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a b s t r a c t 

Per- and polyfluoroalkyl substances (PFAS) are utility chemicals that have become environmental contaminants 
of global concern due to their bioaccumulative and persistent nature. The accumulation and effects of perfluo- 
rooctanesulfonic acid (PFOS), a type of PFAS, on agricultural plants is a serious environmental concern that needs 
to be investigated. Wheat was exposed to soil amended with 0, 25, and 50 mg/kg PFOS and assessed for PFOS’ 
impacts via agronomic measurements, biochemical assays, PFOS uptake, and ionomics and metabolomics analy- 
ses over the lifetime of the plant. PFOS was taken up in the roots and relocated to the grains, which accumulated 
PFOS at levels 12-18 times higher in treated plants than in control. Compared to control, 50 mg/kg PFOS reduced 
chlorophyll content by 49% and root biomass by 37% early on during the exposure. At the end of full life cycle 
exposure, PFOS did not affect the agronomic and productivity status of plants. However, PFOS impacted grain 
quality by reducing concentrations of macroelements (Mg, K, and P) and levels of important sugar metabolites 
(e.g., sucrose, glucose 6-phosphate, fructose 6-phosphate, trehalose). PFOS also decreased the abundance of non- 
polar proteinogenic amino acids but increased the levels of polar amino acids in grains. These findings highlight 
impacts of PFOS on an important agronomic crop. 
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The impacts of climate change and environmental conditions on
omposition, food quality, and safety of grains have been widely inves-
igated ( Halford et al., 2014 ). However, similar research vigor on the
ffects of contaminants of emerging concerns on grain and food quality
s lacking. Perfluorooctanesulfonic acid (PFOS) is a member of a class
f compounds known as per- and polyfluoroalkyl substances (PFAS).
FAS are organic chemical compounds, which consist of a hydrocar-
on framework, in which all or most of the hydrogen atoms have been
ubstituted by fluorine atoms, and possess a functionalized head group
uch as sulfonate, carboxylate, phosphonate, and others ( Buck et al.,
011 ). Over 5000 of these compounds have been identified, however,
FOS is prominent, being a pioneer member that was extensively uti-
ized in various products, including firefighting foams, stain-resistant
olishes, non-stick cookware, water-resistant clothing, and many others
 Frisbee et al., 2010 , Ahrens, 2011 , Gobelius et al., 2017 , OECD, 2018 ).

Although PFOS production has been phased out in the United States
US) and other Western countries ( EPA, 2017 ), it is still considered
n environmental contaminant of global concern with adverse health
mpacts in humans and animals ( Gobelius et al., 2017 ). PFOS per-
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ists in the environment due to its strong carbon-fluorine bond (bond
nergy > 450 kJ/mol), low volatility and low vapor pressure (0.002
mHg), high water-solubility (680 mg/L), and high boiling point

260°C) ( EPA, 2017 ). PFOS is a strong acid that exists as an ion in
he environment, and partitions strongly onto natural organic matter
 Ahrens, 2011 , EPA, 2017 ). Since PFOS does not degrade, it accumu-
ates in environmental matrices (soil, water, air). Due to its unique
hysiochemical properties, PFOS has huge migration potential that it
as been found in urban and most remote environment including the
rctic ( Giesy and Kannan, 2001 ). On one hand, PFOS adheres to parti-
les resulting in long-range particle-bound transport in the atmosphere
hrough gas-phase or sea spray ( Ahrens, 2011 ). On the other hand, re-
eated biosolid application and reclaimed water usage are the major
outes by which PFOS contaminates the terrestrial environment and
gricultural ecosystem, especially the grain crops ( Felizeter et al., 2012 ,
laine et al., 2014b , Blaine et al., 2014a ). 

Plants can take up PFOS from contaminated soil and water and store
t in their edible compartments ( Blaine et al., 2014b , Felizeter et al.,
012 , Wen et al., 2014 , Mei et al., 2021 , Ghisi et al., 2019 ). However,
he impacts of PFOS on food crops, as well as its mechanisms of tox-
city, are not well understood and remain a concern that needs to be
ddressed. Currently, there are three reports on metabolome changes
22 
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n plants exposed to PFOS, and the studies were performed on leaves
ollowing short-term hydroponic exposure ( Guo et al., 2020 , Li et al.,
020a , Li et al., 2020b ). These types of phytotoxicity study are needed
o evaluate the ecological and human health effects of contaminants
 Qu et al., 2010 ). However, PFOS toxicity on plants is a complex issue
hat can depend on factors such as plant species and physiology, root
natomy, PFOS concentration, exposure duration and growth stage (e.g.,
erminants, juvenile, full maturity), cultivation conditions (e.g., temper-
ture, humidity, hydroponics vs soil), and soil/rhizosphere chemistry
e.g., pH, organic matter content, salinity) among others ( Costello and
ee, 2020 , Mei et al., 2021 , Blaine et al., 2014a ). 

Wheat ( Triticum aestivum L.) is a dietary staple for a large popula-
ion around the globe, and an important source of carbohydrates, di-
tary fiber, phytochemicals, and vitamin B ( Shewry and Hey, 2015 ).
ostello and Lee (2020) identified 11 studies on wheat exposure to
FAS. These studies were based on short exposure scenarios focused on
ptake, and conducted mostly in hydroponics (a few in soil) using a mix-
ure of PFAS, with a limited understanding of phytotoxicity. While the
ationale for combined exposure to a mixture of PFAS that reflects envi-
onmental conditions is understood, it is also important to conduct stud-
es with individual PFAS members such as PFOS to understand PFOS-
pecific toxicity and related effects. Additionally, hydroponic studies
ay not be reflective of typical growth conditions for wheat, as they do
ot account for solute availability differences or contaminant sorption
nd modification obtainable in soil matrices that can modulate contam-
nant bioavailability or associated phytotoxicity in wheat ( Costello and
ee, 2020 , Dimkpa et al., 2013 ). Furthermore, the few soil studies con-
ucted were predominantly focused on assessing factors that contribute
o uptake and bioaccumulation of PFOS, but not to provide insights on
oxicity. 

