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Remediation of soils contaminated by the globally concerning per- and poly-
fluoroalkyl substances (PFAS) is imperative yet challenging. Herein, we identify
a PFAS hyperaccumulator, the herbaceous Oenothera rosea, in soil near a
fluorochemical facility and demonstrate root-to-shoot translocation factors of
3.07 - 58.6 for 18 distinct PFAS. Comparative hydroponic/pot experiments
using conspecifics from non-polluted areas confirm that hyperaccumulation
arises from domestication after prolonged PFAS exposure. Root cell wall
pectin and hemicellulose are critical PFAS binding sites, significantly affecting
root-to-shoot translocation. Subcellular and transcriptomic analyses reveal
that the hyperaccumulating O. rosea undergoes minimal cell wall remodeling

M Check for updates

under PFAS stress, a signature of adaptive evolution. Life cycle assessment
further validates the environmental superiority of an integrated strategy
combining O. rosea phytoremediation with biomass pyrolysis for PFAS
destruction and biochar production, achieving a net-negative carbon footprint
(-17.9 kg CO,/ton soil). Our work provides a comprehensive framework for
PFAS remediation, from hyperaccumulator identification to sustainable field

application.

Per- and polyfluoroalkyl substances (PFAS) are globally concerning
pollutants but also indispensable industrial chemicals because of
their superior surface activity and chemical stability'>. Their persis-
tency and toxicity have led to worldwide restrictions on long-chain
legacy PFAS, including perfluorooctanesulfonic acid (PFOS), per-
fluorooctanoic acid (PFOA), and perfluorohexanesulfonic acid
(PFHXS), under the Stockholm Convention*. However, to meet market
demand for these functionally essential chemicals, numerous novel
PFAS structures have been developed, resulting in their continuous
release into the environment®®. Consequently, extraordinarily high
levels of diverse PFAS (e.g., PFOA reaching 2241 ng/g) were frequently

observed in soils near fluorochemical facilities, representing one of the
most significant PFAS sources’". These soil-borne PFAS pose severe
long-term risk to both ecosystem integrity and public health through
plant uptake and trophic transfer'-2, imposing urgent need to develop
effective, sustainable remediation technologies.

Despite intensive efforts, removing PFAS from soil remains chal-
lenging. Microbial degradation can barely break the strong C - F bonds
in PFAS”. Physicochemical destruction and conventional phase-
transfer technologies (e.g., immobilization or soil washing) are con-
strained by high costs, limited treatment efficiency, poostatr scal-
ability, and potential damage to soil functionality’* . In contrast,
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phytoremediation represents an environmentally sustainable solution
for continuous PFAS removal without soil disturbance or secondary
pollution®?°, The economic feasibility of this approach is further
enhanced through valorization of harvested biomass, including bio-
fuel conversion and lignin/cellulose extraction”*’. However, practical
application of this technology has been hindered by the lack of PFAS
hyperaccumulators meeting established criteria (leaf concentration
factor, LCF>10; translocation factor, TF>3)*?*, Existing studies
report LCF and TF values in terrestrial plants far below these
thresholds* %, indicating that PFAS hyperaccumulation is not inherent
but requires adaptive evolution through chronic exposure*°—a pattern
mirroring historical discovery of metal hyperaccumulators”?**. Unfor-
tunately, prior studies have overlooked that PFAS hyperaccumulators
likely thrive only in soils with sustained PFAS emissions, particularly
near fluorochemical facilities. Thus, target screening in contaminated
areas and mechanistic studies on PFAS translocation are critical to
advance effective phytoremediation strategies.

The root cell wall has been identified as the dominant binding
site for PFAS®, but more specific subcellular components involved
and their modification under PFAS exposure remain unexplored.
Comparative analyses between PFAS hyperaccumulators and non-
hyperaccumulating conspecifics at tissue, cellular, and molecular
levels are needed to identify key determinants of root uptake and
root-to-shoot translocation. Transcriptomic analyses (RNA-seq)
could further unravel functional genes and expression profiles
underlying PFAS hyperaccumulation, as demonstrated for other
contaminants® >, On the other hand, sustainability of remediation
technologies must be evaluated through life cycle assessment (LCA),
particularly accounting for global warming potential, fossil resource
scarcity, and ecotoxicity. PFAS-loaded biomass after phytoremedia-
tion requires proper management to avoid secondary pollution.
Converting harvested biomass into high-value products such as
biochar could enhance circular sustainability”**. However, the effi-
cacy and long-term safety of such post-treatment methods for PFAS
elimination remain unverified.

Herein, we identify Oenothera rosea as a PFAS hyperaccumulator
in soils near a fluorochemical facility and elucidate its hyper-
accumulation mechanisms (Fig. 1a). To our knowledge, this represents
the first documented PFAS hyperaccumulator with TF greater than 3
for 18 distinct PFAS. We perform controlled hydroponic/pot experi-
ments to validate this domestication-driven hyperaccumulating capa-
city compared to the uncontaminated conspecific. We then conduct
subcellular fractionation to reveal key binding components, with fur-
ther RNA-seq analyses to reveal the genetic basis of hyperaccumula-
tion. Additionally, we perform scenario and LCA analyses to
demonstrate the superior effectiveness and sustainability of phytor-
emediation combined with biomass pyrolysis compared to conven-
tional physical and chemical technologies. Our findings provide both a
practical guide for hyperaccumulator screening and a closed-loop
solution for PFAS contaminated soils, advancing fundamental science
and environmental remediation technology.

Results and discussion

Screening PFAS hyperaccumulators in soil near a fluorochemical
facility

Scaling PFAS phytoremediation requires identifying
hyperaccumulators®. Unlike previous random screening approaches
we strategically sampled eight woody/herbaceous species within 2 km
downstream of a fluorochemical facility to target evolutionarily selected
PFAS accumulation traits (Supplementary Fig. 1). The soil sites have
undergone moderate PFAS exposure for over 60 years. Eighty-two PFAS
in soil and plant tissues were quantified (details in Supplementary
Figs. 2-5 and Tables 1-6) to calculate concentrations factors in roots
(RCF), stems (SCF) and leaves (LCF), along with TF values (Eqs. 1-4).
Stems and leaves were washed by methanol/H,O (1:1, v/v) to remove

adapted

20,36
’

surface adsorbed PFAS originating from atmospheric deposition (Sup-
plementary Fig. 6). O. rosea outperformed other species, showing (i) the
highest aboveground uptake capacity, (ii) high SCF and LCF values, and
(iii) notably high TF values (Figs. 1, 2). The consistent achievement of
LCF>10 and TF > 3 for 18 distinct PFAS establishes O. rosea as the first
documented PFAS hyperaccumulator, to our knowledge.

The total concentration of 82 target PFAS (3 g,PFAS) in surface
soils (0-15cm) was 21.1-32.4ng/g (Supplementary Fig. 7 and
Table 7), with 42 PFAS being detected. The concentration level is
comparable to those reported near fluorochemical industries
(reviewed in Supplementary Table 8) and is over 20 times of those in
background soils sampled herein (0.72-1.04 ng/g) or reported else-
where (0.05-1.12 ng/g)**%. PFOA and HFPO-TrA collectively accoun-
ted for >72% of Y g,PFAS, consistent with their use as processing acids
during fluoropolymer production™. The moderate soil PFAS levels
warrant the suitability of the sampling sites for screening PFAS
hyperaccumulators.

YsPFAS in the sampled plants were significantly higher than
those from background sites (Fig. 1b). Most PFAS were retained in
leaves (203.1-1102.5 ng/g), followed by stems (24.2-170.6 ng/g) and
roots (56.0-100.9 ng/g), with minimal accumulation in the bark of
woody plants (16.7-36.7 ng/g). PFPrA was the dominant species in the
leave and stem, accounting for 24.5-80.4% of ) s,PFAS, whereas PFOA
(24.1-63.3%) and HFPO-TrA (8.70-39.2%) were the major compounds
in the root and bark (Fig. 1c). O. rosea stood out for its highest uptake
capacity in the aboveground parts, with }g,PFAS of 1102.5 ng/g in
leaves and 170.6 ng/g in stems, significantly exceeding those of other
plants (203.1-602.4 ng/g and 24.2-100.5 ng/g) (Fig. 1b).

To compare PFAS accumulation capacity across the sampled
plants, we calculated RCF, SCF, and LCF values for }g,PFAS and 27
individual PFAS with substantial soil concentrations. O. rosea exhib-
ited significantly higher SCF (6.27) and LCF (40.5) for Y g,PFAS than
other species (1.10-3.57 and 6.28-21.1, p < 0.05), despite comparable
RCF values (3.09 vs. 2.52-3.12) (Fig. 2a). O. rosea also showed the
highest SCF and LCF for most individual PFAS, with 10 SCF and 19
LCF values exceeding the hyperaccumulation threshold (10).
Although Solidago canadensis, Erigeron annuus, and the four wood
plants had LCF values surpassing 10 for certain PFAS, O. rosea dis-
tinguished itself as the most effective hyperaccumulator owing to
the larger magnitude of LCF and the broader range of PFAS
accumulated.

