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ABSTRACT: 6:2 Fluorotelomer sulfonic acid (6:2 FTSA) is a
dominant per- and poly-fluoroalkyl substance (PFAS) in aqueous
film-forming foam (AFFF)-impacted soil. While its biotransformation
mechanisms have been studied, the complex effects from plants,
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6:2 FTSA are poorly understood. This study systematically investigated “gg‘ > No biotransformation
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under sulfur-limited conditions. Spiking RHAI not only enhanced the
biotransformation of 6:2 FTSA in soil but also promoted plant growth.
Soil microbiome analysis uncovered Rhodococcus as one of the dominant species in all RHA1-spiked soil. Different nutrients such as
sulfur and carbon, bioaugmentation, and amendment of 6:2 FTSA caused significant changes in - microbial community structure.
This study revealed the synergistic effects of phytoremediation and bioaugmentation on 6:2 FTSA removal. and highlighted that the
fate of 6:2 FTSA was highly influced by the complex interactions of plants, nutrients, and soil microbiome.
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1. INTRODUCTION

6:2 Fluorotelomer sulfonic acid (6:2 FTSA), which has been
directly used in chromium plating industries to reduce the mist
formation and a processing aid in emulsion polymerization of
fluoropolymers,' 1s a key ingredient in aqueous film-forming
foams (AFFFs).”® Applications of AFFFs in firefighting and
training have been considered as a significant source of per- and

effectiveness of phytoremediation toward 6:2 FTSA is not fully
explored for PFAS-contaminated soil. The knowledge of PFAS
uptake and accumulation, phytotoxicity, and tolerance to PFAS
by plants is growing but remains limited. The removal of
perfluoroalkyl substances, i.e., perfluorobutanoic acid (PFBA),
perfluorobutanesulfonic acid (PFBS), perfluorohexanoic acid
(PFHxA), perfluorohexanesulfonic acid (PFHxS),PFOS, and

poly- ﬂuoroalkyl substances (PFAS) in the environmental
matrix.> "¢ Not surprisingly, high concentrations of 6:2 FTSA
were usually detected in the AFFF-impacted soil due to the
direct release from AFFF or the transformation of 6:2 FTSA
precursors.” More than 2 mg/kg of 6:2 FTSA was detected in
soil samples collected from Holloman Air Force Base, New
Mexico.® In some cases, the concentration of 6:2 FTSA is even
higher than those long-chain perfluoroalkyl substances. For
example, the concentrations of 6:2 FTSA in soil samples
collected from the monitor well (MWO01005) of Patrick Air
Force Base, Florida was 0.778 mg/kg, which is higher than the
concentration of perfluorooctanoic acid (PFOA)(0.003 m§/ kg)
and perfluorooctanesulfonic acid (PFOS)(0.578 mg/kg).
Many physical and chemical techniques such as UV
irradiation,"’ electrochemical oxidation,"' and advance oxida-
tion'” have been developed to remove 6:2 FTSA. However, the
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PFOA, by different plant species has been intensively
studied.”*"” The uptake of different perfluoroalkyl substance
precursors (i.e, N-ethyl perfluorooctane sulfonamide (EtFO-
SA), fluorotelomer alcohol (FTOH) polyfluoroalkyl phosphate
diesters (PAPs), and perfluoroalkyl phosphinic acids (PFPiAs)/
phosphonic acids (PFPAs)) has also been reported.”’™>’
However, knowledge of the uptake of long-chain PFAS

alternatives (i.e, 6:2 FTSA) is relatively limited. Arabidopsis
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thaliana was chosen as the model plant in this study due to its
relatively short life cycle and well-studied genetic traits.
Although a high bioconcentration factor (BCF) and trans-
location factor (TF) of PFOA and its alternative, GenX, were
reported,” the removal efficiency ofA. thalianatoward 6:2 FTSA
is still poorly understood.

Microbial-assisted phytoremediation (i.e., bioaugmenting
contaminant degraders during phytoremediation) has been
shown to promote plant health, improve biodegradation, and
thus enhance overall phytoremediation efficiency.”*™>” Our
previous study showed that Rhodococcus jostiiRHA1 (designated
as RHAL hereafter) can express alkanesulfonate monooxygenase
to desulfonate 6:2 FTSA and many defluorinating enzymes such
as alkane monooxygenase, haloacid dehalogenase, and cyto-
chrome P450 to defluorinate 6:2 FTSA.*® Furthermore,
approximately 99% of 6:2 FTSA was biotransformed by 1-
butanol- and ethanol-grown RHAI cultures under S-free
conditions within 64 hours. The formation of four major
metabolites, namely, 6:2 fluorotelomer carboxylic acid (6:2
FTCA), 6:2 fluorotelomer unsaturated carboxylic acid (6:2
FTUCA), a-hydroxy-S:3 saturated fluorotelomer carboxylate
(a-OH §:3 FTCA), and perfluoroheptanoic acid (PFHpA),
were confirmed, and one metabolite, 6:2 fluorotelomer
unsaturated sulfonic acid (6:2 FTUSA), was tentatively
detected. While the toxicity of all metabolites of 6:2 FTSA
compared to its parent compound (i, 6:2 FTSA) is not
unclear, the biotransformation activity of 6:2 FTSA by RHAIL
has suggested itself as a promising bioaugmenting agent for
phytoremediation of 6:2 FTSA-contaminated soil.

While 6:2 FTSA biotransformation in different environmental
media and by pure cultures has been reported,” ™" little is
known about the fate and transformation of 6:2 FTSA in the
plant—soil environment under different nutrient conditions,
particularly the sulfur availability. Sulfur is a key nutrient for
plant growth and soil microbes, and biotransformation of 6:2
FTSA was observed only under sulfur-limited conditions.”**"
Mostly, little is known about the potential of microbial-assisted
phytoremediation for 6:2 FTSA-contaminated soil. To fill these
knowledge gaps, the objective of this study is to investigate the
fate and biotransformation of 6:2 FTSA under the influence of
plants, nutrient availability (specifically sulfur), bioaugmenta-
tion, and soil microbiome. Specifically, an environment-related
concentration of 6:2 FTSA (1.5 mg/ kg)7’8 was used to assess the
growth of A. thaliana seedlings and their uptake of 6:2 FTSA.
RHAIL, the known 6:2 FTSA degrader, and 1-butanol, the
carbon source for RHA1 and inducer for defluorinating alkane
monooxygenase and butane monooxygenase, were used to
assess the feasibility of bioaugmentation for 6:2 FTSA
biotransformation in the soil. Biotransformation of 6:2 FTSA
in soil and plants was determined. In addition, the bulk soil and
rhizosphere soil microbial communities with different treat-
ments were characterized to determine the role of soil microbes
associated with 6:2 FTSA biotransformation.

2. MATERIALS AND METHODS

2.1. Chemicals, Soil, Bacterial Strains, and Plants.
Information on the chemicals used in this study is available in the
Supporting Information. Sandy soil was prepared by mixing 95%
of sand (Pavestone, USA) and 5% of perlite (Scotts Miracle-
Gro, USA). The pH, conductivity, and major nutrients,
including sulfate concentration (11 mg/kg), of the sandy soil
are listed in Table S1. To create sulfur-limited (S-limited) or
sulfur-rich (S-rich) conditions, S-free or S-rich Hoagland

solution'> was added into the sandy soil, respectively. The
components of S-free and S-rich Hoagland solutions are
available in the Supporting Information. To minimize the
sorption of 6:2 FTSA, 15 mL and 50 mL polypropylene tubes
were used as pots and reservoirs, respectively. See the
Supporting Information and Figure S1 for details.

A. thalianaecotype Col-0 was chosen as the model plant in this
study. The procedures of seed surface sterilization and growth
conditions were followed as described previously'” (see details
in the Supporting Information). R. jostiiRHA1 is capable of using
6:2 FTSA as a sole S-source” and thus was selected as a model
bioaugmenting agent. RHA1 was precultured in R2A medium at
30 °C at 150 rpm on a shaker (KS 260 basic, IKA, USA) to reach
an optical density (ODgq) of 1 for experimental use. The plant-
promoting ability of RHA1 was assessed using an amino-
cyclopropane-1-carboxylic acid (ACC) deaminase activity
assay " and indole-3-acetic acid (IAA) production assay’” (see
the Supporting Information).

2.2. Soil Treatments with 6:2 FTSA, RHA1, 1-Butanol,
and/or Plants. 6:2 FTSA stock solution (1 g/L) was spiked
into the soil to make the final concentration 1.5 mg/kg. Clean
sandy soils without 6:2 FTSA were used as controls. To
investigate the effects of bioaugmentation on the 6:2 FTSA
biotransformation, 150 yL of R2A-pregrown RHA1 culture was
applied to the soil. To understand the effects of the inducer of
defluorinating enzymes, another parallel set was spiked with
RHALI culture (150 uL) and of I-butanol (15 mg).28 To
understand the effects of plants on 6:2 FTSA biodegradation,
one surface-sterilized seed was placed on each of the treatments
(see details in Table S2). Each treatment was conducted in
triplicate. After 25 days of incubation, the plant biomass (roots
and shoots) and root length were measured.'” The plant
tolerance index (TI) to the different treatments was calculated.
See details in the Supporting Information.

2.3. Analysis of 6:2 FTSA and Its Transformation
Metabolites. Extraction of 6:2 FTSA and its transformation
products from plant and soil is described in the Supporting
Information. The extract was analyzed as described previously.*®
Briefly, the extract (10 uL) was injected into an ultrahigh-
performance liquid chromatography (HPLC) (Vanquish,
Thermo Scientific, USA)/triple-quadrupole mass spectrometer
(Altis, Thermo Scientific, Waltham, MA, USA). The analytes
were separated by a Hypersil Gold column (3 mm X 50 mm, S
um) (Thermo Scientific, USA). The column was maintained at
30 °C, and the separation was achieved using an 8 min solvent
gradient method at a flow rate of 0.5 mL min~'. Sample
acquisition and analysis were performed using TraceFinder 3.3
(Thermo Scientific, USA). The bioconcentration factor (BCF)
and translocation factor (TF) of 6:2 FTSA were then calculated
to assess the uptake, accumulation, and mobility of 6:2 FTSA in
plants grown in different treatments (see the Supporting
Information).

2.4. 165 rRNA Gene Amplicon Sequencing for Micro-
bial Community Analysis. Genomic DNA of soil was
extracted using a FastDNA spin kit for soil following the
manufacturer’s instructions (MP biomedicals, USA). The
extracted DNA were used to amplify 16S rRNA gene amplicons
using a pair of primers (16S Forward: S’-
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCC-
TACGGGNGGCWGCAG-3’; 16S Reverse: §5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-
GACTACHVGGGTATCTAATCC-3'), targeting the V3 and
V4 regions. The DNA libraries were prepared using a Nextera
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Figure 1. Sulfur, RHALI, and 1-butanol affected the biotransformation of 6:2 FTSA in sandy soil and rhizosphere sandy soil. The molar yields of 6:2
FTSA and its transformation products in sandy soil (A) and rhizosphere sandy soil (B) after 25 days of incubation. The sandy soil and rhizosphere
sandy soil were amended with 6:2 FTSA, or 6:2 FTSA with RHA1, or 6:2 FTSA with RHA1 and 1-butanol. The molar yields were calculated based on
total moles of recovered 6:2 FTSA and biotransformation products from sandy soil versus 6:2 FTSA applied at day 0. Each treatment was performed in

triplicate (n = 3).

