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This thesis investigates the use of proton (1H) nuclear magnetic resonance (NMR)
spectroscopy for non-targeted metabolomics to measure the metabolic response of Arabidopsis
thaliana exposed to PFAS. The metabolic response of model plant species A. thaliana exposed to
the common PFAS compounds perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid
(PFOS) is observed using 1H-NMR-based non-targeted metabolomics. Polar metabolites are
extracted from the leaf tissue of A. thaliana using a biphasic extraction and analyzed using 1HNMR, followed by multivariate statistical analysis using principal component analysis (PCA) to
determine the changes in the metabolic profile efficiently and reproducibility. Exposure to high
concentrations of PFAS results in changes in the physiological appearance and large changes in
metabolic profile. At lower, more environmentally relevant concentrations, exposure to PFAS
results in no change in the physiological state of A. thaliana though changes are observed in the
metabolic profile.
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Chapter 1: Literature Review
1.1 Introduction
The use of 1H-NMR metabolomics has been limited in studies on plant response to
environmental contaminants and even more so for studies related to the metabolic response of
plants when exposed to perfluoroalkyl substances (PFAS). The objective of this thesis is to
investigate the metabolic response of the model plant species Arabidopsis thaliana exposed to
PFAS using 1H-NMR-based non-targeted metabolomics. The overarching hypothesis of this
thesis is that the application of a 1H-NMR-based non-targeted metabolomics method will
measure the metabolic response of A. thaliana effectively in a high-throughput and reproducible
manner to provide a new approach in understanding how plants respond on the metabolic level to
sublethal PFAS exposure. The main objective of this thesis is to apply a method of non-targeted
metabolomics using 1H-NMR to study the metabolic changes occurring in plants exposed to
PFAS in the soil at environmental concentrations. In order to achieve this objective, metabolic
profiles will be created for A. thaliana under different contaminant concentrations that provide
insight into the dose response occurring at the metabolic level in response to PFAS exposure. To
test the efficacy of the method an initial range-finding experiment will investigate higher than
typically observed environmental concentrations of specific PFAS compounds,
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS), to confidently
determine changes in the metabolic profile. Following this, a second experiment will investigate
whether similar changes to the metabolic profile occur when concentrations of PFAS are lowered
to concentrations closer to those typically seen in a contaminated environmental site. This
introductory chapter will explore the origins of PFAS and its role as an environmental
contaminant. It will then discuss the effects of environmental PFAS exposure on aquatic and
1

terrestrial wildlife and plant organisms. Finally, it will outline the history of metabolomics,
specifically 1H-NMR based metabolomics, and how it has been applied in previous studies in the
environmental sciences and directly focused on PFAS exposure.

1.2 Perfluoroalkyl substances
Perfluorinated alkyl substances are partially or fully fluorinated organic compounds that
were originally developed in the 1940’s for a variety of industrial purposes (Lindstrom et al.
2011). The most notable characteristic of PFAS is their high stability. The high stability comes
from the high energy C-F bonds on their carbon backbone, which is more stable than the C-H
bonds on their non-fluorinated counterparts (Key et al. 1997). While examples of monofluorinated compounds can be found in nature, no PFAS have been discovered as naturally
occurring compounds (Key et al. 1997). The lack of naturally occurring PFAS is in large part
responsible for their environmental persistence, due to the lack of any biological degradation
pathway (Key et al. 1997). The high stability of PFAS, in addition to their other properties of
water and oil repellency, thermal stability and surfactant properties, has contributed to their wide
application in a variety of industries (Lindstrom et al. 2011). Since their introduction PFAS have
been used in textile and paper finishing for a wide range of consumer products including food
packaging, treated clothing, treated carpets, in the manufacture of non-stick cookware, as a
levelling agent in paints, lubricants, mist suppression and fire-fighting foams (Lindstrom et al.
2011; Herzke et al. 2012; Kotthoff et al. 2015). The use of PFAS in aqueous film-forming foams
(AFFF), which are used as a fire suppressant, is a large contributor to PFAS in the environment
with former fire-fighting training sites measured to have high concentrations of PFAS present in
soil and groundwater (Environment and Climate Change Canada 2017). The manufacture of
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PFAS and its incorporation in the manufacture of consumer products has led to serious concerns
about its position as a persistent environmental contaminant.
There is a large and diverse range of PFAS, but the two most prominent compounds are
perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS) (Lindstrom et al.
2011). PFOA and PFOS belong to two different subclasses of PFAS, perfluorocarboxylic acids
(PFCA) and perfluorosulfonic acids (PFSA), respectively (Lindstrom et al. 2011). While many
other forms of PFAS are manufactured and used, PFOA and PFOS are often the most detected in
the environment. During the production of PFAS compounds using electrochemical fluorination
(ECF), perfluorooctane sulfonyl fluoride (POSF) is used to create other PFAS, regarded as
“PFOS equivalents” (Lindstrom et al. 2011). They are regarded as such because they will
ultimately degrade or be transformed into PFOS, at which point they persist in the environment
because PFOS itself has no natural degradation pathways (Lindstrom et al. 2011). Another
process of PFAS production is telomerization, which is used to produce PFCAs (including
PFOA), fluorotelomer alcohols and fluorotelomer olefins (Lindstrom et al. 2011). Many of these
compounds, especially fluorotelomers, will degrade into PFOA and increase the amount of
PFOA entering the environment (Ellis et al. 2004; D’eon et al. 2009; Lee et al. 2010). The
extensive list of different PFAS structures produced makes it difficult to study the effects of
individual compounds, but by focusing on the most prominent compounds it is possible to gain
an understanding of PFAS in general.

1.3 Current regulation of PFAS
The Stockholm Convention on Persistent Organic Pollutants (POPs) is a multinational
treaty that focuses on the elimination and restriction of POPs in the interest of protecting people
and the environment from their adverse effects. The Stockholm Convention added PFOS and its
3

salts to Annex B (Restricted) in 2009 because of concerns that persistence, bioaccumulation and
biomagnification could lead to adverse effects on humans and the environment (Stockholm
Convention 2009). The effect of this was to restrict the use of PFOS to a few acceptable purposes
and specific exemptions that had no viable alternatives (Stockholm Convention 2009). The
acceptable purposes include: photo-imaging, photo-resist and anti-reflective coatings for semiconductors, aviation hydraulic fluids, hard-metal plating, specific medical devices, fire-fighting
foam and specific insect baits (Stockholm Convention 2009). The specific exemptions include:
photo-masks in semi-conductors and liquid crystal display (LCD), metal plating for hard metal
and decorative plating, electronic parts for some colour printers, insecticides for control of red
imported fire ants and termites, chemically driven oil production, carpets, leather and apparel,
textiles and upholstery, paper and packaging, coatings and coating additives and rubber and
plastics. In Canada, regulations eliminating PFOS from nearly all use are in place with
exemptions for aviation hydraulic fluids and some products in photographic or photolithographic
processes (Health Canada 2016b). While Canada has largely eliminated the use of PFOS, the
long-range transport of PFOS used elsewhere in the world and the use of other PFAS products
could result in a small amount of future contamination.
Perfluorooctanoic acid, its salts and related compounds are currently under review by the
Stockholm Convention on POPs to be added to Annex A (Elimination) for elimination from use
(Stockholm Convention 2017). PFOA is under review for similar reasons as is PFOS, out of
concern for its persistence, bioaccumulation and toxicity for the environment and living
organisms (Stockholm Convention 2017). There are no known manufacturers of PFOA in
Canada, although there is a significant amount of ammonium perfluorooctanoate (APFO), a
PFOA salt, imported for use in fluoropolymer manufacturing (Health Canada 2016a). While the
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elimination of PFOA from industrial use will help decrease the overall amount of PFAS in the
environment, there are other sources of PFOA to the environment beyond the compound itself.

1.4 PFAS as an environmental contaminant
Perfluoroalkyl substances have a high degree of persistence in the environment and their
use in consumer products poses serious concerns about their role as environmental contaminants.
PFAS is able to enter the environment from direct sources, such as through waste and wastewater
treatment plant effluent, industrial facilities using PFAS, and fire-fighting training grounds (Lau
et al. 2007; Hu et al. 2016). In addition to the direct sources, PFAS can also enter the
environment indirectly from these original sources via runoff, groundwater infiltration and
movement through the atmosphere (Environment and Climate Change Canada 2017). While
PFAS enters the environment through many routes, it persists and accumulates as its structure
makes it highly resistant to biodegradation, hydrolysis and photolysis (Health Canada 2016a;
Environment and Climate Change Canada 2017).
1.4.1 Water
Measurements of PFOS in Canada have found it to be ubiquitous in nearly all media,
including water, fish, wildlife, sediment, air and soil (Environment and Climate Change 2017).
The highest concentrations of groundwater contamination are typically found at sites such as
airports, where AFFFs have been used for fire-fighting training exercises (Environment and
Climate Change 2017). In Canada, London International Airport and Hamilton International
Airport had concentrations of PFOS in the groundwater as high as 130 and 560 µg/L at former
fire-fighting training sites (Environment and Climate Change Canada 2017). In the State of
Queensland, Australia, groundwater near a former fire-fighting training site had PFOS
concentrations up to 14 µg/L, while PFOA reached as high as 0.6 µg/L (Bräunig et al. 2017). A
5

Michigan former fire training site measured both PFOA and PFOS in the groundwater and found
that PFOA was there in similar concentrations (Moody et al. 2003). While there are fewer
investigations of PFOA in Canadian groundwater, it is likely that there is a similar pattern to
American studies. In addition to contamination near former fire training sites, measurements on
downstream surface waters near industrial plants manufacturing PFAS have found elevated
PFOA concentrations (Hansen et al. 2002; Frisbee et al. 2009).
1.4.2 Soil
There have also been confirmed measurements of PFOS contamination in soils at airports
across Canada (Environment and Climate Change Canada 2017). Concentrations of PFOS in soil
at the former fire-fighting training facility at Hamilton International Airport reach as high as 26
mg/kg (Environment and Climate Change Canada 2017). Surface soil samples from a former
PFAS manufacturing plant in Minnesota had measured concentrations up to 28.2 and 125.7
µg/kg of PFOS and PFOA, respectively (Xiao et al. 2015). The presence of PFAS in the soil can
be a source of groundwater contamination up to decades after the addition of PFAS to the soil
has ceased (Xiao et al. 2015). Field-based models of soil contamination found that it takes
approximately 230 years for PFOA content to be reduced from 100 to 10 ng/g (Zareitalabad et al.
2013). The same study found that PFOS would take approximately 655 years to reduce by the
same amount (Zareitalabad et al. 2013). The persistence of PFAS contamination in soil and its
tendency to migrate to ground and surface water makes their use a serious environmental
concern.
1.4.3 Treated water
Both PFOS and PFOA are not regularly monitored at Canadian water treatment plants,
but some analyses have been performed (Health Canada 2016a; Health Canada 2016b). Neither
6

PFOS nor PFOA were detected above the detection limits in raw or treated water samples at two
Calgary treatment plants (Health Canada 2016a, Health Canada 2016b). In Quebec, multiple
sites were monitored monthly over 2007-2008. PFOS was detected in half of the treated water
samples with a median of 1.0 ng/L, while PFOS was detected in 40% of the raw water samples
with a median of <1 ng/L (Health Canada 2016b). During the same time period the Quebec sites
were also measured for PFOA, where it was detected in 75% of the treated water samples with a
median of 2.5 ng/L. The measurements of raw water detected PFOA in 55% of samples with a
median concentration of 2.0 ng/L (Health Canada 2016b). Measurements of PFOS and PFOA
were also taken for tap water samples in Niagara-on-the-Lake, Ontario with concentrations of
PFOS and PFOA of 3.3 and 2.1 ng/L, respectively (Mak et al. 2009). Similar measurements of
tap water were made for PFOA in Calgary and Vancouver, finding lower concentrations of 0.2
ng/L (Health Canada 2016a). There are similar cases where higher concentrations of PFAS are
detected in treated water compared to raw water at treatment plants worldwide (Rahman et al.
2014). While this could be in part due to analytical errors at low detection limits, it is also likely
that both the difficulties of removing PFAS from drinking water and breakdown of precursors to
PFOS and PFOA during the process are resulting in higher concentrations in treated water
(Rahman et al. 2014). In some cases, there have also been higher concentrations of PFOA and
PFOS in treated water compared to the raw water (Rahman et al. 2014).
1.4.4 Air
The concentrations of PFAS found in air are much lower than that found in soils and water. The
concentration of PFOS in outdoor air was measured in using high-volume air samplers at three
locations in Canada and determined that the average PFOS concentrations were 1.5 pg/m3 in
Toronto, 0.43 pg/m3 in Lake Superior air and less than 0.2 pg/m3 in Alert, Nunavut
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(Environment and Climate Change Canada 2017). In the same study passive samplers were also
used at eight other locations across Canada detecting PFOS at 8 pg/m3 in Toronto, 5 pg/m3 at a
Saskatchewan agriculture site and 2 pg/m3 in Alert (Environment and Climate Change Canada
2017). The results of this survey suggest that while PFOS contamination is ubiquitous across
Canada, concentrations of PFOS in the air are generally higher in urban areas than more remote,
rural areas (Environment and Climate Change Canada 2017). PFOA has a low half-life in air, but
fluorotelomers are precursors to PFOA and have been measured in various locations across
Canada (Shoeib et al. 2006). The average concentration of fluorotelomers in Toronto were 41
pg/m3, which was higher than what was observed in more rural regions (Shoeib et al. 2006). The
concentrations of PFAS in the air are low, but the ability of PFAS and their precursors to traverse
far distances reaching remote regions is concerning.
1.4.5 Wildlife
There have been many studies on the impact of PFAS on wildlife, as the persistence of
PFAS enables it to bioaccumulate in the food web. The most commonly detected PFAS in
wildlife is PFOS, which primarily accumulates in the blood and liver of organisms (Giesy and
Kannan 2001). Concentrations of PFOS were detected below the Federal Environment Quality
Guidelines (FEQG) for fish in 11 drainage regions during a monitoring period (Environment and
Climate Change Canada 2017). Seven of the locations had PFOS concentrations above the
FEQG for mammals and birds eating the fish, an indication of biomagnification and risk to
predators in those regions. Similar surveys found PFOS in walleye and lake trout tissue to have
higher concentrations in urban areas compared to remote lakes, with average concentrations
reaching 90 ug/kg in Lake Erie (Environment and Climate Change Canada 2017). Lake Erie also
had the highest concentrations in a study that measured PFOS in gull eggs, at 0.676 µg/g wet-
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weight. The Lake Erie site, in addition to the other sites measured, all had concentrations below
the FEQG for bird eggs (Environment and Climate Change Canada 2017). Another study on
PFAS in the Great Lakes region measured PFOS in multiple trophic levels, the highest
concentrations being found in mink and bald eagles suggesting biomagnification of PFOS
(Kannan et al. 2005). Martin et al. (2004) investigated PFOS and PFOA in Lake Ontario and
found evidence of bioaccumulation for both compounds, though PFOS much more so. Larval
amphibians have also been observed to rapidly accumulate PFAS which, coupled with their low
trophic level, could enhance the risk of biomagnification to predator species (Abercrombie et al.
2019).
Large marine organisms that occupy higher trophic levels are at significant risk to the
harmful effects stemming from PFAS exposure due to biomagnification. PFAS has been
measured in multiple large marine organisms including orcas, harbor porpoises and bottlenose
dolphins (Houde et al. 2006; Van de Vijver et al. 2007; Gebbink et al. 2016). Harbour porpoises
in the Black Sea had concentrations of PFOS in liver tissue as high as 1790 ng/g with an average
concentration of 209.9 ng/g, though they did not have a detectable value of PFOA (Van de
Vijver et al. 2007). Bottlenose dolphins in the Atlantic Ocean near South Carolina had plasma
concentrations of PFOS as high as 3073 ng/g, with a geometric mean of 1171 ng/g, and
concentrations of PFOA reaching 163 ng/g with a geometric mean of 33 ng/g (Houde et al.
2006). Orcas in the Atlantic Ocean near Greenland had liver PFOS and PFOA concentrations
averaging 122 and 0.27 ng/g, respectively (Gebbink et al. 2016).
The effects of PFAS contamination are not limited to only former industrial PFAS sites
or AFFF-impacted fire-fighting training sites. The atmospheric transport of volatile PFAS
(precursors to PFOA or PFOS) and the transport of anionic PFAS on ocean currents are the
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likely cause of PFAS being detected in the remote arctic (Butt et al. 2010; Yeung et al. 2017).
There have been measurements of PFAS in arctic animals including sea otters, bearded seals
polar bears and orcas (Shoeib et al. 2006; Armitage et al. 2009; Benskin et al. 2012; Gebbink et
al. 2016). Meanwhile on the opposite side of the earth, PFAS have been measured in the blood
plasma of Weddell seals living in Antarctica (Routti et al. 2015). Polar bears and ringed seals in
Greenland had PFOS liver concentrations of 1811 and 93 ng/g, respectively, and PFOA liver
concentrations of 13 and 0.56 ng/g, respectively (Gebbink et al. 2016). Bytingsvik et al. (2012)
observed that PFAS in Svalbard, Norway polar bears transferred from mother to cub. Another
arctic predator, arctic foxes, had PFOS concentrations around 100 ng/g in their liver, further
highlighting the concerns of long-range transport and biomagnification of PFAS (Aas et al.
2014).
1.4.6 Humans
Human blood, serum and plasma samples from multiple countries showed the presence of
multiple PFAS compounds including PFOS and PFOA (Kannan et al. 2004). The concentration
of PFOS was highest in the samples from the United States and Poland, with an average greater
than 30 ng/mL (Kannan et al. 2004). Concentrations of PFOA and PFOS in Canadian human
serum samples had similar concentrations to serum samples studied in the United States, with an
average PFOS concentration of 28.4 ng/mL (Kubwabo et al. 2004). In addition, the concentration
of PFOA in Canadian human serum was reported at 3.4 ng/mL (Kubwabo et al. 2004). The
human serum samples in the studies described above were all collected from non-occupationally
exposed individuals. Occupationally exposed individuals were found to have significantly higher
concentrations of PFAS in their serum, with concentrations up to a factor of 10 higher than non-
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occupationally exposed individuals (Olsen et al. 2007). These reported levels of PFAS in human
serum outlines a ubiquity of PFAS contamination in the Canadian population.