The TF of individual PFAS (Eq. 4) is a more critical parameter for
assessing hyperaccumulation potential, as only those transported to
shoots can be harvested for continuous phytoextraction”’. Herbac-
eous species (excluding Acorus calamus) showed significantly higher
TF values for Y g,PFAS (4.57-9.20) than woody plants (2.64-3.34), with
0. rosea exhibiting the highest TF (9.20) (Fig. 2a). This suggests that
herbaceous species have stronger pollution adaptation capabilities,
which may be attributed to their shorter generational cycles facilitat-
ing faster evolutionary response to the decade-long PFAS exposure.
Notably, O. rosea demonstrated TF values >3 for 18 PFAS, with the
highest value observed for PFPrA (58.6), followed by PFBA (14.1), wH-
PFBA (11.6), and HFPO-DA (11.6). The dominant PFOA and HFPO-TrA
had TF values of 4.67 and 5.76, respectively.

The superior translocation ability of O. rosea for PFAS was further
validated by culturing the field-sampled O. rosea, A. calamus, S. cana-
densis and E. annuus in a nutrient solution containing 200 pg/mL
PFOA. SEM-EDS imaging revealed strong and comparable fluorine
signals in the root cross-sections of all species but significantly stron-
ger signals in the stems of O. rosea compared to others (Fig. 2b; Sup-
plementary Fig. 8). These observations align with the comparable RCF
values for PFOA among the four species (3.27-3.73) but much higher
TF values in O. rosea (4.67) than the others (0.43-1.78). The results
reinforce that only O. rosea is uniquely capable of efficiently trans-
porting PFAS from root to shoot.
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Fig. 1| Screening of PFAS hyperaccumulating plants near a fluorochemical
facility. a Conceptional schematic of identification of PFAS hyperaccumulator,
hyperaccumulation mechanism, and life cycle assessment (LCA) of phytor-
emediation in PFAS-contaminated soil (details in the text). NOR: non-
hyperaccumulating O. rosea population; HOR: hyperaccumulating O. rosea popu-
lation. b Concentrations of 18 PFAS classes in the root, stem, leaf and bark of the
sampled plants near a fluorochemical facility (KP K. paniculata, MG M.

glyptostroboides, CO C. officinarum, ZS Z. schneideriana, OR O. rosea, AC A. calamus,
SC S. canadensis, EA E. annuus, BG_CO and BG _EA refer to plants sampled from
background areas). The numbers above bar charts represent the types of PFAS
detected. ¢ Relative abundance of individual PFAS and PFAS classes in different
parts of four woody plants. d Relative abundance of individual PFAS and PFAS
classes in different parts of four herbaceous plants. Source data are provided as a
Source Data file.

Nature Communications | (2025)16:10283


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65191-3

a RCF SCF LCF TF
SuPFAS| O @0 00| [am oo q oo d [co® eo| ®KP F o o
24 26 28 30 32 1 2 3 4586 8 16 24 32 40 0 2 4 6 8 10 @ MG F ~ "
F o o
PFHXA[ O O® @0 cocewe ¢ © co ¢ F ¢
PFHpA! QD@ o zs =1-
bron o® PFCA (n=1-12) H-PFCA (n=3, 6, 8)
PFNA|@ (DD ® OR cF oo o RF o
PFDA} (XBD O AC F>|\N/\s\\/ Clwo% &
PFUAl QEBO o sc AR FEEdEd o
PFDoA QO
PFTDAl @ O EA PFSA (n=6, 7) 6:2 CI-PFESA (n=6)
o@oe O
PFTeDA @D 5} H HO F o
PFOS| @ o o \\ F. % _NH,
FOSA 3D @O ©-CCD @e F>|\N: \B
PFOAB @ —O0 @®0—=0 F F H H F F
HFPO-TrA| @@ QD g: @ e @0 0 6:2 FTSA (n=6) FOSA (n=7)
HFPO-TeA! @O —CD
C3-PFdiCA|  CDEIDO-© 0-0-@-@»0 @O0 a0 0 @ o o 9
C7-PFdiCA| @@ —O0—CD a0 _ )}\N)k _ E O\N)k _
0 2 4 6 0 2 4 6 810 0 10 20 30 400 2 4 6 8 10 °F'n:° F>FrF"F°
PFPrA o 8 O 00000 [0ed o @ ) _ _
PFBA| CID 00— © oe e PFdiCA (n=3, 7) PF40PeA (n=2)
PFPeAl @D 0eO-@
PFHPS® @O @ e©v e
6:2 FTSA | @DO-D a» o’ PFECA (n=1, 2)
HFPO-DA! (DO® o @ FFF CF
3
PF4OPeA 0800 o@ @
6:2 CI-PFESA OO Oo-e 0 _
- 0-aDO—0—@ o
wH-PFBA (0 30)) @ \N)J\ /\/\N+ PFOAB
wHPFHPAl  @—@@O er» ©
wH-PFNA O @0@ o o
0 3 6 9 1215 0 10 20 30 0 80 160 240 320 0 10 20 30 40 50 60
C
| 06 15
11 S
I I E 05 © 08 °
‘/\/ J w w10p e
| ) E 8
00 05 10 00.4 J g, OO@ (@]
| o
e | - 05 (.
| d 0.3 O ®.
I r=0757 @ . @
| p=150x10"° o
I
UUJE . ey s e e s %03 456 78 6
00 05 0 Log K,,,, Log K,
[c | . .
‘ zoo 12
‘ o} Q %)
R 2 N
(1] | . 2
UL E A " @ L 08 .0
=60 05 - ;‘o - ';a O
o0 T Ee o, E B
o o5 =089 e.o r=0.959 %
T E | p=6.66 x 1078 p=1.17 x 1010 o)
VU L 34 5 6 7 89 03 456 7 8 9
o 00 05 10 Log K, Log K,

Fig. 2 | Assessment of bioaccumulation factors of PFAS in plants.

a Concentration factors in the root (RCF), stem (SCF), and leaf (LCF), and the
translocation factors (TF) of the sampled plants for Y g,PFAS and 27 individual PFAS
with substantial concentrations in the soil. The structures of PFAS are provided. KP,
MG, CO, ZS, OR, AC, SC, EA, refer to K. paniculate, M. glyptostroboides, C. offici-
narum, Z. schneideriana, O. rosea, A. calamus, S. canadensis, and E. annuus,
respectively. b SEM-EDS images of root and stem cross sections from the four
herbaceous plants sampled in the field after incubation in a 200 pg/mL PFOA
nutrient solution. The bright blue spots represent signals of fluorine (F). The
experimental results obtained by SEM-EDS were repeated at least twice with

independent biological samples. ¢ The two-sided Pearson correlation (no adjust-
ments) between log RCF, log SCF, log LCF, and log TF of O. rosea with the octanol-
water partition coefficients (log K., for the 15 PFAS with available data; the solid
line in the first panel serves as visual guides; the error bands in the second,
third, and fourth panels represent the 95% confidence level around the mean
value of biological replicates (n =3, dashed lines); and the correlation

coefficient (r) and the corresponding significance levels are shown: log SCF
(p=1.50x10"), log LCF (p=6.66 x10®), and log TF (p =1.17 x10™°). Source

data are provided as a Source Data file.

The hyperaccumulating ability of O. rosea for different PFAS

To the best of our knowledge, O. rosea showed the highest TF ever
reported for all the PFAS examined. For example, for the most studied
PFOA, O. rosea (4.67) demonstrated much higher TF than those
reported in crops (0.093-1.08), vegetables (0.20-1.78), and other
terrestrial plants (0.08-2.27) (Supplementary Table 9). This disparity is
because most plants retain PFAS in roots to mitigate phytotoxicity for

shoots® %, whereas O. rosea has evolved hyperaccumulation cap-

abilities through prolonged adaption to contaminated environments
studied herein. O. rosea also showed high TF values for emerging PFAS
that have been rarely investigated, including HFPO-DA (11.6), HFPO-
TrA (5.76) and 6:2 FTSA (7.11), and their highest reported TF values
were only 3.09%, 0.63°, and 0.36%, respectively. To our knowledge, we
reported the first TF measurements for PF4OPeA (4.16), H-PFCA
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isomers (3.65-11.6), and other three novel PFAS. Together with the
high SCF and LCF values, these findings highlight O. rosea as a pro-
mising PFAS hyperaccumulator to accumulate and translocate diverse
PFAS from contaminated soils.

The varied hyperaccumulating capabilities of O. rosea were fur-
ther explored by correlating the accumulation factors (RCF, SCF, LCF)
and TF with the octanol-water partition coefficients (log K,.) of indi-
vidual PFAS (Fig. 2¢). Log K,w, reflecting compound hydrophobicity,
typically increases with the number of perfluorocarbons ([CF,],) in
PFAS. For the 15 PFAS with available log K., values*’, log RCF displayed
a U-shape trend (Fig. 2c), where root accumulation initially decreased
with increasing hydrophobicity but rose again for highly hydrophobic
PFAS. For instance, the RCF of O. rosea for PFCA (F[CF,],COO")
decreased from 3.67 for PFBA (C4) to 1.93 for PFDA (C9) but increased
to 2.73 for PFTeDA (C13). This trend is attributed to the combined
effects of greater soil retention for long-chain PFAS, reducing their
free-dissolved fraction available for root uptake®, and their limited
translocation to aboveground tissues. This interpretation is supported
by the positive correlation of RCF with log K,y of PFCA in aquatic
plants, unaffected by soil retention*, and the negative correlation of
log SCF, log LCF, and log TF with log Ko, in O. rosea (p < 0.01) (Fig. 2c).
Similar trends were also found for other sampled plants (Supplemen-
tary Fig. 9).