XT library prep kit (Illumina, USA). A Qubit high-sensitivity
(HS) dsDNA assay and TapeStation D1000 HS system
(Agilent, USA) were used to determine the prepared libraries’
concentration and average fragment size. The library was
sequenced in the Illumina MiSeq platform by using a 300 by 300
cycle v3 sequencing kit (Illumina, USA). The raw reads were
merged, denoised, and filtered using qiime2-2020.2 software.
Operational Taxonomic Units (OTUs) were assigned based on
97% similarity. Taxonomy annotation was conducted using the
SILVA 132 ribosomal RNA (rRNA) database. The relative
abundance of each genus was calculated by using R studio
software. Shannon index (alpha diversity) was calculated using
qiime2-2020.2 to assess the impact of different treatments on the
richness and evenness of the community. Bray—Curtis
dissimilarity and principal coordinates analysis (PCoA) were
conducted to identify the difference in microbial composition
among treatments. Bray—Curtis dissimilarity was calculated by
using qiime2-2020.2. The PcoA was conducted in R studio. The
profiles of the desulfonating and defluorinating genes presented
in the soil microbiome were predicted by Tax4Fun2 based on
16S rRNA gene as described in the previous study.”” The Venn
diagram was analyzed and plotted by Venny 2.1 (https://
bioinfogp.cnb.csic.es/tools/venny/ ) to understand the unique
species in treatments.

2.5. Statistical Analyses. The F-test was conducted first to
check the equality of variance before using Student’s t-test. The
Student’s t-test was then used to evaluate a significant difference
between treatment groups and controls. All the statistical
analyses were performed using Excel (Microsoft, USA).

3. RESULTS AND DISCUSSION

3.1. Fate and Transformation of 6:2 FTSA in Sandy Soil
and Rhizosphere Sandy Soil. After 25 days of incubation, 6:2
FTSA in sulfur-rich and sulfur-limited sandy soil accounted for
90.5 and 86.5% compared to the initial spike of 6:2 FTSA on day
0 (Figure 1A and Table S3), respectively. When RHAI was
amended, approximately 91.6% of 6:2 FTSA remained in the S-
rich sandy soil while 80.6% of 6:2 FTSA remained in the S-
limited sandy soil. No transformation products were observed
under these conditions, regardless of the sulfur availability.
When both RHA1 and 1-butanol were amended, a similar level
of 6:2 FTSA (89.7%) to S-rich sandy soil was observed. Mostly,
in the S-limited sandy soil with RHA1 and 1-butanol
amendment, a significant decrease (p < 0.05) in 6:2 FTSA was
found compared to those in 6:2 FTSA-spiked soil with about
77.1% of 6:2 FTSA remaining, and four stable transformation
products were detected. These metabolites were 6:2 fluo-
rotelomer unsaturated carboxylic acid (6:2 FTUCA), perfluor-
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RHA1 RHA1/1-butanol RHA1 RHA1/1-butanol
Bioconcentration factor® 284 274 249 33.1 184 16.1
Translocation 4.0 5.9 6.4 37 6.5 8.1
factor®
Plant biomass® 6214 8.0£2.0 7.7£0.7 6.0 1.5 84x2.1 7217
(mg DW)
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a.  Bioconcentration factor (BF) = concentration of 6:2 FTSA in tissue/ concentration of 6:2 FTSA in soil
b. location factor (TF) = ion of 6:2 FTSA in shoot/ concentration of 6:2 FTSA in root
c.  Plant biomass = shoot DW+ root DW.
d. 15000 ng of 6:2 FTSA was added initially in soil.

Figure 2. The growth ofA. thalianawas affected by sulfur and RHA1 but not 6:2 FTSA. Hyperaccumulation, high translocation, and bioconcentration
factor of 6:2 FTSA were observed inA. thaliana. Phenotypic comparison of three seedlings ofA. thalianagrown on S-rich (A) and S-limited (B) soil with
different treatments. The tolerance indexes (T1I) ofA. thalianagrown on different treatments under S-rich conditions (C) and S-limited conditions (D)
were calculated using changes in shoot weight, root weight, and root length. 6:2 FTSA concentrations in the shoots and the roots ofA. thaliana grown
on different treatments (E). Bioaccumulation factor, translocation factor, plant mass, and 6:2 FTSA uptake byA. thaliana(F). Each treatment was
performed in triplicate (n = 3). The bars represented the standard deviation of the triplicates. The asterisk indicates a significant difference (p < 0.05).

opentanoic acid (PFPeA), perfluorohexanoic acid (PFHxA),
and perfluoroheptanoic acid (PFHpA), which accounted for 0.5,
0.3, 0.2, and 0.1% of the initial applied 6:2 FTSA, respectively
(Figure 1A). These results suggested that the sulfur availability
in soil is an important factor determining the fate and
biotransformation of 6:2 FTSA and that bioaugmentation of
RHA1 with 1-butanol can promote the biotransformation of 6:2
FTSA in the S-limited sandy soil.

In S-rich rhizosphere sandy soil, regardless of the treatments,
6:2 FTSA remained high in rhizosphere sandy soil, ranging from
95.1 to 97.7% of those on day 0 (Figure 1B and Table S3).
However, in S-limited rhizosphere sandy soil, the molar yield of
6:2 FTSA was 88.1% for those that received only 6:2 FTSA
followed by 83.4% for those that received RHA1 amendment.
The 6:2 FTSA concentration significantly decreased (p < 0.05)
to 80.0% for those that received RHA1 and 1-butanol compared
to those in 6:2 FTSA-spiked soil. Additionally, one metabolite
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6:2 FTUCA, accounting for 1.8% of the initial 6:2 FTSA spiked
on day 0, was detected in the S-limited rhizosphere sandy soil
that received RHALI and 1-butanol amendment. Similar to the
results shown in Figure 1A, bioaugmentation of RHA1 and
amendment of 1-butanol into S-limited rhizosphere sandy soil
promoted 6:2 FTSA biodegradation.

The spiked 1-butanol served as the carbon source and the
enzyme inducer of butane monooxygenase or alkane mono-
oxygenase, which increased the co-metabolic biotransformation
of 6:2 FTSA by RHAL>® Similar to the previous study, 6:2
FTUCA and PFHpA are the two major metabolites observed in
RHA1/1-butanol spiked treatment; however, no 6:2 FTCA was
identified in this study. Interestingly, two metabolites—PFHxA
and PFPeA—were detected in S-limited sandy soil in this study
but were not detected in the previous study using 1-butanol-
grown RHA1,”® suggesting the presence of other 6:2 FTSA
degraders in soil microbiome and different 6:2 FTSA trans-
formation pathways. In addition, more 6:2 FTSA biotransfor-
mation and diverse metabolites were observed in S-limited
sandy soil compared to those in S-limited rhizosphere sandy soil,
implying that the interactions of plant and soil microbes,
possibly due to competition for the available S-source derived
from 6:2 FTSA, slightly impacted the degree of defluorination of
6:2 FTSA.

3.2. Phytotoxicity of 6:2 FTSA in Plants Grown under
Different Conditions. Sulfur is an essential nutrient to plant
growth. The symptoms of severe sulfur deficiency in plants
include growth retardation and development of reddish color on
the shoot. Under the condition we used in this study,A.
thalianaseedlings grown in the S-limited soils showed a
morphology similar to those grown in S-rich soils (i.e., control
samples in Figure 2A,B). In addition, the average root length and
shoot weight ofA. thalianagrown in the S-limited sandy soil
(control) for 25 days were similar to those grown in the S-rich
sandy soil (control) (Figure S2). However, the root weight in
the S-limited sandy soil was about 46.1% lower than that in the
S-rich sandy soil (Figure S2). Regardless of the sulfur content in
the sandy soil, exposure to 1.5 mg/kg of 6:2 FTSA for 25 days
had no significant impacts on the development ofA. thalianain
terms of phenotype, root length, and shoot weight (ie., 6:2
FTSA only in Figure 2A—D).

Interestingly, when RHAI was amended, a positive trend in
phenotype was observed in plants grown in both S-rich and S-
limited sandy soils. An increased root length (7.5%), root weight
(11.3%), and shoot weight (2.7%) were observed under S-
limited conditions. Stronger positive impacts on the root length
(13.5%) and root weight (54%, p < 0.05) than on the shoot
weight (2.2%) were observed under the S-rich conditions (i.e.,
6:2 FTSA + RAH1 in Figure 2C,D). Such positive impacts were
also observed in plants grown in S-rich and S-limited soil that
received amendments of 6:2 FTSA, RHAI, and 1-butanol. The
results suggested that RHAI might be a plant growth-promoting
bacterium.

The plant-promoting effects and the possible mechanisms
induced by RHA1 were further explored. Two assays were
performed to assess if RHA1 (i) can produce indole-3-acetic
acid (IAA), a significant plant auxin (i.e., a plant hormone) that
regulates plant growth and development™ and (i) has a
deaminase activity to degrade aminocyclopropane-1-carboxylic
acid (ACC), a stress (ethylene) precursor of the plant.”* While
RHA1 did not have ACC deaminase activity (Figure S3A),
RHAL produced high concentrations of IAA when spiked with
the TAA precursor, tryptophan (Figure S3B). Tryptophan is

naturally present in root exudates ofA. thaliana™ or can be
potentially derived from protein hydrolysis of dead cells in the
s0il.” The assay results suggested that RHA1 promoted plant
growth by producing plant auxin IAA. This finding explained the
observations of a higher biomass and root length inA. thaliana
grown on the RHAI-spiked soil (Figure 2 and Figure S2).

Phytotoxicity of legacy long-chain PFAS (PFOA and PFOS)
to different plant species has been intensively investi-
gated.">*** However, knowledge about the phytotoxicity of
their alternatives is limited. Inhibition of shoot and root growth
was observed inA. thaliana andNicotiana benthamianagrown on
1/, MS agar spiked with 20 mg/L GenX, an alternative of PFOA,
while no growth defects were found when these two species were
exposed to 5 mg/L GenX.'® Zhang and Liang reported that 6:2
FTSA (200 pg/L) had no effects on the growth of hydroponic-
grown Lemna minor.*" In this study, exposure to 1.5 mg/kg of
6:2 FTSA did not cause growth and development inhibition of
-A. thaliana seedlings grown on S-rich or S-limited sandy soil
over 25 days. Our result indicated that-A. thalianacould resist the
environment-related concentration of 6:2 FTSA and implied
that native species similar to A. thalianamight be further
screened for their suitability for the phytoremediation of 6:2
FTSA.

