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In this study, we investigate the PFOA removal capabilities of Rho-
dopseudomonas palustris (R. palustris), a fluoroacetate dehalogenase
containing microbe, as a potential candidate for achieving bioreme-
diation. In the 50-day PFOA uptake experiment, R. palustris removed
44 + 6.34% PFOA after 20 days of incubation, which was then reduced
to a final removal of 6.23 + 12.75%. Results indicate that PFOA was
temporarily incorporated into the cell membrane before being
partially released into the media after cell lysis. This incorporation
might be attributed to the combined effect of the hydrophobic
interaction between PFOA and the cell membrane and the reduced
electrostatic repulsion from the high ion concentration in the growth
medium. The growth of R. palustris during the PFOA uptake experi-
ment was 45-fold slower than their growth without PFOA. This study
also completely defines the toxicity range of PFOA for R. palustris
through a toxicity assay. Increasing PFOA concentration reduced
microbial growth, with complete inhibition observed at around
200 ppm. An accelerated growth phase was followed by a temporary
death phase in the first 24 hours in the presence of 12.5-100 ppm
PFOA, implying a unique adaptation mechanism to PFOA.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are a group of >10 000
fluorinated synthetic compounds that are highly toxic and envi-
ronmentally persistent. These compounds are difficult to break
down due to the high energy C-F bonds." This leaves a large PFAS
accumulation in our soil and water resources and raises concerns
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Environmental significance

Widespread PFAS contamination in different water matrices is one of the
current critical challenges. Contemporary treatment technologies struggle
to effectively remove these compounds, necessitating the exploration of
alternative remediation strategies. Rhodopseudomonas palustris CGA009
(R. palustris) is a promising candidate for bioremediation avenues due to
its ability to consume recalcitrant carbon feedstocks and possession of
a fluoroacetate dehalogenase enzyme. Here, we showcase that this
microbe can remove perfluorooctanoic acid (PFOA) molecules from water
by incorporating them into the cells. In the presence of high PFOA
concentration, these microbes survive by uniquely adapting their growth
pattern. Understanding the mechanisms underlying R. palustris interac-
tions with PFOA might pave the way for similar microbial-based treatment
technologies that mitigate PFAS from contaminated environments.

for potential human and ecological toxicity.>* PFAS has shown
toxicological properties against environmental soil microbes,
including negative effects on soil respiration and soil bacteria
enzyme activity.® Also, when a soil microbial community was
exposed to perfluorooctanoic acid (PFOA), the growth of soil
microbes was reduced; however, the negative effects were some-
what temporary, and the community recovered within a year.’

Conversely, microbial degradation of PFAS is considered one
of the most desirable remediation strategies due to the advan-
tages of lower capital and operational costs than abiotic
methods.®” Many recent studies have attempted to find organ-
isms from high PFAS concentration effluent streams that utilize
PFAS as a potential carbon source for growth.* However, due to
the strength of C-F bonds, PFAS are not nearly as attractive for
bacteria to utilize as a carbon source compared to others, such as
sugars or lignocellulosic biomass, and there is no known enzy-
matic pathway which utilizes it as an energy source.® However,
“proof-of-concept” studies have demonstrated the
potential of certain microbial species to degrade PFAS. These
include Acidimicrobium sp. strain A6,'* dehalogenase possessing
strains such as Dechloromonas sp. CZR5,"* and various Pseudo-
monas species, such as Pseudomonas parafulva.*>*

several
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Rhodopseudomonas palustris (hereafter, R. palustris) is
a highly adaptive Gram-negative, non-sulfur bacterium that can
be found in diverse environmental media, such as soil, aquatic
sediment, eutrophic ponds, animal waste lagoons,” and
wastewater.'® R. palustris is known for its high environmental
hardiness, resisting the toxicological effects of high metal
concentrations, and even removing them under these condi-
tions."”*® Furthermore, R. palustris is noteworthy for its ability to
break down recalcitrant carbon sources such as lignin break-
down products.’®>" This strain also possesses a fluoroacetate
dehalogenase (rpa1163) enzyme. When purified from bacteria
(not R. palustris), this enzyme has been observed to cleave the
very strong C-F bond from fluoroacetate* and 2,3,3,3-tetra-
fluoropropionic acid.”® To assess the potential of R. palustris for
PFAS biodegradation, it is crucial to study its interactions with
PFAS and directly evaluate the toxic effects of these compounds
on its morphology and metabolic processes. Therefore, this
study aims to pave the road for future PFAS bioremediation
studies involving R. palustris and Gram-negative bacteria in
general by characterizing R. palustris' growth and adaptive
capabilities when exposed to PFOA as well as PFOA uptake and
toxicity to this organism.