Moreover, novel PFAS tend to exhibit greater accumulation
potential in plants than legacy PFAS. For example, HFPO oligomers and
6:2 CI-PFESA demonstrated significantly higher accumulation factors
than their predecessors, PFOA in fluorochemical production and PFOS
in chrome plating, respectively**** (Supplementary Fig. 10). This sug-
gests improved phytoremediation performance but enhanced ecolo-
gical risks for these novel PFAS. These findings underscore the
significance of chemical structure in governing the accumulation and
translocation of PFAS, emphasizing the need for structure-activity
relationship studies to predict remediation efficiency.

Identifying key binding components of O. rosea for PFAS
Subcellular analysis identifies PFAS binding sites and properties that
enhance soil-to-plant uptake and subsequent translocation to above-
ground tissues®*!. Herein, the concentrations of Yg,PFAS and ten
significant PFAS (PFBA, PFOA, PFNA, HFPO-DA, HFPO-TrA, HFPO-TeA,
PFOS, 6:2 CI-PFESA, wH-PFBA, and wH-PFNA) were examined at
both tissue and subcellular levels in O. rosea. Figure 3a shows that
Y :PFAS levels were higher in bottom (1320.7ng/g) and middle
leaves (1168.4 ng/g) compared to top leaves (558.7 ng/g) and flower
(437.1 ng/g), with the number of PFAS detected reducing from 30 to 21
(Supplementary Fig. 11). The preferential accumulation in mature tis-
sues over new and reproductive tissues reflects a physiological strat-
egy to mitigate xenobiotic stress, which is also observed in heavy metal
hyperaccumulators such as Noccaea caerulescens (initially classified as
Thlaspi caerulescens**) and Sedum alfredii®.

Subcellular analysis revealed that the cell wall was the primary
binding site for PFAS in both roots and leaves of O. rosea, accounting
for >50% of the accumulation of Yg,PFAS and most individual PFAS
(Fig. 3b), consistent with previous observations in lettuce (Lactuca
sativa L.)°. The preferential binding of PFAS to cell walls over proto-
plasts acts as a detoxification strategy, mitigating xenobiotic damages
while enabling upward translocation from roots to shoots?**, Further
isolation of cell walls identified pectin and hemicellulose as the major
binding components, responsible for >75% of root-bound PFAS
(Fig. 3b). Although pectin and hemicellulose are known to significantly
bind metal ions***’, their key role in PFAS accumulation has never been
reported before. FTIR analyses of cell walls incubated in a 200 pg/mL
PFOA solution showed spectral shifts, corresponding to functional
groups in pectin and hemicellulose, towards larger wavenumbers at
1740-1756 cm™ (C = O stretching of alkyl ester), 1240-1250 cm™ (C- O
stretching), 1152-1164 cm™ (glycoside bond vibrations, O - C-0), and

1049-1067 cm™ (C-0/C-H stretching) (Fig. 3c; Supplementary
Table 10). These characteristic peaks disappeared upon removal of
pectin and hemicellulose, further validating their critical role in PFAS
binding.

The major biological molecules in pectin and hemicellulose
(structural configurations in Supplementary Fig. 12) were then
quantified to further explore their association mechanism with
PFAS. Pectin, the most active component in cell walls, consisted of
slightly larger proportion of uronic acid (mainly galacturonic acid in
dicotyledonous plants such as O. rosea*®) over total polysaccharides
(denoted as total sugar) in O. rosea (Fig. 3d). Hemicellulose, a
complex heterogeneous polysaccharide, was arbitrarily fractionated
into hemicelluloses 1 and 2 using weak and strong alkali (SI-8),
respectively. GC-MS analyses revealed that glucose, galactose, and
xylose were the predominant monosaccharides in pectin and the
two hemicellulose fractions (Supplementary Table 11). The associa-
tion of PFOA with the four major biological molecules—galacturonic
acid, glucose, galactose, and xylose—was characterized by *C-NMR,
which showed clear shifts in the carboxylate group (COO") signal
peak from -159.18 ppm in pure PFOA to -159.03/159.04 ppm when
bound to these molecules (Fig. 3e). In contrast, no peak shifts were
observed for the perfluorocarbon chain ([CF,],) of PFOA (Supple-
mentary Fig. 13). The interaction of PFOA through COO™ is likely
mediated by H-bonding with the hydroxyl group (-OH) of biological
molecules, which was further verified by the calculated free energy
of association (AG, kcal/mol) using density functional theory. The
AG for the association of galacturonic acid, glucose, galactose, and
xylose with PFOA through COO™ was 1.52-5.88 kcal/mol (Fig. 3f),
significantly lower than those involving perfluorocarbon chain
(7.29-9.75 kcal/mol). Each 1.36 kcal/mol of AG corresponds to one
log unit of the thermodynamic partition coefficient, K, at 298.15K.
The mechanism of H-bonding was supported by the close distances
(1.77-1.85A) between O in COO™ (PFOA) and H in —~OH (biological
molecules). The slightly positive magnitude of AG indicates a
moderate association, which ensures PFAS accumulation in the cell
wall while enabling their uptake from soil to roots and subsequent
transport from roots to shoots. However, elucidating the mechan-
ism and modification sensitivity of these key binding components—
which determine the hyperaccumulation capacity of O. rosea—
requires comparative transcriptomics analyses with non-
hyperaccumulating populations.

The hyperaccumulating mechanism of O. rosea to PFAS

Unlike the hyperaccumulating O. rosea population (denoted as HOR),
most previously studied plants, including lettuce (Lactuca sativa L.),
soybean (Glycine max L. Merrill), and pumpkin (Cucurbita maxima L.),
primarily retain PFAS in roots with limited translocation to shoots®*"%.
This contrast prompts investigation into physiological and molecular
mechanisms of HOR roots that enable PFAS hyperaccumulation, par-
ticularly in comparison to non-hyperaccumulating O. rosea popula-
tions (NOR) from uncontaminated areas.

Owing to trace levels of PFAS in the background soil
(>82PFAS =0.72 ng/g, Supplementary Fig. 14), the collected NOR con-
tained minimal inherent PFOA contamination (0.27 ng/g in roots,
0.15ng/g in shoots) compared to HOR (54.9 and 226.2 ng/g). After
7-day hydroponic cultivation with 200 ng/mL PFOA (Supplementary
Table 12), HOR showed no growth inhibition compared to untreated
controls (CK), whereas NOR displayed a pronounced stress response
(Supplementary Fig. 15), signifying domestication of HOR through
prolonged PFAS exposure. PFOA accumulation was slightly but sig-
nificantly (p<0.05) higher in NOR roots (886.9 ng/g) than HOR
(662.8 ng/g) (Fig. 4a). In contrast, shoot accumulation of PFOA in NOR
(220.3 ng/g) was less than 10% of that in HOR (2456.1 ng/g), resulting in
TF of 0.25 and 3.71, respectively. Note that the inherent PFOA, accu-
mulated by NOR and HOR from the natural environment prior to the
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Fig. 3 | Binding sites of PFAS in hyperaccumulator O. rosea. a Concentration of
Y s2PFAS in different organizational parts of O. rosea and the number of PFAS
detected. b Proportions of PFAS bound to subcellular fractions (cell wall, organelle,
cell membrane and soluble fraction) in roots and leaves of O. rosea and to further
isolated components in cell walls (HC1 and HC2 refer to hemicellulose 1 and
hemicellulose 2, respectively). ¢ FTIR spectra of root and leaf cell wall extracted
from non-PFAS supplied O. rosea (Cell wall), root and leaf cell wall extracted from
PFOA (200 pg/mL) supplied O. rosea (Cell wall + PFOA), root and leaf cell wall
extracted from PFOA (200 pg/mL) supplied O. rosea but eliminating pectin and
hemicellulose (Cell wall eliminating pectin and HC + PFOA). d Major biological

molecules in the isolated pectin and HC by GC-MS (Glu, Gal, and Xyl refer to
glucose, galactose, and xylose, respectively; others refer to the total of arabinose,
mannose, fucose and rhamnose). e >*C NMR spectra for PFOA and its mixtures with
GalA, Glu, Gal and Xyl. f The free energy (AG, kcal/mol) of association between
PFOA and the four polysaccharides through [CF,], and COO in PFOA, with the
distance (A) of H-bonding (He««F, He++0) indicated. The calculation was per-
formed at the M06-2X/def2-TZVPP/SMD // M06-2X/6-311 G(d,p)/IEFPCM level of
theory. Data in (a) are represented as mean + SD of biological replicates (n = 3).
Source data are provided as a Source Data file.
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hydroponic experiment, has been subtracted. The results demonstrate
that enhanced PFAS translocation is an evolved trait specific to HOR,
whereas NOR retains exogenous PFAS in roots to protect shoots**°.
The ~80% consistency between hydroponic and field-observed TF in
HOR supports PFAS uptake from soil to shoots rather than atmo-
spheric absorption, with the marginally lower hydroponic TF attribu-
table to the shorter cultivation period.