Both negative and positive impacts of Rhodococcus strains on
the growth of different plant species have been reported.*~*
Rhodococcus fasciansis a plant pathogen that can infect a wide
range of plant species and interfere with their development and
growth.*” R. fascianscauses leafy gulls and retarded growth.
Infected seedlings ofA. thaliana resulted in bunches of shoots,
whereas vacuum infiltrated infection causes the formation of
numerous shoots and malformed leaves.*> On the other hand,
some Rhodococcus species can promote plant growth. A higher
plant biomass, height, and germination rate was observed in
Pisum sativum grown in soil with inoculation of Rhodococcus
erythropolis MtCC 7905.*° In our study, there is no
malformation or growth inhibition ofA. thaliana when exposed
to RHA1 over 25 days (Figure 1A,B), indicating that RHA1 is
not a plant pathogen. Bioaugmentation of threeR. jostiispecies
(3B12, 2B23, and 2B27) has also been shown to increase the
biomass and root length ofA. thaliana.*’

3.3. Uptake of 6:2 FTSA in Plants Grown under
Different Conditions. 6:2 FTSA accumulated at different
levels in the roots and the shoots ofA. thaliana(Figure 2E).
Significantly higher 6:2 FTSA concentrations (p < 0.05) were
observed in the shoots (32.7—59.1 mg/kg) than in the roots
(4.3—15.8 mg/kg) ofA. thaliana. The translocation factors of 6:2
FTSA between different sulfur and bioaugmentation treatments
were similar, ranging from 3.8 to 8.1 (Figure 2F).

Under the S-rich conditions, no significant difference in 6:2
FTSA concentrations was observed in the shoot (43.4—51.3
mg/kg) or root (6.8—12.8 mg/kg) between each treatment
(Figure 2E). The bioconcentration factor was 24.9—28.4
(Figure 2F). Interestingly, under S-limited conditions, higher
6:2 FTSA concentrations were observed in the shoot (45.5 mg/
kg) and root (12.2 mg/kg) ofA. thalianagrown on 6:2 FTSA soil
compared to the shoot (25.1—27.3 mg/kg) and root (3.4—3.9
mg/kg) ofA. thalianagrown on 6:2 FTSA soil with RHAL or
RHA1 and 1-butanol spiked treatment. The bioaccumulation
factors were 33.1 and 16.1—18.4 in the absence and presence of
RHAL, respectively. Hyperaccumulation of 6:2 FTSA, defined as
the ratio of the concentration of 6:2 FTSA in tissue/the
concentration of 6:2 FTSA in soil >10,"* was found inA.
thalianagrown in every treatment. The total uptake of 6:2 FTSA
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Figure 3. Spiked RHA1 becomes one of the dominant species in the microbial community. Relative abundance of the microbial community at the
genus level in S-rich (A) and S-limited (B) sandy soil and rhizosphere sandy soil that received different treatments: 6:2 FTSA, 6:2 FTSA + RHA1, and
6:2 FTS + RHA1 + 1-butanol. The 20 taxa with the highest abundance were shown, while the other taxa were the sum and represented as “other”. The
red star indicates known 6:2 FTSA degrad<ars,3l’34 while the black triangle indicates known 6:2 FTOH degraders.49

byA. thalianagrown in different treatments was 202.2—346.2 ng,
which accounted for 1.3—2.3% removal efficiency.

Most research has been focused on the uptake and
translocation of long- and short-chain perfluoroalkyl substances
by plants,"*~"" with little attention on the uptake and
translocation of precursors like 6:2 FTSA. A recent study
reported accumulation of 6:2 FTSA in hydroponic-grown
Lemna minor,44 ranging from 60 to 1300 ug/kg of 6:2 FTSA
in plant tissue when exposed for 14 days to 10 and 200 pg/L of
6:2 FTSA. The ratio of tissue/soil concentration for 6:2 FTSA
was around 6 for L. minor, which does not pass the threshold of

hyperaccumulation (i.e., tissue/soil concentration > 10)."* The
total removal efficiency ranged from 0.3 to 0.6%,"* much lower
than those observed in this study (1.3—2.3%). Additionally, in
this study, a high TF and BCF of 6:2 FTSA were observed inA.
thalianagrown in sandy soil containing 1.5 mg/kg of 6:2 FTSA
over 25 days. Along with our previous study reporting
hyperaccumulation of GenX and PFOA byA. thaliana,"> A.
thaliana also hyperaccumulated 6:2 FTSA.

3.4. Recovery and Distribution of 6:2 FTSA in Sandy
Soils with and without Plants That Received Different
Treatments. The mass balance of 6:2 FTSA in both sandy soil
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Figure 4. The composition of the microbial community is affected by 6:2 FTSA, sulfur, RHA1, and 1-butanol but not by plants. Principal coordinates
analysis (PCoA) using the unweighted UniFrac distance of the microbial community. The data was highlighted based on with 6:2 FTSA and without
6:2 FTSA spiked treatments. (A), S-rich and S-limited conditions (B), with RHA1 and without RHAL1 spiked treatments (C), with 1-butanol and
without 1-butanol spiked treatments (D), and with plant and without plant (E).

and/or plant with other treatments was attempted and is shown
in Figure S4. Under S-rich conditions, a high recovery of 6:2
FTSA from both plant and soil was observed under S-rich
conditions, ranging from 89.7 to 99.1%. Most initial spiked 6:2
FTSA remained in sandy soil (89.7—97.1%). Approximately
1.6—2.3% of 6:2 FTSA was accumulated in plants under plant-
grown conditions.

Under S-limited conditions, 6:2 FTSA and its metabolites
were included in assessing the mass balance of 6:2 FTSA,
showing a slightly lower range from 78.3 to 90%. Compared to
those detected under S-rich conditions, much less 6:2 FTSA
(77.1—88.1%) remained in the sandy soil. A slightly lower
uptake of 6:2 FTSA by the plant (about 1.3—1.9% of 6:2 FTSA)
in S-limited sandy soil than in S-rich sandy soil (1.6—2.3% of 6:2
FTSA) was observed. Combining 6:2 FTSA and its metabolites
accounted for 1.2—1.8% recovery in S-limited sandy soil that
received RHA1 and 1-butanol, the lower mass balance observed
in S-limited sandy soil might be due to (i) formation of volatile
products during the biotransformation, which were not captured
in this experimental setup or (ii) formation of unknown
transformation products, which were not in the targeted analysis
used in this study. The results suggested that non-targeted PFAS
(volatile and non-volatile) analysis is needed for seeking a better
mass balance of 6:2 FTSA.

3.5. Diversity of Soil Microbiome. Figure S5 shows the
relative abundance of the microbial community at the phylum
level of S-rich and S-limited sandy soil and rhizosphere sandy
soils with different treatments: 6:2 FTSA only, 6:2 FTSA +
RHAI, and 6:2 FTSA + RHA1 + 1-butanol. After 25 days of
receiving either S-free or S-rich Hoagland solution, Proteobac-
teria and Actinobacteria were the two dominant phyla in the

microbiome of S-limited and S-rich sandy soil and rhizosphere
sandy soil. The same dominant phyla with different abundances,
Proteobacteria (32—65%) and Actinobacteria (19—58%), were
observed in microbial communities of all samples (Figure S5).
Figure 3 shows the relative abundance of the microbial
community at the genus level of S-rich and S-limited sandy
soil and rhizosphere sandy soil with different treatments.

Shannon index was used to assess the richness and evenness of
the community in response to different treatments. A higher
Shannon index suggests a higher diversity. Regardless of sulfur
availability, Shannon indexes increased in 6:2 FTSA-spiked
sandy soil and rhizosphere sandy soil (Figure S6A,B). However,
amending RHA1 alone or together with 1-butanol significantly
decreased the Shannon index, in part, due to (1) the enrichment
of certain bacterial species that can directly use 1-butanol and
(2) the spiked RHA1 outcompete the other indigenous bacteria
in the microbial community.

Bray—Curtis dissimilarity was also used to determine the
similarity and contrast of the microbial community structure
between the two samples. Under S-rich conditions, significant
differences of the microbial community were observed in 6:2
FTSA, 6:2 FTSA + RHA1, and 6:2 FTSA + RHA1/1-butanol
treatment when compared individually to the control in
rhizosphere sandy soil (i.e., no exposure to 6:2 FTSA) (Figure
S7A). However, except for those soil amended with 6:2 FTSA,
RHAI, and 1-butanol, the distance of the microbial community
of control was very close to 6:2 FTSA and 6:2 FTSA + RHA1
spiked treatment in sandy soil (Figure S7B). Similar trends were
observed under S-limited conditions (Figure S7C,D).

To identify unique and overlapping bacteria in response to
different treatments, Venn plots were constructed and showed
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the number of bacteria at the genus level that was shared or
unique among different treatments (Figure S8). In the control
soils (i.e., no exposure to 6:2 FTSA), they were 179—193 genera
in total; 209—264 genera in 6:2 FTSA-spiked soil; 188—219
genera in 6:2 FTSA and RHA1-spiked soil; and 84—170 genera
in 6:2 FTSA, RHA1, and 1-butanol-spiked soil.

A smaller number of genera (57 (18.5%)) was shared among
the four treatments (controls, 6:2 FTSA only, 6:2 FTSA +
RHAI, and 6:2 FTSA + RHA1l + I-butanol) of S-rich
rhizosphere sandy soil when compared to that (93 (30.8%))
shared among four groups in S-limited rhizosphere sandy soil
(Figure S8A,B). A similar trend, 84 (26.3%) versus 94 (30.8%),
was observed for S-rich and S-limited sandy soil, respectively
(Figure S8C,D).

The number of unique genera in each treatment was also
identified. In the control groups of S-rich and S-limited sandy
soil and rhizosphere sandy soils, 18—26 (5.9—8.4%) unique
genera disappeared upon receiving 6:2 FTSA treatment. In the
meantime, when 6:2 FTSA was amended, higher numbers of
unique genera appeared in S-rich sandy soil (44, 13.7%) and S-
rich rhizosphere sandy soil (37, 12%) than those in S-limited
sandy soil (26, 8.9%) and S-limited rhizosphere sandy soil (14,
4.6%). When 6:2 FTSA and RHA1 were both introduced, 19—
28 unique genera ranging from 5.9 to 9.2% responded to the
treatment in S-rich and S-limited sandy soil. Relating to the two
treatments that resulted in 6:2 FTSA biodegradation and
metabolite production (Figure 1), 19 unique genera (6.5%) for
S-limited rhizosphere sandy soil and 30 unique genera (9.8%)
for S-limited sandy soil were observed. These unique genera are
of particular interest as they might be the key players involved in
6:2 FTSA biodegradation under bioaugmented-phytoremedia-
tion and bioaugmentation of the sandy soils under S-limited
conditions. Among these genera, two bacterial families,
Blastocatellaceae and Burkholderiaceae, were found in this
treatment at the highest frequency under S-limited conditions.