1.5 Effects of PFAS in the Environment
1.5.1 Effects of PFAS on Wildlife
The effects of PFAS toxicity has been studied in aquatic and terrestrial wildlife with a
diverse range of responses. A study on aquatic organism response to PFOA and PFOS exposure
found that the compounds had toxic effects on the invertebrates Daphnia magna and Moina
macrocopa, with PFOS being more toxic by roughly a factor of 10 (Ji et al. 2008). D. magna and
M. macrocopa were also susceptible to reproductive effects due to PFOA and PFOS showing
reduced brood size and growth rate (Ji et al. 2008). The same study by Ji et al. (2008) found that
the fish species Oryzias latipes Japanese medaka had increase liver weight, a sign of
hepatoxicity, and that the fish were much more sensitive to PFAS than the invertebrates.
Exposure to PFOA and PFOS also had negative effects on O. latipes offspring, even when the
offspring were not subjected to the compounds themselves (Ji et al. 2008). Similar effects have
been found in other studies. Long-term PFOS exposure had negative effects on zebra-fish and
their offspring, and the zebrafish exhibited signs of hepatoxicity (Du et al. 2009). Elevated
concentrations of PFAS in freshwater lakes effected genes of largemouth bass related to
xenobiotic metabolism, fatty acid metabolism, immune responses and protein degradation (CollíDulá et al. 2016).
Most toxicity studies and measurements of PFAS have been made on aquatic organisms,
although there is some research on terrestrial organisms. The earthworm Eisenia fetida is the
most studied organism, with multiple investigations on how the keystone species responds to
PFAS exposure (Das et al. 2015; He et al. 2016; Navarro et al. 2016). Earthworms
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bioaccumulate PFAS that is present in the soil and PFOA accumulation has adverse effects on
the health of earthworms as well as an inhibitory effect on soil enzymes (He et al. 2016).
Earthworms also had a higher BAF for lower PFOS concentrations in soil suggesting a high risk
for bioaccumulation and adverse effects even at low PFOS concentrations (Das et al. 2015).
Wood mice near a fluorochemical plant in Belgium had high concentrations of PFOS in their
liver, consistent with other studies and the expected biomagnification of PFOS from soil
invertebrates (D’Hollander et al. 2014). Yang et al. (2002) found that PFOA interfered with the
PPAR-α signal pathway causing hepatic peroxisome proliferation in mice, which can have
immunosuppressive effects. Other organisms studied have had increased liver weight and
evidence of hepatocellular adenomas (Environment and Climate Change Canada 2017) due to
PFOS exposure, consistent with toxicity studies on aquatic organisms.
1.5.2 Effects of PFAS on Plants
Plants are also susceptible to the uptake, accumulation and adverse effects of PFAS in the
environment. To date, the studies have been primarily focused on the accumulation of PFAS in
crop plants. Edible crop plants including radish, celery, tomato and sugar snap-pea readily
accumulate PFAS, including PFOA, from soil that has been amended with biosolids containing
PFAS (Blaine et al. 2014a). Strawberry and lettuce grown in soils irrigated by water
contaminated with PFAS will take up the contaminants, a concern for crops irrigated with
reclaimed water that contain even small amounts of PFAS (Blaine et al. 2014b). Spinach and
tomato were found to accumulate PFAS via roots from the soil and translocate the compounds to
other plant tissues (Navarro et al. 2017). Adverse effects from PFOA accumulation have been
observed on the plant species Arabidopsis thaliana, a model organism, which exhibited signs of
chlorosis and oxidative stress (Yang et al. 2015). While environmental concentrations of PFAS
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rarely reach levels high enough to have a serious adverse effect on plants, the readiness of plants,
especially crop plants, to accumulate and store PFAS is a potential route of human exposure.
1.5.3 Effects of PFAS on Humans
In a study on the pharmocokinetics of PFAS, they were found to have long half-lives in
humans, with geometric mean half-lives of 4.8 years and 3.5 years for PFOS and PFOA,
respectively (Olsen et al. 2007). The toxicological effects of the low concentrations of PFAS in
human serum are still poorly understood but likely have similar effects as seen in other
organisms (Lau et al. 2007; Steenland et al. 2010). Maternal exposure to PFAS has been shown
to have no effect on fetal growth (Hamm et al. 2010). A study on 17 different PFAS, including
PFOA and PFOS, showed no significant toxicological effects, although occupationally exposed
individuals did show a higher risk for hepatotoxicity (Borg et al. 2013). The main contributors
for hepatotoxicity risk were PFOS, followed by PFOA (Borg et al. 2013). A longitudinal study
of PFAS and liver function also examined that there was a correlation between increased
presence of PFAS in plasma and the changes in liver function biomarkers (Salihovic et al. 2018).
There is still much more research required before there is a clearer understanding of PFAS and
their effect on humans.
1.5.4 Mode of Action
In recent years the mode of action of PFAS has been investigated and while it is still
poorly understood there has been some advancement. It is well established that PFAS primarily
distributes to the blood plasma and serum where it primarily binds with serum albumin (Han and
Micallef 2016). The interaction with serum albumin is what allows PFAS to distribute to other
tissues throughout the body, primarily the liver (Han and Micallef 2016). There have been
observations of PFAS binding with other serum globulin and lipoproteins and liver fatty acid
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binding protein (L-FABP) (Luebker et al. 2002; Butenhoff et al. 2012). D’eon et al. (2010)
determined that PFOA interacts with Sudlow’s drug-binding site I on human serum albumin
(HSA) and displaced oleic acid, an HSA ligand. There is also a positive correlation between
PFAS concentration and changes in liver function biomarkers (Salihovic et al. 2018). Together,
these results suggest that PFAS has the potential to interfere with normal fatty acid activity in the
blood and liver of humans. There have been no observations of PFOA or PFOS being
metabolized in the human body (Kemper and Nabb 2005) and it is thought that elimination of
PFAS occurs by urinary and fecal excretion (Vanden Heuvel et al. 1991) with half-lives of
PFOA and PFOS in the human body roughly 3.5 and 4.8 years, respectively (Olsen et al. 2007).

1.6 Routes of PFAS exposure
Humans PFAS exposure can come from multiple routes including through dietary intake.
Crops grown in biosolid-amended soil or irrigated with reclaimed water that have been affected
by PFAS contamination will take up the compounds (Blaine et al. 2014a; Blaine et al. 2014b). In
a European study 10 different PFAS, including PFOS and PFOA, were detected in over half of
the samples which included fruits, cereals, salt and candy (D’Hollander et al. 2015). In Canada,
the presence of PFAS has been confirmed in samples of meats, fish, shellfish and fast food
(Ostertag et al. 2009). It is generally foods that have undergone some form of processing, rather
than unprocessed foods, that have been detected to contain PFAS (Ostertag, Chan, et al. 2009). A
small contribution could also be due to the transfer of PFAS from food packaging or non-stick
cookware containing residual PFAS, though this is considered to be a very low contribution
(Begley et al. 2005; Schaider et al. 2017). An exception to this is fish, as diets with a high intake
of fish also tend to have higher intake of PFAS, though these are still too low to cause adverse
health effects (Pérez et al. 2014). Overall, the concentrations of PFAS in foods are low, but
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certain communities are at higher risk of exposure than others. Small, remote communities that
rely on traditional food sources for sustenance have an increased risk of PFAS exposure (Ahrens
et al. 2016). In Inuit communities in Nunavut, Canada people who have a higher dietary intake of
traditional food sources, such as ringed seal, polar bear and caribou, also had higher PFAS
exposure (Ostertag, Tague, et al. 2009).
Other sources of human exposure to PFAS are through contaminated water, treated
consumer products, household dust and air. The contribution of contaminated water to total
human exposure has not been estimated, though PFAS is difficult to remove during the water
treatment process (Rahman et al. 2014). Depending on the location the contribution of PFAS
exposure from water would be higher, considering that in Vancouver and Calgary tap water
concentrations of PFOA were 0.2 ng/L while in Niagara-On-The-Lake tap water concentrations
of PFOA were 2.1 ng/L (Health Canada 2016a). Canadian exposure to PFAS has been estimate
for two treated products, solution-treated carpeting and treated apparel, with estimates of 120 and
12 ng/day (Tittlemier et al. 2007; Health Canada 2016a; Health Canada 2016b). This does not
take into account the other products that could be sources of human exposure such as
waterproofing agents, AFFFs, non-stick ware, treated fabrics and treated paints and inks (Herzke
et al. 2012). Another study estimated that the total exposure for North Americans to PFOA and
PFOS specifically ranges from 3 to 220 ng/kg[bodyweight]/day, though this looked at a wider
range of products than the Tittlemier et al. (2007) study (Trudel et al. 2008). Household dust was
estimated to contribute 28 ng/day of PFAS to Canadians (Tittlemier et al. 2007). The
concentrations of PFOA and PFOS measured in Canadian household dust were consistent in
households measured in both Vancouver and Ottawa, with PFOS concentrations being
considerably higher than PFOA (Kubwabo et al. 2004; Shoeib et al. 2006). In Ottawa the highest
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concentrations of PFOA in household dust were 1234 ng/g with an average of 106 ng/g, while
PFOS in household dust had concentrations of 5065 ng/g at the highest with an average
concentration 444 ng/g (Kubwabo et al. 2004). In household dust from Vancouver the highest
concentrations of PFOA and PFOS were 1390 and 4661 ng/g, respectively and the average
concentrations were 97 and 280 ng/g respectively (Shoeib et al. 2011). Exposure to PFAS via air
is very low, measured in pg/m3, thus it is considered to have a negligible impact on the overall
human exposure (Tittlemier et al. 2007; Shoeib et al. 2011).

1.7 Metabolomics
1.7.1 History and background
Recent advances in genetic sequencing and protein analysis has resulted in an increase in
our understanding of organisms at the molecular level. The genome of the model plant species A.
thaliana has been fully sequenced, though as of 2015 a total of 25% of genes have not had a
genetic ontology annotation to any function (Lamesch et al. 2012). Metabolomics is an emerging
technology that provides valuable insights into the real-time, molecular level workings of
biological systems and works complementary to other established methods (Weckwerth 2003).
Metabolomics is the study of the metabolome, the complete set of metabolites within an
organism (Fiehn 2001). Metabolites are the small biological molecules (typically <1000 Daltons)
linked in the networks of anabolic and catabolic reactions in an organism, constantly regulated to
adapt to the organism’s needs at a given moment (Oliver et al. 1998; Fiehn 2002). The number of
distinct metabolites varies among different organisms and there is a large amount of diversity
between different metabolites, with up to 200,000 unique metabolites in the plant kingdom
(Fiehn 2001). The diversity of metabolites and the extremely short lives many intermediate
metabolites have makes simultaneous analysis of all metabolites in an organism impossible,
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nevertheless enough of the metabolome can be measured to gain insight into the metabolic
processes occurring (Weckwerth 2003). Metabolomics is therefore able to generate a snapshot of
the metabolism, the organism’s metabolic profile, showing what the organism looks like at the
functional level at that time point (Weckwerth 2003; Goodacre et al. 2004). Metabolomics
provides this view at the functional level because in the biological network any environmental or
biological changes to an organism will be expressed at the metabolic level (Fiehn 2001). During
the comprehensive and quantitative measurement of the metabolome some metabolites will be
more sensitive to certain changes or stresses in the organism. These metabolites, indicative of
specific metabolic changes, are referred to as biomarkers and their identification and
measurement are useful guides in the field of systems biology (Fiehn 2001; Smolinska et al.
2012). The different metabolomics methods together allow for the discovery and the
measurement and tracking of biomarker metabolites.
1.7.2 Non-targeted metabolomics
The first general approach for metabolomics experiments is non-targeted metabolomics.
Non-targeted, or untargeted, is a broad approach to analyzing the metabolome and measures
multiple metabolite classes simultaneously (Fiehn 2001; van der Kooy et al. 2009). Non-targeted
approaches are open and unbiased allowing for the measurement of novel and unexpected
metabolic responses (Bundy et al. 2008). It allows for multiple metabolites with diverse
properties and from different metabolic pathways to be detected (Bundy et al. 2008). The nontargeted approach to studying the metabolome is a useful method for discovering biomarker
metabolites as the unbiased framework is open to different pathways that may not have been
expected to be affected (Smolinska et al. 2012). The platforms used in metabolomics
experiments varies depending on the experiment, though non-targeted metabolomics tends to use

17

primarily NMR or liquid chromatography coupled with mass spectrometry (LC-MS) experiments
(Dunn and Ellis 2005). Less frequently but still used in non-targeted metabolomics are gas
chromatography coupled with mass spectrometry (GC-MS) and Fourier-transform infrared
spectroscopy (FT-IR) (Dunn and Ellis 2005). By looking at a wider range of metabolites, nontargeted metabolomics often sacrifices resolution and may miss the more subtle changes in the
metabolic profile (Bundy et al. 2008). When the biomarkers are known and a more thorough
investigation of a specific metabolite, group of metabolites or metabolic pathway is needed,
targeted metabolomics is a more useful approach.
1.7.3 Targeted metabolomics
The other approach to metabolomics is targeted metabolomics. Targeted metabolomics is
an effective method when there is previous knowledge on the specific metabolites and metabolic
pathways being investigated (Cox et al. 2014). The previous knowledge of biomarkers enables
the use of targeted approaches to analyze with increased sensitivity and resolution on the specific
metabolites of interest to increase detection and quantification (Dunn and Ellis 2005). While
targeted metabolomics may not be an open approach to finding unexpected changes to the
metabolic profile of the organism, it does allow for a more thorough investigation a specific
metabolic pathway of interest. The platforms used for targeted metabolomics are the same as
those used for non-targeted approaches, though GC-MS and LC-MS are more often used than
NMR, simply due to their higher resolution those approaches allow for (Dunn and Ellis 2005).
The targeted and non-targeted metabolomics approaches are complementary to each other, with
their own advantages and disadvantages that when used effectively can enable a more accurate
analysis of the changes in an organism’s metabolism.
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1.7.4 1H-Nuclear magnetic resonance (NMR)-based metabolomics
Non-targeted metabolomics often uses 1H-NMR as the analytical platform for measuring
metabolites. NMR is useful for non-targeted metabolomics because of the range of compounds it
can simultaneously and quantitively identify in a given sample (Bundy et al. 2008; Viant 2008).
Any metabolites containing a hydrogen atom in their structure will be identified by 1H-NMR,
and their inherent molecular properties allow for signals to be confidently assigned to
metabolites. The signals in an NMR spectrum are directly proportional to their molar
concentrations, and with the simple addition of a single internal standard the metabolites can be
easily quantified (Kim et al. 2010; Kim et al. 2011). This is contrasted with GC- and LC-MS
methods which require multiple standards for the different metabolites present in the sample
(Dunn and Ellis 2005). The sample preparation for NMR experiments is also significantly lower
than the MS-based methods, with NMR samples requiring a single extraction for all metabolites
and the need for a single internal standard makes these experiments high-throughput (Zhang et
al. 2013). NMR is a non-destructive experiment, allowing samples to be reused after analysis
whereas with other methods the sample may be destroyed (Smolinska et al. 2012). The drawback
to NMR spectroscopy is the lower sensitivity compared to the other methods, though this can be
overcome by using larger amounts of sample (Kim et al. 2010). The density of metabolites
measured can also cause significant overlapping of signals in the NMR spectra making signal
identification difficult. One option to overcome this is using 2D NMR experiments that reduce
the overlap and allow for a more accurate signal identification (Smolinska et al. 2012). Another
option is the use of multivariate statistics, which provide insight into the overall difference
between the metabolic profile of different samples.

19

The complexity of non-targeted metabolomics makes statistical methods a necessity
(Smolinska et al. 2012). The statistical analysis of non-targeted metabolites most commonly
begins with a principal component analysis (PCA) (Viant 2003). PCA is a multivariate statistical
analysis method used in nearly all metabolomics experiments (Robertson 2005). PCA converts
multivariate datasets to two or three-dimensional representations that present the variation in the
different samples (Robertson 2005; Smolinska et al. 2012). Following PCA, there are other
methods applied to further understand the data including hierarchical cluster analysis (HCA),
orthogonal partial least squares discriminant analysis (OPLS-DA) and partial least squares (PLS)
(Smolinska et al. 2012). The application of different statistical analyses helps enable an
understanding of the large amount of data that metabolomics experiments generate. Combined
with the aid of multivariate statistical methods, 1H-NMR is a powerful tool to provide a highthroughput, unbiased, comprehensive and quantitative measurement of many metabolites
simultaneously and generate an understanding of changes to the metabolic profile of an
organism, helping determine potential biomarker metabolites.

1.8 Applications of metabolomics
1.8.1 Applications of metabolomics in the food and health sciences
The application of metabolomics has increased significantly over recent years with large
use in food sciences, health and pharmaceutical industries. In the food sciences, metabolomics
has been widely used for “food finger-printing” where it can identify the origin and nature of
food products such as honey, shrimp, mussels, oregano and beef, preventing fraud (CostasRodríguez et al. 2010; Black et al. 2016; Trivedi et al. 2016; Hong et al. 2017; Zuccato et al.
2017; Chatterjee et al. 2019). Metabolomics has also been applied to identify and measure
specific compounds in foods, such as catechins in various tea cultivars or cocoa shell content in
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cocoa products (Ji et al. 2017; Cain et al. 2019). There have even been applications of
metabolomics to predict the sensation of tastes in coffee bean extracts, sweet peppers, green tea
and tomatoes (Tarachiwin et al. 2007; Eggink et al. 2012; Tieman et al. 2012; Wei et al. 2014).
The ability of biomarker discovery and quantification with metabolomics has expanded its use in
the health and pharmaceutical sciences. Metabolomics has aided in measurement of biomarkers
for many diseases including Chron’s disease, cardiovascular disease, kidney cancer and
colorectal cancer (Jansson et al. 2009; Kim et al. 2009; Wang et al. 2010; Ussher et al. 2016).
There are applications of metabolomics in drug discovery as well, such as helping discover antituberculosis pharmaceuticals, predicting the pharmacological profile of new psychoactive
substances and helping discover new drug candidates (Wishart 2016; Tuyiringire et al. 2018;
Olesti et al. 2019). In the food and health sciences the range of analytical platforms for
metabolomics is wide, with a range of NMR, LC-MS and GC-MS based experiments common.
1.8.2 Applications of metabolomics in PFAS-exposure and health related studies
The application of metabolomics into the health sciences extends into metabolomics
studies on the health effects of PFAS exposure. In an LC-MS-based metabolomics study on
PFOA-exposed mice, Yu et al. (2016) found effects on the metabolic pathways related to amino
acids, lipids and carbohydrates in both the brain and the liver. Alderete et al. (2019) used LCMS-based metabolomics to study the effects of PFAS exposure on overweight and obese
children, determining that PFAS exposure does cause dysregulation of lipid and amino acids
metabolic pathways, ultimately interfering with glucose homeostasis. Another study used LCMS-based metabolomics to measure the effects of four different PFAS exposure, including
PFOS and PFOA, on children in Cincinnati, Ohio (Kingsley et al. 2019). Kingsley et al. (2018)
found that PFAS exposure was correlated with effects on lipids and dietary factors, as well as
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metabolic pathways associated with the amino acids arginine, proline, asparagine and aspartate.
The metabolic effects of PFAS-exposure to occupationally-exposed individuals have been
investigated, identifying biomarkers related to oxidative stress, fatty acid β-oxidation and kidney
damage (Lu et al. 2019). The study by Lu et al. (2019) used LC-MS and GC-MS-based
metabolomics. These studies found similar results with PFAS-exposure affecting the lipid and
amino acid metabolisms, very similar to the other studies on humans and other mammals
exposed to PFAS. So far, the metabolomics studies exploring PFAS-exposure on humans and
other mammals have primarily used LC-MS, with little to no use of NMR-based methods.
1.8.3 Environmental applications of 1H-NMR-based metabolomics
The use of NMR-based metabolomics in studies on PFAS-exposure has been limited to
date. 1H-NMR metabolomics has been used to investigate the effects of PFAS-exposure on the
earthworm, E. fetida¸ an organism that is a good representative of ecosystem health (Kariuki et
al. 2017; Lankadurai et al. 2012). The study on E. fetida found PFOA- and PFOS-exposure
caused a shift in the metabolic profile of the earthworms, affecting some amino acids, adenosine
triphosphate (ATP) and fatty acid oxidation pathways (Lankadurai et al. 2012). Similar results
were found in another 1H-NMR study focused on the effects of PFOS exposure to Daphnia
magna¸ where the changes in the metabolic profile reflected adverse effects on fatty acid
oxidation pathways (Kariuki et al. 2017). These two studies are indications that 1H-NMR
metabolomics can be a useful method to determine the effects of PFAS-exposure on the different
organisms to aid in our understanding of the environmental effects of PFAS.
The overall environmental use of NMR-based metabolomics has been broader compared
to studies focused specifically on PFAS-exposure. NMR-based metabolomics has been applied
on many different species ranging from fish, birds, invertebrates and plants. 1H-NMR-based
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metabolomics was used to successfully identify how environmental estrogen affected the
metabolism of rainbow trout (Samuelsson et al. 2006). As discussed above, E. fetidia and D.
magna have been studied for their response to PFAS-exposure using 1H-NMR-based
metabolomics (Kariuki et al. 2017; Lankadurai et al. 2012). An et al. (2018) used 1H-NMR to
investigate how different plant growth regulators affect the metabolism in strawberry plants. 1HNMR metabolomics was used by Le Gall et al. (2003) to determine whether there were
unintended changes to the metabolic profile of genetically modified tomatoes.
1.8.4 Applications of 1H-NMR-based metabolomics in plant stress response
1

H-NMR metabolomics has even been used to determine how the metabolism of different

plants are affected by various environmental stressors. The effect of sub-lethal copper
contamination on the metabolic profile of cucumber plants has been studied (Zhao et al. 2018).
The impact of air pollution on Bougainvillea spectabilis leaves’ metabolic profile has been
studied with 1H-NMR-based metabolomics finding changes in the concentrations of amino acids,
tricarboxylic acid (TCA) cycle intermediates and sugars (Mishra et al. 2019). Chun et al. (2018)
used 1H-NMR-based metabolomics to investigate how the metabolism of A. thaliana plants
responds to salinity stress, determining that salt-adapted cells will accumulate high levels of
sugars and amino acids. Another study looked at the salinity stress and drought stress in maize
plants, which measured the accumulation of some amino acids and TCA cycle intermediates
(Sun et al. 2015). The use of 1H-NMR-based metabolomics is well established in previous
studies as a viable method to measure the effect of many different environmental stressors. To
date, there are no studies that use 1H-NMR-based metabolomics as a method to study the effect
of PFAS-exposure on plants.
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1.9 Arabidopsis thaliana as a model species
Arabidopsis thaliana is a small flowering plant in the Brassicaceae (mustard) family and
has very little agricultural application, though it has a significant place in plant genetics research
(The Arabidopsis Information Resource 2019). Arabidopsis thaliana was first described in
botany literature by Alexander Braun in 1873, but its use in the field of plant science was limited
until the revolution in plant genetics, physiology and molecular biology studies increased its use
significantly (Meyerowitz 2001). Since its discovery in 1873, A. thaliana has for many years
been the model species for many plant studies (Meinke et al. 1998). Arabidopsis thaliana has
had its entire 125 mega-base genome sequenced which drove its use in many genomic studies
investigating genes and their functions in plants (The Arabidopsis Genome Initiative 2000). The
understanding of the A. thaliana genome has enabled many different studies on mutant strains to
elucidate the functions of various genes and proteins (Bevan and Walsh 2005). Another benefit
of A. thaliana that has led to its widespread use its short growing time, of approximately six
weeks, and minimal space required to cultivate (The Arabidopsis Information Resource 2019).
The growth of metabolomics in recent years has provided an opportunity to increase the
understanding of the plant genome at the functional level.
The sequencing of the entire A. thaliana genome has opened the door to great increases in
our understanding of plant genetics, though some genes still have no assigned function in the
plant (Lamesch et al. 2012). Metabolomics is a tool that can be used to complement the genomic
studies already being performed on A. thaliana, aiding in the assignment of gene functions to
further understanding at the functional level (Fiehn et al. 2000). Metabolomics can effectively
create reproducible metabolic fingerprints and has been used to investigate the metabolic
pathways and responses in cold acclimation in A. thaliana, cold- and heat-shock and dehydration
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stress (Ward et al. 2003; Cook et al. 2004; Kaplan et al. 2004; Urano et al. 2009). A study by
Yang et al. (2005) investigated the effects of PFOA exposure on A. thaliana plants grown in agar
and observed increases in MDA and hydrogen peroxide (H2O2), indications of oxidative stress.
While A. thaliana has seen minimal use in studies on PFAS-exposure, its role as a model
organism makes it a good candidate for future studies.