The distinct TF values in NOR and HOR indicate divergent root
modifications in response to PFOA exposure. Consistent with field
samples, the cell wall remained the primary subcellular binding site for
PFOA in both populations after hydroponic cultivation, comprising
61.2% (NOR) and 54.7% (HOR) of the total root cellular burden (Sup-
plementary Fig. 16a). The key binding components (pectin and hemi-
cellulose) increased significantly in NOR following PFOA exposure
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Fig. 4 | The hyperaccumulating mechanism of O. rosea for PFAS. a PFOA con-
centrations in the root and shoot of O. rosea and the corresponding TF for the non-
hyperaccumulating (NOR) and hyperaccumulating populations (HOR) after culti-
vation in a 200 ng/mL PFOA nutrient solution for 7 days; the reported values have
subtracted the inherent PFOA accumulated by HOR and NOR in their original
environment. b Concentrations of uronic acid and total sugar in the root cell of
NOR and HOR to represent changes in pectin and hemicellulose (HC) levels after
cultivation of PFOA compared to the control blank (CK). The p values from inde-
pendent t-test (two-tailed, no adjustments) are shown above paired columns. For
pectin uronic acid concentrations between different treatments: p = 0.016 for
NOR_CK vs. NOR_PFOA, p = 0.012 for NOR_PFOA vs. HOR_PFOA; for HC1 total sugar
concentrations between different treatments: p = 0.011 for NOR_CK vs. NOR_PFOA,
p =0.013 for NOR_PFOA vs. HOR_PFOA; for HC2 total sugar concentrations between
different treatments: p = 0.006 for NOR_CK vs. HOR_CK. ¢ Number of up- and
down-regulated differentially expressed genes (DEGs) in NOR and HOR roots under

PFOA treatment compared to CK (NOR_PFOA vs. NOR_CK and HOR_PFOA vs.
HOR_CK); and the comparison between NOR and HOR (NOR_PFOA vs. HOR_PFOA).
d The top 30 processes identified by GO analysis using the upregulated DEGs in
NOR roots compared to HOR, with the gene counts provided in parentheses. e The
top 30 enriched pathways identified by KEGG analysis in NOR roots compared to
HOR, with the 7 pathways involved in root cell wall synthesis shaded in purple. f The
proposed cell wall pectin and hemicellulose biosynthesis pathways in plant roots,
with the expression levels of each unigene encoding the enzymes involved in each
step. Colors represent the value of log,TPM from three replicates. The p values
were obtained through statistical testing using a generalized linear model based on
the negative binomial distribution (DESeq2), followed by multiple comparison
correction. A significance threshold of *p < 0.05 was applied, with specific p values
and detailed gene descriptions are provided in Supplementary Table 17. Data in
(a, b) are represented as mean + SD of biological replicates (n = 3). Source data are
provided as a Source Data file.

compared to CK (p < 0.05, Fig. 4b), a signature of cell wall expansion
that was absent in HOR. Accordingly, PFOA accumulation in NOR cell
walls (2535.1ng/g) exceeded that in HOR (2018.9 ng/g) (p<0.05,
Supplementary Fig. 16b). However, the 25% difference in PFOA reten-
tion cannot fully explain the substantial lower TF in NOR (0.25) com-
pared to HOR (3.71). Additional modifications of biological
components (such as demethylation of pectin*’ and O-acetylation of
hemicellulose™) and their enhanced binding affinity for PFOA likely
contribute to TF divergence. Nevertheless, the results support that the
domesticated HOR population undergoes less cell wall modifications
in response to PFOA, thereby facilitating more efficient upward
translocation compared to NOR.

The sensitivity of NOR and HOR roots to PFOA was further
explored by RNA-seq analysis, which identified differentially expressed
genes (DEGs) in PFOA-treated plants versus CK (Fig. 4¢; Supplementary
Figs. 17,18 and Tables 13,14). NOR exhibited substantially more upre-
gulated DEGs (1143) than HOR (435). GO enrichment analysis revealed
168 upregulated genes in NOR associated with cell wall synthesis and
modifications, particularly, pectin and hemicellulose biosynthesis
(e.g., GAUT, XYL4) based on KEGG metabolic pathway analysis (Sup-
plementary Figs. 19, 20 and Table 15). On the other hand, HOR showed
only 35 such genes, with no significant differences from CK in KEGG
analysis. These transcriptomic results demonstrated that NOR exhibits
both an enhanced cell wall response to PFOA and elevated metabolic
activity, consistent with defensive strategies observed in other plants
(e.g., Triticum aestivum L%, Leersia hexandra Swartz* and Oryza sativa
L**) under pollutant stress. The absence of such a biological response
in HOR suggests that exposure to 200 ng/mL PFOA may be insufficient
to activate its protective mechanisms or induce root cell wall mod-
ifications. This observation is consistent with the metal hyper-
accumulator Arabidopsis halleri®®, which expresses high levels of metal
transporters and metal-chelating enzymes without significant changes
in gene expression under metal stress. This finding validates that the
pre-adapted genetic traits, rather than induced stress responses,
underlie the hyperaccumulator phenotype.

To further identify metabolic processes associated with hyper-
accumulation, we compared DEG expression between NOR and HOR
under PFOA treatment. This revealed 15,238 upregulated DEGs in NOR
relative to HOR (Fig. 4c), including 4817 DEGs associated with cell wall
synthesis (56 processes, Supplementary Table 16). The cellular com-
ponent “cell wall” contained the highest number of DEGs (798), but 19
of the top 30 enriched processes were biological, including cell wall
biogenesis and organization. At the molecular functional level, “O-
acyltransferase activity” and “polysaccharide binding” were pre-
dominant (Fig. 4d). KEGG analysis further identified 7 of the top 30
enriched pathways in NOR roots as cell wall metabolism-related
(Fig. 4e). In particular, pectin and hemicellulose biosynthesis pathways
(e.g., UERI, XYL4, and GAUT) were significantly upregulated based on
log,TPM values (Fig. 4f; Supplementary Table 17). This pronounced

transcriptional response in NOR reinforces its enhanced root cell
sensitivity to PFOA, aligning with the observed increases in pectin and
hemicellulose contents and root PFOA retention. In contrast, the non-
activated root cell wall response in HOR facilitates efficient PFAS
upwards translocation. Such insensitivity to exogenous stress reflects
the hyperaccumulating phenotype of the identified O. rosea, resulting
from decade-long adaptive selection.

Beyond cell wall modifications, the hyperaccumulation of HOR may
also involve enhanced symplastic transport and rapid xylem loading, as
reported in arsenic- and cadmium- hyperaccumulators®**, The syner-
gistic mechanisms enabling PFAS translocation from soil to shoots in O.
rosea warrant further in-depth investigation.

Effectiveness of soil PFAS phytoremediation by O. rosea

The remediation potential of O. rosea was assessed by calculating the
annual remediation efficiency (ARE, %) using SCF and LCF values and
plant biomass (Eq. 5). For the ten concentration-significant PFAS, O.
rosea showed ARE of 5.40-66.6% (Fig. 5a; Supplementary Table 18),
corresponding to effective remediation periods of 2-29 years to
achieve 80% of PFAS removal from soil (Fig. 5b; Supplementary
Table 19). These ARE values were comparable to that reported for the
cadmium hyperaccumulator (S. alfredii, 17.8%)* and directly rely on
PFAS translocation efficiency in O. rosea. Compounds with higher SCF
(25.8) and LCF (85.8) values, such as wH-PFBA, showed the shortest
effective remediation period (2 years).

The ARE of field-collected O. rosea (HOR) for PFOA was 15.7%,
corresponding to an effective remediation period of 9 years for
moderately contaminated soil (16.3 ng/g). Elevated contamination
levels may impair the accumulation and translocation capabilities of O.
rosea. In controlled pot experiments with soil PFOA from 50 to 2000
ng/g PFOA, shoot PFOA accumulation increased from 339.42 to
6855.7 ng/g (background-subtracted) over 60 days, accompanied by
reducing soil PFOA levels (Fig. 5c). However, HOR exhibited growth
inhibition at elevated PFOA exposure, with the harvested biomass
(shoots) reducing from 3.05 to 2.35g (dry weight) per plant (Supple-
mentary Fig. 21). Accordingly, the key accumulation factors declined
with increasing soil PFOA: RCF decreased from 2.30 to 1.65, shoot
concentration factor (SHCF) from 8.47 to 4.32, and TF from 3.69 to
2.63 (Fig. 5d). These results indicate that elevated soil PFAS negatively
affect both plant growth and hyperaccumulation capability, thereby
compromising remediation potential. O. rosea is thus more effective
for lightly to moderately PFAS-contaminated soils, which are com-
monly encountered near fluorochemical facilities (3-500 ng/g, Sup-
plementary Table 8). The short cultivation time may also contribute to
the slightly lower pot-derived TF (3.69, soil PFOA of 50 ng/g) com-
pared to field observations (4.67). The close agreement between these
values indicates minimal foliar PFAS uptake from the atmosphere in
the field O. rosea, reinforcing that shoot accumulation is primarily
driven by root translocation.
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Fig. 5 | Effectiveness of soil PFAS phytoremediation by O. rosea. a The annual
remediation efficiency (ARE, %) of O. rosea for the 10 concentration-significant PFAS
in the sampled soil. b The simulated decay of PFAS in contaminated soil (Cs0y/Co)
along with different remediation periods by O. rosea. ¢ Morphologies of O. rosea
and PFOA concentrations in roots and shoots after 60-day cultivation during pot
experiments at different soil PFOA levels (50-2000 ng/g). d The corresponding

Initial soil PFOA (ng/g)

Initial soil PFOA (ng/g)

shoot concentration factors (SHCF), RCF, and TF of O. rosea for PFOA. e Soil PFOA
concentrations before and after cultivation of O. rosea for 60 days with p values
from independent t-test (two-tailed, no adjustments) shown above paired columns.
The reported values have subtracted inherent PFOA levels accumulated in O. rosea
from the original environment. Data in (a, c, d, e) are represented as mean + SD of
biological replicates (n = 3). Source data are provided as a Source Data file.

