. Comparison of C6 PFAS concentrations in a 2001 3M LightWater AFFF. 
Concentrations are presented in mM as fluorine. The concentration of extractable organofluorine 
(black bar; total PFAS proxy) and PFHxS (blue) are presented in Ruyle et al. 2021a.1  
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Figure S8. Time-dependent loss of precursors in water-sediment slurry at 19°C. The mean (dots) 
and standard deviation (error bars) of measurements (n = 3 per timepoint) were normalized to the 
input concentration. Data were modeled according to Equation 1 (shown above the plots) using 
MCMC. Lines represent the expected mean and shaded regions represent the 90th confidence 
interval. The expected mean and 90th confidence interval for the rates (in units [days-1]) are 
shown for each precursor (negative sign indicates a loss process).  
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Links between microbial activity and PFHxSAm biotransformation  

 
Figure S9. Nonmetric multidimensional scaling (NMDS) plot of Bray-Curtis distances among 
microbial communities in bioactive PFHxSAm-amended and unamended (control) microcosms 
over time. Data were QSeq normalized prior to calculating sample dissimilarity. Samples from 
PFHxSAm-amended microcosms are indicated by open circles and unamended microcosms by 
triangles with sampling timepoint indicated by color.  
 

Operational taxonomic units (OTUs) were dominated by several phyla in both the 

PFHxSAm-amended and control microcosms including Gammaproteobacteria (44-49%), 

Bacteroidota (28-30%), and Acidobacteria (domain Bacteria,13-26%). Members of the domain 

Archaea were detected in all PFHxSAm-amended and control microcosms and ranged from 2.50 

x 105 to 2.58 x 106 gene copies per g sediment. Shifts in the microbial community composition 

over time were assessed using nonmetric multidimensional scaling (NMDS) of the Bray-Curtis 

distances among OTUs (Figure S9). Dimension one reflected temporal changes (shifting to the 

right in time) and dimension two reflected variability among replicate microcosms. Shifts along 

dimension one corresponded to statistically significant decreases (test, p<0.05, score) in the 

number of OTUs and Chao1 richness (Supplementary Methods Table 2, Figure S9). Overlap 
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along dimension one in microcosms that did/did not receive PFHxSAm additions at each 

timepoint was observed (Figure S9). Inverse Simpson’s and the Shannon Diversity indices were 

also similar between the unamended and PFHxSAm-amended microcosms at each timepoint 

(Supplementary Methods Table 2, Figure S9). Together these data indicate that changes in the 

microbial community due to the bottle effect outweighed those due to the presence of 

PFHxSAm. Although total bacteria 16S rRNA genes decreased over time in the PFHxSAm-

amended microcosms at T3, total copy numbers were higher compared to the unamended 

microcosms. This indicates that PFHxSAm might be supporting microbial growth over 

background levels of substrates in the source sediment.  

At all timepoints, members of the Polyangia genus (family Polyangiaceae) were 

dominant taxa making up a similar proportion of the community over time (Figure 4a, Figure 

S10a). Members of the Polyangiaceae are known to degrade complex bio-macromolecules, but 

little is known about the mechanisms of degradation. The potential for these organisms to 

contribute to the degradation of PFAS compounds is unknown. 

Nitrifiers found throughout the incubations for both PFHxSAm-amended and control 

treatments included OTUs affiliated with autotrophic ammonia oxidizing (amines à nitrite) 

archaea (AOA) and bacteria (AOB) in the classes Nitrososphaeria (Candidatus Nitrosopumilus,20 

Candidatus Nitrososphaera,21 and Candidatus Nitrosotalea22) and Gammaproteobacteria 

(Nitrosomonas and Nitrosospira23), respectively. The nitrite-oxidizing (nitrite à nitrate) bacteria 

detected were members of the Alphaproteobacteria (Nitrobacter23), Nitrospinia (Nitrospina24), 

and Nitrospiria (Nitrospira24,25) classes. Three additional nitrifying taxa increased in total 

abundance from 0 to 17 days in both the PFHxSAm-amended and control microcosms: 

Nitrospira, Nitrosospira, and Nitrosomonas. There were no significant differences in their total 
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abundance at the end of the incubation between treatments (paired t-test, p-value > 0.05). The 

largest increase in abundance over the experiment was seen for the nitrite oxidizer Nitrospira 

(phylum Nitrospirota) which increased from an average of 3.82 x 105 (± 1.03 x 105) at day 0 to 

3.94 x 106 (± 2.71 x 106) genes per g sediment at day 17 in PFHxSAm and control microcosms 

(Table S5). The increase over time of Nitrospira, Nitrosospira, and Nitrosomonas in both the 

control and amended treatments indicates that their presence was not linked to degradation of 

PFHxSAm but was likely supported by ammonia in groundwater at the field site.26  

Nitrobacter were also observed in the precursor-amended and control microcosms, but 

members of this genus were found to decrease from days 0 to 17 in the amended microcosms and 

detected transiently in the control bottles (Figure 4c and S10c). The other AOA detected, 

Candidatus Nitrosotalea, also was observed in both treatments and decreased in total abundance 

from 0 to 17 days.  
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Figure S10. Composition of microbial communities in the unamended control microcosms using 
QSeq. (A) Total abundance of OTUs over time at the phyla level or class level for 
Proteobacteria. (B) Taxa at the class level that increased over time in the control microcosms 
(asterisks indicate classes that also increased over time in the PFHxSAm-amended microcosms). 
(C, D) Heat maps showing the total abundance of taxa known for their ability to (c) catalyze 
nitrification reactions and (D) biotransform or tolerate PFAS-compounds. Values in panels C and 
D were log transformed to allow visualization of low abundance taxa and ‘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. “Uncl.” refers to unclassified taxa. 
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Table S4. Phylogenetic affiliation of the 16S rRNA gene sequences from the PFHxSAm and 
unamended microcosms at day 0, 6, 12, and 17 sediment. 
 

See accompanying Excel spreadsheet 
 
Table S5. Total abundance of known nitrifying, PFAS-related, and dechlorinating taxa.  
 

See accompanying Excel spreadsheet 
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Supplementary Discussion 

Experimental and modeling results agree with field observations 

 
Figure S11. Concentration of nitrate in bioactive experiments. Dots represent the mean and error 
bars represent the standard deviation from three replicate bottles. Dashed lines connect the 
temporal data. Panel a shows data from the experiment conducted at 29°C corresponding to 
PFAS data presented in Figure 1. Panel b shows data from the experiment conducted at 19°C 
corresponding to PFAS data presented in Figure S8.   
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Any use of trade, firm, or product names is for descriptive purposes only and does not imply 
endorsement by the U.S. Government. 
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