1.10 Conclusions
Perfluoroalkyl substances are ubiquitous environmental contaminants with a high degree
of persistence which has led to their increased regulation and decreased use in Canada, as well as
other countries. While specific PFAS, such as PFOA and PFOS, have been banned by the
Stockholm Convention for POPs, the use of precursor fluorinated compounds such as
fluorotelomers can lead to continued PFOA and PFOS environmental contamination. While
concentrations of PFAS vary among different media, it is ubiquitous in its contamination having
been detected in ground water, treated water, soil, air and wildlife, including in remote locations
such as the Canadian arctic. The toxic effects of PFAS exposure on multiple wildlife species has
been studied and there are some investigations on the toxic effect of PFAS exposure on humans.
The effects of PFAS on plants, a major route of PFAS biomagnification, are less understood.
Metabolomics is the large-scale study of metabolites in a given organism and how the changes in
the organism’s state can be reflected by the changes in its metabolome. Non-targeted
metabolomics, an unbiased and high-throughput approach, is often performed with 1H-NMR as a
platform to study the changes in an organism’s metabolome. 1H-NMR has been used in many
different applications in the field of environmental science including the exposure and uptake of
PFAS in various plants. The metabolic response of plants when exposed to PFAS is largely
unknown, due to a lack of research in this area. Non-targeted 1H-NMR-based metabolomics
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provides an opportunity to expand our understanding of the metabolic effects of PFAS in plants
in an efficient, unbiased and high-throughput manner. The plant A. thaliana is a good candidate
for a 1H-NMR-based non-targeted metabolomics study on PFAS-exposure in plants because of
its history as a model organism, short growing period and showing previous signs of oxidative
stress in response to PFOA-exposure.

1.11 Hypothesis
The central hypothesis of this thesis is that a 1H-NMR-based non-targeted metabolomics
method enable the measurement of the metabolic response of A. thaliana exposed to both high
and low concentrations of PFAS present in the soil and will provide insight into the specific
metabolites and metabolic pathways caused by this exposure.

1.12 Objectives
The specific objectives of this thesis are:
1. Determine whether the changes to the metabolic profile of A. thaliana exposed to PFAS,
specifically PFOA and PFOS, can be assigned to specific metabolites and the change in
metabolite concentration can be measured using 1H-NMR-based non-targeted metabolomics.
2. Using the 1H-NMR method, determine whether the changes to the metabolic profile due to
PFAS-exposure can be identified at environmentally relevant concentrations of PFOA and
PFOS.
3. Using multivariate statistical analysis, identify the specific metabolites and metabolic
pathways affected by PFAS-exposure at the metabolic level.
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Chapter 2: 1H-NMR non-targeted metabolomics study of PFAS-exposure on the
metabolic profile of Arabidopsis thaliana
2.1 Abstract
Per- and polyfluorinated alkyl substances (PFAS) are ubiquitous environmental
contaminants that are widely used in consumer products and fire suppression foams. Due to their
widespread usage and unique transport properties PFAS can be found in many different
environments, including remote locations such as the arctic. The presence of PFAS in ground
and surface water can create a route for PFAS to enter soil ecosystems, including
agroecosystems, where it will move through the food web via biomagnification, potentially
leading to human exposure. The toxicity of PFAS to plants, particularly in agroecosystems, is of
emerging concern due to the application of biosolids that are often contaminated with PFAS.
Nevertheless, due to the low concentrations of PFAS in most agricultural soils, the direct impact
of PFAS on plant health is not well understood. 1H-NMR metabolomics is a high-throughput,
non-biased and non-targeted method that enables measurement of the changes in the metabolic
profile of organisms exposed a to wide range of environmental stressors that may provide useful
information on the effects of PFAS contaminated soils on plant health. In this study, 1H-NMR
metabolomics is used to explore the effects of two key PFAS, Perfluorooctanoic acid (PFOA)
and Perfluorooctanesulfonic acid (PFOS), on Arabidopsis thaliana¸ a model organism. The first
experiment focuses on a range-finding investigation of PFOA and PFOS at higher concentrations
to narrow down the concentrations at which sublethal effects of PFAS on the metabolism of A.
thaliana can be measured. The second experiment further investigates these effects at lower
concentrations, typical of a contaminated site, to determine whether the metabolic response is
measurable at these concentrations.
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2.2 Introduction
Per- and polyfluorinated alkyl substances (PFAS) are a class of partially or fully
fluorinated organic compounds widely used in the manufacturing of treated consumer products,
including textiles and paper, as well as other products including leveling agents in paints,
lubricants, mist suppression and fire suppression foams (Lindstrom et al. 2011; Herzke et al.
2012; Schaider et al. 2017; Bräunig et al. 2019). PFAS do not occur naturally and as such have
no natural biodegradation pathways, leading to their accumulation in the environment (Key et al.
1997). PFAS enter the environment from multiple sources, including waste and wastewater
treatment effluent, industrial facilities using PFAS and fire-fighting training grounds and this
contamination is furthered by runoff, groundwater infiltration and movement through the
atmosphere (Lau et al. 2007; Hu et al. 2016; Environment and Climate Change Canada 2017).
There have been documented measurements of PFAS in rivers, lakes and oceans worldwide
including remote locations like the Canadian Arctic Archipelago, Greenland and the Baltic Sea
where PFAS was measured in sea otters, bearded seals, polar bears and orcas (Shoeib et al. 2006;
Armitage et al. 2009; Benskin et al. 2012; Gebbink et al. 2016). Two of the most prevalent PFAS
are perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS); the latter is
currently restricted under Annex B of the Stockholm Convention, a multinational treaty with the
goal of eliminating and restricting the use of Persistent Organic Pollutants (POPs). While PFOS
is restricted and PFOA currently under review, these two compounds are often the endpoint of
degradation pathways of other PFAS formulations (Ahrens 2011). The ubiquitous environmental
contamination of PFAS creates multiple routes for human exposure.
Measurement of human blood, serum and plasma samples from multiple countries
showed the presence of multiple PFAS compounds including PFOS and PFOA (Kannan et al.
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2004). There is some evidence that one route for human exposure is from dietary intake of PFAS
present in processed meats and pre-prepared foods, as well as PFAS- exposed fast-food
packaging (Ostertag, Chan, et al. 2009; Schaider et al. 2017). Human blood, serum and plasma
samples from multiple countries showed the presence of multiple PFAS compounds including
PFOA and PFOS with the highest concentrations occurring in the United States and Poland with
averages greater than 30 ng/mL (Kannan et al. 2004). An investigation of the concentrations of
PFAS in the serum of Canadians found similar concentrations to the United States with an
average PFOS concentration of 28.4 ng/mL in non-occupationally exposed individuals
(Kubwabo et al. 2004). In addition, the serum half-life of PFOA and PFOS has been measured to
be 5.4 and 3.8 years, respectively (Olsen et al. 2007). PFAS in blood serum binds to the protein
albumin at fatty acid binding sites (D’eon et al. 2010). While the health effects of PFAS
exposure are still poorly understood there is some evidence to suggest negative effects from prenatal exposure on fetal growth and increased risk of diabetes, cholesterol, liver and endocrine
issues (Granum et al. 2013; Bach et al. 2015; Christensen et al. 2016; Salihovic et al. 2018; Seo
et al. 2018; Sheng et al. 2018).
Plants, including those consumed by livestock and humans, will readily take up PFAS
from contaminated soil where it accumulates (Stahl et al. 2009; Lechner and Knapp 2011; Blaine
et al. 2014a, Blaine et al. 2014b). These studies highlight the concern for bioaccumulation of
PFAS in crop plants. Arabidopsis thaliana grown in agar containing PFOA will uptake the
compound, translocating and storing it in the shoots. Plants exposed to higher concentrations of
PFOA showed symptoms that correlate to oxidative stress (Yang et al. 2015). Plants exposed to
higher concentrations of PFAS show visible signs of contamination such as chlorosis and
reduced biomass, but when the exposure concentrations are lower the effects are less obvious
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(Lechner and Knapp 2011). Investigating how plants are affected by environmental
concentrations of PFAS will aid in understanding the interaction of plants and PFAS involved in
uptake and translocation at the molecular level.
Non-targeted Nuclear Magnetic Resonance (NMR)-based metabolomics enables the
investigation of biomarkers for PFAS exposure in plants when PFAS is present at more typical
environmental concentrations. Non-targeted metabolomics is a broad, non-biased approach to
analyzing the metabolome – all the metabolites present in an organism – in order to detect
changes in an organism’s metabolic pathways and discover biomarkers (Fiehn 2001; Bundy et al.
2008). Metabolomics has been applied to understand the effect on human health of PFAS
exposure (Alderete et al. 2019; Kingsley et al. 2019) and metabolomics has been used in a
variety of plant applications in recent year (Le Gall et al. 2003; An et al. 2018; Zhao et al. 2018;
Chen et al. 2019; Mishra et al. 2019). To our knowledge, there have been no studies applying 1HNMR-based metabolomics to understanding the effects of PFAS exposure on plants. In the
present study we use 1H-NMR metabolomics to investigate the metabolic effects of PFAS
exposure on the model organism A. thaliana to determine whether it is a viable method for
understanding PFAS – specifically PFOA and PFOS – exposure in plants, investigate the
metabolic pathways affected and look for potential biomarkers.
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2.3 Materials and Methods: Experiment 1
2.3.1 Soil Preparation
Soil for larger pots into which seedlings would be transplanted were treated with three
different concentrations of PFOA or PFOS, as well as an unexposed control set. The three
concentrations for PFOA and PFOS used in this study were nominally 10, 50 and 500 mg/kg of
either compound. PFOA and PFOS were dissolved in water and the water was added to soil. The
soil was then mixed achieve homogeneity of PFOA and PFOS. Table 2-1 shows the amounts of
the PFOA and PFOS added to soil for each treatment. Each pot received 60-80g of soil.
2.3.2 NMR Buffer Preparation
The NMR buffer was prepared based on the buffer described by Nagato et al. 2014. The
0.2M phosphate buffer for NMR was prepared by dissolving 1.904 g sodium phosphate
monobasic and 1.184 g sodium phosphate dibasic in 100 mL of D2O. 10 mg/L of DSS (3(Trimethylsilyl)-1-propanesulfonic acid sodium salt; Sigma Aldrich) was added as an internal
standard. 0.1% (w/v) sodium was added as a preservative. The pH was corrected to 7 using
minimal quantities of NaOD.
2.3.3 Arabidopsis thaliana cultivation
Arabidopsis thaliana seeds were obtained from The Arabidopsis Information Resource
(TAIR) and approximately 150 seeds were planted in seed starter mix and a 288-cell germination
tray. Seeds were covered and stored for 4 days at 4°C to synchronise germination. Following
synchronisation, the seeds were transferred to a Conviron CMP 6050 growth chamber
(Conviron). Arabidopsis thaliana plants were grown under the 101 Ways to Grow Arabidopsis
protocol (Purdue University) with a 16:8 hr light/dark cycle, temperature 22-23°C, 50-60%
humidity and 120 µmol/m2sec light.
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Table 2-1. PFOA and PFOS added to potting soil for different exposure concentrations for
experiment one.
Treatment

Soil (g)

PFOA (mg)

PFOS (mL)

Water (mL)

Control

800

0

0

480

PFOA 10ppm

800

8

0

480

PFOA 50ppm

800

40

0

480

PFOA 500ppm

800

400

0

480

PFOS 10ppm

800

0

0.025

480

PFOS 50ppm

800

0

0.125

480

PFOS 500ppm

800

0

1.25

480
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Arabidopsis thaliana seeds were watered daily with a light mist to avoid disrupting the
soil and covered with clear plastic to retain moisture. After 2 weeks, A. thaliana seedlings were
large enough to transplant into larger pots. Seedlings were randomly assigned to larger pots
which contained varying concentrations of PFOA or PFOS. Plants were grown in the growth
chamber for another 3-4 weeks with watering as needed until they flowered, at which point they
were harvested.
2.3.4 Harvesting
All A. thaliana plants were harvested when the plants showed signs of flowering to
maintain a consistency in developmental stage. Arabidopsis thaliana leaves were harvested from
the plants and immediately flash frozen in liquid nitrogen. Frozen leaves were stored in a -80°C
freezer until all plants were harvested. Once all plants were harvested, the leaves were then
freeze dried to remove water, and returned to the -80°C freezer until extraction.
2.3.5 Leaf metabolite extraction
Freeze dried leaf material from individual A. thaliana plants was ground in a ball mill
(Crescent) for 5 sec into a rough powder. The leaf material was then weighed into duplicate sets
of approximately 40 mg. 800 µL of methanol (>99.9%, Sigma-Aldrich) and 200 µL of water was
added to leaf material, followed by vortexing for 20 seconds. 800 µL of chloroform (>99.9%,
Sigma-Aldrich) and 200 µL of water was then added to leaf material, followed by vortexing for
another 20 seconds. The methanol, water and chloroform form a biphasic extraction with a polar
methanol/water layer and a non-polar chloroform layer that will contain their respective
metabolites. The leaf material in the extraction buffer was sonicated (Fisher Scientific) for 15
min to assist the breakdown of plant cells. Following sonication, the samples were left on ice for
30 min. Samples were centrifuged (Thermo Scientific) for 20 minutes at 14 000 rpm with the
33

centrifuge cooled to 0°C. Centrifugation separated plant metabolites from larger cell components
such as cell wall remains and proteins. After centrifugation, 800 µL of the polar methanol/water
layer was removed and transferred into a new microfuge tube. The solvent was evaporated using
a SpeedVac (Thermo Scientific), and the remaining metabolite residue stored at -80°C until
NMR analysis.
Prior to NMR analysis, metabolite residue was resuspended in 900 µL of NMR buffer. The
sample was centrifuged for 2.5 min at 2500 rpm to remove any undissolved material that would
interfere with NMR analysis. 800 µL was transferred to a 5mm NMR tube (Sigma-Aldrich) for
analysis.
2.3.6 1H-NMR analysis and data analysis
1

H-NMR spectra of the A. thaliana leaf extracts were acquired using a Bruker Avance III 600

MHz NMR with a cryoprobe. The 1H-NMR spectra were acquired using 1H-NMR with
presaturation for suppression of water signals. Each experiment was run for 32 scans with an
optimized 90° pulse, a time domain of 96k data points and a sweep width of 17 ppm.
2.3.7 Post-processing
Batch processing of spectra was performed using Spectrus Processor (ACD Laboratories)
and included Fourier transformation of 256k data points, apodization with an exponential
function equivalent to 0.5 hz of line broadening, auto-phasing and automatic baseline correction.
All spectra were aligned to the signal of DSS, the internal standard, at 0.0 ppm. Once aligned, the
spectra were binned into 0.02 ppm regions and integrated. Common metabolomics postprocessing techniques were used; the binned region for DSS was given an intensity of 1.00 and
intensities for all other regions are calculated relative to the internal standard intensity

34

(Smolinska et al. 2012). After processing the spectra, the data was imported into SIMCA 15
(Umetrics) for further data analysis.
2.3.8 Statistical analysis
Statistical analyses were completed using SIMCA 15. Principal component analysis
(PCA) was applied to the data to determine variation between control and exposed plants. The
PCA was used to generate both scores and loadings plots. Binned regions corresponding to water
(4.5 to 5.0 ppm) and methanol (3.30 ppm) signals were removed from the PCA to avoid
interfering with the analysis. Individual PCA scores plots were generated for each exposure
concentration to determine which were statistically significant (p <0.05), using a Student’s t-test
(two-tailed, unequal variances).
The binned data were imported into Microsoft Excel and used to calculate the relative change
between the control and exposed samples. The relative change was determined by measuring the
difference in the means of control and exposed samples normalized to the mean of the control.
This was repeated for each bin corresponding to metabolites of interest. The error bars were
calculated using standard error. A two-way ANOVA test (RStudio) was used to determine the
relative changes with statistical significance (p <0.05).
2.3.9 Metabolite identification
Metabolite identification of the 1H-NMR data was performed using CHENOMX NMR
Suite (CHENOMX), matching signals to the database of common metabolites. Three different
2D NMR methods were used to confirm the identity of annotated metabolites, aiding in the
identification process. The 2D methods used were Heteronuclear Single Quantum Coherence
(HSQC), Heteronuclear Multiple Bond Correlation (HMBC) and Total Correlation Spectroscopy
(TOCSY).
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2.4 Materials and Methods: Experiment Two
A second experiment was conducted using different concentrations of PFOA and PFOS and
improvements to the protocol of the first experiment. The protocol for the second experiment is
largely the same as the first experiment, with some modifications.
2.4.1 Arabidopsis thaliana cultivation
The protocol for A. thaliana cultivation was unchanged from the first experiment
(Chapter 2.2.1) however different concentrations of PFOA and PFOS were used. The two
concentrations for PFOA and PFOS used in this study were nominally 5 and 10 mg/kg of either
compound, as well as a control set. Table 2-2 shows the amounts of the PFOA and PFOS added
to soil for each treatment. Arabidopsis thaliana plants were fertilized with all-purpose 20-20-20
fertilizer (Plant-Prod® Plant Products Co. Ltd) every third watering.
2.4.2 Harvesting
The only change to the harvesting protocol was the bulking of leaf material for each
exposure treatment group to account for differences between individual plants of the same class.
2.4.3 Leaf Metabolite Extraction
The leaf material was bulked for each treatment, as opposed to the previous experiment
where each individual plant was extracted. This allowed for multiple data points from each
treatment while lessening the impact that individual plant responses have on the measurement.
The amount of leaf material was increased from 40 (in the first experiment) to 60 mg for each
sample to improve the resolution of the NMR spectra. All subsequent extraction and analysis
protocols remained unchanged.
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Table 2-2. PFOA and PFOS added to potting soil for different exposure concentrations for
experiment two.
Treatment

Soil (g)

PFOA (mg)

PFOS (mL)

Water (mL)