2. Methodology

To achieve our above-mentioned objectives, we first conducted
a 50-day growth study for R. palustris in a photosynthetic media
(PM) with exposure to 50 ppm PFOA under anaerobic condi-
tions. The setup consisted of a triplicate control group (lysed
cells) and a sample group (live cells). The toxicity effects of PFOA
were evaluated by monitoring time dependent bacterial growth
through optical density measurements at 660 nm (ODggo)***
and by assessing physical cell damage via transmission electron
microscopy (TEM) imaging.>**” The PFOA uptake by R. palustris
was evaluated by measuring changes in PFOA concentration in
PM at different time intervals using liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS). The
underlying mechanisms for uptake via cell membranes were
further explored via surface charge measurements of R. palustris
cells using a Zetasizer***® and anion concentration analysis in
PM using ion chromatography (IC). Moreover, a 5-day dose-
dependent toxicity assay was performed using PM spiked with
PFOA concentrations ranging from ~0.78 to 200 ppm, and R.
palustris growth was measured using ODge,. Detailed descrip-
tions of the methodology are provided in the ESI (Section 1).

3. Results and discussion

3.1. PFOA uptake by R. palustris

Fig. 1 presents the trend of PFOA uptake from the PFOA-spiked
PM containing lysed (control) and live (sample) cell cultures.
The PFOA concentration on day 0 was less than the desired
50 ppm initial concentration for both the live samples (36.14 +
5.00 ppm) and lysed control groups (23.99 + 2.57 ppm).
However, no degradation products were detected from the
aliquots collected on day 0. A prior check was performed by
preparing 50 ppm PFOA spiked PM without any culture and
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Fig.1 PFOA removal trends in lysed and live R. palustris cells grown in
a 50 ppm PFOA spiked PM over 50 days. Error bars represent one
standard deviation for n = 3 samples.

analyzed similarly to the aliquots from the actual experiment.
This check reliably returned concentrations of 44 + 1.83 ppm,
close to 50 ppm. Therefore, the discrepancy observed on day 0 is
attributed to the combination of the complex mixture (culture
presence in PM) and the potential adsorption on the glass
container used for the anaerobic reactor. While using addi-
tional controls such as glass containers with PFOA-spiked PM
containing no cells is recommended for future bioremediation
studies to verify the consumption of PFOA, previous studies
have also demonstrated that long-term interaction of PFOA with
borosilicate glass led to negligible adsorption.>**' Henceforth
in this study, the PFOA concentration values of the live and
lysed groups measured on day 0, 36.14 £ 5.00 ppm and 23.99 £
2.57 ppm, respectively, were used as the initial PFOA concen-
tration in PM on day 0 (C,) to determine removal capacity (eqn
(S1)T). In the live sample group, the PFOA removal percentage
initially increased gradually to 44 + 6.34% until day 20, stabi-
lized from day 20-30, and then showed a significant decrease to
6.23 £+ 12.75% by day 50 (p < 0.05, Table S27). In the lysed group,
PFOA levels increased from 23.98 & 2.57 ppm on day 0 to 28.02
+ 5.80 ppm on day 5 and reached 26.67 + 4.00 ppm on day 10.
This increase might be attributed to the initial adsorption of
PFOA onto lysed cells via hydrophobic interactions, followed by
the release of adsorbed PFOA due to structural degradation of
autoclaved cell membranes over time. However, PFOA removal
reached 12.19 £ 16.30% on day 20 for the lysed group, with final
concentrations at 50 days showing no net uptake by the lysed
cells. Statistical analysis for the lysed group showed no signifi-
cant change in removal from day 0 to day 50 concentration (p >
0.05, Table S27). This indicated PFOA uptake was happening in
the presence of live culture. A similar observation has been re-
ported for two Pseudomonas sp. strains, where the release of
perfluorohexane sulfonate (PFHxS) occurred after 15 days of
incubation.”” Another Gram-negative, photosynthetic bacte-
rium, Synechocystis PCC 6803, has also been reported to release
perfluorooctane sulfonate (PFOS) fractionally due to cell lysis.*>