The overarching goal of this study was to investigate physiological,
henological, biochemical, and metabolic responses, as well as PFOS
torage in roots, shoots, and grains of wheat exposed to PFOS at shorter-
nd longer-term exposure scenarios in soil. The study tested the hy-
othesis that PFOS exposure will inhibit growth and productivity, pro-
ote stress, and reduce grain metabolite levels in wheat. The treatment

oncentrations (0, 25, and 50 mg/kg PFOS in soil) following those of
tahl et al. (2009) were adopted to provide insight on the kinds of stress
nd toxicity responses PFOS would induce in wheat that are otherwise
ot observed at low concentration. The results showed accumulation of
FOS in grains and modification of grain metabolite profile; but surpris-
ngly wheat exhibited tolerance to PFOS toxicity in terms of agronomic
erformance and biomass productivity. 

aterials and methods 

xperimental design 

Effects of wheat exposure to PFOS in soil over short-term (21 days)
nd full life-cycle (70 days) were investigated. The full life-cycle study
as conducted to assess agronomic performance and productivity, PFOS
nd elemental uptake, and grain metabolome of wheat exposed to 0,
5, and 50 mg PFOS/kg soil; while a short exposure study focused on
iomass production, plant height, chlorophyll content, enzyme activity,
nd lipid peroxidation. PFOS (CAS # 1763-23-1) was purchased from
igma Aldrich (St. Louis, MO). Six pots, each containing 1.5 kg soil (a
ixture of 2.2:1 (v:v) natural soil and sand), were prepared for each

reatment. The amount of PFOS needed for each treatment was dissolved
n water and poured into the pots. The treated soil was left in the dark
or three days before transplanting wheat germinants. The plants were
llowed to grow in a controlled condition in the greenhouse. 

lant cultivation and management 

The wheat seeds, same source as that used in Rico et al. (2014) ,
ere sterilized with 5% bleach solution for 15 minutes. Seeds were dis-
2 
ributed in autoclaved Petri dishes, and 3 mL of Millipore water was
dded. The Petri dishes were wrapped with aluminum foil and placed
n a growth chamber (Percival, Perry, IA) set at 25°C and 70% humidity
or four days. The germinants were allowed to grow for three more days
efore transplanting in the PFOS-treated soil (two seedlings per pot).
hese transplants were grown in the greenhouse at 16-h photoperiod,
5/15°C day/night temperature, 70% relative humidity, and 600 μmol
 

− 2 s − 1 . The plants were irrigated with Millipore water as needed, ro-
ated every two days, and fed with 50 mL of Yoshida Nutrient Solution
nce a week within the first 40 days ( Yoshida et al., 1971 ). Plant height
as recorded every 15 days. At harvest, roots, shoots, and grains were

ollected and processed appropriately for the respective analysis to be
arried out. Samples for elemental and PFOS uptake analyses were oven-
ried and ground using a ball mill grinder (Retsch MM 200). Samples for
etabolomics were flash-frozen in liquid nitrogen and stored at -80°C
ntil analysis. 

hort exposure biochemical assays 

Chlorophyll content was determined by soaking clippings (100 mg)
rom the youngest leaves in 5 mL of 70% ethanol for 24 h in the dark.
he absorbance of the supernatant was determined using a Cary 60 UV-
isible spectrometer, and chlorophyll a and b contents were determined
s described by Lichtenthaler and Welburn (1983) . For lipid peroxida-
ion, wheat leaves (0.5 g) were ground in liquid nitrogen and homoge-
ized with 2 mL of 0.1% trichloroacetic acid (TCA). The homogenates
ere centrifuged at 0°C for 20 min at 5000 rpm. A solution of 1 mL su-
ernatant, 1 mL of thiobarbituric acid (TBA), and 100 𝜇L of butylated
ydroxy toluene (BHT) was prepared and heated at 95°C for 30 min.
he resulting mixture was centrifuged for 15 min at 5000 rpm. The ab-
orbance of the supernatant was read, and the lipid peroxidation was
alculated using the formula 𝜇M TBARS/g = [(Abs 532 -Abs 600 )/ 𝜀 ]/mass
f sample, where 𝜀 is the molar absorptivity coefficient (155 mol − 1 cm 

− 1 

), and Abs 532 and Abs 600 are absorbance readings at 532 nm and 600
m, respectively. 

lemental uptake analysis 

Ground samples and reference standard (peach leaves NIST 1547,
aithersburg, MD, USA) were digested in 5 mL of plasma pure nitric acid

SCP sciences, Champlain, NY) using a microwave digester (CEM Mars
 

TM , Matthews, NC). The digestates were diluted to 2% HNO 3 before
nalysis using Inductively Coupled Plasma-Mass Spectrometry (ICP-MS,
gilent Technologies 7900). Percent recoveries of reference standard
ere 90-110%. 

FOS quantitation and plant uptake determination 

The following chemicals were used in the determination of the ac-
ual concentration of PFOS used for the study as well as for the deter-
ination of PFOS uptake in wheat plants exposed to PFOS for 70 days:
otassium perfluorooctanesulfonate (PFOSK, C 8 F 17 SO 3 K, 98%) was pur-
hased from Matrix Scientific (Columbia, SC), isotopically mass-labeled
FAS mixture (MPFAC-MXA) was obtained from Wellington Laborato-
ies (Overland Park, KS), and HPLC-grade ammonium acetate, acetoni-
rile (ACN), and methanol (MeOH) were purchased from Fisher Scien-
ific (Pittsburgh, PA). All the solutions were prepared with ultrapure wa-
er (18.2 M Ω-cm) by using a Millipore water purification system. PFOS
nd MPFAC-MXA stock solutions were prepared in methanol and stored
t 4°C. 

FOS quantitation by HPLC/MS/MS 

PFOS quantification was performed using a Waters Acquity UPLC
ystem coupled with a Waters Quattro Premier XE triple-quadrupole
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ass spectrometer (Waters Corp., Milford, MA). The mass spectrome-
er was operated using an electrospray source in negative ion mode.
he UPLC/MS/MS system was operated by MassLynx 4.1 software with
uanLynx Application Manager. The separation and detection of ana-

ytes were achieved using a Waters Acquity UPLC BEH reversed phase
18 column (2.1 mm × 50 mm, 1.7 μm particle size, 130 Å pore size).
he elution system consisted of 10 mM ammonium acetate in water (A)
nd 100% MeOH (B). The total run time was 5 min, and the flow rate was
aintained constant at 0.3 mL per minute. Chromatography was carried

ut in gradient mode. The gradient conditions were 40% MeOH, ramped
o 98% MeOH in 3 min before returning to 40% MeOH for 2 min to al-
ow the columns to re-equilibrate. The injection volume was 10 μL and
he column temperature was maintained at 50°C. Polypropylene vials
f 300 μL (LEAP PAL, Raleigh, NC), 12 ng of the mass-labeled internal
tandard (MPFAC-MXA), and sample dilution of 1:1 MeOH/water were
sed to avoid matrix effects. For analysis, external calibration standards
ith concentrations ranging from 10 to 1000 μg/L was used. The limit
f detection (LOD) and limit of quantification (LOQ) were estimated as
 and 10 times the signal-to-noise ratio (S/N), respectively. The deter-
ined concentrations of PFOS are shown in the Supporting Information