Control

800

0

0

480

PFOA 5 mg/kg

800

4

0

480

PFOA 10 mg/kg

800

8

0

480

PFOS 5 mg/kg

800

0

0.0125

480

PFOS 10 mg/kg

800

0

0.025

480
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2.5 Results and Discussion: Experiment 1
2.5.1 Principal component analysis
Prior to extraction, the plants’ morphological appearance was briefly observed as shown
in Figure 2-1. The control and 10 mg/kg exposed plants were similar in size and leaf coloration
(Figure 2-1). Plants exposed to 50 mg/kg PFOA and PFOS had thinner foliage and some yellow
discoloration, potentially due to chlorosis. Plants grown at 500 mg/kg PFOA and PFOS had
further effects of foliage thinning and much more apparent signs of chlorosis. Plants exposed to
PFOS showed much more exaggerated effects compared to PFOA exposure, likely due to the
known higher toxicity of PFOS (Borg et al. 2013).
PCA scores plots were constructed for the individual A. thaliana exposure groups to
assess the variation between control and PFAS-exposed plants. In the PCA scores plots there are
clustering patterns based on the exposure concentrations for both PFOA and PFOS. The first
principal component (PC) for each exposure concentration varied significantly from the control
group, which was confirmed using t-test on the scores of individual exposure concentrations
compared to the control. PCA scores plots were also constructed for the three exposure
concentrations of both PFOA and PFOS to assess the differences among concentrations. The
PCA scores plot for PFOA-exposed plants explained a total of 83% with PC1 and PC2
explaining 68.4 and 14.6% of the variation, respectively (Figure 2-2). The PCA scores plot of
PFOS-exposed plants explained a total of 92.55% with PC1 and PC2 explaining 85.4 and 7.15%
of the variation, respectively (Figure 2-3).
The degree of separation between exposed and control samples increased with increasing
concentrations in PFOA exposed plants, with 500 mg/kg exposed plants showing the most
separation and 10 mg/kg exposed plants showing the least. In PFOS exposed samples, there was
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Figure 2-1. Arabidopsis thaliana plants prior to leaf harvesting. From left to right: (Top)
Control, 10, 50 and 500 mg/kg PFOS (Bottom) 10, 50 and 500 mg/kg PFOA.
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Figure 2-2. Principal component analysis (PCA) scores plot of leaf metabolite extracts of A.
thaliana plants grown in potting soil treated with perfluorooctanoic acid (PFOA). Each point
represents an extracted sample. Legend: Green, Control; Blue, 10 mg/kg; Orange, 50 mg/kg;
Purple, 500 mg/kg.
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Figure 2-3. Principal component analysis (PCA) scores plot of leaf metabolite extracts of A.
thaliana plants grown in potting soil treated with perfluorooctane sulfonic acid (PFOS). Each
point represents an extracted sample. Legend: Green, Control; Blue, 10 mg/kg; Orange, 50
mg/kg; Purple, 500 mg/kg.
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a similar trend of separation by exposure-concentrations, though 50 and 500 mg/kg showed
much more separation from control and 10 mg/kg exposed plants. The highest exposure
concentrations (500 mg/kg) for both PFOA and PFOS are exhibiting the most variation from the
control plants, which is consistent with the expectation that higher exposure concentrations will
induce a stronger stress response. Fifty mg/kg PFOS induced a greater response than the same
concentration of PFOA, which is likely due to the higher toxicity of PFOS compared to PFOA
(Borg et al. 2013).
Loadings plots were constructed from the same analysis as the PCA scores plots in order
to identify the regions of the NMR spectra influencing the variation. The regions of the spectra
with the highest contributions were matched to their corresponding metabolite using both
Chenomx, a database of common metabolite signals, as well as 2D TOCSY and HMBC spectra
to confirm signal identification. Figure 2-4 shows a 1H-NMR spectrum labelled with the
identified metabolites. The largest contribution to the variation between exposed and control
plants was the sugar region, while other metabolites including amino acids and organic acids had
smaller contributions.
2.5.2 PFAS-exposure on Metabolite Concentrations
The effect of PFOA and PFOS exposure on the metabolic profile of A. thaliana was
determined by measuring the changes in individual metabolite concentration of treated A.
thaliana samples relative to the untreated (control) plants, shown in Figure 2-5 and Figure 2-6.
A diverse response in the different metabolites due to exposure to PFOA and PFOS was
observed. Most of the variation between spectra was due to the bulk of the sugar region in the
range of 3-4 ppm, as determined by the PCA loadings plots. In plants exposed to 10 mg/kg
PFOA glucose increased by 40% while at 50 and 500 mg/kg PFOA it increased by 80 and 90%,
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Figure 2-4. 1H-NMR (600 MHz) spectrum of A. thaliana labelled with identified metabolites.
Legend: 1, isoleucine; 2, leucine; 3, valine; 4, threonine; 5, alanine; 6, arginine; 7, γaminobutyrate; 8, proline; 9, glutamate; 10, succinate; 11, glutamine; 12, citrate; 13, malate; 14,
aspartate; 15, asparagine; 16, ethanolamine; 17, myo-inositol; 18, methanol; 19, sugar region; 20,
ascorbate; 21, glucose; 22, maltose; 23, sucrose; 24, fumarate; 25, tyrosine; 26, tryptophan; 27,
phenylalanine.
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Figure 2- 5. The relative change of identified metabolite concentrations in A. thaliana exposed to
PFOA compared to the control samples. The relative change was determined by measuring the
difference in the means normalized to the mean of the control. Relative changes that were
different determined by two-way ANOVA are marked with an asterisk (* p<0.05). Error bars
represent standard error.
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Figure 2- 6. The relative change of identified metabolite concentrations in A. thaliana exposed to
PFOS compared to the control samples. The relative change was determined by measuring the
difference in the means normalized to the mean of the control. Relative changes that were
different determined by two-way ANOVA are marked with an asterisk (* p<0.05). Error bars
represent standard error.
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respectively (Figure 2-5). When plants were exposed to 10 mg/kg PFOS sucrose increased by
300%, while it increased by 3000 and 4000% at 50 and 500 mg/kg PFOS, respectively (Figure 26) In both PFOA and PFOS exposed plants the accumulation of glucose and sucrose was greater
at higher contaminant concentrations, though the accumulation was the same for both 50 and 500
mg/kg exposures. Based on a two-way ANOVA statistical test, sucrose accumulation at all
concentrations were determined to be different (p<0.05); accumulation of glucose was also
different except following exposure to 10 mg/kg PFOA, which was the same as control. Glucose
and sucrose are both soluble sugars that play an integral role in many plant processes; sucrose is
especially important as the major photosynthetic product, a transport molecule and has a role in
stress response (Salerno and Curatti 2003). The stress response due to PFOA exposure, which is
thought to cause an accumulation of reactive oxygen species (ROS) (Yang et al. 2015) would
drive an accumulation of sucrose, as well as a product from its breakdown, glucose (Couée et al.
2006). Multiple studies have observed accumulation of soluble sugars in plant response to
numerous environmental stressors (Ehness et al. 1997; Rizhsky et al. 2004; Bolouri‐Moghaddam
et al. 2010).
Leucine, isoleucine, valine and alanine are four identified amino acids which share
pyruvate as a common metabolic precursor molecule. Leucine increased by 15% in plants
exposed to 10 mg/kg PFOA, by 50% in 50 mg/kg and by 240% in plants exposed to 500 mg/kg
PFOA (Figure 2-5). In PFOS exposed plants leucine increased by 90% at 10 mg/kg and
increased by 24 and 44 times at 50 or 500 mg/kg, respectively (Figure 2-6). Isoleucine increased
by 12, 40, and 160% in plants exposed to 10, 50 or 500 mg/kg PFOA, respectively (Figure 2-5).
Isoleucine increased by 60, 2000 and 3000% in plants exposed to 10, 50 or 500 mg/kg PFOS,
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respectively (Figure 2-6). Valine increased by 16, 50 and 220% in plants exposed to 10, 50 or
500 mg/kg PFOA, respectively (Figure 2-5), while it increased by 85, 2200 and 4400% in plants
exposed to 10, 50 or 500 mg/kg PFOS, respectively (Figure 2-6). In plants exposed to PFOA,
alanine increased by roughly 10% for both 10 and 50 mg/kg, while it increased by 90% at 500
mg/kg (Figure 2-5). In plants exposed to PFOS, alanine decreased by 4% at 10 mg/kg, and
increased by 1000 and 1500% at 50 or 500 mg/kg, respectively (Figure 2-6). The accumulation
of leucine, isoleucine and valine is very similar among exposure concentrations for both PFOA
and PFOS exposed plants. The accumulation of alanine is much greater in PFOS than PFOA
exposed plants, especially at higher concentrations of PFOS. There was little change for alanine
in 10 mg/kg exposed plants but sharp increases at the 500 mg/kg for both PFOA and PFOS
exposed plants. The accumulation of leucine, isoleucine, valine and alanine is consistent with
plant response to a variety of environmental stressors (Good and Zaplachinski 1994; Pavlík et al.
2010).
Glutamate and the glutamate-derived amino acids – arginine, glutamine, proline and γaminobutyrate (GABA) – were successfully identified in the 1H-NMR spectra. The concentration
of glutamate did not change in plants exposed to 10 mg/kg PFOA, while at 50 or 500 mg/kg it
increased by 30 and 70%, respectively (Figure 2-5). In plants exposed to PFOS, glutamate
increased by 50% at 10 mg/kg, while it increased by 25 and 20 times in plants exposed to 50 or
500 mg/kg PFOS, respectively (Figure 2-6). GABA concentration was not changed in plants
exposed to 10 mg/kg PFOA and increased by 35% at 50 mg/kg and by 65% at 500 mg/kg (Figure
2-5). In plants exposed to 10 mg/kg PFOS GABA increased by 40%, while it increased by 560
and 670% in plants exposed to 50 or 500 mg/kg PFOS, respectively (Figure 2-6). Arginine
increased by 40, 75 and 190% in plants exposed to 10, 50 or 500 mg/kg PFOA (Figure 2-5)
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while it increased by 150, 190 and 3800% in plants exposed to 10, 50 or 500 mg/kg PFOS
(Figure 2-6). There was an 8% increase in glutamine in plants exposed to 10 mg/kg PFOA and
increases of 20% at 50 mg/kg and 280% at 500 mg/kg (Figure 2-5). In plants exposed to PFOS
there were increases of 30, 1200 and 5500% at 10, 50 and 500 mg/kg, respectively (Figure 2-6).
Proline increased by 20, 50 and 240% in plants exposed to 10, 50 or 500 mg/kg PFOA,
respectively, (Figure 2-5) while it increased by 90, 2200 and 5300% in plants exposed to 10, 50
or 500 mg/kg PFOS, respectively (Figure 2-6). Each of the metabolites were not or only
minimally changed in plants exposed to 10 mg/kg PFOA, but as the concentration of PFOA in
the soil increased there was a sharp increase in accumulation. This was especially noticeable for
50 and 500 mg/kg PFOS exposed plants. GABA, arginine and proline accumulate in response to
a wide range of environmental stressors and there is evidence that GABA may be a stress
mitigating metabolite (Kinnersley and Turano 2000; Lea et al. 2007; Corpas et al. 2008). Proline
has been shown to accumulate in response to a wide range of environmental stresses and it has a
role in management of ROS compounds in plants (Ashraf and Foolad 2007). Glutamate is tightly
regulated by a series of enzymes and a reversible relationship with glutamine (Forde and Lea
2007), but its position as a precursor molecule to the above metabolites would require a
significant increase in free glutamate for their biosynthesis.
Aspartate, asparagine and threonine also had significant changes from the control samples.
Aspartate had a <10% change in concentration in plants exposed to 10 mg/kg PFOA but did
show increases of 40 and 80% in plants exposed to 50 or 500 mg/kg PFOS (Figure 2-5). In plants
exposed to 10, 50 or 500 mg/kg PFOS aspartate increased by 50, 610 and 960%, respectively
(Figure 2-6). Asparagine also had a <10% change in concentration in plants exposed to 10 mg/kg
PFOA followed by 40 and 220% increases in 50 or 500 mg/kg PFOA, respectively (Figure 2-5).
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Asparagine increased by 60, 2000 and 4400% in plants exposed to 10, 50 or 500 mg/kg PFOS,
respectively (Figure 2-6). Threonine decreased by 20% at 10 mg/kg PFOA and had a <10%
decrease at 50 mg/kg PFOA, while it increased at 500 mg/kg by 70% (Figure 2-5). Threonine
decreased by <10% at 10 mg/kg PFOS, while it sharply increased by 1200 and by 2400% in
plants exposed to 50 or 500 mg/kg PFOS (Figure 2-6). All three amino acids accumulated at high
concentrations of both PFOA and PFOS but had relatively little change at 10 mg/kg of either.
Aspartate and asparagine have been shown in previous studies to accumulate under different
environmental stresses (Good and Zaplachinski 1994; Lima and Sodek 2003). These amino acids
are important components of a wide range of stress-related protein (Kinnersley and Turano
2000). The accumulation of these two amino acids occurred greatly at high concentrations of
either PFOA or PFOS, but high accumulation was seen at even lower concentrations of PFOS.
Multiple metabolites identified are involved in the Tri-Carboxylic Acid (TCA) cycle as
intermediates: citrate, succinate, fumarate and malate. The concentration of citrate is not
different after exposure to 10 or 50 mg/kg (Figure 2-5). The concentration of citrate increased by
50% relative to the control when exposed to 500 mg/kg (Figure 2-5). The concentration of
succinate increased at all three concentrations of PFOA (Figure 2-5). Malate increased at all
three concentrations, though it showed the greatest change at 500 mg/kg (Figure 2-5). Fumarate
concentration doubled at 10 mg/kg and showed a 2.5 times increase at 50 mg/kg was not
changed at the 500 mg/kg exposure concentration (Figure 2-5). A primary function of the TCA
cycle is the conversion of its intermediate compounds into various amino acids. Multiple amino
acids are involved in the plant stress response, thus requiring an increase in TCA cycle activity to
provide the precursors for amino acid synthesis. Interestingly, fumarate shows a return to normal
concentrations at the 500 mg/kg exposure concentration where the other TCA cycle
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intermediates continue to increase. This suggests that more fumarate is being converted to malate
at the 500 mg/kg exposure concentration. Malate is easily transported to various areas of the cell
and assists in maintaining cytosolic pH during stress (Scheibe 2004), thus the stressed conditions
of the plants could cause malate concentrations to increase.
Ascorbate increased after exposure to 50 and 500 mg/kg PFOA (Figure 2-5). Ascorbate is
involved with the glutathione pathway and is responsible for scavenging ROS compounds that
occur in plants (Noctor and Foyer 1998; Apel and Hirt 2004). Proline, in addition to its other
functions during environmental stress, is involved in the reduction of ROS compounds during
oxidative stress (Ashraf and Foolad 2007). A previous study on A. thaliana response to PFOA
exposure found clear signs of oxidative stress, including the presence of malondialdehyde
(MDA), a biomarker for oxidative stress (Yang et al. 2015). While we were unable to identify
MDA with certainty in the spectra, the accumulations of both ascorbate and proline are
indicators of the oxidative stress imposed on A. thaliana due to PFAS exposure.
The specific metabolite changes for plants exposed to PFOS are shown in Figure 2-6. The
overall trends are the same as those found in the PFOA exposed plants, with differences
occurring at higher exposure concentrations. Following exposure to 10 mg/kg, concentrations of
metabolites were similar for PFOA and PFOS exposed plants. However, after exposure to 50 and
500 mg/kg PFOS, metabolites were markedly increased compared to PFOA exposure (Figure 26). The sharp increase in the measured metabolites in plants exposed to PFOS is likely due to the
higher toxicity of PFOS (Borg et al. 2013). As PFOS is a much more toxic contaminant than
PFOA it would be expected to elicit a greater stress response in the plants. Figure 2-7 and Figure
2-8 present a simplified metabolic network including the metabolites described in this section.

50

Figure 2- 7. Simplified metabolic network of metabolites related to TCA cycle in A. thaliana
exposed to PFOA in experiment 1. Arrows represent one or multiple reactions from substrate to
product. Colour represents change in average metabolite concentrations relative to average of
controls: Green, >100% increase; Pale green, <100% increase; Red, >100% decrease; Pale red,
<100% decrease; Gray, <10% change. Dashed lines separate different exposure concentrations of
PFOA: Left, 10 mg/kg; Centre, 50 mg/kg; Right, 500 mg/kg.
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Figure 2-8. Simplified metabolic network of metabolites related to TCA cycle in A. thaliana
exposed to PFOS in experiment 1. Arrows represent one or multiple reactions from substrate to
product. Colour represents change in average metabolite concentrations relative to average of
controls: Green, >100% increase; Pale green, <100% increase; Red, >100% decrease; Pale red,
<100% decrease; Gray, <10% change. Dashed lines separate different exposure concentrations of
PFOS: Left, 10 mg/kg; Centre, 50 mg/kg; Right, 500 mg/kg.
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2.6 Results and Discussion: Experiment 2
Prior to extraction, the plants physical appearance was evaluated as shown in Figure 2-9.
Plants of all exposure classes looked similar in coloration to the control plants, showing no
obvious signs of chlorosis and were similar in size, excepting the 10mg/kg PFOS plants which
appeared slightly smaller in size (Figure 2-9). The physical appearance of A. thaliana is
consistent with the first experiment, as the 10 mg/kg PFOS or PFOA exposed plants showed very
little difference from the control plants in both experiments. At concentrations of 5 mg/kg PFOS
or PFOA, typical concentrations of a contaminated site, A. thaliana plants were indistinguishable
from the unexposed (control) plants.
2.6.1 Principal component analysis
Principal component analysis (PCA) scores plots were created for both PFOA and PFOS
exposed samples. The variation shown by principal component (PC) 1 and PC2 were 65.9 and
15.5%, respectively, for PFOA (Figure 2-10), while PC1 and PC2 showed 64.5 and 11.3%,
respectively, for PFOS (Figure 2-11). Individual PCA scores plots were constructed for each
exposure concentration compared to the controls and a Student’s t-test (p<0.05) applied to scores
for PC1 and PC2 to determine which were different. PC1 for both 5 and 10 mg/kg PFOS was
were different (p<0.05). The control, 5 and 10 mg/kg PFOA exposed plants show only a small
amount of separation between their clusters (Figure 2-10). In contrast, the 5 and 10 mg/kg PFOS
exposed plants showed a very clear separation of their clusters from the control cluster in PC1,
while only in PC2 did the 5 and 10 mg/kg PFOS samples show any separation (Figure 2-11). The
10 mg/kg exposure concentration for both PFOA and PFOS showed clustering patterns in this
experiment that were similar to the 10 mg/kg exposure concentration in the previous experiment
(Figure 2-2, 2-3, 2-10 and 2-11). The variation among individual samples in each exposure
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Figure 2-9. Arabidopsis thaliana plants prior to leaf harvesting in experiment two. Arabidopsis
thaliana control plants grown in potting soil containing 0 mg/kg PFAS (A), 5 mg/kg PFOA (B),
10 mg/kg PFOA (C), 5 mg/kg PFOS (D) and 10 mg/kg PFOS (E).
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Figure 2-10. Principal component analysis (PCA) scores plot of leaf metabolite extracts of A.
thaliana plants grown in potting soil treated with perfluorooctanoic acid (PFOA). Each point
represents an extracted sample. Legend: Green, Control; Blue, 5 mg/kg; Red, 10 mg/kg.