Life cycle assessment of phytoremediation coupled with bio-
mass pyrolysis
To assess the potential for integrating phytoremediation with value-
added biomass treatment (Fig. 6a), we quantitatively evaluated pyr-
olysis of field-collected O. rosea for PFAS removal and biochar pro-
duction. Pyrolysis at 300, 500, 700, and 900 °C for 2 h yielded biochar
at production rates of 56.8%, 32.8%, 32.4%, and 31.6%, respectively
(Supplementary Fig. 22a). Temperature exceeding 500 °C eliminated
99.2% PFAS in O. rosea, reducing residual Y g,PFAS content to 7.85 ng/g
(Fig. 6b). Conversely, total fluorine content increased from 9.51 pg/g in
raw biomass to 26.5 pug/g in biochar (Supplementary Fig. 22b), sug-
gesting the presence of untargeted PFAS or fluorinated byproducts.
Owing to the lack of PFAS standards, we conservatively compared the
produced biochar against national combustion standards for low-
quality coal with total fluorine limit of 200 pg/g®. The biochar also
met all quality thresholds for ash, sulfur, calorific value, and heavy
metal leaching potential (details in Supplementary Tables 20 and 21).
These results demonstrate that pyrolysis at 500 °C effectively elim-
inates PFAS from harvest biomass while producing environmentally
compliant biochar suitable for secondary applications. To compre-
hensively evaluate this phytoremediation-pyrolysis approach, we
conducted LCA and compared its environmental impacts with con-
ventional remediation technologies: soil washing® and magnetic acti-
vated carbon combined with hydrothermal alkaline (MAC + HALT)®°.
To facilitate systematic comparison of remediation technologies
through LCA, we established a functional unit representing 80% PFOA

removal from 1 hectare of soil with an initial contamination level of
10 ng/g. This reflects the median level observed in agricultural soils
near fluorochemical facilities (Supplementary Table 8). Successful
remediation would achieve a target PFOA concentration of 2.0 ng/g,
meeting the threshold (2.05 ng/g) derived from enforceable drinking
water limits set by the U.S. EPA (details in SI-13). A 9-year phytor-
emediation period is required using the field-observed ARE (15.7%) of
0. rosea for PFOA. Thus, the “cradle-to-grave” system boundary
includes the complete 9-year phytoremediation process, pyrolysis
treatment of harvested biomass, and utilization of all pyrolysis pro-
ducts (bio-oil, biogas, and biochar) (Fig. 6a). Further details on the
process simulations are provided in SI-14 (Supplementary Figs. 23,26
and Table 23), with complete LCA data (all inputs/outputs) provided in
separate Supplementary Data 2.

The LCA revealed significantly lower environmental impacts
across 18 categories for the phytoremediation-pyrolysis approach
compared to soil washing and MAC + HALT (Fig. 6¢; Supplementary
Fig. 25). Among these impact categories, global warming potential
(GWP) and fossil resource scarcity (FFP) are particularly critical indi-
cators for evaluating remediation sustainability. The GWP values for
soil washing and MAC + HALT were 21.0 and 59.9 kg CO,/m?, respec-
tively, while the FFP values were 6.04 kg and 14.0 kg oil/m? The sub-
stantial GWP and FFP values for soil washing are primarily attributed to
the washing process, which consumes significant amounts of water
and electricity®. PFAS removal by MAC accounts for the largest con-
tribution (89.7% and 90.4%) to the extensive GWP and FFP values for
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Fig. 6 | Utilization of hyperaccumulator O. rosea biomass and life cycle
assessment of phytoremediation. a System boundary of phytoremediation
coupled with biomass pyrolysis for LCA. b Residual PFAS levels in the biochar (BC)
produced from pyrolysis of O. rosea biomass at different temperatures, with the
removal efficiency for }g,PFAS provided above the bars. ¢ Comparison of LCA
results among phytoremediation plus pyrolysis (PP), soil washing (SW), and mag-
netic activated carbon plus hydrothermal alkaline (MAC + HALT). The

environmental impact categories compared include GWP global warming poten-
tial, FFP fossil resource scarcity, HOFP Ozone formation, Human health, TAP Ter-
restrial acidification, FETP Freshwater ecotoxicity, HTPc Human carcinogenic
toxicity, with the results of the other 12 categories provided in Supplementary
Fig. 25. d Comparison of GWP and FFP results of phytoremediation plus pyrolysis
for different PFAS. Source data are provided as a Source Data file.

MAC + HALT, which is attributed to the substantial consumption of
chemicals during the MAC preparation®®.

In contrast, the net GWP and FFP values for phytoremediation-
pyrolysis were both negative at —4.64 kg CO,/m? and —0.24 kg oil/m?,
respectively. The net negative GWP and FFP are mainly due to the use
of biochar, produced from pyrolysis of harvested O. rosea, as a
heating source substitute for lignite, which offset 15.4 kg CO,/m? of
GWP and 3.69 kg oil/m? of FFP. Conversely, drying O. rosea with high
water content (up to 85.6%) contributed 63.2% (GWP) and 68.7%
(FFP) to the positive emissions. When normalized to per ton of

contaminated soil, phytoremediation-pyrolysis exhibited a GWP of
-17.9kg COx/ton soil, which substantially outperforms previous
reported electrothermal processes (130 kg CO/ton soil)®’. These
results underscore the environmental advantages of phytoremedia-
tion-pyrolysis, particularly in reducing carbon emissions and fossil
resource consumption. The offset by biochar substitution for solid
fuel was particularly evident for freshwater ecotoxicity (FETP) and
human carcinogenic toxicity (HTPc), resulting in the large negative
values of —0.641kg 1,4-DCB/m? and -1.28 kg 1,4-DCB/m?, respec-
tively. In addition, burning biochar produced from plant biomass
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generated nitrogen dioxide (NO,) and sulfur dioxide (SO,), con-
tributing 59.5% to the terrestrial acidification (TAP) value. The
absolute value of TAP for phytoremediation-pyrolysis (0.055 kg SO,/
m?) was comparable to that of soil washing (0.056 kg SO,/m?) but
much lower than MAC+HALT (0.273kg SO,/m?). These results
demonstrate that integrating effective biomass utilization into phy-
toremediation not only avoids potential “secondary pollution” but
also reduces environmental burdens, aligning with previous LCA
findings on phytoremediation for heavy metal-contaminated
soils®> %,

Environmental impacts of the phytoremediation-pyrolysis sys-
tem for different PFAS are primarily determined by their accumula-
tion efficiency in O. rosea and the minimum pyrolysis temperature
required for PFAS elimination. The net GWP for the 10 concentration-
significant PFAS was consistently negative, underscoring advantages
of using biochar as a substitute heating source. When excluding the
negative GWP contributions caused by biochar substitution, the
values for wH-PFBA (2.39 kg CO,/m?), PFBA (2.44 kg CO,/m?), and
HFPO-DA (3.58 kg CO,/m?) were the lowest owing to their superior
SCF and LCF values, resulting in an effective remediation period of
only 2 to 3 years (Fig. 6d). In contrast, the relatively low SCF and LCF
values for HFPO-TeA and PFOS led to prolonged remediation periods
of 24 and 29 years. This extended duration increases biomass pro-
duction and raises energy inputs for drying and pyrolysis, resulting in
higher positive GWP values of 29.3kg CO,/m* for HFPO-TeA and
35.4kg CO,/m? for PFOS. Moreover, the elevated pyrolysis tem-
perature (700 °C) required to eliminate PFBA, PFOS and HFPO-TeA
caused extra energy consumption. As a net effect, the FFP values for
PFBA (0.01kg oil/m?), HFPO-TeA (0.12 kg oil/m?), and PFOS (0.15 kg
oil/m?) were positive compared to other PFAS. The limited reme-
diation performance of O. rosea towards PFOS and HFPO-TeA is
primarily attributed to its low hyperaccumulation capacity, likely
owing to insufficient evolutionary pressure from the low con-
tamination levels in the studies area. Future efforts are needed to
identify and screen potential hyperaccumulators for these PFAS in
their contaminated environments.