SI) Table S1. 

xtraction of PFOS from plant tissues 

For the extraction tests, 25 mg/kg, or 50 mg/kg of PFOS was added
o 100 mg of plant tissue (root, shoot, and grain) and equilibrated for 1 d
t room temperature. After 1-d equilibration, samples were centrifuged
or 20 min at 4500 rpm, and the supernatant was removed. The solids
ere sequentially extracted thrice with 5 mL of acetonitrile. For each
xtraction sequence, samples were vortexed for 30 s, sonicated for 1 h,
eated at 50 o C for another hour, and mixed overnight in a circular ro-
ator at room temperature. The samples were then centrifuged at 4500
pm, the supernatant decanted into a new 15 mL polypropylene tube,
nd the remaining solids were extracted again, following the same pro-
edure. Samples were cleaned up in a 2 mL polypropylene vial using 25
g of Envi-Carb powder and 0.75 mL of each extract. For cleaning, the

uspensions were vortexed to mix, centrifuged for 20 minutes at 13,000
pm, and a 50 μL aliquot of the supernatant was transferred into a 300
L HPLC vial along with 50 μL of DI water, and 50 μL of the internal
tandard mixture stock. Based on the results (Table S2), acetonitrile ef-
ciently extracted spiked plant tissues with excellent recoveries of PFOS

rom all plant compartments. 

etabolomics analysis 

Metabolomics analysis of grains was carried out at the Fiehn
ab, West Coast Metabolomics Center, University of California,
avis. Sample preparation and analysis method were based on us-

ng gas chromatography-quadrupole time of flight-mass spectroscopy
GC-QTOF-MS). Data with less than 10% confidence level were
xcluded before subjecting data to chemometric analysis (Partial
east squares-discriminant analysis, PLS-DA) in MetaboAnalyst 5.0
 https://metaboanalyst.ca ), following a similar procedure as in a pre-
ious study ( Huang et al., 2021 ). The PLS-DA assigned variable impor-
ance in projection values (VIP) to each metabolites which signifies their
mportance to group clustering or separation. A VIP value ≥ 1 ascribed to
 metabolite is considered important in causing differences/separations
etween treatments ( Chong et al., 2018 ). These metabolites were sub-
ected to pathway analysis to determine biological pathways impacted
y PFOS ( Zeng et al., 2021 ). 

ata analysis 

Statistical analysis was performed using SAS statistical package (SAS
nstitute, Cary, NC). The data was tested for normality using univari-
te procedure in SAS followed by one-way analysis of variance using
3 
east Significant Difference (LSD). Nonparametric test was performed
n data that did not show normal distribution using Wilcoxon analy-
is and Kruskal-Wallis test followed by Dwass, Steel, Critchlow-Fligner
DSCF) multiple comparison analysis. Only grain Fe concentration ex-
ibited non-normal distribution but showed differences in nonparamet-
ic DSCF analysis. All values were reported as mean ± standard error
SE) of six replicates. 

esults and discussion 

FOS uptake in wheat 

PFOS was absorbed in the roots and translocated to the aerial and
dible compartments of wheat ( Fig. 1 , Table S3). The PFOS concentra-
ions in the roots, shoots, and grains exposed to 50 mg/kg PFOS treat-
ent were 2588-, 347-, and 12-folds more than those in the respective

issues of the control plants. Likewise, the concentrations of PFOS in
he roots, shoots, and grains of the 25 mg/kg-treated plants were 1643-,
72-, and 18-folds more than those in the control plants. The amount of
FOS accumulated in roots and shoots was significantly different across
reatments, whereas PFOS concentrations in grains of 25 and 50 mg/kg
FOS exposed plants (277 ± 59 and 192 ± 16 μg/kg, respectively) did
ot differ significantly from each other, but they were higher compared
o the control (15 ± 0.5 μg/kg) (Table S3). Stahl et al. (2009) reported
 much lower PFOS concentration in shoots and grains of wheat even at
he same treatment levels used in this study, which could be due to up-
ake competition between the PFOS and PFOA (perfluorooctanoic acid)
n the mixed treatment of Stahl et al. (2009) or differences in soil or-
anic carbon, which strongly adsorbs PFOS. PFOS was also detected in
ontrol plants, probably due to the presence of PFOS in natural soils
s already reported and discussed in several literature reviews and re-
earch publications ( Ghisi et al., 2019 , Kim et al., 2019 , Choi et al.,
017 ). Background concentration of PFOS in soils with no known con-
amination was as high as 0.162 mg/kg ( Brusseau et al., 2020 ). 

Data obtained in the current data is consistent with literature reports
howing PFOS accumulation in the storage organs (i.e., grain, ear) to a
imited extent (wheat being more ready to accumulate PFOS than oats
 Avena sativa ) and maize ( Zea mays )) ( Stahl et al., 2009 , Ghisi et al.,
019 , Krippner et al., 2015 , Wen et al., 2014 ), and mostly retained
n non-edible or vegetative compartments of plants (roots and shoots)
 Felizeter et al., 2012 , Wen et al., 2014 , Lechner and Knapp, 2011 ).
FOS is mostly adsorbed, rather than absorbed, in roots and the increas-
ng biological complexity and multiple barriers prevent shoot-to-fruit
elocation and partitioning of PFOS ( Felizeter et al., 2012 , Blaine et al.,
014a ). PFOS was detected in the shoots of radish ( Raphanus sativus ),
elery ( Apium graveolens ), tomato ( Lycopersicon lycoperiscum ), pea ( Pisum

ativum ), and lettuce ( Lactuca sativa ), but not in the fruits of tomato
nd pea, when these plants were grown in soil amended with PFOS-
ontaminated biosolid ( Blaine et al., 2014a , Blaine et al., 2014b ).
iu et al. (2019) recently reported a similar finding in wheat grains and
orn ears. The absence of PFOS in the fruits could be due to very low
FOS concentration in the soil (319.5 ng/g). 