55

Figure 2-11. Principal component analysis (PCA) scores plot of leaf metabolite extracts of A.
thaliana plants grown in potting soil treated with perfluorooctane sulfonic acid (PFOS). Each
point represents an extracted sample. Legend: Green, Control; Blue, 5 mg/kg; Red, 10 mg/kg.
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concentration is greater than the variation between replicate control samples, similar to the
results of the previous experiment at higher concentrations (Figure 2-10). This increased
variability compared to the control samples is most likely a result of the metabolic impact of
PFAS exposure on the plants, even at low concentrations. The greater separation seen in the
PFOS exposed samples compared to the PFOA exposed samples is likely due to the greater
toxicity of PFOS (Borg et al. 2013).
2.6.2 PFAS-exposure on Metabolite Concentrations

The effect of the lower concentration of PFOA and PFOS on the metabolic profile of A.
thaliana was determined using the same method as in the previous experiment and investigated
the same select metabolites to compare the effects at the lower concentration with those at higher
concentrations. Any changes in metabolite concentrations stated in this section are relative to the
concentration measured in the control plants, unless otherwise stated. Glucose and sucrose were
the sugar metabolites that accounted for the bulk of the signal in the sugar regions of the 1HNMR spectra. In plants exposed to 5 mg/kg PFOA sucrose increased by 30% and glucose
increased by 10%, while in plants exposed to 10 mg/kg PFOA sucrose increased by 45% and
glucose increased by 50% (Figure 2-12). Exposure to 5 mg/kg PFOS resulted in an increase of
150% for both sucrose and glucose, while 10 mg/kg PFOS resulted in a 250% increase in sucrose
and a 450% increase for glucose (Figure 2-13). In both PFOA and PFOS exposed samples, the
samples with 10 mg/kg exposure have greater accumulation of sugars than 5 mg/kg. There was a
much greater accumulation of glucose and sucrose in the PFOS exposed plants compared to
PFOA exposed plants which is consistent with the previous experiment. The accumulation of
soluble sugars such as glucose and sucrose is consistent with the literature, as soluble sugar
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Figure 2-12. The relative change of identified metabolite concentrations in A. thaliana exposed
to PFOA compared to the control samples. The relative change was determined by measuring the
difference in the means normalized to the mean of the control. Relative changes that were
different determined by two-way ANOVA are marked with an asterisk (* p<0.05). Error bars
represent standard error.
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Figure 2-13. The relative change of identified metabolite concentrations in A. thaliana exposed
to PFOS compared to the control samples. The relative change was determined by measuring the
difference in the means normalized to the mean of the control. Relative changes that were
different determined by two-way ANOVA are marked with an asterisk (* p<0.05). Error bars
represent standard error.
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accumulation in plants has been observed as a response to various stresses (Ehness et al. 1997;
Rizhsky et al. 2004; Bolouri‐Moghaddam et al. 2010).
In A. thaliana plants exposed to 5 mg/kg PFOA leucine and isoleucine both increased by
45%, valine by 40% and alanine at 20% (Figure 2-12). In 10 mg/kg PFOA exposed plants
increases of 50% were found in leucine, isoleucine and valine, while alanine only increased by
15% (Figure 2-12). In plants exposed to 5 mg/kg PFOS leucine, isoleucine and valine all
increased by 150% and alanine increased by 60%, while in 10 mg/kg PFOS exposed plants all
four metabolites increased by approximately 100% (Figure 2-13). The increase in alanine was
much smaller than the increases in the other pyruvate-based amino acids for both concentrations
of PFOA. All four metabolites had increases 3 times greater in 5 mg/kg PFOS than 10 mg/kg
PFOA exposed plant. Leucine, isoleucine and valine had greater increases than alanine at all
concentrations, with the exception of 10 mg/kg PFOS where the increases were all near 100%.
The accumulation of the pyruvate based amino acids is consistent with the previous experiment
and are also known to accumulate in plants exposed to stresses (Good and Zaplachinski 1994;
Pavlík et al. 2010).
Glutamate, glutamine, arginine, proline and γ-aminobutyrate (GABA) varied in their
response to PFOA and PFOS exposure. In A. thaliana exposed to 5 mg/kg PFOA glutamate and
arginine increased by 45%, proline by 30%, GABA by 40% and glutamine by 80% (Figure 212). When exposed to 10 mg/kg PFOA, glutamate still increased by 45%, arginine by 80%,
proline by 40%, GABA by 50% and glutamine by 100% (Figure 2-12). In plants exposed to 5
mg/kg PFOS glutamate increased by 140%, arginine by 160%, proline by 125%, GABA by
145% and glutamine by 300% (Figure 2-13). In plants exposed to 10 mg/kg PFOS, glutamate
increased by 100%, arginine by 150% and proline, GABA and glutamine still increases by 125,
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145 and 300%, respectively (Figure 2-13). Arginine, glutamine, GABA and proline accumulated
more in plants exposed to higher concentrations of PFOA, while glutamate had a very slight
decrease in accumulation from 5 to 10 mg/kg PFOA. In contrast, the PFOS exposed plants while
showing greater accumulation than PFOA exposed plants overall, the concentrations of all five
metabolites were lower in 10 mg/kg than 5 mg/kg PFOS samples, though these decreases were
very small. The accumulation is consistent with the previous experiment and the literature, as
these five metabolites are known to accumulate in a wide range of stress responses in plants
(Kinnersley and Turano 2000; Ashraf and Foolad 2007; Lea et al. 2007; Corpas et al. 2008).
Aspartate and its two derivative amino acids – asparagine and threonine – also were
measured to determine any concentration changes in response to PFOA and PFOS exposure. In
A. thaliana plants exposed to 5 mg/kg PFOA, aspartate increased by 35%, asparagine by 45%
and threonine by 40%, while in plants exposed to 10 mg/kg PFOA aspartate increased by 50%
and asparagine and threonine both increased by 55% (Figure 2-12). In plants exposed to 5 mg/kg
PFOS aspartate increased by 130%, asparagine by 100% and threonine by 125%, while in plants
exposed to 10 mg/kg PFOS aspartate increased by 125%, asparagine by 120% and threonine by
115% (Figure 2-13). There was accumulation of aspartate, asparagine and threonine observed for
both 5 and 10 mg/kg PFOA, with the accumulation greater in the 10 mg/kg exposed plants.
There was approximately twice as much accumulation measured in the PFOS exposed samples,
though the metabolite concentrations of aspartate and threonine decreased slightly from 5 to 10
mg/kg PFOS. Aspartate and asparagine have been documented to accumulate in plants that are
exposed to environmental stresses due to their incorporation into many stress-related proteins
(Good and Zaplachinski 1994; Kinnersley and Turano 2000; Lima and Sodek 2003).
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The Tri-Carboxylic Acid (TCA) cycle intermediates citrate, succinate, fumarate and
malate responded to PFOA and PFOS exposure differently. In plants exposed to 5 mg/kg PFOA
citrate increased by 50%, succinate by 60%, fumarate by 30% and malate had no change, while
in plants exposed to 10 mg/kg PFOA still increased by 50%, succinate increased by 20%,
fumarate by 50% and malate decreased by 20% (Figure 2-12). In plants exposed to 5 mg/kg
PFOS citrate increased by 175%, succinate by 80% fumarate by 240% and malate decreased by
15%, while in plants exposed to 10 mg/kg PFOS citrate increased by 100%, succinate by 125%,
fumarate by 200% and malate decreased by 20% (Figure 2-13). Citrate and fumarate had much
sharper increases in PFOS exposed plants than in PFOA exposed plants. The role of the TCA
cycle in the synthesis of amino acids, many of which are related to plant stress response, means
that its intermediates will also be impacted by the exposure of A. thaliana to stress. While
fumarate and succinate show increases in concentration, likely due to the increased activity of
the TCA cycle, malate concentrations are decreasing. It is possible that the increased need for
aspartic amino acids in the stressed conditions requires more oxaloacetate (OAA), the
intermediate that follows malate in the TCA cycle, is converting malate at a faster rate than it is
being created from fumarate.
Ascorbate increased by 40 and 60% of the control concentration in 5 and 10 mg/kg
PFOA, while it increased by 135 and 140% in 5 and 10 mg/kg PFOS (Figure 2-12 and 2.13).
Similar to the other metabolites, this accumulation was greater in the PFOS samples. In both
PFOA and PFOS exposed plants there was a greater accumulation of ascorbate in the 10 mg/kg
plants compared to 5 mg/kg. Arabidopsis thaliana undergoes oxidative stress in response to
PFOA exposure, as shown in a previous study by Yang et al. (2015) and the results of the first
experiment. The increase of ascorbate, a metabolite involved in the glutathione ROS scavenging
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pathway (Noctor and Foyer 1998; Apel and Hirt 2004), at both 5 and 10 mg/kg PFOA and PFOS
indicates that oxidative stress is still occurring at these low concentrations and appears to be
relative to the concentration of PFOA or PFOS.
Overall, it was determined that plant response to PFOS and PFOA following exposure to
the environmentally relevant concentration of 5 mg/kg can still be measured using a non-targeted
1

H-NMR-based non-targeted metabolomics. The measurement of the accumulation of the many

stress-related metabolites, including amino acids, soluble sugars and intermediates of the TCA
cycle, at concentrations as low as 5 mg/kg indicates that A. thaliana is still experiencing stress
similar to that seen at the 10 mg/kg concentration. PFOS, with a higher degree of toxicity than
PFOA, had a greater impact on the metabolic profile of A. thaliana that was reflected by an
accumulation of many stress related metabolites. While exposure to PFOA did not show the
same amount of accumulation seen in PFOS exposed plants, there were still differences
measured in the metabolic profile at PFOA concentrations as low as 5 mg/kg. In many
metabolites there was little to no difference from 5 to 10 mg/kg, suggesting similar metabolic
effects on the metabolism for exposure to each concentration. This is more apparent for PFOS
exposed plants, where both the 5 and 10 mg/kg exposure had similar effects on the
concentrations of many measured metabolites. While this was also the case for some metabolites
in both 5 and 10 mg/kg PFOA exposed plants, most metabolites showed very little response to 5
mg/kg PFOA. The overall impact on the metabolic profile of PFOS and PFOA exposed A.
thaliana was much more similar between the 5 and 10 mg/kg treatments than the impact
measured in the previous experiment at higher concentrations. Figure 2-14 and Figure 2-15
present a simplified metabolic network including the metabolites described in this section.
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Figure 2-14. Simplified metabolic network of metabolites related to TCA cycle in A. thaliana
exposed to PFOA in experiment 2. Arrows represent one or multiple reactions from substrate to
product. Colour represents change in average metabolite concentrations relative to average of
controls: Green, >100% increase; Pale green, <100% increase; Red, >100% decrease; Pale red,
<100% decrease; Gray, <10% change. Dashed lines separate different exposure concentrations of
PFOA: Left, 5 mg/kg; Right, 10 mg/kg.
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Figure 2-15. Simplified metabolic network of metabolites related to TCA cycle in A. thaliana
exposed to PFOS in experiment 2. Arrows represent one or multiple reactions from substrate to
product. Colour represents change in average metabolite concentrations relative to average of
controls: Green, >100% increase; Pale green, <100% increase; Red, >100% decrease; Pale red,
<100% decrease; Gray, <10% change. Dashed lines separate different exposure concentrations of
PFOS: Left, 5 mg/kg; Right, 10 mg/kg.
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2.6.3 Method Improvements and Reproducibility
To further develop the method and test the reproducibility, 10 mg/kg was used as a PFAS
concentration in both the first and the second experiment. The second experiment implemented
lessons learned in the first experiment’s methodology to improve future extractions and analysis.
In the first experiment each plant was harvested and ground individually, then the dried leaf
material was used for extractions in duplicate. This study used A. thaliana (Col-0) plants, a wildtype strain of A. thaliana. The wild-type nature of these plants, rather than being genetic clones,
could lead to different individual plants having a different response to PFAS exposure due to
their genetic or epigenetic differences. In the second experiment, in order to minimize the effect
of differences in individual plant responses, the leaf material for each treatment group was
bulked after harvesting and prior to extraction. By reducing the variation caused by individual
plant differences, this allows for easier visualization of the variation that is a result of the PFAS
exposure.
Another improvement to the original method was the use of 60 mg of leaf material, an
increase from the 40 mg used in the first experiment. There were many signals in the 1H-NMR
spectrum that were too small to confidently assign to a specific metabolite, a drawback of the
lower sensitivity of NMR as an analytical tool. In order to improve the resolution of compounds
present at lower concentrations, a larger extraction sample was expected to raise these
concentrations enough to help identify more metabolites. Increasing the extraction material did
increase the sensitivity of metabolites previously identified but did not enable the identification
of any new metabolites. While a further increase in extraction material is possible, it may not be
feasible given the limited amount of material available in a small plant like A. thaliana without
increasing the number of plants grown. Increasing the length of the 1H-NMR experiment is
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another option that could provide a further increase in the resolution of the spectra, helping
identify the low concentration compounds.
To test the reproducibility comparing the measured concentrations of metabolites for the
10 mg/kg PFOA and PFOS exposed samples the consistency of the results can be determined
(Figure 2-16). Similar observations are seen in both experiments for 10 mg/kg PFOS exposed
plants, qualitatively suggesting reproducibility (Figure 2-16). Plants exposed to 10 mg/kg PFOA
had greater accumulations of amino acids, while similar accumulations of sugars were observed
(Figure 2-16). A suggested cause for this is the use of fertilizer in the second experiment while
no fertilizer was used in the first, which may have had an effect on the uptake of PFOA from the
soil, though further investigation would be required to investigate this.

2.7 General Discussion
The increases in amino acids and soluble sugars observed in A. thaliana due to exposure
to sublethal stress observed in the present study is consistent with previous research on how the
metabolic pathways of plants respond to environmental stresses. It is understood from previous
research that PFAS contamination in the soil will likely lead to uptake by the plants (Stahl et al.
2009; Lechner and Knapp 2011; Blaine et al. 2014b). The uptake of these compounds has clear
effects on both the physiology and metabolic profile of the plants at very high concentrations.
When concentrations are closer to the range of environmental concentrations typically
encountered at impacted sites it is difficult to determine negative effects by observing the
physical appearance of the plant, while changes may be observable by measuring the metabolic
profile. The metabolites affected were primarily involved in the TCA cycle, a metabolic pathway
that has a primary role of biosynthesizing amino acids. The accumulation of many stress related
amino acids should coincide with increased activity of the TCA cycle. It is also well documented
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Figure 2-16. Comparison of the relative change of measured metabolites between Experiment 1
and Experiment 2 to analyze extraction reproducibility. Metabolites were measured from A.
thaliana plants grown in potting soil containing 10 mg/kg PFOA (top) and PFOS (bottom) from
both experiments.
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that soluble sugars increase due to plant stress (Couée et al. 2006); these sugars are
biosynthesized into the alanine and aromatic amino acids. The link between soluble sugar and
amino acid accumulation and the TCA cycle needs further investigation to understand the effect
of PFAS exposure on these metabolic cycles. In mammals, PFAS present in the blood serum
interact with fatty acid binding sites on human serum albumin (HSA) and inhibit the binding of
fatty acids (D’eon et al. 2010). There could be a similar disruption of analogous fatty acid
transport proteins in plants, though there have been no studies to show this.
A 1H-NMR based metabolomics method as described in the present study provides a
viable option for studying the effects of environmental PFAS exposure to plants. The present
study also provides information that could be used in a targeted metabolomics approach at the
affected pathways, such as the TCA cycle, enabling a more thorough understanding of PFAS
exposure in plants. Understanding the effects of PFAS mixtures, rather than single compounds,
on the metabolic profile of plants would aid in understanding the impact at contaminated
environmental sites that contain PFAS mixtures. Studies aimed at investigating the specific
pathways affected by PFAS exposure, such as a targeted metabolomics experiment, would
improve the understanding of how plants respond to PFAS contamination.

2.8 Conclusions
1

H-NMR metabolomics was found to be an effective method to understand the overall changes in

the metabolic profile of A. thaliana in response to PFAS exposure at environmental
concentrations seen in contaminated sites. The changes in the metabolic profile included
accumulation of multiple metabolites, including sugars, many amino acids and TCA cycle
intermediates. The stress response of A. thaliana exposed to high concentrations of PFOA and
PFOS is the likely driver behind the accumulation of stress-related amino acids, which are
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biosynthesized by the TCA cycle. The accumulation of these metabolites in A. thaliana is like
that seen in other plants exposed to environmental stresses such as drought, temperature and
salinity. The present study shows that 1H-NMR metabolomics is a viable tool for investigating
changes in the metabolic profile of plants exposed to PFAS and can be used to understand the
stress response of plants in a high-throughput, non-biased manner.
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Chapter 3: Conclusions and Future Directions
3.1 Arabidopsis thaliana exposure to PFOA and PFOS
In this study 1H-NMR-based non-targeted metabolomics was used to understand the
metabolic response of A. thaliana when exposed to sublethal concentrations of PFOA and PFOS.
This study consisted of two experiments. The first experiment applied the non-targeted
metabolomics method to A. thaliana plants exposed to higher concentrations to determine
whether the method could effectively measure metabolic changes. By using higher
concentrations of PFOA and PFOS than typically seen in the environment, the plants were
expected to show clear physical signs of stress that would be accompanied by metabolic changes,
confirming the effectiveness of the methodology. The second experiment then applied the nontargeted metabolomics method at a concentration more reflective of a contaminated site to
determine whether the method was still effective at lower concentrations. Secondary goals of the
second experiment were to apply any improvements learned from the first experiment that would
improve its effectiveness, and to test the reproducibility of the methodology by testing a common
concentration of PFOA and PFOS in both experiments.
When A. thaliana was exposed to very high soil concentrations of PFOA and PFOS,
namely 50 and 500 mg/kg, the plants had reduced growth and displayed clear signs of chlorosis.
At PFOA and PFOS soil concentrations of 10 mg/kg the plants did not have these signs and
appeared very similar to the control plants at a physical level. However, at the metabolic level A.
thaliana was affected by PFOA and PFOS contamination at all 3 concentrations, with the sugar
region of the 1H-NMR spectra having the largest impact on the variation as shown in the PCA.
The two sugars that comprised the majority of the signal in the 3 to 4 ppm region of the 1H-NMR
spectra were glucose and sucrose, which are known to increase when plants undergo
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environmental stresses, which was the case in this experiment. Other stress- related metabolites
accumulated in plants exposed to PFOA and PFOS, including the amino acids isoleucine,
leucine, valine, alanine, threonine, arginine, glutamate, glutamine, aspartate, asparagine and
proline. The greatest accumulation was seen in plants exposed to the highest concentrations of
either compound, which further suggests that PFOA and PFOS are the source of stress for the
plants. Plants exposed to PFOS also showed greater accumulation of stress-related metabolites
than plants exposed to PFOA, likely due to the greater toxicity of PFOS compared to PFOA.
Other metabolites that showed increases were intermediates of the TCA cycle fumarate,
succinate, malate and citrate. The increased activity of the TCA cycle, shown by accumulation of
its intermediates, is consistent with the accumulation of stress-related amino acids, as many
amino acids are synthesized via the TCA cycle. While the metabolic effect of PFAS exposure to
plants has been scarcely covered in previous research, studies have shown that many plants will
readily uptake PFAS from soil and store it in tissues (Blaine et al. 2014a; Blaine et al. 2014b;
Yang et al. 2015). Plants are unable to biodegrade PFAS and the localization of these compounds
in tissue likely results in stress similar to other environmental contaminants (Yang et al. 2015;
Navarro et al. 2017). Overall, the results of the first experiment show that exposure to PFOA and
PFOS result in accumulation of many stress-related metabolites, indicating that PFOA and
PFOS, especially at greater concentrations, are a source of stress for A. thaliana.
When A. thaliana was exposed to lower concentrations of 5 mg/kg PFOA and PFOS
present in the potting soil there was no noticeable effects on the physiological state of the plants.
There were no signs of reduced growth or chlorosis that were seen in the plants exposed to
higher concentrations of PFOA and PFOS. The metabolic effects of 5 mg/kg PFOA and PFOS
on A. thaliana were also smaller than the higher exposure concentrations, such as 10, 50 or 500
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mg/kg. There was still a small accumulation of the same stress-related metabolites measured in
the first experiment, but the increase was smaller than at the higher exposure concentrations. The
accumulation seen in 10 mg/kg PFOA and PFOS exposed plants in the second experiment was
only slightly greater than the accumulation seen in 5 mg/kg exposed plants. The accumulation of
stress-related metabolites measured in 5 mg/kg PFOA and PFOS exposed plants shows that this
1

H-NMR-based non-targeted metabolomics method is capable of measuring changes in plants

exposed to these contaminants at environmentally-relevant concentrations.
A key characteristic of metabolomics experiments, and particularly NMR based
metabolomics, is the high-throughput nature of the experiment that allows for rapid analysis of
large sample numbers and reproducibility that gives confidence to results. Comparison of 10
mg/kg PFOA and PFOS exposed plants in both experiments showed that there is a high level of
reproducibility in this 1H-NMR-based non-targeted metabolomics method. Many metabolites
that were measured in this experiment had consistent concentrations in the 10 mg/kg exposed
plants in both experiments. The reproducibility of this method shows that it is robust enough to
employ to a variety of experiments that investigate different areas of PFAS exposure to plants.

3.2 Further Research
3.2.1 Further research on PFAS mixtures
At a contaminated site where PFAS is present in the soil in large quantities, such as
former fire-fighting training site, it is never a single compound present. A large number of
compounds comprise the PFAS class and formulations of PFAS vary widely in the content of
specific compounds and often poorly characterized (Health Canada 2016a). While PFOA and
PFOS are the two most widely used, they are accompanied by many other compounds when
present in the environment. This study only investigated the metabolic response of plants to pure
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contamination of PFOA or PFOS. Future research should investigate how plants will respond to
mixtures of PFAS in soil rather than simply pure compounds. Research in this direction would
increase understanding of how plants would be impacted by these contaminants in a more
realistic contaminated environment, where mixtures of PFAS would be present.
3.2.2 Further research on different environments and soil types
In this study, A. thaliana was grown under consistent growth chamber conditions in
potting soil. The consistency in growing conditions was optimal for this experiment because the
goal was to determine whether PFAS exposure had a measurable impact on the metabolism and
what that impact was. At a contaminated environmental site, the growth conditions will not be
consistent nor will the soil have optimized nutrients for plant growth like potting soil does.
Further research is necessary to investigate the impact of PFAS on plants grown under more
realistic environmental conditions with variable temperature and watering patterns to understand
how the response of plants vary with the environmental conditions. There is also a large range of
soil types and organic matter content in the environment which could affect the metabolic
response of plants to PFAS exposure. Research that investigates the response of plants to PFAS
exposure in different soil matrices could provide insight into how different soil types and organic
matter content will impact the response. Both the environmental conditions and soil type
influence plants’ ability to respond to stresses and further research should investigate how these
may be interconnected with PFAS exposure.
3.2.3 Further research on different plant species
Arabidopsis thaliana is a model plant species that is widely studied and well
characterized making it very useful in early research on plants. The applications of A. thaliana to
other areas is limited because it does not have any agricultural or economic role. PFAS
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contamination present in agricultural soil presents a risk because it tends to bioaccumulate in
plants (Navarro et al. 2017) and can biomagnify from plants if they are consumed by other
organisms (Giesy and Kannan 2001). Future research should be directed towards applying this
1

H-NMR-based metabolomics method on other plants, such as crop plants, that have greater

agricultural and economic role.