The significant difference in the PFOA removal percentage
between the live and lysed bacteria during days 15-45 indicates

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that more PFOA is uptaken by live R. palustris cells than by lysed
ones (p < 0.05, Table S2t). The gradual increase in PFOA uptake
(until day 20) and release in later days might be a result of
a complex interaction process that includes physical hydro-
phobic and electrostatic interactions, along with biological ion
transport mechanisms. The uptaken PFOA might be incorpo-
rated into the phospholipid bilayer of the cell membrane, likely
due to hydrophobic interaction.”® Additionally, the presence of
various proteins on the cell membrane and the proteinophilicity
of PFAS compounds might also facilitate PFOA uptake.** The
PFOA decrease in PM might be due to physical PFOA adsorption
on the outer cell surface and its incorporation into the cell.
When suspended in deionized (DI) water, the live and lysed R.
palustris cells from day 20 have shown high negative charges of
—36.9 + 0.977 mV and —43.9 £ 0.912 mV, respectively
(Fig. S2.17). As both PFOA and R. palustris have high negative
surface charges, electrostatic repulsion would hinder the
adsorption of PFOA on the cells. However, the high ion
concentrations (calculated to be 189.42 mM) in the PFOA-
spiked PM reduced the surface charges to —9.31 £ 0.83 mV
and —14.2 £+ 0.625 mV for the live and lysed cell cultures,
respectively (Fig. S2.1%). This would allow PFOA to be near the
cells and partition to cell membranes driven by hydrophobicity.
Throughout the 50-day experiment, live bacteria cells had
uptaken more PFOA than lysed cells. This is because a higher
negative surface charge on the lysed bacteria would result in
stronger electrostatic repulsion between PFOA and the lysed cell
than the live ones. While active ion transport in live bacteria
might also facilitate PFOA uptake, the absence of functional ion
transport mechanisms in lysed cells prevented PFOA uptake.
Moreover, due to inactive ion transport and damaged cell
membranes, charged molecules might leak from within the
lysed cell and accumulate on the cell surface.** This would
explain the lysed cells having more negative surface charge than
live bacteria, a finding consistent with other studies.***
Furthermore, bacterial growth in the live group might increase
biomass content over time compared to the lysed group,
contributing to higher PFOA removal by live bacteria than the
lysed ones. Cell lysis might be responsible for the eventual
partial release of the incorporated PFOA.**

3.2. Free anion mass balance in PM

Since day 20 exhibited the highest PFOA removal (Fig. 1), the live
group PM was further analyzed to determine possible nutrient
consumption and identify other anion generation, such as fluo-
ride (F7). IC results showed 90.01 + 7.64 ppm chloride, 3051.30
=+ 242.62 ppm phosphate, and 2279.56 + 214.84 ppm sulfate in
the PM at day 20 (Fig. S2.2}). While the chloride and sulfate
concentrations remained constant in the PM, the phosphate
concentration decreased 67.87% from the initial concentration
of 9497 ppm. As phosphate acts as a crucial nutrient for cell
development and function in R. palustris, the decrease in phos-
phate amount over 20 days indicated the growth of R. palustris in
PFOA spiked PM.**** However, no fluoride ion was detected in
the PM, indicating that the PFOA uptaken by the microbe had
only been stored in the cells and not metabolized. While the ions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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available in the PM media are essential for bacterial growth and
assist sorption by reducing electrostatic repulsion between PFOA
and cell surface, the extensive effect of high ionic strength and
ionic composition on the PFOA sorption capability of bacteria
remains unclear.*® Furthermore, high ion concentrations have
been observed to significantly reduce the critical micelle
concentration (CMC) of PFAS compounds.®”*® PFOA has a high
CMC value of 10 350 ppm (~26 mM).>*** However, hemi-micelle
formation on a solid surface is feasible at concentrations 0.001-
0.01 times the CMC.* As the starting PFOA concentration
(50 ppm or 0.12 mM) in this experiment was within the feasibility
limit (0.025-0.25 mM), some hemi-micelles might have formed
via the attachment of the hydrophobic tail of PFOA on the cell
surface. The formation of aggregated PFOA molecules on the cell
surface would reduce the amount of free PFOA molecules in the
PM. Hence, high ion concentration in PM might positively affect
bacteria's sorption capacity and lower bioavailability. In waste-
water treatment systems, the ionic strength of streams ranges
from 3-100 mM, highlighting the need for further research into
the suitability of R palustris for integration into these
environments.