Exposure risk reduction and future perspectives of
phytoremediation

The identification and validation of O. rosea as a PFAS hyper-
accumulator represents a transformative advancement in addressing
global PFAS contamination through high accumulation capacity and
practical biomass valorization strategies. The discovered hyper-
accumulator demonstrated root-to-shoot TF of 3.07-58.6 for 18
PFAS, surpassing previously reported values in white willow",
weeds®, and ferns® (typically TF <1) by up to two orders of magni-
tude. The rapid growth rate of O. rosea®, strong stress tolerance, and
broad geographical distribution across temperate and subtropical
regions®® make it particularly suitable for large-scale soil
remediation.

Monte Carlo simulations (10,000 iterations, Fig. 7) demonstrated
the effectiveness of O. rosea-mediated phytoremediation in mitigating
PFOA risks in fluorochemical contaminated soils across seven pro-
vinces in China (Supplementary Table 24). The initial monitoring data
(2.17-56.8 ng/g, Supplementary Table 8) revealed an exceeding prob-
ability of >99% against the U.S. EPA-derived threshold (2.05 ng/g). After
5 years of phytoremediation, the simulated 95% confidence interval of
PFOA concentrations substantially decreased to 1.21-2.33ng/g
(Jiangsu) and 0.88-2.11 ng/g (Shandong), with only 11.4% and 3.36%
exceeding probability, respectively. However, more contaminated
regions such as Fujian province (median PFOA = 21.3 ng/g) required 20
years to achieve <5.70% exceeding probability. These findings under-
score both the promise of O. rosea for PFAS remediation and the cri-
tical need to identify additional hyperaccumulators with enhanced
capabilities to optimize treatment timelines. The demonstrated

evolutionary adaption of O. rosea as a PFAS hyperaccumulator pro-
vides compelling rationale for targeted screening of analogous species
in historically polluted areas. Globally distributed fluorochemical
industrial sites, characterized by decades of PFAS pollution, serve as
ideal “natural laboratories” for identifying such hyperaccumulators
through evolutionary selection.

While phytoremediation offers an environmentally sustainable
remediation approach, its prolonged timeframe presents limitations
for severely contaminated sites or commercial valuable land®. Our
analysis suggests this technology is most appropriate for moderately
contaminated soils (<500 ng/g PFAS) and remote areas with minimal
redevelopment pressure. To address the time-intensive disadvantages
and enhance phytoremediation viability, we propose three key
research priorities: (i) identification of more efficient PFAS hyper-
accumulators  (particularly from historically fluorochemical-
contaminated sites); (ii) development of microbial augmentation and
genetic engineering approaches to boost PFAS uptake and transloca-
tion; and (iii) creation of sustainable, cost-effective methods to utilize
harvested biomass.

Methods

Materials and sampling sites

Soils and plants near a fluorochemical facility in East China were
sampled in October 2023 (Supplementary Fig. 1). PFAS hyper-
accumulators were screened in a park 2 km away from the facility by
sampling surface soils (0-15 cm) and roots, stems, and leaves of four
woody and four herbaceous plants. The bark of woody plants was also
collected. Based on its growth cycle, the estimated age of the PFAS
hyperaccumulator O. rosea at the time of sampling was approximately
200-210 days. The total carbon content of the sampled soils is pro-
vided in Supplementary Table 1.

Chemicals and reagents
Ultrapure water (resistivity >18.2 MQ-cm, Milli-Q 1Q7000) was used in
all the experiments. HPLC grade methanol (MeOH) and LC-MS grade
acetonitrile (ACN) were obtained from Fisher Scientific (MA, USA).
Ammonium acetate solution (BioUltra grade, ~-5M in H,0) for instru-
ment analysis and ammonium hydroxide (NH,OH) solution were
obtained from Sigma-Aldrich (MO, USA). HPLC grade solvents were
used for the extraction of soil samples, whereas the LC/MS ones were
used to prepare the calibration standards and the mobile phase for
instrument analysis. Ammonium acetate (purity >99.0%) and Supel-
clean ENVI-Carb powder were purchased from Aladdin (Shanghai,
China) and Sigma-Aldrich (MO, USA), respectively. Nitrogen (N,)
(purity 99.998%) was purchased from Jingong Inc. (Hangzhou, China).
Native standards of PFAS were purchased from Wellington
Laboratory (ON, Canada), SynQuest Laboratories (FL, USA), and Sigma-
Aldrich (MO, USA), or custom synthesized from Fluobon Surfactant
Institute (Beijing, China). The structure of the 82 target PFAS including
12 categories were shown in Supplementary Fig. 2. The information
including the name, purity and CAS number of the investigated 82
native PFAS, as well as the corresponding isotope-labeled internal
standards were provided in Supplementary Tables 2-4, respectively.
The stock solution of native standards containing 78 target PFAS was
prepared and stored in MeOH, while the remaining 4 compounds (6:2
FTCA, 8:2 FTCA, 6:2 FTUCA and 8:2 FTUCA) were stored in ACN to
avoid unwanted transformation. All the 30 internal standards and
recovery surrogates were purchased from Wellington Laboratories
and had chemical purity of >98%. The stock solution of internal stan-
dards containing 26 isotope-labeled PFAS was prepared and stored in
MeOH (PFAS-26IS), while M2 6:2 FTCA, M2 8:2 FTCA, M2 6:2 FTCA, and
M2 8:2 FTUCA were stored in ACN (PFAS-4IS) to avoid unwanted
transformation. The recovery surrogates including M3PFBA, M3PFPeA,
M3PFHxA, M4PFOA, and M4PFOS were stored in MeOH and termed as
PFAS-5SS.
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respectively, which are compared to the threshold limit of PFOA in soil (red line,
2.05 ng/g, detailed calculations provided in SI-13). The map of China was generated
through visualization in R (version 4.3.1), based on a standard map (No. GS (2025)
1508) data obtained from the National Platform for Common Geospatial Informa-
tion Services of China (https://www.tianditu.gov.cn/). Source data are provided as a
Source Data file.

PFAS extraction and analysis in soil and plant samples

The soils were ground with a porcelain mortar and pestle and sieved
through a 2 mm stainless steel mesh screen to remove stones and
other coarse materials and mixed to obtain homogeneous samples.
The harvested herbaceous plants were cleaned by soaking in MeOH/
water (1:1, v/v) for 30 min, rinsed with ultrapure water, and then
separated into roots, stems, and leaves. The roots, stems, leaves, and
bark of woody plants were individually collected after cutting in the
field and cleaned by surface-wiping with MeOH/water (1:1, v/v, three
times), followed by rinsing with ultrapure water. All soil and plant
samples were freeze-dried (FDU-2110, EYELA Co., Japan) for 48 h
within a 50 mL polypropylene (PP) tube before extraction and
analysis.

Triplicate soil samples (2.00 g) or plants samples (0.050 g) were
weighed to 15mL PP tubes, and then 50 uL. MPFAC-5SS (20 ng/mL)
was spiked before adding 4mL of extraction solvents. The
CH3COONH, supplemented MeOH (100 mM) was used as extracting
solvent for soil. Four extraction and cleanup methods were com-
pared for plants to guarantee the procedure recovery of PFAS and to
reduce the matrix effects, and eventually ammonia/methanol (1:50,
v/v) was adopted as the extraction solvent (details in SI-4). The
extraction began by vortexing the soil/plant for 3 min and sonicating

for 30 min before centrifugation at 4000 g for 10 min at 22 °C. The
supernatant was pipetted out into a new 15mL PP tube preloaded
with 250 mg of ENVI-Carb powder for purification. The aforemen-
tioned extraction was repeated twice, and the three extracts (-12 mL)
were pooled before centrifugation again (4000 g, 20 min, 22 °C). The
supernatant was pipetted out into a new 15 mL PP tube (-12 mL). The
ENVI-Carb powder was rinsed twice with 2mL MeOH. The total
extract (-16 mL) was concentrated under a gentle stream of N, at
40°C to 0.5mL before transferred into a 1.5mL EP tube and cen-
trifuged for 20 min at 16,000 g (22°C). The final supernatant was
transferred into a 1 mL PP sample vial and stored at 20 °C before
analysis (sample stock). An aliquot of 100 pL of sample stock was
combined with 10 pL of PFAS-26IS (20 ng/mL), 10 uL of PFAS-4IS
(20 ng/mL), and 80 pL of MeOH to make the injection sample. In
total, 82 PFAS were quantitatively analyzed by the ultra-high per-
formance liquid chromatography coupled to a Triple Quad™ 6500
plus mass spectrometer (HPLC-MS/MS, SCIEX, MA, USA). Detailed
information of the target PFAS and instrument analysis methods are
provided in SI-2 and SI-3. Quality control data regarding the limit of
detection, spike recoveries, and matrix effects can be found in SI-4.
Results of target MS data of PFAS are provided in Supplemen-
tary Data 1.
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Data analysis
The root (RCF), stem (SCF), and leaf (LCF) concentration factors as well
as the translocation factor (TF) were calculated according to Eq. 1-4.

RCF = Cmot/Csoil (1)
SCF = Cgtem/ Cooil 2)
LCF = C]eaf/csoil (3)

Cshoot — Cleaf X Mleaf + Cstem x Mstem x 1

TF =
Croot Mleaf + Mstem Croot

“)

where Cj is the soil PFAS concentration (ng/g dry weight (dw)); Croot,
Cstem and Cieqr are the concentrations of PFAS (ng/g dw) in the plant
root, stem and leave, respectively; and M;oot, Mstem, and Mie,¢ represent
the mass (g dw) of plant roots, stems and leaves of herbaceous plants,
respectively. Mie,r and Mg, cannot be determined for woody plants
and were assumed to be the same to calculate TF.