The mechanism for uptake and translocation of PFOS in plants is
ot fully known, but some insights have been discussed in recent re-
iews ( Ghisi et al., 2019 , Mei et al., 2021 ). Wen et al. (2013) and
laine et al. (2014a) were perhaps the first to provide a systematic
nalysis on elucidating the uptake mechanisms of PFOS in plants.
en et al. (2013) reported that water channels (aquaporins) or anion

hannels were the main routes of root entry in maize based on studies
onducted in maize treated with aquaporin or anion channel blockers.
laine et al. (2014a) proposed a general pathway for PFAS root up-
ake and relocation in plant organs, and discussed how plant physiology
nd root anatomy parameters such as Casparian strip, xylem, phloem,
nd cambium affect PFAS translocation. Climatic conditions (i.e., irra-
iance, temperature, humidity), which influence stomatal opening and
ranspiration rate, have been proposed to affect root-to-shoot relocation

https://metaboanalyst.ca
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Fig. 1. PFOS concentration in wheat plants grown in soil 
supplemented with 0, 25, and 50 mg/kg PFOS. Values are 
mean ± SE ( n = 6). Different letters indicate statistical dif- 
ference between treatments ( p < 0.05). 
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f PFOS ( Ghisi et al., 2019 , Blaine et al., 2014a , Zhao et al., 2013 ).
dsorption on root components, such as membrane proteins and lipids,
r sequestration in soil organic matter are other factors that influence
block) root entry of PFOS ( Felizeter et al., 2012 , Zhao et al., 2011 ). In-
ide the root, the Casparian strip accounts for blocking PFOS movement
o the shoots ( Felizeter et al., 2012 ). Once it reaches the xylem, PFOS
ould move upward with root and shoot proteins, rather than lipids,
rimarily contributing to the translocation in plants ( Wen et al., 2016 ).
inally, xylem-to-phloem movement presents another barrier (e.g., sorp-
ion into tissues, vascular cambium) for relocation to the final destina-
ion (i.e., storage organs such as grains, ears, and fruits) ( Felizeter et al.,
012 , Blaine et al., 2014a ). Although there is no clear mechanism on
FOS uptake and translocation in plants, substantial evidence supports
FOS storage in the edible portions of plants and this presents a major
oute for trophic exposure, especially in humans ( Ghisi et al., 2019 ). 

hysiological and productivity changes at short-term and full life-cycle 

xposures 

The growth and yield performance of wheat was assessed at short-
erm and full life-cycle exposures to PFOS. Surprisingly, the data re-
ealed that wheat could withstand stress from longer-term PFOS expo-
ure at concentrations much higher than what is expected in the real
nvironment. For example, plant height (data not shown), and root
nd grain biomass yields of wheat in the full life-cycle exposure sce-
ario did not change significantly between treatments, except for shoot
iomass which was significantly higher at 50 mg/kg PFOS compared to
5 mg/kg but neither treatment’s shoot biomass was significantly dif-
erent to control ( Fig. 2 A and B). However, there seems to be a visual
hysiological difference (e.g., emaciation) in the grains between PFOS
reatments ( Fig. 2 A). In contrast to the result obtained in this study,
tahl et al. (2009) found significant reductions in plant height and grain
ield of spring wheat exposed to 50 mg/kg mixture of PFOS and PFOA.

Physiological and biochemical indices (i.e., biomass, chlorophyll
ontent, lipid peroxidation) were measured at the short exposure pe-
iod (21 days) to complement the findings in the longer-term expo-
ure experiments ( Fig. 3 ). The data revealed that shoot biomass did
ot change between treatments, but root biomass in the 50 mg/kg
FOS treatment decreased by 37% compared to the control ( Fig. 3 A).
ince the root biomass was not affected in the full life-cycle study, this
nding in the short-term exposure suggests that plants probably di-
4 
ected energy resources to the roots during active plant growth, which
imited the available resources for grain formation. When the plants
eached the grain formation stage, photosynthates must have been de-
leted (since they have been diverted to promote root growth) and
ess resources were available for grain formation resulting in decreas-
ng trend in grain biomass. Reports have shown that energy resources
e.g., photosynthetically fixed carbon) can be transferred to the roots
or organic acids, amino acids, sugar, and protein production ( Li et al.,
020c ). The reduced root biomass observed in this short exposure study
grees with a previous work that showed inhibition of root elonga-
ion or reduced root biomass of wheat at ≥ 10 mg/L PFOS ( Qu et al.,
010 ). 

The chlorophyll a concentration also decreased by 49% in wheat
lants exposed to 50 mg/kg PFOS relative to the control ( Fig. 3 B). The
ecreased chlorophyll concentration is also in good agreement with the
ork of Qu et al. (2010) that reported reduced chlorophyll content in
heat at > 10 mg/L PFOS. Wheat grains are composed of approximately
0% of carbohydrates ( Lasek et al., 2020 ), and reduced chlorophyll level
ould affect grain formation in wheat. In fact, the chlorophyll concen-
ration and grain yield followed similar trends, although differences in
rain biomass values were not statistically significant. Results also re-
ealed a nonsignificant increasing trend in lipid peroxidation with in-
reasing concentration of PFOS exposure ( Fig. 3 C). This data is contrary
o the report that PFOS promoted electrolyte leakage in wheat seedlings
 Qu et al., 2010 ). 

There are conflicting reports on the impacts of PFOS in plant growth.
echner and Knapp (2011) performed long-term (63-96 days) studies
n PFOS (10-556 𝜇g/kg) exposure to cucumber ( Cucumis sativus ), car-
ots ( Daucus carota ssp. Sativus ), and potato ( Solanum tuberosum ) in soil,
nd found no significant effects on whole-plant or fruit biomass. In a
ydroponic study, Li et al. (2020a) exposed lettuce in mixed solutions
500-5000 ng/L) of PFOS and PFOA for 28 days, and also found no ef-
ects on the growth and biomass. In contrast, Yu et al. (2018) found re-
uced shoot biomass in nine cultivars of lettuce ( Lactuca sativa ) exposed
o PFOS-amended soil (1.0 mg/kg) for 45 days. Another study showed
hat 200 mg/L PFOS decreased root and shoot lengths of wheat by 15.7%
nd 12.0%, respectively, compared to the control ( Qu et al., 2010 ).
uo et al. (2020) also summarized the positive or negative effects PFOS

nduced in plants. The current study employed considerably high PFOS
oncentration in the exposure treatments (25 and 50 mg/kg PFOS), but
dverse effects were only observed in root biomass and chlorophyll a
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Fig. 2. (A) Grains and (B) biomass of wheat plants grown 
in soil supplemented with 0, 25, and 50 mg/kg PFOS for 
70 days exposure. Values are mean ± SE ( n = = 6). Dif- 
ferent letters indicate statistical difference between treat- 
ments ( p < 0.05). 
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uring the short-term exposure studies. When the plants reached full ma-
urity, we observed a nonsignificant dose-dependent decreasing trend in
rain yield (with increasing PFOS exposure concentration), and visibly
oor and emaciated grains at 50 mg/kg PFOS only ( Fig. 2 A and B).
ogether these sets of physiological and biochemical data demonstrate
hat wheat can tolerate high levels of PFOS in soil, which highly sug-
ests that PFOS is not a threat to the agronomic performance and grain
roduction of wheat at current realistic PFOS concentration in agricul-
ural soils (e.g., ΣPerfluoalkyl acids = 0.29-4.28 μg/kg, of which 6% is
FOS) ( Zhang et al., 2020 ). 