3.3 Conclusions
1

H-NMR metabolomics was found to be an effective method to understand the overall changes in

the metabolic profile of A. thaliana in response to PFAS exposure. The changes in the metabolic
profile included accumulation of multiple metabolites, including sugars, many amino acids and
TCA cycle intermediates. The stress response of A. thaliana exposed to high concentrations of
PFOA and PFOS is the likely driver behind the accumulation of stress-related amino acids,
which are biosynthesized by the TCA cycle. The accumulation of these metabolites in A.
thaliana is like that seen in other plants exposed to various environmental stresses. The present
study shows that 1H-NMR metabolomics is a viable tool for investigating changes in the
metabolic profile of plants exposed to PFAS present in soil at environmental concentrations, and
can be used to understand the stress response of plants in a high-throughput, non-biased manner.

75

Appendices
A-1 References
Aas CB, Fuglei E, Herzke D, Yoccoz NG, Routti H. 2014. Effect of Body Condition on Tissue
Distribution of Perfluoroalkyl Substances (PFASs) in Arctic Fox (Vulpes lagopus). Environ Sci
Technol 48(19):11654–11661.
Abercrombie SA, de Perre C, Choi YJ, Tornabene BJ, Sepúlveda MS, Lee LS, Hoverman JT.
2019. Larval amphibians rapidly bioaccumulate poly- and perfluoroalkyl substances. Ecotox
Environ Safe 178:137–145.
Ahrens L. 2011. Polyfluoroalkyl compounds in the aquatic environment: a review of their
occurrence and fate. J Environ Monit 13(1):20–31.
Ahrens L, Gashaw H, Sjöholm M, Gebrehiwot SG, Getahun A, Derbe E, Bishop K, Åkerblom S.
2016. Poly- and perfluoroalkylated substances (PFASs) in water, sediment and fish muscle tissue
from Lake Tana, Ethiopia and implications for human exposure. Chemosphere 165:352–357.
Alderete TL, Jin R, Walker DI, Valvi D, Chen Z, Jones DP, Peng C, Gilliland FD, Berhane K,
Conti DV, Goran MI, Chatzi L. 2019. Perfluoroalkyl substances, metabolomic profiling, and
alterations in glucose homeostasis among overweight and obese Hispanic children: A proof-ofconcept analysis. Environ Int 126:445–453.
An L, Ma J, Wang H, Li F, Qin D, Wu J, Zhu G, Zhang J, Yuan Y, Zhou L, Wu X. 2018. NMRbased global metabolomics approach to decipher the metabolic effects of three plant growth
regulators on strawberry maturation. Food Chem 269:559–566.

76

Apel K, Hirt H. 2004. Reactive Oxygen Species: Metabolism, Oxidative Stress, and Signal
Transduction. Annu Rev Plant Biol 55:373–399.
Armitage JM, Schenker U, Scheringer M, Martin JW, MacLeod M, Cousins IT. 2009. Modeling
the Global Fate and Transport of Perfluorooctane Sulfonate (PFOS) and Precursor Compounds in
Relation to Temporal Trends in Wildlife Exposure. Environ Sci Technol 43(24):9274–9280.
Ashraf M, Foolad MR. 2007. Roles of glycine betaine and proline in improving plant abiotic
stress resistance. Environ Exp Bot 59(2):206–216.
Bach CC, Bech BH, Brix N, Nohr EA, Bonde JPE, Henriksen TB. 2015. Perfluoroalkyl and
polyfluoroalkyl substances and human fetal growth: A systematic review. Crit Rev Toxicol
45(1):53–67.
Begley TH, White K, Honigfort P, Twaroski ML, Neches R, Walker RA. 2005.
Perfluorochemicals: Potential sources of and migration from food packaging. Food Addit
Contam 22(10):1023–1031.
Benskin JP, Muir DCG, Scott BF, Spencer C, De Silva AO, Kylin H, Martin JW, Morris A,
Lohmann R, Tomy G, Rosenberg B, Taniyasu S, Yamashita N. 2012. Perfluoroalkyl Acids in the
Atlantic and Canadian Arctic Oceans. Environ Sci Technol 46(11):5815–5823.
Bevan M, Walsh S. 2005. The Arabidopsis genome: A foundation for plant research. Genome
Res 15(12):1632–1642.

77

Black C, Haughey SA, Chevallier OP, Galvin-King P, Elliott CT. 2016. A comprehensive
strategy to detect the fraudulent adulteration of herbs: The oregano approach. Food Chem
210:551–557.
Blaine AC, Rich CD, Sedlacko EM, Hundal LS, Kumar K, Lau C, Mills MA, Harris KM,
Higgins CP. 2014. Perfluoroalkyl Acid Distribution in Various Plant Compartments of Edible
Crops Grown in Biosolids-Amended soils. Environ Sci Technol 48(14):7858–7865.
Blaine AC, Rich CD, Sedlacko EM, Hyland KC, Stushnoff C, Dickenson ERV, Higgins CP.
2014. Perfluoroalkyl Acid Uptake in Lettuce (Lactuca sativa) and Strawberry (Fragaria ananassa)
Irrigated with Reclaimed Water. Environ Sci Technol 48(24):14361–14368.
Bolouri‐Moghaddam MR, Le Roy K, Xiang L, Rolland F, Van den Ende W. 2010. Sugar
signalling and antioxidant network connections in plant cells. FEBS J 277(9):2022–2037.
Borg D, Lund BO, Lindquist NG, Håkansson H. 2013. Cumulative health risk assessment of 17
perfluoroalkylated and polyfluoroalkylated substances (PFASs) in the Swedish population.
Environ Int 59:112–123.
Bräunig J, Baduel C, Barnes CM, Mueller JF. 2019. Leaching and bioavailability of selected
perfluoroalkyl acids (PFAAs) from soil contaminated by firefighting activities. Sci Total Environ
646:471–479.
Bräunig J, Baduel C, Heffernan A, Rotander A, Donaldson E, Mueller JF. 2017. Fate and
redistribution of perfluoroalkyl acids through AFFF-impacted groundwater. Sci Total Environ
596–597:360–368.

78

Bundy JG, Davey MP, Viant MR. 2008. Environmental metabolomics: a critical review and
future perspectives. Metabolomics 5(1):3.
Butenhoff JL, Pieterman E, Ehresman DJ, Gorman GS, Olsen GW, Chang SC, Princen HMG.
2012. Distribution of perfluorooctanesulfonate and perfluorooctanoate into human plasma
lipoprotein fractions. Toxicol Lett 210(3):360–365.
Butt CM, Berger U, Bossi R, Tomy GT. 2010. Levels and trends of poly- and perfluorinated
compounds in the arctic environment. Sci Total Environ 408(15):2936–2965.
Cain N, Alka O, Segelke T, von Wuthenau K, Kohlbacher O, Fischer M. 2019. Food
fingerprinting: Mass spectrometric determination of the cocoa shell content (Theobroma cacao
L.) in cocoa products by HPLC-QTOF-MS. Food Chem 298:125013.
Chatterjee NS, Chevallier OP, Wielogorska E, Black C, Elliott CT. 2019. Simultaneous
authentication of species identity and geographical origin of shrimps: Untargeted metabolomics
to recurrent biomarker ions. J Chromatogr A 1599:75–84.
Chen L, Wu J, Li Z, Liu Q, Zhao X, Yang H. 2019. Metabolomic analysis of energy regulated
germination and sprouting of organic mung bean (Vigna radiata) using NMR spectroscopy. Food
Chem 286:87–97.
Christensen KY, Raymond M, Thompson BA, Anderson HA. 2016. Perfluoroalkyl substances in
older male anglers in Wisconsin. Environ Int 91:312–318.

79

Collí-Dulá RC, Martyniuk CJ, Streets S, Denslow ND, Lehr R. 2016. Molecular impacts of
perfluorinated chemicals (PFASs) in the liver and testis of male largemouth bass (Micropterus
salmoides) in Minnesota Lakes. Comp Biochem Phys D 19:129–139.
Cook D, Fowler S, Fiehn O, Thomashow MF. 2004. A prominent role for the CBF cold response
pathway in configuring the low-temperature metabolome of Arabidopsis. P Natl Acad Sci USA
101(42):15243–15248.
Corpas FJ, Chaki M, Fernández-Ocaña A, Valderrama R, Palma JM, Carreras A, BegaraMorales JC, Airaki M, del Río LA, Barroso JB. 2008. Metabolism of Reactive Nitrogen Species
in Pea Plants Under Abiotic Stress Conditions. Plant Cell Physiol 49(11):1711–1722.
Costas-Rodríguez M, Lavilla I, Bendicho C. 2010. Classification of cultivated mussels from
Galicia (Northwest Spain) with European Protected Designation of Origin using trace element
fingerprint and chemometric analysis. Anal Chim Acta 664(2):121–128.
Couée I, Sulmon C, Gouesbet G, El Amrani A. 2006. Involvement of soluble sugars in reactive
oxygen species balance and responses to oxidative stress in plants. J Exp Bot 57(3):449–459.
Cox DG, Oh J, Keasling A, Colson KL, Hamann MT. 2014. The utility of metabolomics in
natural product and biomarker characterization. BBA-Gen Subjects 1840(12):3460–3474.
Das P, Megharaj M, Naidu R. 2015. Perfluorooctane sulfonate release pattern from soils of fire
training areas in Australia and its bioaccumulation potential in the earthworm Eisenia fetida.
Environ Sci Pollut R 22(12):8902–8910.

80

D’eon JC, Crozier PW, Furdui VI, Reiner EJ, Libelo EL, Mabury SA. 2009. Observation of a
Commercial Fluorinated Material, the Polyfluoroalkyl Phosphoric Acid Diesters, in Human Sera,
Wastewater Treatment Plant Sludge, and Paper Fibers. Environ Sci Technol 43(12):4589–4594.
D’eon JC, Simpson AJ, Kumar R, Baer AJ, Mabury SA. 2010. Determining the molecular
interactions of perfluorinated carboxylic acids with human sera and isolated human serum
albumin using nuclear magnetic resonance spectroscopy. Environ Toxicol Chem 29(8):1678–
1688.
D’Hollander W, Bruyn L, Hagenaars A, Voogt P, Bervoets L. 2014. Characterisation of
perfluorooctane sulfonate (PFOS) in a terrestrial ecosystem near a fluorochemical plant in
Flanders, Belgium. Environ Sci Pollut R 21(20):11856–11866.
D’Hollander W, Herzke D, Huber S, Hajslova J, Pulkrabova J, Brambilla G, De Filippis SP,
Bervoets L, de Voogt P. 2015. Occurrence of perfluorinated alkylated substances in cereals, salt,
sweets and fruit items collected in four European countries. Chemosphere 129:179–185.
Du Y, Shi X, Liu C, Yu K, Zhou B. 2009. Chronic effects of water-borne PFOS exposure on
growth, survival and hepatotoxicity in zebrafish: A partial life-cycle test. Chemosphere
74(5):723–729.
Dunn WB, Ellis DI. 2005. Metabolomics: Current analytical platforms and methodologies.
TRAC-Trend Anal Chem 24(4):285–294.
Eggink PM, Maliepaard C, Tikunov Y, Haanstra JPW, Bovy AG, Visser RGF. 2012. A taste of
sweet pepper: Volatile and non-volatile chemical composition of fresh sweet pepper (Capsicum
annuum) in relation to sensory evaluation of taste. Food Chem 132(1):301–310.
81

Ehness R, Ecker M, Godt DE, Roitsch T. 1997. Glucose and Stress Independently Regulate
Source and Sink Metabolism and Defense Mechanisms via Signal Transduction Pathways
Involving Protein Phosphorylation. Plant Cell 9(10):1825–1841.
Ellis DA, Martin JW, De Silva AO, Mabury SA, Hurley MD, Sulbaek Andersen MP, Wallington
TJ. 2004. Degradation of Fluorotelomer Alcohols: A Likely Atmospheric Source of
Perfluorinated Carboxylic Acids. Environ Sci Technol 38(12):3316–3321.
Environment and Climate Change Canada. 2017. Federal environmental quality guidelines:
perfluorooctane sulfonate. Canadian Environmental Protection Act, 1999. Ottawa, ON.
Fiehn O. 2001. Combining genomics, metabolome analysis, and biochemical modelling to
understand metabolic networks. Comp Funct Genom 2(3):155–168.
Fiehn O. 2002. Metabolomics – the link between genotypes and phenotypes. Plant Mol Biol
48(1–2):155–171.
Fiehn O, Kopka J, Dörmann P, Altmann T, Trethewey RN, Willmitzer L. 2000. Metabolite
profiling for plant functional genomics. Nat Biotech 18(11):1157–1161.
Forde BG, Lea PJ. 2007. Glutamate in plants: metabolism, regulation, and signalling. J Exp Bot
58(9):2339–2358.
Frisbee SJ, Brooks PA, Maher A, Flensborg P, Arnold S, Fletcher T, Steenland K, Shankar A,
Knox SS, Pollard C, Halverson JA, Vieira VM, Jin C, Leyden KM, Ducatman AM. 2009. The
C8 Health Project: Design, Methods, and Participants. Environ Health Perspect 117(12):1873–
1882.

82

Gebbink WA, Bossi R, Rigét FF, Rosing-Asvid A, Sonne C, Dietz R. 2016. Observation of
emerging per- and polyfluoroalkyl substances (PFASs) in Greenland marine mammals.
Chemosphere 144:2384–2391.
Giesy JP, Kannan K. 2001. Global Distribution of Perfluorooctane Sulfonate in Wildlife.
Environ Sci Technol 35(7):1339–1342.
Good AG, Zaplachinski ST. 1994. The effects of drought stress on free amino acid accumulation
and protein synthesis in Brassica napus. Physiol Plantarum 90(1):9–14.
Goodacre R, Vaidyanathan S, Dunn WB, Harrigan GG, Kell DB. 2004. Metabolomics by
numbers: acquiring and understanding global metabolite data. Trends Biotechnol 22(5):245–252.
Granum B, Haug LS, Namork E, Stølevik SB, Thomsen C, Aaberge IS, van Loveren H, Løvik
M, Nygaard UC. 2013. Pre-natal exposure to perfluoroalkyl substances may be associated with
altered vaccine antibody levels and immune-related health outcomes in early childhood. J
Immunotoxicol 10(4):373–379.
Hamm MP, Cherry NM, Chan E, Martin JW, Burstyn I. 2010. Maternal exposure to
perfluorinated acids and fetal growth. J Expo Sci Env Epid 20(7):589–597.
Han S, Micallef SA. 2016. Environmental Metabolomics of the Tomato Plant Surface Provides
Insights on Salmonella enterica Colonization. Appl Environ Microbiol 82(10):3131–3142. -16.
Hansen KJ, Johnson HO, Eldridge JS, Butenhoff JL, Dick LA. 2002. Quantitative
Characterization of Trace Levels of PFOS and PFOA in the Tennessee River. Environ Sci
Technol 36(8):1681–1685.

83

He W, Megharaj M, Naidu R. 2016. Toxicity of perfluorooctanoic acid towards earthworm and
enzymatic activities in soil. Environ Monit Assess 188(7):1–7.
Health Canada. 2016. Perfluorooctanoic Acid (PFOA) in Drinking Water. Federal-ProvincialTerritorial Committee on Drinking Water, Ottawa, ON.
Health Canada. 2016. Perfluorooctane Sulfonate (PFOS) in Drinking Water. Federal-ProvincialTerritorial Committee on Drinking Water, Ottawa, ON.
Herzke D, Olsson E, Posner S. 2012. Perfluoroalkyl and polyfluoroalkyl substances (PFASs) in
consumer products in Norway – A pilot study. Chemosphere 88(8):980–987.
Hong E, Lee SY, Jeong JY, Park JM, Kim BH, Kwon K, Chun HS. 2017. Modern analytical
methods for the detection of food fraud and adulteration by food category. J Sci Food Agr
97(12):3877–3896.
Houde M, Bujas TAD, Small J, Wells RS, Fair PA, Bossart GD, Solomon KR, Muir DCG. 2006.
Biomagnification of Perfluoroalkyl Compounds in the Bottlenose Dolphin (Tursiops truncatus)
Food Web. Environ Sci Technol 40(13):4138–4144.
Hu XC, Andrews DQ, Lindstrom AB, Bruton TA, Schaider LA, Grandjean P, Lohmann R,
Carignan CC, Blum A, Balan SA, Higgins CP, Sunderland EM. 2016. Detection of Poly- and
Perfluoroalkyl Substances (PFASs) in U.S. Drinking Water Linked to Industrial Sites, Military
Fire Training Areas, and Wastewater Treatment Plants. Environ Sci Technol Lett 3(10):344–350.
Jansson J, Willing B, Lucio M, Fekete A, Dicksved J, Halfvarson J, Tysk C, Schmitt-Kopplin P.
2009. Metabolomics Reveals Metabolic Biomarkers of Crohn’s Disease. PLoS ONE 4(7):1–10.

84

Ji HG, Lee YR, Lee MS, Hwang KH, Kim EH, Park JS, Hong YS. 2017. Metabolic phenotyping
of various tea (Camellia sinensis L.) cultivars and understanding of their intrinsic metabolism.
Food Chem 233:321–330.
Ji K, Kim Y, Oh S, Ahn B, Jo H, Choi K. 2008. Toxicity of perfluorooctane sulfonic acid and
perfluorooctanoic acid on freshwater macroinvertebrates (Daphnia magna and Moina
macrocopa) and fish (Oryzias latipes). Environ Toxicol Chem 27(10):2159–2168.
Kannan K, Corsolini S, Falandysz J, Fillmann G, Kumar KS, Loganathan BG, Mohd MA,
Olivero J, Wouwe NV, Yang JH, Aldous KM. 2004. Perfluorooctanesulfonate and Related
Fluorochemicals in Human Blood from Several Countries. Environ Sci Technol 38(17):4489–
4495.
Kannan K, Tao L, Sinclair E, Pastva SD, Jude DJ, Giesy JP. 2005. Perfluorinated Compounds in
Aquatic Organisms at Various Trophic Levels in a Great Lakes Food Chain. Arch Environ Con
Tox 48(4):559–566.
Kaplan F, Kopka J, Haskell DW, Zhao W, Schiller KC, Gatzke N, Sung DY, Guy CL. 2004.
Exploring the Temperature-Stress Metabolome of Arabidopsis. Plant Physiol 136(4):4159–4168.
Kariuki MN, Nagato EG, Lankadurai BP, Simpson AJ, Simpson MJ. 2017. Analysis of SubLethal Toxicity of Perfluorooctane Sulfonate (PFOS) to Daphnia magna Using 1H Nuclear
Magnetic Resonance-Based Metabolomics. Metabolites 7(2).
Kemper RA, Nabb DL. 2005. In Vitro Studies in Microsomes from Rat and Human Liver,
Kidney, and Intestine Suggest That Perfluorooctanoic Acid Is Not a Substrate for Microsomal
UDP-Glucuronosyltransferases. Drug Chem Toxicol 28(3):281–287.
85

Key BD, Howell RD, Criddle CS. 1997. Fluorinated Organics in the Biosphere. Environ Sci
Technol 21(9):2445-2454.
Kim HK, Choi YH, Verpoorte R. 2010. NMR-based metabolomic analysis of plants. Nat Protoc
5(3):536–549.
Kim HK, Choi YH, Verpoorte R. 2011. NMR-based plant metabolomics: where do we stand,
where do we go? Trends Biotechnol 29(6):267–275.
Kim K, Aronov P, Zakharkin SO, Anderson D, Perroud B, Thompson IM, Weiss RH. 2009.
Urine Metabolomics Analysis for Kidney Cancer Detection and Biomarker Discovery. Mol Cell
Proteomics 8(3):558–570.
Kingsley SL, Walker DI, Calafat AM, Chen A, Papandonatos GD, Xu Y, Jones DP, Lanphear
BP, Pennell KD, Braun JM. 2019. Metabolomics of childhood exposure to perfluoroalkyl
substances: a cross-sectional study. Metabolomics 15(7):95.
Kinnersley AM, Turano FJ. 2000. Gamma Aminobutyric Acid (GABA) and Plant Responses to
Stress. Crit Rev Plant Sci 19(6):479–509.
van der Kooy F, Maltese F, Hae Choi Y, Kyong Kim H, Verpoorte R. 2009. Quality Control of
Herbal Material and Phytopharmaceuticals with MS and NMR Based Metabolic Fingerprinting.
Planta Med 75(07):763–775.
Kotthoff M, Müller J, Jürling H, Schlummer M, Fiedler D. 2015. Perfluoroalkyl and
polyfluoroalkyl substances in consumer products. Environ Sci Pollut R 22(19):14546–14559.