3.6. Dynamic of the Soil Microbiome. Soil microbiome of
sandy soil and rhizosphere sandy soil changed in response to the
available sulfur source, the amendment of RHAI, and the
amendment of RHAI and 1-butanol to different degrees. The
dynamic was illustrated in principal coordinates analysis
(PCoA) using the unweighted UniFrac distance of microbial
community for tested conditions. As shown in Figure 44, in the
absence of 6:2 FTSA, the microbial community clustered closely
compared to that in the presence of 6:2 FTSA. Similar cluster
patterns were shown in sandy soil that received a high sulfur-
containing Hoagland solution, amended with RHAI or 1-
butanol (Figure 4B—D). However, the presence or absence of
plants in sandy soil did not cause clustering (Figure 4E). These
results indicated that sulfur, 6:2 FT'SA, RHA1, and 1-butanol
were important drivers that caused significant shifts in microbial
community composition, while the composition was not
affected significantly in the presence of plants. Another set of
PCoA plots also showed the same trend that the structure of the
microbial community shifts due to 6:2 FTSA, RHAI, or 1-
butanol amendment (Figure S9).

3.7. Abundance of Precursor Degraders. Several pure
strains belonging to Actinobacteria are known to degrade
precursors such as 6:2 FTSA and fluorotelomer alcohols
(FTOHs).”**" They were detected at different levels in the
sandy soil and rhizosphere sandy soil with different treatments
(Figure 3). While the low abundance of Rhodococcus (0.1—
0.4%) was present in the control soil (without exposure to 6:2
FTSA and bioaugmentation), a higher abundance of Rhodo-

coccus (2—6%) was detected in 6:2 FTSA-amended sandy soil,
suggesting that Rhodococcus is indigenous species and the
amendment of 6:2 FTSA into the sandy soil enriched 6:2 FTSA
degraders such as Rhodococcus. The increased abundance of
Rhodococcus might explain the observations of the slight
degradation of 6:2 FTSA (12%) in the S-limited sandy soil
that received 6:2 FTSA (Figure 1B).

Rhodococcus was one of the dominant species in S-limited and
S-rich RHA1-spiked sandy soil, accounting for 10.5—15.4% and
29.9—29.3%, respectively (Figure 3). When 1-butanol was
amended along with RHAI1, the population of Rhodococcus
increased to 11.4—27.4% in S-limited sandy soil and to 48.3—
52.9% in S-rich sandy soil. The results suggested that the spiked
RHAI could survive and outcompete the other indigenous
bacteria in the microbial community. Our previous study had
shown that RHA1 could use 6:2 FTSA as a sole S-source and 1-
butanol as a carbon source and defluorination enzyme inducer
under S-limited conditions.”® As such, the high abundance of
Rhodococcus in S-limited sandy soil that received RHAL or
RHAL and 1-butanol might be linked to the observation of
biotransformation of 6:2 FTSA and transformation products in
these two treatments (Figure 1). However, despite the fact that
Rhodococcus was the dominant species (about 50% of the
community) in S-rich sandy soil that received RHA1 or RHAL1
and 1-butanol, little or no biotransformation of 6:2 FTSA was
observed (Figure 1A). Again, the results supported that the
sulfur content in soil is an important factor controlling 6:2 FTSA
biotransformation.

Two reported 6:2 FTOH degraders Pseudomonas from
Proteobacteria and Mycobacterium from Actinobacteria™ were
detected at low abundance in most samples (Figure 3). The
abundance of Pseudomonas in all soil samples ranged from 0.37
to 2.45%. About 0.3—2.74% of Mycobacterium was detected in all
samples except those amended with RHA1 and 1-butanol. In
addition, a 6:2 FTSA degrader Gordonia from Actinobacteria®’
was detected in all samples (0.48—5.65%). Interestingly, the
abundance of Gordonia also increased in sandy soil that received
RHA1 and 1-butanol, regardless of the sulfur content (Figure 3),
suggesting that the addition of 1-butanol promotes the growth of
not only RHA1 but also Gordonia. Also, a high abundance of
Zoogloea was observed in samples that received 1-butanol.
However, it was unclear if Zoogloea played a role in 6:2 FTSA
biotransformation or they were simply co-occurrent with other
known precursor degraders.

3.8. Predicted Functional Features. Within a microbial
community, diverse and multiple species can perform similar
catabolic functions that affect the microbial community
structure over time or in response to stimuli. To evaluate the
functional capacity of the soil microbiome in sandy soil and
rhizosphere sandy soil that received different treatments,
Tax4Fun2 was used to predict functional features based on
the 16S rRNA gene sequencing data.*”~>* Our previous study
reported desulfonation and defluorination enzymes involved in
6:2 FTSA biodegradation by RHAL>® So, the analysis was
focused on these known desulfonation and defluorination
enzymes. The profiles and abundance of the desulfonating and
defluorinating genes encoding the desulfonating enzyme,
alkanesulfonate monooxygenase, and defluorinating enzymes,
haloacetate monooxygenase, alkane monooxygenase, and
cytochrome P450, in the microbial community were predicted,
as shown in Figure S10. A slightly higher abundance of
defluorinating and desulfonating genes (0.1%—0.13% in total)
was observed in 6:2 FTSA-spiked soil than the control (0.1%—
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0.11% in total) under both S-limited and S-rich conditions. In
RHA1- and RHA1/1-butanol-spiked soil, an increasing trend of
these genes was observed under both S-limited and S-rich
conditions (0.13—0.21% in total). The high abundance of the
desulfonating and defluorinating genes found in RHAIL/I-
butanol treatment explains why the higher biotransformation
and more transformation products were observed under S-
limited conditions. However, even though the highest
abundance of desulfonating and defluorinating genes was
observed in RHAI/1-butanol treatment under S-rich con-
ditions, low biotransformation of 6:2 FTSA and no trans-
formation products observed again support our statement that
the sulfur content in soil play an important role in the
biotransformation of 6:2 FTSA. Note that in this study, the
functional features predicted by the Tax4fun2 program are based
on 16S rRNA gene sequences. Thus, future studies using whole-
genome sequencing-based approaches are needed to validate the
predicted functional profiles and to elucidate other genes that
might be involved in 6:2 FTSA biotransformation.

3.9. Implications. In this study, we observed no significant
impacts of growth and development ofA. thaliana seedlings
grown in sandy soil with the environmental relevant
concentration (1.5 mg/kg) of 6:2 FTSA.”® The high trans-
location factor and hyperaccumulation of 6:2 FTSA observed in
this study implied the potential of screening species similar toA.
thalianafor phytoremediation of 6:2 FTSA-impacted soil. The
low biotransformation of 6:2 FTSA observed in the S-rich soil
confirmed that the sulfur content of soil plays an important role
in the bioremediation of 6:2 FTSA, and an effective means is
needed to remove sulfur availability in the soil to enhance 6:2
FTSA biotransformation. Despite the fact that no increase in
biotransformation of 6:2 FTSA was observed in RHAI- or
RHA1/1-butanol spiked treatment under S-rich conditions, the
promotion of plant growth and total uptake of 6:2 FTSA was
found in RHA1-amended treatments, suggesting the potential of
bioaugmented phytoremediation of 6:2 FTSA. On the other
hand, the observations of (i) biotransformation of 6:2 FTSA and
its transformation products and (ii) the domination of
Rhodococcus in the microbial community under S-limited
conditions indicate that the bioaugmentation and enzyme
inducer spiking can serve as effective ways to degrade 6:2 FTSA.

A slightly low biotransformation of 6:2 FTSA observed in
rhizosphere sandy soil compared to those in the sandy soil was
surprising. Studies have reported that the root exudate secreted
out from plant roots can facilitate the microbial activity in the
rhizosphere, increase the abundance of functional genes and
degraders, and promote the biodegradation of contaminants
such as polycyclic aromatic hydrocarbons (PAHs).”*>> As the
compositions of root exudate are complex, which usually contain
organic acid, amino acid, sugar, enzymes, and secondary
metabolites,*® a possible explanation for this phenomenon is
that those sulfur-containing amino acids (cysteine and
methionine) or secondary metabolites present in root exudates
potentially serve as the sulfur source to RHA1 or other possible
indigenous 6:2 FTSA degraders and simultaneously repress the
expression of desulfonating genes and thus hinder the
biotransformation of 6:2 FTSA.* As the profile of root exudates
is species-dependent and varies under different growth
conditions, more studies are needed to confirm and understand
the effects of root exudate on PFAS bioremediation. Overall,
these data enhance our understanding on phytoremediation and
bioremediation of 6:2 FTSA, which can be used to design the

large-scale bioremediation of 6:2 FTSA from AFFF-impacted
soil in the future.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.2c01867.

The supporting information contains materials and
methods, 3 table, and 10 figures. (PDF)

B AUTHOR INFORMATION

Corresponding Author
Kung-Hui Chu — Zachry Department of Civil and
Environmental Engineering, Texas A&M University, College
Station, Texas 77843, United States; © orcid.org/0000-
0002-4212-1789; Phone: 979-845-1403; Email: kchu@
civil.tamu.edu; Fax: 979-862-1542

Authors
Shih-Hung Yang — Zachry Department of Civil and
Environmental Engineering, Texas A&M University, College
Station, Texas 77843, United States
Libo Shan — Institute for Plant Genomics and Biotechnology,
Department of Biochemistry and Biophysics, Texas A&M
University, College Station, Texas 77843, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.2c01867

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This study was supported by the National Science Foundation
(award number 1914707) and partially by the National Institute
for Environmental Health Science Center P30 ES029067 and
Strategic Environmental Research and Development Program
(ER22-3124).

B REFERENCES

(1) Poulsen, P., Gram, L., Jensen, A., Rasmussen, A., Ravn, C., Moller,
P., Jorgensen, C. Lokkegaard, Substitution of PFOS for use in non-
decorative hard chrome plating; Environmental Protection Agency, 2011.

(2) Houtz, E. F.; Higgins, C. P.; Field, J. A.; Sedlak, D. L. Persistence of
perfluoroalkyl acid precursors in AFFF-impacted groundwater and soil.
Environ. Sci. Technol. 2013, 47, 8187—8195.

(3) Schultz, M. M.; Barofsky, D. F.; Field, J. A. Quantitative
determination of fluorotelomer sulfonates in groundwater by LC MS/
MS. Environ. Sci. Technol. 2004, 38, 1828—1835.

(4) Place, B. J.; Field, J. A. Identification of novel fluorochemicals in
aqueous film-forming foams used by the US military. Environ. Sci.
Technol. 2012, 46, 7120—7127.

(5) Barzen-Hanson, K. A.; Roberts, S. C.; Choyke, S.; Oetjen, K;
McAlees, A.; Riddell, N.; McCrindle, R.; Ferguson, P. L.; Higgins, C. P.;
Field, J. A. Discovery of 40 Classes of per- and polyfluoroalkyl
substances in historical aqueous film-forming foams (AFFFs) and
AFFF-impacted groundwater. Environ. Sci. Technol. 2017, §1, 2047—
2057.