odification of elemental distribution 

Elemental analysis revealed differences ( p < 0.05) in grain Mg, P,
, and Fe concentrations ( Fig. 4 ). Fig. 4 A shows that 25 and 50 mg/kg
FOS increased Fe concentration by 208% and 250% in grains, respec-
ively, compared to control. In contrast, the concentrations of Mg, P, and
 in grains of 25 and 50 mg/kg PFOS decreased by 3-15%, 5-14%, and
-14%, respectively, compared to control grains ( Fig. 4 B). There were
o differences between the treated and control plants with respect to
ther elements (Ca, Mn, Cu) analyzed in the grains (Table S4). All the
lements measured in the grains were also analyzed in the shoots and
oots (Table S4). Relative to control, only 50 mg/kg PFOS decreased
he concentrations of Mg and K in shoots, and decreased the concentra-
ion of P in roots (Table S4). In addition, Cu concentration decreased
hile Mn concentration increased in the roots of PFOS-treated plants

ompared to the control (Table S4). 
The reduced Mg and K concentrations in the shoots treated with 50

g/kg PFOS corroborates the significantly lower chlorophyll a in the
5 
hort-term exposure. Mg is the central ion in chlorophyll and acts as a
hosphorus carrier in plants, while K is involved in enzymatic processes
elated to photosynthesis, food formation, and transport of sugars to
rains ( Prajapati and Modi, 2012 ). The chlorophyll biosynthesis might
ave been impacted early on in the growth stage of wheat, which af-
ected the grain production. The reduced concentration of Mg and K
n the 50 mg/kg PFOS shoots also corroborates their lower concentra-
ions in the grains. A related study on mixed PFOA and PFOS exposure
n hydroponic media of lettuce showed a 14-24% decrease in Mg con-
entration in the leaves of treated plants (500-2000 ng/L) and a 8-10%
ecrease in K concentration in 1000-5000 ng/L treatment, compared to
ontrol ( Li et al., 2020a ). The same research group also reported de-
reases in Mg and K concentrations in roots of lettuce exposed to PFOS
500-2000 ng/L) compared to control ( Li et al., 2020c ). In contrast, Fe
ccumulation in grains markedly increased in PFOS treatments relative
o control. The high level of Fe in grains is quite unusual as iron in
lants is mostly localized in the chloroplast and its excessively high con-
entration in shoots is associated with iron toxicity ( EPA, 2003 ). Mixed
xposure to PFOS and PFOA (500-2000 ng/L) also enhanced Fe concen-
ration in the shoots of lettuce compared to control ( Li et al., 2020a ).
urrent result indicates that PFOS modified Fe mobilization from shoot
o grains, but it is difficult to identify the mechanism that could explain
his data. Published reports have not explored changes in elemental con-
entrations in grains and a better understanding of current results in
ight of general trends is challenging to undertake. In additions, direct
omparison to findings in available studies on elemental concentration
n roots and shoots is not ideal since shoot-to-grain relocation of element
s governed by biological processes different from those in root-to-shoot
ransport of elements. 
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Fig. 3. (A) Root and shoot fresh biomass, (B) chlorophyll a and b, and (C) lipid 
peroxidation in wheat grown in soil supplemented with 0, 25, and 50 mg/kg 
PFOS for 21 days. Values are means ± SE ( n = 6). Different letters indicate 
statistical difference between treatments ( p < 0.05). TBARS = thiobarbituric 
acid reactive species. 
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The movement of elements from roots to shoots and ultimately in the
rains is a complex physiological process in plants. The available litera-
ure reports attribute macro and micronutrient imbalances in plants ex-
osed to PFOS on ROS-induced nutrient regulation or metabolic changes
 Li et al., 2020a , c ). However, other potential processes that contribute
n how PFOS modulate elemental uptake in plants have not been ex-
lored. For example, microbial and enzyme activity, nutrient compe-
ition/antagonism, transporter proteins, and altered gene expression
ould contribute to changes in nutrients uptake in plants. 

etabolome changes in grains 

Metabolomics was performed on grains since PFOS did not induce
erious impairments on growth and productivity of wheat. For example,
here were no changes in biomass or oxidative stress, but the most visible
hysiological impacts observed (i.e., decreasing trend in biomass and
maciated appearance of grains) as well as altered Mg, P, K, and Fe
6 
ontents of grains could be a reflection of PFOS impacts on biochemical
nd metabolic processes in grains. Moreover, assessing grain metabolite
omposition will provide a better understanding on the impacts of PFOS
n the nutritional quality of an important cereal. 

Fig. 5 exhibits the effects of PFOS on the metabolite profile of wheat
rains. The metabolomics analysis identified 185 metabolites, and par-
ial least square discriminant analysis (PLS-DA) of these metabolites re-
ealed that PFOS significantly modified the metabolite profile of wheat
rains. Fig. 5 A shows the PLS-DA plot obtained from MetaboAnalyst
.0. Principal component 1 (PC1) and principal component 2 (PC2) ex-
lained 21.8% and 8.9% of the total variability, respectively. The data
evealed that the 25 mg/kg PFOS overlaps with both the 0 mg/kg and 50
g/kg PFOS treatments, while the 50 mg/kg PFOS treatment is well sep-

rated from the 0 mg/kg treatment which indicates that the 50 mg/kg
FOS treatment significantly impacted the metabolite profile of wheat
rains much more than 25 mg/kg PFOS. There were 44 metabolites with
ariable importance in projection (VIP) scores ≥ 1 ( Fig. 5 B, Table 1 );
hese differential metabolites were subjected to metabolic pathway anal-
sis, which revealed that PFOS perturbed five metabolic pathways: argi-
ine biosynthesis, starch and sucrose metabolism, alanine, aspartate and
lutamate metabolism, arginine and proline metabolism, and linoleic
cid metabolism ( Table 2 ). The 44 differential metabolites were used
or understanding the impacts of PFOS on wheat grains ( Rico et al.,
020 , Guo et al., 2020 , Chong et al., 2018 ). Fig. 6 maps the metabolic
athway of the affected metabolites. 