3.3. R. palustris growth under PFOA exposure

To observe the effects of PFOA on the growth of R. palustris,
ODggo was measured every sampling day (Fig. S2.3at). Ideally,
this would have produced a curve where the growth of R. pal-
ustris cultures exposed to PFOA would be either identical to or
slightly higher than the control acetate curves. However, wild
type R. palustris exhibits significantly slower growth when
exposed to PFAS than when exposed to acetate. An anaerobic
wild type R. palustris culture (without PFAS) would typically take
3-5 days to reach a maximum ODgg, of roughly 0.6 (Fig.-
S2.3bt),2**>** whereas our PFOA-exposed live cultures grew at an
incredibly slow rate, taking 45 days to reach the same maximum
ODgeo. As our experiment allowed for continuous growth by
supplementation of 2 mM sodium acetate every 5th day, the
reduced max ODgg, and slower growth rate strongly suggest that
our cultures are continuously experiencing cell lysis from the
toxicological effects of PFOA. A second noticeable trend we
observed was an initial, large, albeit temporary, increase in
ODgeo and the presence of two growth phases, or diauxic growth
(before and after day 10). This type of growth usually occurs in
cultures with two carbon sources, where an organism prefer-
entially consumes one over the other.**® However, due to the
lack of fluoride present in the media after growth and the
inconsistent PFOA mass balance, this might instead be the
result of an adaptive phase, where R. palustris responds to PFOA
exposure. The apparent accelerated death phase might then be
explained by cell lysis before R. palustris has fully adapted. pH
change was also trivial for the duration of the experiment,
owing to the high amount of phosphate present in the media
(Fig. $2.47).

3.4. PFOA effect on R. palustris morphology

To further evaluate the toxic effects of PFOA, the TEM images
(Fig. S2.57) provided additional information on the live cell
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structure and growth in the presence and absence of PFOA.
Healthy wild type R. palustris cell cultures without PFOA expo-
sure were observed to contain nucleoid and smooth cell
membranes (Fig. S2.5a & bf). However, the high-magnification
images showed PFOA-exposed live cells from days 0, 20, and 35
with visible damages from possible oxidative stress, such as the
absence of nucleoids, cytoplasm leakage,”™*° detached cyto-
plasm from cell wall,*® cell wall disruption,***> and uneven cell
membranes (Fig. S2.5d, f, & ht).** Similar damages in different
bacterial cells from PFAS exposure have been reported in other
works.?”** Due to the consistency in TEM imagery between these
studies involving metal oxides, chitosan, and PFOA, cell lysis
may be caused by these mechanisms.** Even with these toxic
effects, the low-magnification images (Fig. S2.5b, e, & gt)
showed an increasing number of live cells from day 0 to 35
under PFOA exposure. This corroborated with the growth curve
(Fig. S2.31), indicating the ability of R. palustris to grow in the
presence of a high concentration of PFOA (i.e., 50 ppm).

3.5. Dose-dependent toxicity assay

Given the irregular growth and morphological damage observed
in our initial 50 ppm experiment, a 5-day dose-dependent
toxicity assay was performed, in which wild-type R. palustris
was incubated with a gradient of PFOA concentrations. The
purpose of this experiment was to reproduce the irregular
growth profile observed in the 50 ppm concentration cultures
and to assess whether this effect also exists or is amplified at
other PFOA concentrations. A 2x series dilution of PFOA sup-
plemented PM media, ranging from final concentrations of
200 ppm to ~0.78 ppm, was prepared, as well as a control media
containing no PFOA (Fig. 2). 3 replicates of 500 uL anaerobic R.
palustris cultures were then prepared with each individual PFOA
concentration, and growth was measured every 12 hours. From
our results, two very interesting trends emerge; firstly, the initial
large temporary increase in ODggo, Which occurs in the first 24
hours, is present for PFOA concentrations above 12.5 ppm. This
effect begins at 12.5 ppm and increases in intensity until
100 ppm, where higher concentrations almost completely