(6) Moody, C. A.; Field, J. A. Perfluorinated surfactants and the
environmental implications of their use in fire-fighting foams. Environ.
Sci. Technol. 2000, 34, 3864—3870.

(7) Harding-Marjanovic, K. C.; Houtz, E. F.; Yi, S.; Field, J. A.; Sedlak,
D. L.; Alvarez-Cohen, L. Aerobic biotransformation of fluorotelomer
thioether amido sulfonate (Lodyne) in AFFF-amended microcosms.
Environ. Sci. Technol. 2018, 49, 7666—7674.

https://doi.org/10.1021/acs.est.2c01867
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.est.2c01867?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01867/suppl_file/es2c01867_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kung-Hui+Chu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4212-1789
https://orcid.org/0000-0002-4212-1789
mailto:kchu@civil.tamu.edu
mailto:kchu@civil.tamu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shih-Hung+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Libo+Shan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c01867?ref=pdf
https://doi.org/10.1021/es4018877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es4018877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es035031j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es035031j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es035031j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es301465n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es301465n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b05843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b05843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b05843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es991359u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es991359u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b01219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b01219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c01867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(8) Amec Foster Wheeler Programs, Inc. Final site inspection report
Holloman Air Force Base, New Mexico. Site inspection of aqueous film
forming foam (AFFF) release areas environmental programs worldwide.
2018. Project No. RPM020167118.

(9) Amec Foster Wheeler Environment & Infrastructure, Inc. Final site
inspection report. Patrick Air Force Base, Florida. Site inspection of aqueous
film forming foam (AFFF) release areas environmental programs
worldwide. 2017. Project No. PROM20167118.

(10) Jin, L.; Jiang, C.; Zhang, P. Photochemical decomposition of
1H,1H,2H,2H-perfluorooctane sulfonate (6:2FTS) induced by ferric
ions. J. Environ. Sci. 2017, 51, 120—127.

(11) Zhuo, Q; Li, X;; Yan, F.; Yang, B.; Deng, S.; Huang, J.; Yu, G.
Electrochemical oxidation of 1H,1H,2H,2H-perfluorooctane sulfonic
acid (6:2 FTS) on DSA electrode: Operating parameters and
mechanism. J. Environ. Sci. 2014, 26, 1733—1739.

(12) Zhang, Y.; Li, J.; Moores, A.; Ghoshal, S. Transformation of 6:2
fluorotelomer sulfonate by cobalt(Il)-activated peroxymonosulfate.
Environ. Sci. Technol. 2020, 54, 4631—4640.

(13) Huff, D. K; Morris, L. A.; Sutter, L.; Costanza, J.; Pennell, K. D.
Accumulation of six PFAS compounds by woody and herbaceous
plants: potential for phytoextraction. Int. J. Phytorem. 2020, 22, 1538—
1550.

(14) Zhang, D.; Zhang, W.; Liang, Y. Distribution of eight
perfluoroalkyl acids in plant-soil-water systems and their effect on the
soil microbial community. Sci. Total Environ. 2019, 697, No. 134146.

(15) Chen, C.-H; Yang, S.-H.; Liu, Y.; Jamieson, P.; Shan, L.; Chu,
K.H. Accumulation and phytotoxicity of perfluorooctanoic acid and
2,3,3,3-tetrafluoro-2-(heptafluoropropoxy)propanoate in Arabidopsis
thaliana and Nicotiana benthamiana. Environ. Pollut. 2020, 259,
No. 113817.

(16) Gobelius, L.; Lewis, J.; Ahrens, L. Plant uptake of per- and
polyfluoroalkyl substances at a contaminated fire training facility to
evaluate the phytoremediation potential of various plant species.
Environ. Sci. Technol. 2017, 51, 12602—12610.

(17) Wang, T.-T.; Ying, G.-G.; Shi, W.-].; Zhao, J.-L.; Liu, Y.-S.; Chen,
J.; Ma, D.-D,; Xiong, Q. Uptake and translocation of perfluorooctanoic
acid (PFOA) and perfluorooctanesulfonic Acid (PFOS) by wetland
plants: Tissue- and cell-level distribution visualization with desorption
electrospray ionization mass spectrometry (DESI-MS) and trans-
mission electron microscopy equipped with energy-dispersive spec-
troscopy (TEM-EDS). Environ. Sci. Technol. 2020, 54, 6009—6020.

(18) Wen, B.; Wy, Y.; Zhang, H.; Liu, Y.; Hu, X.; Huang, H.; Zhang, S.
The roles of protein and lipid in the accumulation and distribution of
perfluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA) in
plants grown in biosolids-amended soils. Environ. Pollut. 2016, 216,
682—688.

(19) Pan, Y.; Wen, B,; Zhang, H.; Zhang, S. Comparison of 6:2
chlorinated polyfluorinated ether sulfonate (6:2 CI-PFESA) and
perfluorooctane sulfonate (PFOS) accumulation and toxicity in
mung bean. Environ. Pollut. 2021, 287, No. 117332.

(20) Zabaleta, I; Bizkarguenaga, E.; Nunoo, D. B. O.; Schultes, L.;
Leonel, J.; Prieto, A.; Zuloaga, O.; Benskin, J. P. Biodegradation and
uptake of the pesticide sulfluramid in a soil—carrot mesocosm. Environ.
Sci. Technol. 2018, 52, 2603—2611.

(21) Lee, H.; Tevlin, A. G.; Mabury, S. A; Mabury, S. A. Fate of
polyfluoroalkyl phosphate diesters and their metabolites in biosolids-
applied soil: Biodegradation and plant uptake in greenhouse and field
experiments. Environ. Sci. Technol. 2014, 48, 340—349.

(22) Zhang, H.; Wen, B.; Hu, X.; Wu, Y,; Pan, Y.; Huang, H,; Liu, L;
Zhang, S. Uptake, translocation, and metabolism of 8:2 fluorotelomer
alcohol in soybean (Glycine max L. Merrill). Environ. Sci. Technol. 2016,
50,13309-13317.

(23) Zhou, J.; Yang, Z.; Liu, Q; Liu, Y.; Liu, M.; Wang, T.; Zhu, L.
Insights into uptake, translocation, and transformation mechanisms of
perfluorophosphinates and perfluorophosphonates in wheat (Triticum
aestivum L.). Environ. Sci. Technol. 2020, 54, 276—285.

(24) Ullah, A.; Fahad, S.; Munis, F. Phytoremediation of heavy metals
assisted by plant growth promoting (PGP) bacteria: A review. Environ.
Exp. Bot. 2015, 117, 28—40.

(25) Eevers, N.; White, ]. C.; Vangronsveld, J.; Weyens, N. Chapter
Seven - Bio- and phytoremediation of pesticide-contaminated environ-
ments: A Review. Adv. Bot. Res. 2017, 83, 277—318.

(26) Vergani, L.; Mapelli, F.; Zanardini, E.; Terzaghi, E.; Di Guardo,
A.; Morosini, C.; Raspa, G.; Borin, S. Phyto-rhizoremediation of
polychlorinated biphenyl contaminated soils: An outlook on plant-
microbe beneficial interactions. Sci. Total Environ. 2017, 575, 1395—
1406.

(27) Passatore, L.; Rossetti, S.; Juwarkar, A. A,; Massacci, A.
Phytoremediation and bioremediation of polychlorinated biphenyls
(PCBs): State of knowledge and research perspectives. J. Hazard.
Mater. 2014, 278, 189—-202.

(28) Yang, S.-H.; Shi, Y.; Strynar, M.; Chu, K.-H. Desulfonation and
defluorination of 6:2 fluorotelomer sulfonic acid (6:2 FTSA) by
Rhodococcus jostii RHAL: Carbon and sulfur sources, enzymes, and
pathways. J. Hazard. Mater. 2022, 423, No. 127052.

(29) Wang, N.; Liu, J; Buck, R. C.; Korzeniowski, S. H,;
Wolstenholme, B. W.; Folsom, P. W.; Sulecki, L. M. 6:2 Fluorotelomer
sulfonate aerobic biotransformation in activated sludge of waste water
treatment plants. Chemosphere 2011, 82, 853—858.

(30) Zhang, S.; Lu, X; Wang, N.; Buck, R. C. Biotransformation
potential of 6:2 fluorotelomer sulfonate (6:2 FTSA) in aerobic and
anaerobic sediment. Chemosphere 2016, 154, 224—230.

(31) Shaw, D. M. J.; Munoz, G.; Bottos, E. M,; Duy, S. V,; Sauvé, S,;
Liu, J; Van Hamme, J. D. Degradation and defluorination of 6:2
fluorotelomer sulfonamidoalkyl betaine and 6:2 fluorotelomer
sulfonate by Gordonia sp. strain NB4-1Y under sulfur-limiting
conditions. Sci. Total Environ. 2019, 647, 690—698.

(32) Hamid, H.; Li, L. Y.; Grace, J. R. Formation of perfluorocarbox-
ylic acids from 6:2 fluorotelomer sulfonate (6:2 FTS) in landfill
leachate: Role of microbial communities. Environ. Pollut. 2020, 259,
No. 113835.

(33) Hamid, H.; Li, L. Y,; Grace, J. R. Effect of substrate
concentrations on aerobic biotransformation of 6:2 fluorotelomer
sulfonate (6:2 FTS) in landfill leachate. Chemosphere 2020, 261,
No. 128108.

(34) Penrose, D. M; Glick, B. R. Methods for isolating and
characterizing ACC deaminase-containing plant growth-promoting
rhizobacteria. Physiol. Plant. 2003, 118, 10—15.

(35) Glickmann, E.; Dessaux, Y. A critical examination of the
specificity of the salkowski reagent for indolic compounds produced by
phytopathogenic bacteria. Appl. Environ. Microbiol. 1995, 61,793—796.

(36) Kowald, C.; Brorman, E.; Shankar, S.; Klemashevich, C.; Staack,
D,; Pillai, S. D. PFOA and PFOS breakdown in experimental sand,
laboratory-grade water, investigation-derived groundwater and waste-
water effluent samples at 50 kGy electron beam dose. Radiat. Phys.
Chem. 2021, 180, No. 109323.

(37) Wembheuer, F.; Taylor, J. A.; Daniel, R.; Johnston, E.; Meinicke,
P.; Thomas, T.; Wemheuer, B. Tax4Fun2: prediction of habitat-specific
functional profiles and functional redundancy based on 16S rRNA gene
sequences. Environ. Microbiome 2020, 15, 11.

(38) Strehmel, N.; Bottcher, C.; Schmidt, S.; Scheel, D. Profiling of
secondary metabolites in root exudates of Arabidopsis thaliana.
Phytochemistry 2014, 108, 35—46.