The literature does not report metabolomics of seed or grains from
lants exposed to PFOS, based on the most recent reports and reviews
n the topic ( Li et al., 2022 , Li et al., 2020a , b , Guo et al., 2020 ). As
 result, comparative discussion of obtained results from the perspec-
ive of perfluoroakyl substances (PFAS) impacts on grain metabolome
s limited. There are glaring differences on metabolite profiles of leaves
xposed to PFOS (from other existing studies) compared to findings in
rains in this study. In general, the abundances of sugar metabolites
ere upregulated ( Li et al., 2020b , Guo et al., 2020 ), lipids and amino
cids were downregulated ( Guo et al., 2020 , Li et al., 2020a , b ), and the
etabolites in the TCA pathway were altered ( Li et al., 2020b ) in plant

eaves exposed to hydroponic solution containing PFOS. However, re-
ults from this study on the metabolome of wheat grains demonstrated
hat levels of sugar metabolites were downregulated, lipids were upreg-
lated, amino acids regulation was varied, and the metabolites in the
CA pathway were not affected ( Table 2 , Fig. 6 ). 

hanges in sugar metabolites 

Starch and sucrose metabolism (i.e., sucrose, trehalose, glucose-
-phosphate, and fructose-6-phosphate) in grains was markedly dis-
urbed by PFOS ( Table 2 , Figs. 5 B, 6 ). Comparison between mean abun-
ances revealed that sucrose, maltose, trehalose, glucose-6-phosphate,
nd fructose-6-phosphate decreased in abundance by up to 41%, 39%,
9%, 38%, and 50%, respectively, at PFOS-treated grains compared to
ontrol. Isomaltose decreased the most at 25 mg/kg PFOS compared
o control. Other sugar metabolites that also decreased in abundance
t PFOS treatments were 2-ketoglucose dimethylacetal, sophorose, and
evoglucosan (up to 68%, 59%, 66%, respectively). 

On the other hand, glucoheptulose and 6-deoxyglucitol levels in-
reased (up to 99% and 100%, respectively) in PFOS-treated wheat
rains compared to control, similar to its reported increased level in
eaves or grains of wheat under drought or cerium oxide nanoparticles
tress ( Kang et al., 2019 , Rico et al., 2020 ). The general decrease in
ugar levels corroborates the PFOS dose-dependent decreasing trend in
rain biomass ( Fig. 2 B), which could be significant because wheat grain
ontains 70% carbohydrates ( Lasek et al., 2020 ). The current results in-
icate that PFOS decreased photosynthate production and/or storage
n grains. In contrast, recent reports showed that PFOS increased sugar
etabolites such as sucrose, maltose, fructose-6-phosphate, trehalose,

nd melibiose in leaves of A. thaliana and lettuce exposed to hydro-
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Table 1 

List of metabolites in wheat grains that showed VIP value ≥ 1.0. PFOS modified the abundance of these metabolites in the grains which caused differences or 
separations between PFOS treatments. Grains were harvested from wheat grown in soil amended with PFOS at 0, 25, and 50 mg/kg. 

Sugars Amino acids Fatty acids Organic acids Nucleic acid Others 

Glucoheptulose 
Isomaltose 
Sucrose 
Fructose-6-phosphate 
Trehalose 
Glucose-6-phosphate 
Maltose 
6-deoxyglucitol 
2-ketoglucose 
dimethylacetal 
Sophorose 
Levoglucosan 

Asparagine 
Glutamine 
Cysteine 
Tryptophan 
Histidine 
Ornithine 
Urea 

Oleic acid 
Linoleic acid 
Linolenic acid 
Lauric acid 
2-monoolein 

Allantoic acid 
Adipic acid 
3-aminoisobutyric acid 
Indole-3-propionic acid 
2-isopropylmalic acid 
cis-gondoic acid 
Galactonic acid 
3,4-hydroxynamic acid 
Glycolic acid 
Malonic acid 
Itaconic acid 
cis-sinapinic acid 
Nicotinic acid 

Uracil 
Guanine 
Uridine 

Ethanolamine 
Indole-3-lactate 
Hydroquinone 
Stigmasterol 
1,3-diaminopropane 

Table 2 

Perturbed biological pathways in wheat grains exposed to PFOS at 0, 25, and 50 mg/kg. 

Sugars p Impact Match status Involved metabolites 

Arginine biosynthesis 1.1 × 10 − 3 0.28 4/18 Urea, Citrulline, Ornithine, Glutamine 
Starch and sucrose metabolism 2.4 × 10 − 3 0.24 4/22 Sucrose, Glucose 6-phosphate, Trehalose, Fructose 6-phosphate 
Alanine, aspartate and glutamate metabolism 2.0 × 10 − 2 0.19 3/22 Asparagine, Alanine, Glutamine 
Arginine and proline metabolism 3.8 × 10 − 2 0.29 3/28 Spermidine, Ornithine, Hydroxyproline 
Linoleic acid metabolism 1.0 × 10 − 1 1.00 1/4 Linoleate 

Fig. 4. Concentration of (A) Fe and (B) Mg, P, and K in wheat grains 
grown in soil supplemented with 0, 25, and 50 mg/kg PFOS. Values are 
expressed as mean ± SE ( n = 6) . Different letters indicate statistical dif- 
ference between treatments ( p < 0.05). 

7 
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Fig. 5. (A) Partial least squares-discriminant analysis (PLS-DA) plot and (B) VIP score for metabolomics of wheat grains harvested from plants grown in soil 
supplemented with 0, 25, and 50 mg/kg PFOS for 70 days. 
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onics solution of PFOS for a short period of time ( Guo et al., 2020 ,
i et al., 2020a , Li et al., 2020b ). There are studies showing varying ef-
ects of contaminants on grains: cerium oxide nanoparticles increased
he levels of glucose-6-phosphate and fructose-6-phosphate in wheat
rains whereas cadmium reduced the levels of carbohydrate metabo-
ites in rice grains ( Rico et al., 2020 , Zeng et al., 2021 ). The current
ndings highlight the importance of analyzing grain metabolite of food
rops exposed to PFAS and other anthropogenic contaminants. 

hanges in amino acid metabolites 

The amino acid synthesis in the grains was greatly affected as shown
y the disturbed metabolic pathways: arginine biosynthesis; alanine, as-
artate and glutamate metabolism; and arginine and proline metabolism
 Table 2 ). Amino acids are important in plant physiological processes,
nd their accumulation can be considered a signal in modulating the
etabolism of antioxidants for quenching the ROS induced by PFOS