86

Kubwabo C, Vais N, Benoit FM. 2004. A pilot study on the determination of
perfluorooctanesulfonate and other perfluorinated compounds in blood of Canadians. J Environ
Monit 6(6):540–545.
Lamesch P, Berardini TZ, Li D, Swarbreck D, Wilks C, Sasidharan R, Muller R, Dreher K,
Alexander DL, Garcia-Hernandez M, Karthikeyan AS, Lee CH, Nelson WD, Ploetz L, Singh S,
Wensel A, Huala E. 2012. The Arabidopsis Information Resource (TAIR): improved gene
annotation and new tools. Nucleic Acids Res 40(D1):D1202–D1210.
Lankadurai BP, Simpson AJ, Simpson MJ. 2012. 1H NMR metabolomics of Eisenia fetida
responses after sub-lethal exposure to perfluorooctanoic acid and perfluorooctane sulfonate.
Environ Chem 9:502-511.
Lau C, Anitole K, Hodes C, Lai D, Pfahles-Hutchens A, Seed J. 2007. Perfluoroalkyl Acids: A
Review of Monitoring and Toxicological Findings. Toxicol Sci 99(2):366–394.
Le Gall G, Colquhoun IJ, Davis AL, Collins GJ, Verhoeyen ME. 2003. Metabolite Profiling of
Tomato (Lycopersicon esculentum) Using 1H NMR Spectroscopy as a Tool To Detect Potential
Unintended Effects Following a Genetic Modification. J Agr Food Chem. 51(9):2447–2456.
Lea PJ, Sodek L, Parry MAJ, Shewry PR, Halford NG. 2007. Asparagine in plants. Ann Appl
Biol 150(1):1–26.
Lechner M, Knapp H. 2011. Carryover of Perfluorooctanoic Acid (PFOA) and Perfluorooctane
Sulfonate (PFOS) from Soil to Plant and Distribution to the Different Plant Compartments
Studied in Cultures of Carrots (Daucus carota ssp. Sativus), Potatoes (Solanum tuberosum), and
Cucumbers (Cucumis Sativus). J Agr Food Chem 59(20):11011–11018.
87

Lee H, D’eon J, Mabury SA. 2010. Biodegradation of Polyfluoroalkyl Phosphates as a Source of
Perfluorinated Acids to the Environment. Environ Sci Technol 44(9):3305–3310.
Lima JD, Sodek L. 2003. N-stress alters aspartate and asparagine levels of xylem sap in soybean.
Plant Sci 165(3):649–656.
Lindstrom AB, Strynar MJ, Libelo EL. 2011. Polyfluorinated Compounds: Past, Present, and
Future. Environ Sci Technol 45(19):7954–7961.
Lu Y, Gao K, Li X, Tang Z, Xiang L, Zhao H, Fu J, Wang L, Zhu N, Cai Z, Liang Y, Wang Y,
Jiang G. 2019. Mass Spectrometry-Based Metabolomics Reveals Occupational Exposure to Perand Polyfluoroalkyl Substances Relates to Oxidative Stress, Fatty Acid β-Oxidation Disorder,
and Kidney Injury in a Manufactory in China. Environ Sci Technol 53(16):9800–9809.
Luebker DJ, Hansen KJ, Bass NM, Butenhoff JL, Seacat AM. 2002. Interactions of
flurochemicals with rat liver fatty acid-binding protein. Toxicology 176(3):175–185.
Mak YL, Taniyasu S, Yeung LWY, Lu G, Jin L, Yang Y, Lam PKS, Kannan K, Yamashita N.
2009. Perfluorinated Compounds in Tap Water from China and Several Other Countries. Environ
Sci Technol 43(13):4824–4829.
Meinke DW, Cherry JM, Dean C, Rounsley SD, Koornneef M. 1998. Arabidopsis thaliana: A
Model Plant for Genome Analysis. Science 282(5389):662–682.
Meyerowitz EM. 2001. Prehistory and History of Arabidopsis Research. Plant Physiol
125(1):15–19.

88

Mishra S, Gogna N, Dorai K. 2019. NMR-based investigation of the altered metabolic response
of Bougainvillea spectabilis leaves exposed to air pollution stress during the circadian cycle.
Environ Exp Bot 164:58–70.
Moody CA, Hebert GN, Strauss SH, Field JA. 2003. Occurrence and persistence of
perfluorooctanesulfonate and other perfluorinated surfactants in groundwater at a fire-training
area at Wurtsmith Air Force Base, Michigan, USA. J Environ Monit 5(2):341–345.
Navarro I, de la Torre A, Sanz P, Porcel MÁ, Pro J, Carbonell G, Martínez M de los Á. 2017.
Uptake of perfluoroalkyl substances and halogenated flame retardants by crop plants grown in
biosolids-amended soils. Environ Res 152:199–206.
Navarro I, de la Torre A, Sanz P, Pro J, Carbonell G, Martínez M de los Á. 2016.
Bioaccumulation of emerging organic compounds (perfluoroalkyl substances and halogenated
flame retardants) by earthworm in biosolid amended soils. Environ Res 149:32–39.
Noctor G, Foyer CH. 1998. ASCORBATE AND GLUTATHIONE: Keeping Active Oxygen
Under Control. Annu Rev Plant Biol 49(1):249–279.
Olesti E, De Toma I, Ramaekers JG, Brunt TM, Carbó M, Fernández-Avilés C, Robledo P, Farré
M, Dierssen M, Pozo ÓJ, de la Torre R. 2019. Metabolomics predicts the pharmacological
profile of new psychoactive substances. J Psychopharmacol 33(3):347–354.
Oliver SG, Winson MK, Kell DB, Baganz F. 1998. Systematic functional analysis of the yeast
genome. Trends Biotechnol 16(9):373–378.

89

Olsen GW, Burris JM, Ehresman DJ, Froehlich JW, Seacat AM, Butenhoff JL, Zobel LR. 2007.
Half-Life of Serum Elimination of Perfluorooctanesulfonate,Perfluorohexanesulfonate, and
Perfluorooctanoate in Retired Fluorochemical Production Workers. Environ Health Perspect
115(9):1298–1305.
Ostertag SK, Chan HM, Moisey J, Dabeka R, Tittlemier SA. 2009. Historic Dietary Exposure to
Perfluorooctane Sulfonate, Perfluorinated Carboxylates, and Fluorotelomer Unsaturated
Carboxylates from the Consumption of Store-Bought and Restaurant Foods for the Canadian
Population. J Agr Food Chem 57(18):8534–8544.
Ostertag SK, Tague BA, Humphries MM, Tittlemier SA, Chan HM. 2009. Estimated dietary
exposure to fluorinated compounds from traditional foods among Inuit in Nunavut, Canada.
Chemosphere 75(9):1165–1172.
Pavlík M, Pavlíková D, Staszková L, Neuberg M, Kaliszová R, Száková JJ, Tlustoš P. 2010. The
effect of arsenic contamination on amino acids metabolism in Spinacia oleracea L. Ecotox
Environ Safe 73(6):1309–1313.
Pérez F, Llorca M, Köck-Schulmeyer M, Škrbić B, Oliveira LS, da Boit Martinello K, Al-Dhabi
NA, Antić I, Farré M, Barceló D. 2014. Assessment of perfluoroalkyl substances in food items at
global scale. Environ Res 135:181–189.
Rahman MF, Peldszus S, Anderson WB. 2014. Behaviour and fate of perfluoroalkyl and
polyfluoroalkyl substances (PFASs) in drinking water treatment: A review. Water Res 50:318–
340.

90

Rizhsky L, Liang H, Shuman J, Shulaev V, Davletova S, Mittler R. 2004. When Defense
Pathways Collide. The Response of Arabidopsis to a Combination of Drought and Heat Stress.
Plant Physiol 134(4):1683–1696.
Robertson DG. 2005. Metabonomics in Toxicology: A Review. Toxicol Sci 85(2):809–822.
Routti H, Krafft BA, Herzke D, Eisert R, Oftedal O. 2015. Perfluoroalkyl substances detected in
the world’s southernmost marine mammal, the Weddell seal (Leptonychotes weddellii). Environ
Pollut 197:62–67.
Salerno GL, Curatti L. 2003. Origin of sucrose metabolism in higher plants: when, how and
why? Trends Plant Sci 8(2):63–69.
Salihovic S, Stubleski J, Kärrman A, Larsson A, Fall T, Lind L, Lind PM. 2018. Changes in
markers of liver function in relation to changes in perfluoroalkyl substances - A longitudinal
study. Environ Int 117:196–203.
Samuelsson LM, Forlin L, Karlsson G, Adolfsson-Erici M, Larsson DGJ. 2006. Using NMR
metabolomics to identify responses of an environmental estrogen in blood plasma of fish. Aquat
Toxicol 78(4):341–349.
Schaider LA, Balan SA, Blum A, Andrews DQ, Strynar MJ, Dickinson ME, Lunderberg DM,
Lang JR, Peaslee GF. 2017. Fluorinated Compounds in U.S. Fast Food Packaging. Environ Sci
Technol Lett 4(3):105–111.
Scheibe R. 2004. Malate valves to balance cellular energy supply. Physiol Plantarum 120(1):21–
26.

91

Seo SH, Son MH, Choi SD, Lee DH, Chang YS. 2018. Influence of exposure to perfluoroalkyl
substances (PFASs) on the Korean general population: 10-year trend and health effects. Environ
Int 113:149–161.
Sheng N, Cui R, Wang J, Guo Y, Wang J, Dai J. 2018. Cytotoxicity of novel fluorinated
alternatives to long-chain perfluoroalkyl substances to human liver cell line and their binding
capacity to human liver fatty acid binding protein. Arch Toxicol 92(1):359–369.
Shoeib M, Harner T, M. Webster G, Lee SC. 2011. Indoor Sources of Poly- and Perfluorinated
Compounds (PFCS) in Vancouver, Canada: Implications for Human Exposure. Environ Sci
Technol 45(19):7999–8005.
Shoeib M, Harner T, Vlahos P. 2006. Perfluorinated Chemicals in the Arctic Atmosphere.
Environ Sci Technol 40(24):7577–7583.
Smolinska A, Blanchet L, Buydens LMC, Wijmenga SS. 2012. NMR and pattern recognition
methods in metabolomics: From data acquisition to biomarker discovery: A review. Anal Chim
Acta 750:82–97.
Stahl T, Heyn J, Thiele H, Hüther J, Failing K, Georgii S, Brunn H. 2009. Carryover of
Perfluorooctanoic Acid (PFOA) and Perfluorooctane Sulfonate (PFOS) from Soil to Plants. Arch
Environ Contam Toxicol 57(2):289–298.
Steenland K, Fletcher T, Savitz DA. 2010. Epidemiologic Evidence on the Health Effects of
Perfluorooctanoic Acid (PFOA). Environ Health Perspect 118(8):1100–1108.

92

Stockholm Convention. 2017. Report of the Persistent Organic Pollutants Review Committee on
the work of its thirteenth meeting. Persistent Organic Pollutants Review Committee, Rome, Italy,
October 17-20, 2017, pp 1-27.
Stockholm Convention. 2009. SC-4/17: Listing of perfluorooctane sulfonic acid, its salts and
perfluorooctane sulfonyl fluoride. Stockholm Convention, United Nations, Switzerland.
Sun C, Gao X, Fu J, Zhou J, Wu X. 2015. Metabolic response of maize (Zea mays L.) plants to
combined drought and salt stress. Plant Soil 388:99–117.
Tarachiwin L, Ute K, Kobayashi A, Fukusaki E. 2007. 1H NMR Based Metabolic Profiling in
the Evaluation of Japanese Green Tea Quality. J Agr Food Chem 55(23):9330–9336.
The Arabidopsis Genome Initiative. 2000. Analysis of the genome sequence of the flowering
plant Arabidopsis thaliana. Nature 408:796-815.
The Arabidopsis Information Resource. 2019. TAIR. Fremont (CA): Phoenix Bioinformatics
Corporation. Cited 2019 November 18. Available from: https://www.arabidopsis.org/index.jsp
Tieman D, Bliss P, McIntyre LM, Blandon-Ubeda A, Bies D, Odabasi AZ, Rodríguez GR,
van der Knaap E, Taylor MG, Goulet C, Mageroy MH, Snyder DJ, Colquhoun T, Moskowitz H,
Clark DG, Sims C, Bartoshuk L, Klee HL. 2012. The Chemical Interactions Underlying Tomato
Flavor Preferences. Curr Biol 22(11):1035–1039.
Tittlemier SA, Pepper K, Seymour C, Moisey J, Bronson R, Cao XL, Dabeka RW. 2007. Dietary
Exposure of Canadians to Perfluorinated Carboxylates and Perfluorooctane Sulfonate via
Consumption of Meat, Fish, Fast Foods, and Food Items Prepared in Their Packaging. J Agr
Food Chem 55(8):3203–3210.

93

Trivedi Drupad K., Hollywood KA, Rattray NJW, Ward H, Trivedi Dakshat K., Greenwood J,
Ellis DI, Goodacre R. 2016. Meat, the metabolites: an integrated metabolite profiling and
lipidomics approach for the detection of the adulteration of beef with pork. Analyst 141(7):2155–
2164.
Trudel D, Horowitz L, Wormuth M, Scheringer M, Cousins IT, Hungerbühler K. 2008.
Estimating Consumer Exposure to PFOS and PFOA. Risk Anal 28(2):251–269.
Tuyiringire N, Tusubira D, Munyampundu J-P, Tolo CU, Muvunyi CM, Ogwang PE. 2018.
Application of metabolomics to drug discovery and understanding the mechanisms of action of
medicinal plants with anti-tuberculosis activity. Clin Transl Med 7(29):1-12.
Urano K, Maruyama K, Ogata Y, Morishita Y, Takeda M, Sakurai N, Suzuki H, Saito K, Shibata
D, Kobayashi M, Yamaguchi-Shinozaki K, Shinozaki K. 2009. Characterization of the ABAregulated global responses to dehydration in Arabidopsis by metabolomics. Plant J 57(6):1065–
1078.
Ussher JR, Elmariah S, Gerszten RE, Dyck JRB. 2016. The Emerging Role of Metabolomics in
the Diagnosis and Prognosis of Cardiovascular Disease. J Am Coll Cardiol 68(25):2850–2870.
Van de Vijver KI, Holsbeek L, Das K, Blust R, Joiris C, De Coen W. 2007. Occurrence of
Perfluorooctane Sulfonate and Other Perfluorinated Alkylated Substances in Harbor Porpoises
from the Black Sea. Environ Sci Technol 41(1):315–320.
Vanden Heuvel JP, Kuslikis BI, Van Rafelghem MJ, Peterson RE. 1991. Tissue distribution,
metabolism, and elimination of perfluorooctanoic acid in male and female rats. J Biochem
Toxicol 6(2):83–92.
94

Viant MR. 2003. Improved methods for the acquisition and interpretation of NMR metabolomic
data. Biochem Biophys Res Co 310(3):943–948.
Viant MR. 2008. Recent developments in environmental metabolomics. Mol Biosyst 4(10):980–
986.
Wang H, Tso VK, Slupsky CM, Fedorak RN. 2010. Metabolomics and detection of colorectal
cancer in humans: a systematic review. Future Oncol 6(9):1395-1406.
Ward JL, Harris C, Lewis J, Beale MH. 2003. Assessment of 1H NMR spectroscopy and
multivariate analysis as a technique for metabolite fingerprinting of Arabidopsis thaliana.
Phytochemistry 62(6):949–957.
Weckwerth W. 2003. Metabolomics in Systems Biology. Annu Rev Plant Biol 54(1):669.
Wei F, Furihata K, Miyakawa T, Tanokura M. 2014. A pilot study of NMR-based sensory
prediction of roasted coffee bean extracts. Food Chem 152:363–369.
Wishart DS. 2016. Emerging applications of metabolomics in drug discovery and precision
medicine. Nat Rev Drug Discov 15(7):473–484.
Xiao F, Simcik MF, Halbach TR, Gulliver JS. 2015. Perfluorooctane sulfonate (PFOS) and
perfluorooctanoate (PFOA) in soils and groundwater of a U.S. metropolitan area: Migration and
implications for human exposure. Water Res 72:64–74.
Yang Q, Abedi-Valugerdi M, Xie Y, Zhao XY, Möller, G, Nelson BD, DePierre JW. 2002.
Potent suppression of the adaptive immune response in mice upon dietary exposure to the potent
peroxisome proliferator, perfluorooctanoic acid. Int Immunopharmacol 2:389-397.
95

Yang X, Ye C, Liu Y, Zhao FJ. 2015. Accumulation and phytotoxicity of perfluorooctanoic acid
in the model plant species Arabidopsis thaliana. Environ Pollut 206:560–566.
Yeung LWY, Dassuncao C, Mabury S, Sunderland EM, Zhang X, Lohmann R. 2017. Vertical
Profiles, Sources, and Transport of PFASs in the Arctic Ocean. Environ Sci Technol
51(12):6735–6744.
Zareitalabad P, Siemens J, Hamer M, Amelung W. 2013. Perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS) in surface waters, sediments, soils and wastewater – A
review on concentrations and distribution coefficients. Chemosphere 91(6):725–732.
Zhang A, Sun H, Qiu S, Wang X. 2013. NMR-based metabolomics coupled with pattern
recognition methods in biomarker discovery and disease diagnosis. Magn Reson Chem
51(9):549–556.
Zhao L, Huang Y, Paglia K, Vaniya A, Wancewicz B, Keller AA. 2018. Metabolomics Reveals
the Molecular Mechanisms of Copper Induced Cucumber Leaf (Cucumis sativus) Senescence.
Environ Sci Technol 52(12):7092–7100.
Zuccato V, Finotello C, Menegazzo I, Peccolo G, Schievano E. 2017. Entomological
authentication of stingless bee honey by 1H NMR-based metabolomics approach. Food Control
82:145–153.