(39) Ul Hassan, T.; Bano, A. The stimulatory effects of L-tryptophan
and plant growth promoting rhizobacteria (PGPR) on soil health and
physiology of wheat. J. Soil Sci. Plant Nutr. 2018, 15, 190—201.

(40) Yang, X; Ye, C; Liu, Y,; Zhao, F.-J. Accumulation and
phytotoxicity of perfluorooctanoic acid in the model plant species
Arabidopsis thaliana. Environ. Pollut. 2015, 206, 560—566.

(41) Zhou, L; Xia, M; Wang, L; Mao, H. Toxic effect of
perfluorooctanoic acid (PFOA) on germination and seedling growth
of wheat (Triticum aestivum L.). Chemosphere 2016, 159, 420—425.

(42) Qu, B.; Zhao, H.; Zhou, J. Toxic effects of perfluorooctane
sulfonate (PFOS) on wheat (Triticum aestivum L. ) plant. Chemosphere
2010, 79, 555—560.

(43) Zhao, H.; Chen, C.; Zhang, X.; Chen, J.; Quan, X. Phytotoxicity
of PFOS and PFOA to Brassica chinensis in different Chinese soils.
Ecotowxicol. Environ. Saf. 2011, 74, 1343—1347.

https://doi.org/10.1021/acs.est.2c01867
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://doi.org/10.1016/j.jes.2016.08.010
https://doi.org/10.1016/j.jes.2016.08.010
https://doi.org/10.1016/j.jes.2016.08.010
https://doi.org/10.1016/j.jes.2014.06.014
https://doi.org/10.1016/j.jes.2014.06.014
https://doi.org/10.1016/j.jes.2014.06.014
https://doi.org/10.1021/acs.est.9b07113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b07113?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/15226514.2020.1786004
https://doi.org/10.1080/15226514.2020.1786004
https://doi.org/10.1016/j.scitotenv.2019.134146
https://doi.org/10.1016/j.scitotenv.2019.134146
https://doi.org/10.1016/j.scitotenv.2019.134146
https://doi.org/10.1016/j.envpol.2019.113817
https://doi.org/10.1016/j.envpol.2019.113817
https://doi.org/10.1016/j.envpol.2019.113817
https://doi.org/10.1021/acs.est.7b02926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b02926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b02926?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envpol.2016.06.032
https://doi.org/10.1016/j.envpol.2016.06.032
https://doi.org/10.1016/j.envpol.2016.06.032
https://doi.org/10.1016/j.envpol.2021.117332
https://doi.org/10.1016/j.envpol.2021.117332
https://doi.org/10.1016/j.envpol.2021.117332
https://doi.org/10.1016/j.envpol.2021.117332
https://doi.org/10.1021/acs.est.7b03876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b03876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es403949z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es403949z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es403949z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es403949z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b03734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b03734?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envexpbot.2015.05.001
https://doi.org/10.1016/j.envexpbot.2015.05.001
https://doi.org/10.1016/bs.abr.2017.01.001
https://doi.org/10.1016/bs.abr.2017.01.001
https://doi.org/10.1016/bs.abr.2017.01.001
https://doi.org/10.1016/j.scitotenv.2016.09.218
https://doi.org/10.1016/j.scitotenv.2016.09.218
https://doi.org/10.1016/j.scitotenv.2016.09.218
https://doi.org/10.1016/j.jhazmat.2014.05.051
https://doi.org/10.1016/j.jhazmat.2014.05.051
https://doi.org/10.1016/j.jhazmat.2021.127052
https://doi.org/10.1016/j.jhazmat.2021.127052
https://doi.org/10.1016/j.jhazmat.2021.127052
https://doi.org/10.1016/j.jhazmat.2021.127052
https://doi.org/10.1016/j.chemosphere.2010.11.003
https://doi.org/10.1016/j.chemosphere.2010.11.003
https://doi.org/10.1016/j.chemosphere.2010.11.003
https://doi.org/10.1016/j.chemosphere.2016.03.062
https://doi.org/10.1016/j.chemosphere.2016.03.062
https://doi.org/10.1016/j.chemosphere.2016.03.062
https://doi.org/10.1016/j.scitotenv.2018.08.012
https://doi.org/10.1016/j.scitotenv.2018.08.012
https://doi.org/10.1016/j.scitotenv.2018.08.012
https://doi.org/10.1016/j.scitotenv.2018.08.012
https://doi.org/10.1016/j.envpol.2019.113835
https://doi.org/10.1016/j.envpol.2019.113835
https://doi.org/10.1016/j.envpol.2019.113835
https://doi.org/10.1016/j.chemosphere.2020.128108
https://doi.org/10.1016/j.chemosphere.2020.128108
https://doi.org/10.1016/j.chemosphere.2020.128108
https://doi.org/10.1034/j.1399-3054.2003.00086.x
https://doi.org/10.1034/j.1399-3054.2003.00086.x
https://doi.org/10.1034/j.1399-3054.2003.00086.x
https://doi.org/10.1128/aem.61.2.793-796.1995
https://doi.org/10.1128/aem.61.2.793-796.1995
https://doi.org/10.1128/aem.61.2.793-796.1995
https://doi.org/10.1016/j.radphyschem.2020.109323
https://doi.org/10.1016/j.radphyschem.2020.109323
https://doi.org/10.1016/j.radphyschem.2020.109323
https://doi.org/10.1016/j.phytochem.2014.10.003
https://doi.org/10.1016/j.phytochem.2014.10.003
https://doi.org/10.4067/S0718-95162015005000016
https://doi.org/10.4067/S0718-95162015005000016
https://doi.org/10.4067/S0718-95162015005000016
https://doi.org/10.1016/j.envpol.2015.07.050
https://doi.org/10.1016/j.envpol.2015.07.050
https://doi.org/10.1016/j.envpol.2015.07.050
https://doi.org/10.1016/j.chemosphere.2016.06.045
https://doi.org/10.1016/j.chemosphere.2016.06.045
https://doi.org/10.1016/j.chemosphere.2016.06.045
https://doi.org/10.1016/j.chemosphere.2010.02.012
https://doi.org/10.1016/j.chemosphere.2010.02.012
https://doi.org/10.1016/j.ecoenv.2011.03.007
https://doi.org/10.1016/j.ecoenv.2011.03.007
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c01867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(44) Zhang, W.; Liang, Y. Interactions between Lemna minor
(common duckweed) and PFAS intermediates: Perfluorooctanesulfo-
namide (PFOSA) and 6:2 fluorotelomer sulfonate (6:2 FTSA).
Chemosphere 2021, 276, No. 130165.

(45) Cornelis, K.; Ritsema, T.; Nijsse, J.; Holsters, M.; Goethals, K;
Jaziri, M. The plant pathogen Rhodococcus fascians colonizes the exterior
and interior of the aerial parts of plants. Mol. Plant-Microbe Interact.
2001, 14, 599—608.

(46) Trivedi, P.; Pandey, A.; Sa, T. Chromate reducing and plant
growth promoting activies of psychrotrophic Rhodococcus erythropolis
MtCC 790S. J. Basic Microbiol. 2007, 47, 513—517.

(47) Vergani, L.; Mapelli, F.; Suman, J.; Cajthaml, T.; Uhlik, O.; Borin,
S. Novel PCB-degrading Rhodococcus strains able to promote plant
growth for assisted rhizoremediation of historically polluted soils. PLoS
Orne 2019, 14, €0221253—e0221253.

(48) Kim, M. H.,; Wang, N.; Chu, K. H. 6:2 Fluorotelomer alcohol
(6:2 FTOH) biodegradation by multiple microbial species under
different physiological conditions. Appl. Microbiol. Biotechnol. 2014, 98,
1831—1840.

(49) Huang, B.; Long, J,; Liao, H; Liu, L.; Li, J.; Zhang, J; Li, Y.;
Wang, X.; Yang, R. Characteristics of bacterial community and function
in paddy soil profile around antimony mine and its response to
antimony and arsenic contamination. Int. J. Environ. Res. 2019, 16,
4883.

(50) Laroche, O.; Pochon, X;; Wood, S. A; Keeley, N. Beyond
taxonomy: Validating functional inference approaches in the context of
fish-farm impact assessments. Mol. Ecol. Resour. 2021, 21, 2264—2277.

(51) Cao, Y,; Yu, X; Ju, F; Zhan, H; Jiang, B.; Kang, H.; Xie, Z.
Airborne bacterial community diversity, source and function along the
Antarctic coast. Sci. Total Environ. 2021, 765, No. 142700.

(52) Chumpitazi, B. P.; Hoffman, K. L.; Smith, D. P.; McMeans, A. R.;
Musaad, S.; Versalovic, J.; Petrosino, J. F.; Shulman, R. J. Fructan-
sensitive children with irritable bowel syndrome have distinct gut
microbiome signatures. Aliment. Pharmacol. Ther. 2021, 53, 499—509.

(53) Liu, P; Zhang, H.; Song, Z.; Huang, Y.; Hu, X. Seasonal
dynamics of bathyarchaeota-dominated benthic archaeal communities
associated with seagrass (Zostera japonica) meadows. J. Mar. Sci. Eng.
2021, 9, 1304.

(54) Guo, M; Gong, Z.; Miao, R;; Su, D.; Li, X ; Jia, C.; Zhuang, J. The
influence of root exudates of maize and soybean on polycyclic aromatic
hydrocarbons degradation and soil bacterial community structure. Ecol.
Eng. 2017, 99, 22—30.

(55) Liao, Q.; Liu, H; Lu, C.; Liu, J.; Waigi, M. G.; Ling, W. Root
exudates enhance the PAH degradation and degrading gene abundance
in soils. Sci. Total Environ. 2021, 764, No. 144436.

https://doi.org/10.1021/acs.est.2c01867
Environ. Sci. Technol. XXXX, XXX, XXX—=XXX


https://doi.org/10.1016/j.chemosphere.2021.130165
https://doi.org/10.1016/j.chemosphere.2021.130165
https://doi.org/10.1016/j.chemosphere.2021.130165
https://doi.org/10.1094/MPMI.2001.14.5.599
https://doi.org/10.1094/MPMI.2001.14.5.599
https://doi.org/10.1002/jobm.200700224
https://doi.org/10.1002/jobm.200700224
https://doi.org/10.1002/jobm.200700224
https://doi.org/10.1371/journal.pone.0221253
https://doi.org/10.1371/journal.pone.0221253
https://doi.org/10.1007/s00253-013-5131-3
https://doi.org/10.1007/s00253-013-5131-3
https://doi.org/10.1007/s00253-013-5131-3
https://doi.org/10.3390/ijerph16244883
https://doi.org/10.3390/ijerph16244883
https://doi.org/10.3390/ijerph16244883
https://doi.org/10.1111/1755-0998.13426
https://doi.org/10.1111/1755-0998.13426
https://doi.org/10.1111/1755-0998.13426
https://doi.org/10.1016/j.scitotenv.2020.142700
https://doi.org/10.1016/j.scitotenv.2020.142700
https://doi.org/10.1111/apt.16204
https://doi.org/10.1111/apt.16204
https://doi.org/10.1111/apt.16204
https://doi.org/10.3390/jmse9111304
https://doi.org/10.3390/jmse9111304
https://doi.org/10.3390/jmse9111304
https://doi.org/10.1016/j.ecoleng.2016.11.018
https://doi.org/10.1016/j.ecoleng.2016.11.018
https://doi.org/10.1016/j.ecoleng.2016.11.018
https://doi.org/10.1016/j.scitotenv.2020.144436
https://doi.org/10.1016/j.scitotenv.2020.144436
https://doi.org/10.1016/j.scitotenv.2020.144436
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c01867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Supporting Information

for

Fate and Transformation of 6:2 Fluorotelomer Sulfonic Acid (6:2 FTSA)
Affected by Plant, Nutrients, Bioaugmentation, and Soil Microbiome

Interactions

Shih-Hung Yang', Libo Shan?, Kung-Hui Chu'*

1Zachry Department of Civil and Environmental Engineering, Texas A&M University, College
Station, TX 77843, USA

Institute for Plant Genomics and Biotechnology, Department of Biochemistry and Biophysics,
Texas A&M University, College Station, TX 77843, USA

* Corresponding author:

Kung-Hui Chu, Zachry Department of Civil and Environmental Engineering
3136 TAMU, Texas A&M University, College Station, TX 77843, USA
Phone: 979-845-1403, Fax: 979-862-1542

Email: kchu@civil.tamu.edu

This supporting information includes text describing methods, 3 tables, and 10 figures.