 Li et al., 2020c ). Amino acids are major metabolites of plant primary
etabolism and forerunners of synthetic signaling and defense-related

omponents ( Li et al., 2020c ). The data showed both upregulation and
ownregulation of amino acids ( Figs. 5 B, 6 ). The abundances of pro-
einogenic amino acids alanine and tryptophan decreased (up to 46%
nd 50%, respectively), while those of asparagine, histidine, glutamine,
nd cysteine increased (up to 240%, 147%, 151%, and 122%, respec-
ively) in PFOS treatments. Non-proteinogenic amino acids citrulline
nd ornithine, prominent metabolites from the arginine biosynthesis
athway that was significantly perturbed, were also upregulated up
o 89% and 137%, respectively, in PFOS treatments compared to con-
rol. A closer look at the structures of these amino acids revealed that
he downregulated proteinogenic amino acids are all non-polar, while
he upregulated proteinogenic amino acids are polar. This could sug-
est that PFOS facilitates selectivity in altering essential amino acid
etabolism in wheat. In addition, related studies have shown inverse

elationships between sugar and amino acid contents (e.g., decreased
evels of starch was accompanied by increased amounts of amino acids)
n grains of wheat under stress ( Halford et al., 2014 , Wardlaw et al.,
002 , Gooding et al., 2003 ), a trend similar to what was observed in
his study. 
8 
The alteration in amino acid levels is consistent with the trend re-
orted in the literature ( Li et al., 2020c ), and dysregulation of amino
cids can have significant implications for stress in plants. For exam-
le, reduced concentration of valine, lysine, and methionine due to
atabolism resulting from PFOS and PFOA exposure has been consid-
red an adaptive strategy for coping with PFAS stress ( Li et al., 2020c ).
he upregulation of cysteine is associated with the increased accumula-
ion of iron in the grains because non-heme (Fe-S) iron is typically bound
o the thiol group of cysteine. Glutamine and asparagine are involved in
norganic nitrogen fixation, and its upregulation implies that nitrogen
xation increased to adjust to PFOS exposure ( Li et al., 2020c ). Up-
egulation of glutamine was also observed in the metabolic response of
ettuce and A. thaliana under PFOS exposure ( Li et al., 2020c , Guo et al.,
020 ). Ornithine and citrulline are important amino acids for the urea
ycle ( Zhao et al., 2017 ), and their concerted increase with glutamine
lso supports the inference that nitrogen fixation increased to cope with
FOS-induced stress. 

Allantoic acid and urea also showed PFOS concentration-dependent
ncrease in abundances of up to 210% and 163%, respectively, relative
o control ( Figs. 5 B, 6 ). The simultaneous increase in the metabolites
n the arginine biosynthesis pathway (ornithine, citrulline, glutamine,
llantoic acid, and urea) supports the assumption that there was in-
reased nitrogen absorption to adapt to PFOS stress ( Figs. 5 B, 6 ). Al-
antoic acid is one of the ureides (acyl derivatives of urea, the other be-
ng allantoin) which are major storage forms of nitrogen in some plants
 Streeter, 1979 ). Also the accumulation of ureides occurred concertedly
ith the accumulation of an intermediate e.g., asparagine ( Serraj et al.,
999 ). Therefore, the concomitant increases in the metabolites of argi-
ine biosynthesis; alanine, aspartate and glutamate metabolism; and
rginine and proline metabolism corroborate the concerted metabolic
ctivities to promote stress tolerance via N absorption, and amino acid
nd protein production ( Wang et al., 2008 ). 

hanges in fatty acid metabolites 

Metabolites commonly associated with lipid/fatty acid metabolism
uch as oleic, linoleic, linolenic, and lauric acids were altered ( Figs. 5 B,
 ), but linoleic acid metabolism was the only significantly perturbed
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Fig. 6. Metabolic pathway depicting the dysregulation of metabolites (VIP score ≥ 1) in wheat grains harvested from plants exposed to PFOS for full life cycle. 
Metabolites in red or blue font signifies upregulation or downregulation in PFOS treatments, respectively, compared to control. 
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etabolic pathway ( Table 2 ). The abundance of oleic and linolenic acids
ncreased up to 216% and 310%, respectively, in a PFOS concentration-
ependent manner. The unsaturated fatty acid cis-11-eicosenoic acid (or
is-gondoic acid) also increased in level (up to 93%) at PFOS treatments,
onsistent with increases in levels of major unsaturated fatty acids (oleic
nd linolenic acids). In contrast, the levels of linoleic and lauric acids
ere altered differently. Compared to that of the control, the linoleic
cid level increased by 81% when wheat was exposed to 50 mg/kg PFOS,
nd decreased by 9% when exposed to 25 mg/kg PFOS. On the other
and, the lauric acid level in wheat plant exposed to 50 mg/kg PFOS de-
reased by 44% relative to that of the control. Increased levels of oleic,
inoleic, and linolenic acids are indicators of biotic and abiotic stress
n plants as they function as antioxidants, membrane ingredient modu-
ators in glycerol lipids, carbon and energy reserve in triacylglycerols,
nd precursors of bioactive molecules (e.g., the stress hormone jasmonic
cid) ( He et al., 2020 ). Oleic acid also facilitates the interaction between
alicylic acid and jasmonic acid signaling pathways against pathogen in-
asion ( He et al., 2020 ). Increased levels of oleic, linoleic, and linolenic
cids in wheat grains exposed to 50 mg/kg PFOS suggest a greater per-
urbation in fatty acid synthesis in this treatment compared to the 25
g/kg PFOS treatment ( Zeng et al., 2021 ). Alternatively, increased ac-

umulation of fatty acids could be due to PFOS inhibiting fatty acid
reakdown due to its structural similarity with fatty acids ( Zeng et al.,
019 ). Given that PFOS could have profound effects on fatty acid pro-
le of grains, particularly the polyunsaturated fatty acids which play an
 i  

9 
mportant role in energy metabolism and stress regulation, we suggest
hat researchers pay more attention to this issue ( Halford et al., 2014 ,
eng et al., 2021 ). 