3.0
2.5 —*—0ppm
—+—0.78 ppm
2.0 —e—1.56 ppm
2 ——3.12 ppm
Q 45 ——12.5 ppm
(@]
—v— 25 ppm
1.04 ——50 ppm
—e— 100 ppm
0.5 —=—200 ppm
0 20 40 60 80 100 120

Time (Hours)

Fig. 2 Wild type R. palustris grown on a 2x serial dilution of PFOA
(200-0.78 ppm) over 5 days. The growth curves exhibited an accel-
erated death phase in the initial hours (12-24 hours) for the PFOA
concentrations of 12.5-200 ppm. With increasing PFOA concentra-
tions, the maximum ODggo decreases. Error bars represent one stan-
dard deviation for n = 3 samples.
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inhibit sustained R. palustris growth. Only the 0.78 ppm culture
produces no significant difference at any point during growth,
while concentrations 12.5 ppm and above produce significantly
(p < 0.05) reduced growth after 24 hours (Table S37). Secondly,
these cultures appear to emulate diauxic growth behavior.
However, considering the lack of PFOA degradation as observed
from our mass balance and IC results, we hypothesize that this
may be a period during which R. palustris responds to the
toxicological effects of PFOA. To the best of our knowledge, no
existing literature reports a growth pattern similar to the one we
have observed. This could imply a unique resistance or adap-
tation mechanism that R. palustris possesses, allowing it to grow
even in very high PFOA concentrations. A recent study demon-
strated the ability of PFOA to incorporate itself into lipid bila-
yers up to a saturation limit, thereby expanding the bilayer and
increasing membrane fluidity.”® Other studies also list
membrane disruption, alongside oxidative stress and DNA
damage, as potential sources of cell lysis.>**® Due to the simi-
larity in image mechanisms, we hypothesize that the toxicity
gradient we observed results from this phenomenon, where
PFOA is saturating the cell membrane until it is ruptured.
However, the underlying mechanism of R. palustris to effectively
respond to and recover from this toxicological effect remains to
be understood.

4. Conclusions

In summary, this study presents the potential of R. palustris for
PFOA removal and elucidates the microbes’ unique adaptation
pattern to the toxic effects of PFOA. At a high PFOA concen-
tration of 50 ppm, R. palustris temporarily removed PFOA from
the surrounding media either by incorporation into or adsorp-
tion on the cell membrane. While the PFOA removal reached
a maximum uptake of ~44% after 20 days, eventual PFOA
release happens from the cell membrane. The full toxicity range
of PFOA on R. palustris is determined, where cultures exposed to
~0.78 ppm of PFOA are identical to cultures grown without
PFOA. The growth inhibition increases with increasing PFOA
concentration and is almost completely inhibited at 200 ppm. R.
palustris also exhibits interesting growth adaptation behavior,
where an initial growth phase is followed by an accelerated
death phase due to the high concentration of PFOA. Another
growth phase follows when R. palustris cultures are supple-
mented with 12.5-100 ppm PFOA. This study demonstrates that
a PFOA concentration ceiling limit exists for effective bioreme-
diation; beyond that, R. palustris suffers severe toxicity effects.
While no degradation product or fluoride generation was
observed in this study, this strain has previously demonstrated
the ability to degrade other halogenated compounds at much
lower concentrations.”” Instead of showing evidence of degra-
dation, R. palustris appears to simply uptake PFOA at this high
concentration. Hence, further research is needed to optimize
the growth conditions and establish an environment conducive
to enzymatic activity. Along with this, we plan to perform non-
targeted mass spectroscopy analysis to identify if any
unknown transformation products formed during this period of
PFOA exposure to R. palustris in future studies. Although further

© 2025 The Author(s). Published by the Royal Society of Chemistry
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work is required to evaluate the bioremediation potential of R.
palustris extensively, the results presented here provide
groundwork on understanding the behavior of R. palustris and
similar Gram-negative bacteria in PFOA-contaminated media.
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