Methods
e Chemicals
e Sulfur rich (S-rich) and Sulfur free (S-free) Hoagland solution
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Table S2. Treatments and experimental setup. One surfaced-sterilized Arabidopsis thaliana

were grown in each rhizosphere soil. The concentration of 6:2 FTSA were 1.5 mg/L.

S1


mailto:kchu@civil.tamu.edu

RHAT culture 150 puL (ODsoo = 1) were added to bioaugmentation treatment. Pure
I-butanol 15 mg were spiked to the corresponding treatment.

Table S3. The mass and molar yields of 6:2 FTSA and its transformation products in sandy

Figures

Figure S1.

Figure S2.

Figure S3.

Figure S4.

Figure SS.

Figure S6.

Figure S7.

Figure S8.

soil and rhizosphere sandy soil after 25 days incubation. Each treatment was
performed in triplicate (n=3). The errors represented the standard deviation of the
triplicates.

Experimental setup of the pots (15- mL polypropylene tubes) and the reservoirs
(50-mL polypropylene tubes) used for the growth of A. thaliana. Five holes were
poked at the bottom of the pot. 10 mL of corresponding Hoagland solution was
added to the reservoirs every 7 days.

The root length, root weight and shoot weight of 4. thaliana grown in S-rich (A-C)
and S-limited (D-F) sandy soils with different treatments: 6:2 FTSA, 6:2 FTSA+
RHAI, and 6:2 FTSA+RHAIl+1-butanol. Each treatment was performed in
triplicate (n=3). The bars represented the standard deviation of the triplicates.

ACC deaminase activity (A) and IAA production assay (B) of RHA1 cell. Each
assay was performed in duplicate (n=2). The bars represented the range of the
duplicates.

The mass balance of 6:2 FTSA under S-rich (A) and S-limited conditions (B). Each
treatment was performed in triplicate (n=3).

Relative abundance of the microbial community at phylum level in S-rich (A) and
S-limited (B) sandy soil and rhizosphere sandy soil with different treatments: 6:2
FTSA, 6:2 FTSA+ RHAI, and 6:2 FTS+RHA1+1-butanol. Each treatment was
performed in triplicate (n=3).

The Shannon index of the soil microbial communities in S-rich (A) and S-limited
(B) sandy soil and rhizosphere sandy soil receiving different treatments: 6:2 FTSA,
6:2 FTSA+ RHAI1, and 6:2 FTS+RHAI1+1-butanol. The asterisk indicates a
significant difference (p < 0.05) compared to control.

Pairwise comparison Bray-Curtis dissimilarity of the soil microbial communities
between control and different treatments: 6:2 FTSA, 6:2 FTSA+ RHAI1, and 6:2
FTS+RHAT1+1-butanol in S-rich rhizosphere sandy soil (A), S-rich sandy soil (B),
S-limited rhizosphere sandy soil (C) and S-limited sandy soil (D). The asterisk
indicates a significant difference (p < 0.05) compared to control.

Venn diagrams of the microbial community showing the degree of unique and
overlap bacterial genera in S-rich rhizosphere sandy soil (A), S-limited rhizosphere
sandy soil (B), S-rich sandy soil (C), and S-limited sandy soil (D). As shown in
(D), 30 unique genera were identified in this treatment and their family were shown
as possible 6:2 FTSA degraders in the corresponding samples. Each treatment was
performed in triplicate (n=3).
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Figure S9.

Figure S10.

Principal Coordinates Analysis (PCoA) using unweighted UniFrac distance of the
microbial community among different treatments. S-rich rhizosphere sandy soil
(A), S-rich sandy soil (B), S-limited rhizosphere sandy soil (C), and S-limited sandy
soil (D). Each treatment was performed in triplicate (n=3).

Abundance of defluorinating and deslufonating gene in the microbial community
in S-rich (A) and S-limited (B) rhizosphere sandy soil and sandy soil. Each
treatment was performed in triplicate (n=3). The bars represented the standard
deviation of the triplicates.
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Materials and Methods

e Chemicals

1H, 1H, 2H, 2H-perfluorooctanesulfonic acid (6:2 FTSA, CAS# 27619-97-2, 98% pure),
1H, 1H, 1H-perfluoroheptan-2-one (5:2 ketone, CAS# 2708-07-8, 97% pure), 4,4,5,5,6,6,7,7,7-
nonafluoroheptanoic acid (4:3 FTCA, CAS# 80705-13-1, 97% pure) and 2H,2H,3H,3H-
perfluorooctanoic acid (5:3 FTCA, CAS# 914637-49-3, 97% pure) were obtained from Synquest
Laboratories (Alachua, FL, USA). 2-perfluorohexyl ethanoic acid (6:2 FTCA, CAS# 53826-12-3,
98% pure), 2H-perfluoro-2-octenoic acid (6:2 FTUCA CAS# 70887-88-6, 98% pure), 1-
perfluoropentyl ethanol (5:2 sFTOH, CAS# 914637-05-1, 98% pure) were purchased from
Wellington Laboratories (Guelph, Canada). Perfluorobutyric acid (PFBA, CAS# 375-22-4, 98%
pure), perfluoropentanoic acid (PFPeA, CAS# 2706-90-3, 97% pure), perfluorohexanoic acid
(PFHxA, CAS# 307-24-4, 97% pure), perfluoroheptanoic acid (PFHpA, CAS# 375-85-9, 99%
pure) and the graphitized non-porous carbon powder Supelclean™ ENVI-Carb™ were obtained
from Sigma- Aldrich (St. Louis, MO, USA). ACS reagent grade dichloromethane (DCM) was
obtained from Acros Organics (Pittsburgh, PA, USA). HPLC grade methanol (MeOH) and trace
metal grade ammonium hydroxide (20%), and 1-butanol (99.4% pure) were obtained from Fisher
Scientific (Pittsburgh, PA, USA). A stock solution of 6:2 FTSA (1 g/L) was prepared in ethanol.

e Sulfur rich (S-rich) and Sulfur free (S-free) Hoagland solution

Sulfate was the sole sulfur source in the S-rich Hoagland solution [1] consisting of EDTA-
FeNa (36.7 mg/L), Ca(NO3), -4H>0 (590.4 mg/L), NH4H2PO4 (57.5 mg/L), MgSOs4 -7TH20 (246.5
mg/L), KNO; (252.5 mg/L) and trace minerals: H3;BO3 (1.24 mg/L), ZnSO4 -7H20 (0.29 mg/L),
CuSO0s4 -5H20 (0.04 mg/L), MnSO4 -H>0 (0.17 mg/L), and (NH4)sM 07024 (6.18 mg/L). For S-free
Hoagland solution, it was prepared as follows: of EDTA-FeNa (36.7 mg/L), Ca(NOs)> -4H20
(590.4 mg/L), NH4H2PO4 (57.5 mg/L), MgCl, -6H>0 (203.3 mg/L), KNO3 (252.5 mg/L) and trace
mineral: H3BO3 (1.24 mg/L) ZnCl> (0.14 mg/L) CuCl; -2H,0 (0.05 mg/L) MnCl, -4H>O (6.18
mg/L), and (NH4)sM07024 (6.18 mg/L).

e Pot preparation

Five holes were created at the bottom of each pot (i.e., the 15-mL tube) for drainage.
Fifteen grams of soil were added to each pot which was then wrapped with aluminum foil to avoid
light exposure. To provide adequate soil moisture, ten milliliters of corresponding Hoagland
solution were added weekly to the reservoirs (the solution volume was determined in the lab).

e Seed surface-sterilization and growth condition

Seeds of A. thaliana ecotype Col-0 were surface-sterilized by soaking in 70% ethanol for
5 min and 50% bleach for 10 min, followed by rinsing with sterile deionized-water for five times
and then were placed at 4°C in dark for 24 hours to synchronize seedling emergence rates [1].
Plants were grown with a 16/8 hour light/dark period with a light intensity of 100 uE m 2 s ! at 23
+ 1°C.
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e Aminocyclopropane-1-carboxylic acid (ACC) deaminase activity

The ACC deaminase activity of RHA1 were conducted by following the previous study
[2]. Briefly, RHATI cells were prepared by growing in R2A medium to optical density (ODsoo0) 0.9
before harvesting by centrifugation, washed and resuspend in nitrogen-free medium. ACC (3 mM),
as an inducer for ACC deaminase, was then added to the cell suspension which was then incubated
at 30 °C at 150 rpm overnight. Cell in nitrogen free medium contained nitrate and glucose were
served as negative control. The ACC-induced cells were then collected by centrifugation, washed
and responded in Tris-HCI buffer for experimental use. The assay was conducted by incubating
0.2 pL of cell and 20 pL ACC stock solution (0.5 M) at 30 °C for 15 min. The production of a-
ketobutyrate were then measured by spectrophotometer at ODs40 as described in the study [2].

e Indole-3-acetic acid (IAA) production assay

The IAA production assay were conducted as described in the previous study [3]. Briefly,
RHAT1 cells were first grown in R2A medium to optical density (ODseoo) 0.9. Cell were then sub-
cultured in 10 mL minimal salt medium containing 1 mL tryptophan (50 mM) and glucose (10%)
stock solution. RHA1 culture contained only glucose was prepared as negative control. Cell were
incubated at 30 °C at 150 rpm for 48 hr. To measure the IAA production, 1.5 mL culture were
centrifuge at 13000 rpm for 5 minutes. One milliliter of supernatant was added to 2 ml FeCls-
H>SO4 reagent as described in the study. Reaction was conducted at room temperature for 25
minutes. The concentration of [AA was measured by spectrophotometer at ODs3o.