A model contaminated soil* was defined as a soil depth of 20 cm,
a planting spacing interval of 5cm x 5 cm, and a bulk density of 1.30 g/
cm’. The annual remediation efficiency (ARE) towards the model soil
by herbaceous plants was calculated as:

Cleaf x Mleaf + Cstem xM

9, =
ARE (A) Csoil x Msoil

stem  100% 5)

where Mic.r and Mg, are the biomass of plant leaves and stems (g dw),
respectively; Cyoj is the initial soil concentration (ng/g dw); and Mg is
the mass of the model contaminated soil (g dw). Mje,r and M., at the
time of sampling (October, when annual herbaceous plants complete
most of their growth cycle) were used for the calculation of ARE.

Observation of PFAS in plant roots and stems by SEM-EDS

The collected herbaceous plants (O. rosea, A. calamus, S. canadensis
and E. annuus) were cultured in a nutrient solution containing 200 pg/
mL PFOA for 7 days. Upon harvest, fresh roots (0.2-0.8 mm from the
root tip) and stems were cut into 10-15um pieces by a freezing
microtome (SLEE MTC, Germany). The dehydrated cross-sections were
wrapped by a Hitachi Model E-1010 ion sputter for 5 min using gold-
palladium and imaged using a Hitachi Model TEM-1000 SEM and
INCAIOOEDS (Oxfordshire, UK).

Subcellular fractionation and cell wall analysis

The roots and leaves (1.0 g of fresh sample) were respectively mixed
and supplemented with 20 mL of extraction solution before ground
into a homogenate in a mortar on an ice bath®. The extraction solution
was composed of a mixture of 50 mmol/L Tris HCI buffer (pH 7.5),
250 mmol/L sucrose, 1.0 mmol/L dithioerythritol, 5.0 mmol/L ascorbic
acid, and 1.0% (w/v) polyvinylpyrrolidone. The homogenate was then
filtered through a 70 pm nylon cloth, and the residue was the cell wall
portion. The filtrate was centrifuged at 10,000 g for 30 min at 4 °C
(Model ALLEGRA-64R, Beckman Coulter. Inc. USA), and the precipitate
was the organelle fraction. The supernatant consisted of cell mem-
brane and soluble fraction (mainly including cytoplasm, organic mat-
ter, inorganic ions, and macromolecules in vacuoles).

Pectin and hemicellulose in the cell wall were extracted by hot
water and alkaline solution, respectively’’. Briefly, the cell walls
obtained through subcellular fractionation were freeze-dried for 24 h,
and then 20-30 mg of the cell walls were placed in a 2 mL centrifuge
tube. One mL of distilled water was added, and the mixture was heated
in a 100 °C water bath for 1h. The supernatant was collected by cen-
trifugation, and this process was repeated three times. All super-
natants collected were designated as pectin. Then, one mL of a mixed

solution containing 0.1% NaBH,4 and 4% KOH (weak alkali) was added.
After 12 h, the supernatant was collected by centrifugation, and this
step was repeated twice. All supernatants collected were designated as
hemicellulose 1 (HC1). Finally, one mL of a mixed solution containing
0.1% NaBH, and 24% KOH (strong alkali) was added. After 12 h, the
supernatant was collected by centrifugation, and this step was repe-
ated twice. All supernatants collected were designated as hemi-
cellulose 2 (HC2). The content of PFAS in different fractions was
extracted and analyzed, and the contributions were reported against
the dry weight of each fraction.

Using galacturonic acid (Sigma) as a standard, uronic acid con-
centrations were determined according to Blumenkrantz and Asboe-
Hansen®®. Briefly, 200 pL of pectin extracts were placed into 1.5 mL
centrifuge tubes, and then 1mL of 98% H,SO, containing 0.0125M
Na,B,0,-10H,0 was added. After boiling in 100 °C water for 5 min, the
solution was cooled immediately on ice, and then M-hydro-diphenyl
dissolved in 0.15% NaOH was added to the tube rapidly. After incuba-
tion at room temperature for 20 min, the absorbance value was mea-
sured at 520 nm spectrophotometrically.

The total sugar content in pectin and hemicellulose were deter-
mined using phenol sulfuric acid method®. Briefly, 200 L of HC1 and
HC2 extracts were pipetted into a 2 mL centrifuge tube, and then 10 pL
of phenol solution and 1 mL of concentrated sulfuric acid were added.
The solution was kept at room temperature before being heated in a
100 °C water bath for 20 min. Then, the solution was immediately
cooled on ice before determining the absorbance spectro-
photometrically at 490 nm. The calibration curve for total sugar was
prepared by pipetting 0, 20, 50, 100, 150, and 200 uL of 0.1pg/uL
glucose solution and adjusting to 200 uL with ultrapure water. The
total sugar concentrations were reported as glucose equivalents.

The content of monosaccharides, including glucose, galactose,
xylose, arabinose, mannose, fucose, and rhamnose, in pectin and
hemicellulose was determined by GC-MS (GCMS-QP2010 Plus, Shi-
madzu Corporation, Japen). Briefly, the supernatants of root extracts
by hot water (targeted to extract pectin), 4% (targeted to extract HCI)
and 24% KOH (targeted to extract HC2) were neutralized to pH 7 by
acetic acid, before dialyzing for 48 h (replace the distilled water every
2h). The resulting samples were acid-hydrolyzed to obtain mono-
saccharides, adding 800 pL of H,0, followed by reduction with 0.4 mL
of 10% NaBH, at 40 °C and reaction termination using 800 L of glacial
acetic acid. A 400 pL aliquot was then acetylated with 600 pL methy-
limidazole and 4 mL acetic anhydride at room temperature. After
quenching with 10 mL H,O, the derivative was extracted with 3 mL
dichloromethane, washed thoroughly with water, dried over anhy-
drous Na,SO,, and prepared for analysis. GC-MS analysis was equipped
with an Rxi-5MS capillary column (30 m x 0.25 mm x 0.25 pm) using
high-purity helium as the carrier gas at a constant flow rate of .02 mL/
min and a split ratio of 1:30. The oven temperature was initially held at
155 °C for 23 min, increased to 200 °C at 3 °C/min and held for 5 min,
and increased to 300 °C at 20 °C/min and held for 2 min. The injection
temperature was set at 250 °C, along with an interface temperature at
250°C. The MS was operated in electron impact ionization mode at
70eV and at 200°C, and the data were acquired in selected ion
monitoring (SIM) mode.

FTIR analysis

FTIR analysis (Nicolet 6700 Thermo Fisher Scientific Inc., MA, USA)
was carried out in three series of samples as follow: root and leaf cell
wall extracted from non-PFAS supplied O. rosea, root and leaf cell wall
extracted from PFOA (200 pg/mL) supplied O. rosea, and root and leaf
cell wall extracted from PFOA (200 pg/mL) supplied O. rosea but
eliminating pectin and hemicellulose. The pectin and hemicellulose in
the cell wall were removed by hot water and alkaline solution,
respectively, following the extraction procedure described in the
Subcellular fractionation and cell wall analysis section. Changes of
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surface functional groups were identified through FTIR analysis with
50 scans being taken at 2cm™ resolutions within the range of
800-1800 cm’,

NMR analysis

Solution NMR spectrum was recorded by a 600 MHz solution NMR
spectrometer (Bruker BioSpin, Rheinstetten, Germany) using d,-MeOH
as the deuterated solvent. Two different preparations were used for
NMR analyses: 20 mg of PFOA dissolved in 600 pL of d,-MeOH and
20 mg PFOA together with 20 mg of individual galacturonic acid, glu-
cose, galactose, and xylose in 600 pL of d,-MeOH. The “F/“C NMR
spectra were Fourier transformed, phased and baseline corrected,
before further processed and analyzed using the MestReNova
9.0.1 software.

Density functional theory (DFT) calculations

Quantum mechanical calculations reported in the current work were
performed using the Gaussian 16 program suite (Revision C.01) at the
standard temperature (298.15K) and pressure (1atm)’°. The geometry
optimization of compounds was performed at the MO06-2X/6-
311 G(d,p)/IEFPCM level of theory. Frequency analysis was conducted
to verify the absence of imaginary frequencies for local minima. The
more accurate determination of the electronic energy was calculated
at the M06-2X/def2-TZVPP/SMD level of theory through single point
approach to obtain the free energy of association (AG, kcal/mol)
between PFOA and biological molecules (galacturonic acid, glucose,
galactose, and xylose)””*. The AG values were corrected for the free
energy required (1.89 kcal/mol) to convert the molecule from the gas
phase standard state (1atm) to that of the solution phase (1M)”.