96

A-2 Supplementary Tables
Table A-1. Results from two-way ANOVA on bucketed data from experiment one. ANOVA test
was completed using RStudio.
Metabolites
Isoleucine

Leucine

Valine

Threonine

Alanine

Arginine

GABA

Concentration
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA

F-Value
F(1,29) = 0.84
F(1,29) = 13.77
F(1,25) = 33.48
F(1,21) = 25.91
F(1,29) = 280.9
F(1,25) = 156.4
F(1,29) = 1.082
F(1,29) = 20.41
F(1,25) = 32.08
F(1,21) = 55.06
F(1,28) = 304.1
F(1,25) = 105
F(1,29) = 1.855
F(1,29) = 21.31
F(1,25) = 30.79
F(1,21) = 58.21
F(1,28) = 477.5
F(1,25) = 107.5
F(1,29) = 2.132
F(1,29) = 0.247
F(1,25) = 12.18
F(1,21) = 0.113
F(1,28) = 223.3
F(1,25) = 56.73
F(1,29) = 0.292
F(1,29) = 0.596
F(1,25) = 22.58
F(1,21) = 0.055
F(1,28) = 191.6
F(1,25) = 64.93
F(1,29) = 0.992
F(1,29) = 0.919
F(1,25) = 0.524
F(1,21) = 0.384
F(1,28) = 0.687
F(1,25) = 4.397
F(1,29) = 0
F(1,29) = 3.735
F(1,25) = 11.06
97

p-value
p=0.367
p = 0.000871
p=4.96e-06
p=4.84e-05
p=<2e-16
p=2.94e-12
p=0.307
p=9.67e-05
p=7.77e-06
p=2.69e-07
p=<2e-16
p=1.95e-10
p=1.84
p=7.36e-05
p=9.08e-06
p=1.75e-07
p=<2e-16
p=1.54e-10
p=0.155
p=0.623
p=0.00181
p=0.74
p=7.2e-15
p=6.93e-08
p=0.593
p=0.446
p=7.09e-05
p=0.817
p=4.79e-14
p=2.06e-08
p=0.328
p=0.346
p=0.476
p=0.542
p=0.414
p=0.0463
p=0.985
p=0.0631
p=0.00273

Significa
nce (*)
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

*
*
*
*

*
*
*

*

*

10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Glutamate
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Glutamine
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Malate
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Citrate
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Aspartate
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Asparagine 10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Ethanolamine 10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS

F(1,21) = 3.607
F(1,28) = 116.5
F(1,25) = 108
F(1,29) = 0.033
F(1,29) = 7.188
F(1,25) = 22.23
F(1,21) = 15.87
F(1,28) = 306.4
F(1,25) = 153.5
F(1,29) = 0.252
F(1,29) = 2.308
F(1,25) = 6.646
F(1,21) = 3.545
F(1,28) = 175.6
F(1,25) = 49.99
F(1,29) = 4.58
F(1,29) = 24.56
F(1,25) = 107.5
F(1,21) = 36.57
F(1,28) = 335.2
F(1,25) = 139.8
F(1,29) = 0.072
F(1,29) = 1.12
F(1,25) = 7.315
F(1,21) = 0.266
F(1,28) = 55.87
F(1,25) = 49.62
F(1,29) = 0.179
F(1,29) = 7.46
F(1,25) = 19.77
F(1,21) = 12.21
F(1,28) = 57.54
F(1,25) = 86.01
F(1,29) = 0.568
F(1,29) = 12.38
F(1,25) = 23.6
F(1,21) = 25.67
F(1,28) = 206.2
F(1,25) = 56.75
F(1,29) = 0.639
F(1,29) = 6.118
F(1,25) = 21.33
F(1,21) = 18.38
F(1,28) = 259.1
F(1,25) = 139.8
98

p=0.0714
p=1.73e-10
p=1.47e-10
p=0.857
p=0.012
p=7.81e-05
p=0.000677
p=<2e-16
p=3.61e-12
p=0.62
p=0.14
p=0.162
p=0.0737
p=1.39e-13
p=2.07e-07
p=0.0409
p=2.87e-05
p=1.54e-10
p=5.31e-06
p=<2e-16
p=9.87e-12
p=0.791
p=0.299
P=0.0121
p=0.611
p=3.85e-08
p=2.2e-07
p=0.676
p=0.0106
p=0.000156
p=0.00217
p=2.91e-08
p=1.44e-09
p=0.457
p=0.00145
p=5.39e-05
p=5.13e-05
p=1.93e-14
p=6.91e-08
p=0.43
p=0.0195
p=1e-04
p=0.000327
p=1.1e-15
p=9.87e-12

*
*
*
*
*
*
*

*
*
*
*
*
*
*
*

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

myo-inositol

10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Glucose
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Sucrose
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Fumarate
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Tyrosine
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Tryptophan 10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Phenylalanine 10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Succinate
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA

F(1,29) = 5.563
F(1,29) = 20.52
F(1,25) = 13.48
F(1,21) = 94.6
F(1,28) = 322.1
F(1,25) = 67.57
F(1,29) = 3.567
F(1,29) = 7.258
F(1,25) = 13.17
F(1,21) = 42.08
F(1,28) = 69.92
F(1,25) = 112.2
F(1,29) = 5.072
F(1,29) = 10.68
F(1,25) = 31.2
F(1,21) = 3.18
F(1,28) = 76.76
F(1,25) = 64.89
F(1,29) = 10.92
F(1,29) = 44.84
F(1,25) = 4.32
F(1,21) = 262.7
F(1,28) = 236.8
F(1,25) = 203.5
F(1,29) = 2.356
F(1,29) = 16.91
F(1,25) = 21.43
F(1,21) = 65.27
F(1,28) = 441.1
F(1,25) = 81.9
F(1,29) = 6.776
F(1,29) = 29.7
F(1,25) = 28.73
F(1,21) = 64.08
F(1,28) = 335.2
F(1,21) = 87.73
F(1,29) = 0.69
F(1,29) = 15.55
F(1,25) = 29.14
F(1,21) = 41.98
F(1,28) = 288.5
F(1,25) = 83.67
F(1,29) = 4.133
F(1,29) = 15.57
F(1,25) = 41.87
99

p=0.0253
p=9.33e-05
p=0.00115
p=3.14e-09
p=<2e-16
p=1.43e-08
p=0.069
p=0.0116
p=0.00127
p=1.99e-06
p=4.27e-09
p=9.88e-11
p=0.0321
p=0.00279
p=8.25e-06
p=0.089
p=1.64e-09
p=2.07e-08
p=0.00254
p=2.4e-07
p=0.0481
p=2.4e-13
p=3.43e-15
p=1.62e-13
p=0.136
p=0.000295
p=9.74e-05
p=7.03e-08
p=<2e-16
p=2.31e-09
p=0.0144
p=7.27e-06
p=1.47e-05
p=8.16e-08
p=<2e-16
p=1.18e-09
p=0.413
p=0.000467
p=1.34e-05
p=2.03e-06
p=2.81e-16
p=1.88e-09
p=0.0513
p=0.000463
p=8.92e-07

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*

Ascorbate

Proline

10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS

F(1,21) = 62.33
F(1,28) = 217.1
F(1,25) = 137.4
F(1,29) = 1.274
F(1,29) = 6.203
F(1,25) = 19.74
F(1,21) = 38.05
F(1,28) = 409.6
F(1,25) = 138.4
F(1,29) = 3.002
F(1,29) = 22.15
F(1,25) = 24.97
F(1,21) = 63.46
F(1,28) = 439.6
F(1,25) = 43.63

100

p=1.02e-07
p=1.02e-14
p=1.19e-11
p=0.268
p=0.0187
p=0.000158
p=4.05e-06
p=<2e-16
p=1.1e-11
p=0.0938
p=5.74e-05
p=3.76e-05
p=8.82e-08
p=<2e-16
p=6.4e-07

*
*
*
*
*
*
*
*
*
*
*
*
*

Table A-2. Results from two-way ANOVA on bucketed data from experiment two. ANOVA test
was completed using RStudio.
Metabolites
Isoleucine

Leucine

Valine

Threonine

Alanine

Arginine

GABA

Glutamate

Glutamine

Malate

Concentration
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS

F-Value
F(1,14) = 2.402
F(1,14) = 5.799
F(1,14) = 50.42
F(1,14) = 45.92
F(1,14) = 2.478
F(1,14) = 7.294
F(1,14) = 63.9
F(1,14) = 29.03
F(1,14) = 2.046
F(1,14) = 7.116
F(1,14) = 60.67
F(1,14) = 50.5
F(1,14) = 2.147
F(1,14) = 6.976
F(1,14) = 44.87
F(1,14) = 44.58
F(1,14) = 0.553
F(1,14) = 0.547
F(1,14) = 12.7
F(1,14) = 32.79
F(1,14) = 2.338
F(1,14) = 8.015
F(1,14) = 49.11
F(1,14) = 53.58
F(1,14) = 1.664
F(1,14) = 4.383
F(1,14) = 50.62
F(1,14) = 54.38
F(1,14) = 2.419
F(1,14) = 4.53
F(1,14) = 59.78
F(1,14) = 30.21
F(1,14) = 1.451
F(1,14) = 4.364
F(1,14) = 0.768
F(1,14) = 50.59
F(1,14) = 0
F(1,14) = 0.637
F(1,14) = 0.737
F(1,14) = 1.609
101

p-value
p=0.143
p=0.0304
p=5.27e-06
p=8.93e-06
p=0.138
p=0.0172
p=1.38e-06
p=9.57e-05
p=0.175
p=0.0184
p=1.87e-06
p=5.28e-06
p=0.165
p=0.0194
p=1.01e-05
p=1.05e-05
p=0.469
p=0.472
p=0.00311
p=5.24e-05
p=0.149
p=0.0133
p=6.17e-06
p=3.79e-06
p=0.218
p=0.055
p=5.21e-06
p=3.49e-06
p=0.142
p=0.0516
p=2.03e-06
p=7.87e-05
p=0.248
p=0.0544
p=0.396
p=5.23e-06
p=0.984
p=0.438
p=0.405
p=0.225

Significan
ce (*)
*
*
*
*
*
*
*
*
*
*
*
*

*
*
*
*
*
*
*
*

*
*

*

Citrate

5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Aspartate
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Asparagine 5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Ethanolamine 5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
myo-inositol 5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Glucose
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Sucrose
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Fumarate
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Tyrosine
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Tryptophan 5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Phenylalanine 5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Succinate
5 mg/kg PFOA

F(1,14) = 1.977
F(1,14) = 3.816
F(1,14) = 73.88
F(1,14) = 18.53
F(1,14) = 1.524
F(1,14) = 5.286
F(1,14) = 49.99
F(1,14) = 45.54
F(1,14) = 2.38
F(1,14) = 5.409
F(1,14) = 29.22
F(1,14) = 38.77
F(1,14) = 1.012
F(1,14) = 2.03
F(1,14) = 15.96
F(1,14) = 24.71
F(1,14) = 1.357
F(1,14) = 2.447
F(1,14) = 23.6
F(1,14) = 37.8
F(1,14) = 0.319
F(1,14) = 4.655
F(1,14) = 54.83
F(1,14) = 251.1
F(1,14) = 1.145
F(1,14) = 4.033
F(1,14) = 68.26
F(1,14) = 175.8
F(1,14) = 1.316
F(1,14) = 5.583
F(1,14) = 112.8
F(1,14) = 95.14
F(1,14) = 2.117
F(1,14) = 6.001
F(1,14) = 70.68
F(1,14) = 50.84
F(1,14) = 2.802
F(1,14) = 7.096
F(1,14) = 73.89
F(1,14) = 73.06
F(1,14) = 2.437
F(1,14) = 7.875
F(1,14) = 73.01
F(1,14) = 45.56
F(1,14) = 0.589
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p=0.181
p=0.071
p=5.88e-07
p=0.000726
p=0.237
p=0.0374
p=5.59e-06
p=9.35e-06
p=0.145
p=0.0356
p=9.27e-05
p=2.21e-05
p=0.335
p=0.176
p=0.00133
p=0.000205
p=0.264
p=0.14
p=0.000253
p=2.53e-05
p=0.581
p=0.0488
p=3.33e-06
p=2.46e-10
p=0.303
p=0.0643
p=9.39e-07
p=2.57e-09
p=0.271
p=0.0331
p=4.42e-08
p=1.27e-07
p=0.168
p=0.0281
p=7.65e-07
p=5.09e-06
p=0.116
p=0.0185
p=5.88e-07
p=6.28e-07
p=0.141
p=0.014
p=6.31e-07
p=9.32e-06
p=0.456

*
*
*
*
*
*
*
*
*

*
*

*
*
*
*
*

*
*
*
*
*
*
*
*
*
*
*
*
*
*

Ascorbate

Proline

10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS

F(1,14) = 7.287
F(1,14) = 10.01
F(1,14) = 32.11
F(1,14) = 1.707
F(1,14) = 4.931
F(1,14) = 32.95
F(1,14) = 40.25
F(1,14) = 1.109
F(1,14) = 3.441
F(1,14) = 45.2
F(1,14) = 46.05
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p=0.0173
p=0.00689
p=5.82e-05
p=0.212
p=0.0434
p=5.11e-05
p=1.83e-05
p=0.31
p=0.0848
p=9.74e-06
p=8.79e-06

*
*
*
*
*
*

*
*

Table A-3. Mean and relative data from bucketed 1H-NMR spectra in experiment one. Relative
values were used to construct Figure 2-5, 2.6 and 2.16.
Metabolites

Isoleucine

Leucine

Valine

Threonine

Alanine

Arginine

GABA

Concentration

Mean

10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA

0.123556
0.157763
0.285833
0.1815
2.399333
3.518333
0.166513
0.227456
0.496667
0.282125
3.66
6.601667
0.080694
0.104256
0.226267
0.12875
1.622
3.169167
0.525875
0.616563
1.103583
0.621875
8.959333
16.92083
0.4565
0.4685
0.80025
0.403125
5.008667
7.035833
0.791125
1.007813
1.691333
1.42625
11.55733
22.30833
0.878625
1.185875
1.446917
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Relative
(Control
Scaled to 0)
0.12059
0.430823
1.592357
0.646109
20.76069
30.90943
0.139092
0.556001
2.397638
0.929984
24.03762
44.16122
0.1643
0.504274
2.264717
0.857686
22.40323
44.72672
-0.20434
-0.06713
0.669735
-0.0591
12.55558
24.60142
0.090887
0.119563
0.912339
-0.03666
10.96909
15.81337
0.385831
0.765408
1.962747
1.498394
19.24524
38.07801
0.003226
0.354048
0.652109

10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Glutamate
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Glutamine
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Malate
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Citrate
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Aspartate
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Asparagine 10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Ethanolamine 10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
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1.200125
5.838667
6.754167
0.25975
0.333688
0.43275
0.384875
6.796
5.690833
0.339813
0.389875
1.209333
0.41075
4.38
17.95917
1.05725
1.259063
2.260833
1.4075
16.48667
33.3
1.066875
1.3195
1.655917
1.220875
3.487333
3.83
0.04045
0.054719
0.070242
0.0587
0.27126
0.407667
0.024019
0.0311
0.070208
0.035725
0.4752
0.985917
0.382125
0.442813
0.62125
0.537875
6.074
6.858333

0.370319
5.666667
6.711997
0.020709
0.311252
0.700527
0.512398
25.70544
21.3626
0.076196
0.234745
2.829994
0.300857
12.87159
55.8772
0.287759
0.533572
1.753756
0.714373
19.0812
39.56029
-0.04144
0.185535
0.487796
0.096923
2.133273
2.44115
0.057701
0.430805
0.836704
0.534908
6.093001
9.65981
0.095047
0.41789
2.200891
0.62875
20.66499
43.94924
0.09764
0.271962
0.784517
0.545026
16.44734
18.70031

Myo-inositol

10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Glucose
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Sucrose
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Fumarate
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Tyrosine
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Tryptophan 10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Phenylalanine 10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
Succinate
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
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0.158819
0.202725
0.381558
0.255
3.118667
5.14
0.74825
0.986313
0.950667
1.78625
17.198
16.2075
1.030313
1.43
2.008167
2.185
19.03533
24.03333
8.25375
11.19
5.934167
16.325
87.98667
76.38333
0.036818
0.05325
0.0749
0.074238
0.834
0.940417
0.059944
0.086263
0.142542
0.100413
1.034133
1.957
0.041094
0.056963
0.152358
0.072013
0.904533
2.181167
1.164625
1.493313
3.114167

0.423362
0.816858
2.419594
1.285356
26.95005
45.0656
0.429231
0.883954
0.815867
2.411913
31.84987
29.95791
0.548101
1.148653
2.01738
2.283081
27.60162
35.11139
0.913839
1.594682
0.375985
2.785361
19.40192
16.71139
0.338841
0.936364
1.723636
1.699545
29.32727
33.19697
0.52193
1.190145
2.619034
1.549403
25.25592
48.68687
0.139594
0.579659
3.225134
0.997019
24.08412
59.48715
0.493364
0.914831
2.993204

Ascorbate

Proline

10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
10 mg/kg PFOA
50 mg/kg PFOA
500 mg/kg PFOA
10 mg/kg PFOS
50 mg/kg PFOS
500 mg/kg PFOS
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2.05375
14.88
32.25
0.099388
0.112756
0.162908
0.14375
2.911333
1.883917
0.1016
0.127081
0.28875
0.156375
1.974667
4.4975

1.633463
18.08018
40.35322
0.122008
0.272931
0.83911
0.622827
31.86671
20.26797
0.221839
0.528276
2.472501
0.880562
22.74729
53.08683

Table A-4. Mean and relative data from bucketed 1H-NMR spectra in experiment one. Relative
values were used to construct Figure 2-5, 2.6 and 2.16.
Metabolites

Isoleucine

Leucine

Valine

Threonine

Alanine

Arginine

GABA

Glutamate

Glutamine

Malate

Concentration

5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS

Mean

0.164491
0.173846
0.284856
0.248888
0.4639
0.503289
0.840795
0.614944
0.225248
0.251858
0.39842
0.36381
1.093044
1.196619
1.7318
1.681613
0.643989
0.619418
0.883936
1.085931
2.985563
3.529988
5.369913
4.90335
0.253901
0.27156
0.447191
0.445255
0.978256
0.972048
1.604138
1.3085
0.345758
0.276335
0.297833
0.275834
3.38365
3.372175
6.31415
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Relative
(Control
Scaled to 0)
0.438768
0.520595
1.491576
1.176965
0.460763
0.584793
1.647558
0.936381
0.407514
0.573793
1.489625
1.273356
0.412543
0.546394
1.23801
1.173152
0.188714
0.143359
0.631624
1.004479
0.499087
0.772449
1.696298
1.462031
0.403439
0.501048
1.471849
1.461147
0.450649
0.441442
1.378764
0.940365
0.751881
1.051572
3.232607
2.917697
0.004645
-0.19707
-0.13461

10 mg/kg PFOS
Citrate
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Aspartate
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Asparagine 5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Ethanolamine 5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
myo-inositol 5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Glucose
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Sucrose
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Fumarate
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Tyrosine
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Tryptophan 5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
Phenylalanine 5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS

4.323963
0.180949
0.206689
0.308815
0.305846
0.128255
0.137531
0.178771
0.194883
0.496654
0.51335
0.695643
0.765263
0.462851
0.485076
0.719894
0.79587
0.637464
0.800385
1.476463
2.693663
2.954275
3.248225
6.0622
8.428725
11.84018
13.62966
30.28175
27.68838
0.267926
0.285685
0.524339
0.437441
0.1404
0.146084
0.257025
0.240055
0.082058
0.089693
0.152108
0.128576
2.566704
3.370825
3.902625
4.828238
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-0.19853
0.490206
0.485152
1.780838
0.904332
0.343691
0.534834
1.293205
1.271159
0.45975
0.565322
1.034705
1.218077
0.268491
0.311134
0.776723
0.954537
0.381522
0.447859
1.148744
1.375519
0.133171
0.422783
1.624595
3.788318
0.29636
0.425348
1.660143
2.698594
0.309506
0.50742
2.349117
2.062293
0.463306
0.560297
1.863729
1.38913
0.535044
0.597189
1.810145
1.624606
0.475941
0.61327
1.735882
1.312637

Succinate

Ascorbate

Proline

5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS
5 mg/kg PFOA
10 mg/kg PFOA
5 mg/kg PFOS
10 mg/kg PFOS

1.099889
1.212243
1.822463
1.865613
0.261706
0.283696
0.46539
0.456365
0.164491
0.173846
0.284856
0.248888
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0.219747
0.601881
0.854603
1.294472
0.424784
0.570326
1.360798
1.416694
0.279424
0.386929
1.275189
1.231068

A-3 Supplementary Figures

Figure A-1. Principal component analysis (PCA) scores plots of leaf metabolite extracts of A.
thaliana plants exposed to PFOA (top) and PFOS (bottom) in experiment one. Each point
represents an extracted sample. The p-value for each principal component was generated using a
t-test on the scores. Legend: Green, Control; Blue, 10 mg/kg.
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Figure A-1. Principal component analysis (PCA) scores plots of leaf metabolite extracts of A.
thaliana plants exposed to PFOA (top) and PFOS (bottom) in experiment one. Each point
represents an extracted sample. The p-value for each principal component was generated using a
t-test on the scores. Legend: Green, Control; Orange, 50 mg/kg.
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Figure A-2. Principal component analysis (PCA) scores plots of leaf metabolite extracts of A.
thaliana plants exposed to PFOA (top) and PFOS (bottom) in experiment one. Each point
represents an extracted sample. The p-value for each principal component was generated using a
t-test on the scores. Legend: Green, Control; Purple, 500 mg/kg.
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Figure A-3. Loadings plots of PC1 and PC2 from principal component analysis of leaf
metabolite extracts of A. thaliana plants exposed to PFOA (top) and PFOS (bottom) in
experiment one. Legend: PC1, Black; PC2, Blue.
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Figure A-4. Principal component analysis (PCA) scores plots of leaf metabolite extracts of A.
thaliana plants exposed to PFOA (top) and PFOS (bottom) in experiment two. Each point
represents an extracted sample. The p-value for each principal component was generated using a
t-test on the scores. Legend: Green, Control; Blue, 5 mg/kg.
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Figure A-5. Principal component analysis (PCA) scores plots of leaf metabolite extracts of A.
thaliana plants exposed to PFOA (top) and PFOS (bottom) in experiment two. Each point
represents an extracted sample. The p-value for each principal component was generated using a
t-test on the scores. Legend: Green, Control; Red, 10 mg/kg.
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Figure A-6. Loadings plots of PC1 and PC2 from principal component analysis of leaf
metabolite extracts of A. thaliana plants exposed to PFOA (top) and PFOS (bottom) in
experiment two. Legend: PC1, Black; PC2, Blue.
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Figure A-7. Spectrum of 2D Total Correlation Spectroscopy (TOCSY) experiment. 2D NMR
spectra were used to confirm NMR signal identification of metabolites.
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Figure A-8. Spectrum of 2D Heteronuclear Single Quantum Coherence Spectroscopy (HSQC)
experiment. 2D NMR spectra were used to confirm NMR signal identification of metabolites.
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Figure A-9. Spectrum of 2D Heteronuclear Multiple Bond Correlation Spectroscopy (HMBC)
experiment. 2D NMR spectra were used to confirm NMR signal identification of metabolites.
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