e Extraction of 6:2 FTSA and its transformation products

Samples of soil, roots, and shoots were freeze-dried for 24 hours before stored at -20 °C
for later chemical analysis. The 6:2 FTSA and its transformation products in the soil and plant
biomass was extracted as described by Chen et al 2019 [1]. Briefly, a mixture of 50:50 (v/v) of
DCM and MeOH with 1% ammonia hydroxide (v/v) was prepared as extraction solvent. Samples
were extracted in a 15-mL polypropylene tube containing 5 mL of the extraction solvent. After
vortexed for 30 sec, the tube was shaken on a shaker (KS 260 basic, IKA®, USA) at 200 rpm at
37°C for 1 hr. The supernatant was then collected by centrifugation at 1500 rpm for 5 min
(Sorvall™ Legend™ XTR, Thermo scientific, USA). The extraction process was repeated twice.
The extracts were pooled, followed by drying under a gentle nitrogen stream. The dried extract
was reconstituted with 1 mL of MeOH, and then cleaned up by 50 mg of ENVI-Carb. Based on
spike-recovery tests, the average recovery of this extraction process was 98.2% and 89.1%,
respectively for soil and plant biomass.

e Tolerance index (TI), Bioconcentration factor (BCF) and Translocation factor (TF)

After 25 days, the plant biomass (roots and shoots) and root length were measured. Tolerance
index (TT) was used to determined effects of different treatments on plants growth. It is defined as
the ratio of phenotypes (biomass or root length) of plants grown in different treatments (Eq.1) [1].
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mean phenotype measurement of treatment

Tolerance Index (TI) = Eq.1

mean phenotype measurement of control

Two indices, bioconcentration factor (BCF), and translocation factor (TF), were used to assess the
uptake and mobility of 6:2 FTSA in plants grown in different treatment. The tendency of uptake
of 6:2 FTSA can be assessed by bioconcentration factor defined as the ratio of the concentration
of 6:2 FTSA in plants over the concentration of 6:2 FTSA in soil (Eq. 2) [1]. Translocation factor
(TF) explains the mobility of 6:2 FTSA moving from the root system to the shoot system of the
plant which was calculated by dividing the concentration of 6:2 FTSA in shoot by the
concentration of 6:2 FTSA in root (Eq.3) [1].

chemical concentration in plant biomass

Bi rati r (BCF
loconcentration faCtO ( ¢ ) Initial 6:2 FTSA concentration in soil

6:2 FTSA concentration in shoot

Tr [ r (TF) =
anslocation faCtO ( ) 6:2 FTSA concentration inroot
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Table S1. The pH, conductivity, and major nutrients composition of the sandy soil used in this
study.

pH 7.2 Ca?* 225 mg/kg
Conductivity 193 pmho/cm Mg?* 32 mg/kg
NO3 32 mg/kg SO4* 11 mg/kg
PO4* 10 mg/kg Na* 40 mg/kg

K* 23 mg/kg
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Table S2. Treatments and Experimental setup. One surfaced-sterilized Arabidopsis thaliana was
grown in each rhizosphere soil. The concentration of 6:2 FTSA were 1.5 mg/L. RHAT culture (150
puL of ODgoo = 1) was added to bioaugmentation treatment. Pure 1-butanol (15 mg) was spiked to
the corresponding treatment.

Plant PFAS Bioaugmentation  Carbon source
S-limited sandy soil
Control
6:2 FTSA 6:2 FTSA
6:2 FTSA + RHAI 6:2 FTSA RHAI
6:2 FTSA + RHAI 6:2 FTSA RHA1 1-butanol
S-limited rhizosphere soil
Control A. thaliana
6:2 FTSA A. thaliana  6:2 FTSA
6:2 FTSA + RHA1 A. thaliana  6:2 FTSA RHA1
6:2 FTSA + RHA1 A. thaliana  6:2 FTSA RHA1 1-butanol
S-rich sandy soil
Control
6:2 FTSA 6:2 FTSA
6:2 FTSA + RHAI 6:2 FTSA RHAI
6:2 FTSA + RHA1 6:2 FTSA RHA1 1-butanol
S-rich rhizosphere soil
Control A. thaliana
6:2 FTSA A. thaliana  6:2 FTSA
6:2 FTSA + RHA1 A. thaliana  6:2 FTSA RHA1
6:2 FTSA + RHA1 A. thaliana  6:2 FTSA RHAI1 1-butanol
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Table S3. The mass and molar yields of 6:2 FTSA and its transformation products in sandy soil and rhizosphere sandy soil after 25 days incubation.
Each treatment was performed in triplicate (n=3). The errors represented the standard deviation of the triplicates.

6:2 FTSA 6:2 FTUCA PFHpA PFHxA PFPeA
Mass Mol % Mass Mol% Mass Mol % Mass Mol % Mass Mol %
(nmole) (nmole) (nmole) (nmole) (nmole)
Time 0 47.30 £ 2.06 100 0 0 0 0 0 0 0 0
S-limited Rhizosphere soil
Control 0 0 0 0 0 0 0 0 0 0
6:2 FTSA 41.67+0.18  88.1 0 0 0 0 0 0 0 0
6:2 FTSA + RHA1 39.44 +£2.01 83.4 0 0 0 0 0 0 0 0
6:2 FTSA + RHA1/1-butanol 38.13+0.55 80.6 0.86 1.8 0 0 0 0 0 0
S-limited Sandy soil
Control 0 0 0 0 0 0 0 0 0 0
6:2 FTSA 4092+ 1.36  86.5 0 0 0 0 0 0 0 0
6:2 FTSA + RHA1 38.13+1.89  80.6 0 0 0 0 0 0 0 0
6:2 FTSA + RHA1/1-butanol 36.50+1.50  77.1 0.24% 0.5 0.14° 0.3 0.10° 0.2 0.05% 0.1
S-rich Rhizosphere soil
Control 0 0 0 0 0 0 0 0 0 0
6:2 FTSA 4498 +0.49  95.1 0 0 0 0 0 0 0 0
6:2 FTSA + RHA1 46.07+0.70 974 0 0 0 0 0 0 0 0
6:2 FTSA + RHA1/1-butanol 46.22+1.66  97.7 0 0 0 0 0 0 0 0
S-rich Sandy soil
Control 0 0 0 0 0 0 0 0 0 0
6:2 FTSA 4279 +0.76  90.5 0 0 0 0 0 0 0 0
6:2 FTSA + RHA1 4334+ 1.66 91.6 0 0 0 0 0 0 0 0
6:2 FTSA + RHA1/1-butanol 42.43+2.50  89.7 0 0 0 0 0 0 0 0

a. The errors are smaller than 0.01 nmole
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Figure S1. Experimental setup of the pots (15- mL polypropylene tubes) and the reservoirs (50-
mL polypropylene tubes) used for the growth of 4. thaliana. Five holes were poked at the bottom
of the pot. 10 mL of corresponding Hoagland solution was added to the reservoirs every 7 days.
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Figure S2. The root length, root weight and shoot weight of A. thaliana grown in S-rich (A-C)
and S-limited (D-F) sandy soils with different treatments: 6:2 FTSA, 6:2 FTSA+ RHA1, and 6:2
FTSA+RHATI+1-butanol. Each treatment was performed in triplicate (n=3). The bars represented
the standard deviation of the triplicates.
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Figure S3. ACC deaminase activity (A) and IAA production assay (B) of RHA1 cell. Each assay
was performed in duplicate (n=2). The bars represented the range of the duplicates.
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Figure S4. The mass balance of 6:2 FTSA under S-rich (A) and S-limited conditions (B). Each
treatment was performed in triplicate (n=3).
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Figure S5. Relative abundance of the microbial community at phylum level in S-rich (A) and S-
limited (B) sandy soil and rhizosphere sandy soil with different treatments: 6:2 FTSA, 6:2 FTSA+
RHAI, and 6:2 FTS+RHA 1+1-butanol. Each treatment was performed in triplicate (n=3).
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Figure S6. The Shannon index of the soil microbial communities in S-rich (A) and S-limited (B)
sandy soil and rhizosphere sandy soil receiving different treatments: 6:2 FTSA, 6:2 FTSA+ RHALI,
and 6:2 FTS+RHA 1+1-butanol. The asterisk indicates a significant difference (p <0.05) compared
to control.

S15



(A) S-rich rhizosphere sandy soil (B) S-rich sandy soil

Distance to control Distance to control

0.8 " ¥
. *r —

0.7

0.7

0.6 |
0.6 — -

*
Distance

Distance
=
wn
T
}—Hl-‘ *
[(—]
hn
T

0.4 - |

0.4
0.3 1
0.3 -
==
e L |
1 L S|
p! . - : SA +
Control 6:2 FTSA 6.2R:r:;4 + R lg :]ET;:\MOI Control 6:2 FTSA 6:2FTSA+  6:2FTSA+
RHA1 RHA1/1-butanol
(© S-limited rhizosphere sandy soil (™ S-limited sandy soil
Distance to control Distance to control
0.8 0.8 3
0.7
" 0.7
0.6 - -
g £ 06 -
2 05 S
= =]

0.3 |
04
0.2 |-
03 L -

0.1 e | 1

Control 6:2 FTSA 6:2 FTSA + 6:2 FTSA + Control 6:2 FTSA 6:2 FTSA + 6:2 FTSA +
RHAI1 RHA1/1-butanol RHA1 RHA1/1-butanol

Figure S7. Pairwise comparison Bray-Curtis dissimilarity of the soil microbial communities
between control and different treatments: 6:2 FTSA, 6:2 FTSA+ RHA1, and 6:2 FTS+RHA1+1-
butanol under S-rich rhizosphere sandy soil (A), S-rich sandy soil (B), S-limited rhizosphere
sandy soil (C) and S-limited sandy soil (D). The asterisk indicates a significant difference (p <
0.05) compared to control.
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Figure S8. Venn diagrams of the microbial community showing the degree of unique and overlap
bacterial genera in S-rich rhizosphere sandy soil (A), S-limited rhizosphere sandy soil (B), S-rich
sandy soil (C), and S-limited sandy soil (D). As shown in (D), 30 unique genera were identified
in this treatment and their family were shown as possible 6:2 FTSA degraders in the corresponding
samples. Each treatment was performed in triplicate (n=3).
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Figure S9. Principal Coordinates Analysis (PCoA) using unweighted UniFrac distance of the
microbial community among different treatments. S-rich rhizosphere sandy soil (A), S-rich sandy
soil (B), S-limited rhizosphere sandy soil (C), and S-limited sandy soil (D). Each treatment was
performed in triplicate (n=3).
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Figure S10. Abundance of defluorinating and deslufonating gene in the microbial community in
S-rich (A) and S-limited (B) rhizosphere sandy soil and sandy soil. Each treatment was
performed in triplicate (n=3). The bars represented the standard deviation of the triplicates.
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