hanges in organic acid metabolites 

The organic acids that had VIP scores ≥ 1.0 were all downregu-
ated in PFOS treatment compared to control, except for galactonic
nd allantoic acids ( Figs. 5 B, 6 ), which indicates that PFOS strongly
mpacted energy metabolism and other cell metabolic pathways dur-
ng grain formation. The abundances of adipic acid, 3-aminoisobutyric
cid, indole-3-propionic acid, indole-3-lactic acid, pipecolinic acid, 2-
sopropylmalic acid, glycolic acid, 3,4-hydroxycinnamic acid, sinapic
cid, itaconic acid, and malonic acid decreased as the concentration
f PFOS increased. Compared to that of the control plants, the nico-
inic acid level was higher by 32% in 25 mg/kg PFOS-treated grains,
ut lower by 37% in 50 mg/kg PFOS-treated grains. Interestingly, all
f these altered organic acids were not included in the list of com-
on organic acids identified in grains of 19 wheat cultivars reported in
odríguez et al. (2012) . Both levels of galactonic acid and allantoic acid

ncreased in PFOS-treated grains. The increased level of galactonic acid
as not consistent with the decrease in levels of sugar which serves as
recursor for galactonic acid. The increased abundance of allantoic acid
as consistent with increased level of ornithine. Likewise, the decrease

n level of malonic acid in PFOS treatments agreed with the reductions
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n levels of its precursor alanine. The metabolite 2-isopropylmalic acid
s an intermediate in pathway involving leucine biosynthesis and in the
onversion of oxaloacetate to 𝛼-ketoglutarate via cis-aconitate and isoc-
trate intermediates in the TCA cycle ( Katz et al., 2004 ). Malonic acid
s also indirectly involved in the TCA cycle wherein it is synthesized
ia the malate branch or citrate/acetyl-CoA pathway of the TCA cycle
 Igamberdiev and Eprintsev, 2016 , Chen et al., 2011 ). Similarly, ita-
onic acid is produced from aconitic acid of the TCA cycle ( Klement and
üchs, 2013 , Goldberg and Rokem, 2009 ). Together, changes in levels of
-isopropylmalic, malonic, and itaconic acids suggest that the TCA cycle
n grains was remotely affected by PFOS. Nicotinic acid, a metabolite de-
ived from pyridine nucleotide synthesis from aspartic acid ( Cleaves and
iller, 2001 , Ashihara et al., 2015 ), is an important coenzyme in hun-

reds of cellular redox reactions, although high concentration could also
e toxic for cell division, in plants ( Gerdes et al., 2012 , Sasamoto and
shihara, 2014 ). 

The literature indicates that most of these downregulated organic
cids serve in plant resistance to biotic and abiotic stresses or consti-
ute grains’ nutritional metabolites. For example, high concentrations
f indole-3-propionic acid, indole-3-lactic acid, or pipecolinic acid be-
aines in humans were found to be directly correlated with high intake of
hole grains (e.g., wheat, rye) ( de Mello et al., 2017 , Kärkkäinen et al.,
018 , Zhu et al., 2016 ). The decrease in abundances of both indole-3-
ropionic acid and indole-3-lactic acid matched the decrease in trypto-
han level; perhaps, because they are tryptophan-derived metabolites
 Ehrlich et al., 2020 , Konopelski and Mogilnicka, 2022 ), and their de-
reased levels could have played a role in grain biomass since they are
nvolved in promoting grain yield in wheat ( Raheem et al., 2018 ). The
etabolites, 3,4-hydroxycinnamic acid and sinapic acid, play important

oles in defense against biotic and abiotic stresses, pest deterrence, dis-
ase protection, etc. ( Nair et al., 2004 ). Similarly, pipecolinic acid and
-aminoisobutyric acid help in plant resistance to stress ( Das et al., 2017 ,
ouffi et al., 2000 , Lenk et al., 2019 ). Together, the decreases in abun-
ances of organic acids decreased resistance to stress. 

hanges in DNA/RNA metabolites 

The abundance of nucleobase, uracil, was upregulated by up to
30%; and the levels of nucleobase, guanine, and nucleoside, uridine,
ere downregulated by up to 19% and 15%, respectively, in PFOS-

reated grains compared to those of the control ( Figs. 5 B, 6 ). The in-
rease in uracil level could be connected to the increased iron content in
he grains because iron is important for RNA synthesis of which uracil
s a major component ( Khodour et al., 2019 ). On the other hand, the
ecrease in uridine could be due to decrease in sugar levels in grains
 Fig. 6 ). Other studies also reported impacts of PFOS on DNA/RNA
etabolites: increased levels of these metabolites or their significant

egulations indicate plants response to repair DNA damage ( Li et al.,
020a , Guo et al., 2020 , Li et al., 2020b ). Significant dysregulations
f DNA/RNA metabolites have also been observed in wheat grains ex-
osed to cerium oxide nanoparticles ( Rico et al., 2020 ). A related study
roposed that modifications in levels of nucleotide metabolites are as-
ociated with reduced metabolic activities of seeds including nucleic
cid degradation and de novo biosynthesis of purines and pyrimidines
 Liu et al., 2016 ). 

hanges in other metabolites 

The other dysregulated metabolites in PFOS treated grains in-
lude hydroquinone, spermidine, 1,3-diaminopropane, stigmasterol,
nd ethanolamine ( Figs. 5 B, 6 ). These molecules also aid plants to ad-
ust to various stresses ( Liu et al., 2015 , Aboobucker and Suza, 2019 ,
hen et al., 2018 ) or hold potential health benefits for human diet
 Giner et al., 2022 , Jiménez-Escrig et al., 2006 , Madeo et al., 2018 ).
ydroquinone, a very potent antioxidant, is present in wheat grains (in
ecreasing abundance: germ > bran > whole grains) as 𝛽-glucosides
10 
f hydroquinone (arbutin) ( Schendel, 2019 , Zhokhov et al., 2010 ).
thanolamine is produced by direct decarboxylation of serine or as a
y-product of choline synthesis in plants ( Rontein et al., 2001 ). The
etabolite 1,3-diaminopropane is the product of cleaving aminopropyl

ide-chain in spermidine ( Asthir et al., 2002 ), and its decrease correlates
ith the decrease in spermidine abundance. Stigmasterol is a plant sterol

hat plays a role in signaling activities to promote tolerance to biotic and
biotic stresses during plant development ( Aboobucker and Suza, 2019 ).

onclusion 

Agronomic measurements, biochemical assays, bioaccumulation as-
essment, and ionomics and metabolomics analyses were employed to
valuate the effects of exposure to PFOS (0-50 mg/kg) on wheat plant
rown in contaminated soil. PFOS promoted stress that affected grain
uality more than plant biometric parameters (e.g., height, biomass).
rain yield exhibited a nonsignificant PFOS dose-dependent decreas-

ng trend, which resulted in grains having low levels of macroelements
nd major sugars (sucrose, maltose, trehalose, glucose-6-phosphate,
ructose-6-phosphate). PFOS was also absorbed in the roots and accu-
ulated in the aerial plant parts, including the grains. These findings

uggest that cultivation of wheat in PFOS-contaminated soil could af-
ect the nutritional value of the grains. In addition, the ability of PFOS
o bioaccumulate in the human body makes consumption of PFOS-laden
heat unsafe. To the best of the authors knowledge, this is the first re-
ort showing that PFOS affects grain quality in ways that may have
nknown implications to human health and ecological integrity. Future
tudies should focus on continuous exposure of plants to PFOS at real-
stic environmental concentrations. 
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