Hydroponic and pot experiments in the lab

Young O. rosea plants (aged 40-50 days, pre-bloom) were collected in
April 2024 and used for hydroponic and pot experiments. The HOR
population was sampled from the same fluorochemical-contaminated
site, whereas the uncontaminated NOR population was collected from
a background location 150 km away from the facility. For each popu-
lation and treatment, 36 (hydroponic) and approximately 20 (pot)
biological replicates were established. Following treatment comple-
tion, relatively healthy and uniformly grown plants were randomly
selected for subsequent analyses. The experimental design incorpo-
rated three biological replicates for PFAS analysis, polysaccharides
concentration measurement, and RNA-seq, with six biological repli-
cates used to determine root length, shoot height, and root/shoot dry
biomass.

For hydroponic experiments, the two populations of O. rosea
were precultured for two weeks in the 1/2-strength Hoagland nutrient
solution (details refer to Supplementary Table 14), with continuously
aerated and renewed every 3 days. Then, the plants were transferred
into a full-strength nutrient solution supplied with O (control blank,
CK) and 200 ng/mL PFOA and further incubated for 7 days. The NOR
and HOR harvested were used to determine PFOA concentrations to
compare the TF and for RNA-seq analysis. The hydroponic experiment
was designed to validate field-observed TF values for HOR while
excluding the interference from soil heterogeneity and atmospheric
deposition and to compare cellular and molecular responses between
NOR and HOR. The use of a single, relatively high concentration of
PFOA is based on its dominance in field samples and reported phyto-
toxicity thresholds (200-500 ng/mL®%).

For pot experiments, after pre-cultivating the soil with different
concentrations of PFOA for 30 days, the HOR and NOR were trans-
planted and cultivated in a growth chamber. The chamber conditions
were set to 14/10 h day/night alternate cycles, with a relative humidity
of 70/85% at 26/20 °C, respectively. After 60 days of cultivation with
different concentrations of soil PFOA (50, 200, 500 and 2000 ng/g),
the RCF, shoot concentration factor (SHCF), TF, and the dry weight of

roots and shoots, were obtained. The concentration gradient estab-
lished in pot experiments were designed to replicate the realistic soil
contamination (27.2-1915.8 ng/g) observed near fluorochemical facil-
ities in this study (Supplementary Table 7), quantify concentration-
dependent phytoremediation efficiency, and determine optimal soil
PFAS ranges for practical filed application of O. rosea.

Specifically, when reporting PFOA concentrations in plant tissues
from hydroponic and pot experiments and calculating RCF, SHCF, and
TF values, the inherent PFOA concentrations accumulated by HOR and
NOR in their original environment were subtracted.

Transcriptome sequencing (RNA-Seq)

After incubation of O. rosea in the nutrient solution containing 200 ng/
mL PFOA for 7 days, the total RNA in the roots was extracted according
to the instructions of the RNAout columnar plant kit (OMEGA, Beijing,
China). The total RNA concentration was quantified using a Qubit 2.0
fluorometer, and the Optical Density (OD) values were measured at
260 nm and 280 nm. RNA integrity and genomic DNA contamination
were further assessed via agarose gel electrophoresis. RNA-seq was
performed using the Illumina Hiseq 2500 sequencing platform, and
RNA-seq data were processed and spliced by the Trinity software. TPM
(Transcripts per million) values were used to estimate the gene
expression. And DESeq grouping with p<0.05 as the standard was
used to identify the differentially expressed genes (DEGs)’®. Further-
more, GO (Gene Ontology) gene functional annotation and KEGG
(Kyoto Encyclopedia of Genes and Genome) metabolic pathway ana-
lysis were performed on genes using GOseq and KOBAS to obtain
corresponding annotations for the DEGs, and the identified DEGs were
recorded in the GO and KEGG sets.

Production and characterization of biochar

The collected O. rosea biomass near the fluorochemical facility was
washed with MeOH/H,O (1:1, v/v) to remove the surface adsorbed
PFAS, freeze-dried, and then ground into powder and sieved through a
2 mm mesh. Subsequently, 50 g of the biomass powder were weighed
and placed in a corundum crucible, which was then put into an
atmosphere-controlled box furnace under a N, environment. The
temperature was programed to increase at a rate of 5 °C/min to various
carbonization temperatures (300 °C, 500°C, 700°C, and 900 °C),
held for 2 h, and then allowed to cool naturally to room temperature.
After cooling, the samples were collected, ground, and sieved
(0.25 mm) before storage in a desiccator.

To determine the total fluorine content in the biomass and bio-
char, the solids (-10 mg) were loaded into a combustion furnace (AQF-
2100H, Thermo Scientific, USA) with a temperature of 1100 °C under
400 mL/min oxygen flow before introducing to an ion chromatograph
for fluoride analysis (Dionex ICS-2100, Thermo Scientific, USA). The
content of C, H, N, S, and O in biochar were determined by an ele-
mental analyzer (Unicube & Shimadzu TOC-L, Elementar, Germany)
(Supplementary Table 20). The concentrations of 82 target PFAS in the
biomass and biochar were determined following the extraction and
cleanup methods of soil samples. Structure and surface characteristics
were imaged by a scanning electron microscope (SEM, FEI QUANTA
FEG 650), and the surface element analysis was simultaneously per-
formed using energy dispersive X-ray spectroscopy (EDS, EDAX Inc.
Genesis XM). The results are provided in Supplementary Fig. 22.

The Toxicity Characteristic Leaching Procedure (TCLP) experi-
ments of the biochar were conducted via adding samples to glacial
acetic acid solution (pH 2.88 + 0.05) at a mass/volume ratio of 1:20 and
shaking for 18 h. The extracts were diluted fivefold with 1% nitric acid
and then filtered. The heavy metal (Zn, Cr, Cu, Pb, Ni, Cd) concentra-
tion of the filtrates was determined by inductively coupled plasma
mass spectrometer (ICP-MS, ThermoFisher ICAP RQ). The instrument
parameters were as follows: Plasma power 1550 W, cool gas flow 14 L/
min, auxiliary gas flow 0.8 L/min, nebulizer gas flow 0.95 L/min. Kinetic
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energy discrimination (KED) measurement mode with He as a collision
gas was used during the analysis. To correct the matrix effect and
signal drift, Sc and Ge were used as online internal standard solutions
during the analysis. The calibration curve was constructed by mea-
suring the signal intensities of these standard solutions. The samples
were aspirated into the ICP-MS, and the Zn, Cr, Cu, Pb, Ni, and Cd
concentrations were determined based on the calibration curve. Each
sample was analyzed in triplicate, and the average value was reported.
The results are provided in Supplementary Table 21.

Life cycle assessment

LCA was conducted in SimaPro TM (V9.2) to assess the sustainability of
0. rosea-mediated phytoremediation combined with biomass pyr-
olysis for PFAS contaminated soil. Two traditional remediation tech-
nologies, soil washing and magnetic activated carbon plus
hydrothermal alkaline (MAC + HALT), were also assessed for compar-
ison (see SI-14). The functional unit was set to remediate 1 hectare of
contaminated soil with initial PFOA concentration of 10 ng/g, with a
criterion of 80% removal. ReCiPe2016 (H) was applied in the life cycle
impact assessment (LCIA) where 18 environmental impact categories
were assessed. Further details of LCA parameters and sensitivity ana-
lyses are provided in SI-14.

Statistics and reproducibility

Unless otherwise specified, all samples were analyzed with at least
three independent biological replicates, following standard practices
in the field. Data are presented as mean+SD of three biological
replicates. Statistical analysis was conducted using the OriginPro
2021 (OriginLab). Differences between groups were primarily ana-
lyzed using two-sided, unadjusted independent t-tests. Two-sided
Pearson’s correlation test was employed for correlation analysis. A p
value of less than 0.05 was considered statistically significant. No
data were excluded from the analyses. To ensure unbiased group
allocation, the experimental plants were randomly assigned to dif-
ferent treatment groups. Furthermore, the investigators were blin-
ded to group allocation during both the experimental procedures
and outcome assessment to prevent assessment bias. The effective-
ness of phytoremediation using O. rosea to mitigate the health risk of
PFOA in surface soils adjacent to fluorochemical facilities was mod-
eled using Monte Carlo simulations (R version 4.3.1). The soil PFOA
concentration data from seven provinces in China (Liaoning, Shan-
dong, Jiangsu, Zhejiang, Hubei, Fujian, and Sichuan) (Supplementary
Table 8), where major fluorochemical plants are distributed, were
used to construct the probability distribution dataset for further
iterations of 10,000 times. PFOA concentrations after continuous
remediation using O. rosea for 5, 10, 15, and 20 years in each province
were modeled (Supplementary Table 24) by using an ARE of 15.7%
(Supplementary Table 18) and compared against the threshold limit
of 2.05 ng/g obtained based on the enforceable drinking water limit
set by U.S. EPA (details in SI-13). Graphs were generated by OriginPro
and PowerPoint.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The map of China was generated through visualization in R (version
4.3.1), based on a standard map (No. GS (2025) 1508) data obtained
from the National Platform for Common Geospatial Information Ser-
vices of China (https://www.tianditu.gov.cn/). The raw data of Illumina
sequencing have been submitted to the NCBI Sequence Read Archive
(SRA) and are accessible under the BioProject accession number
PRJNA1334603. The other data generated in this study are provided in
the Supplementary Information. Life-cycle assessment inventory data

and raw targeted mass spectrometry data are provided in the Sup-
plementary Data files. Source data are provided with this paper.
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