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AIMS OF THE WORK

The main aim of this PhD study was to analyze the effects of contaminants, here SDZ and
PFASs, on plants (Arabidopsis thaliana, Zea mays and L Salix species), taken as model plants
for the purpose of knowing plant responses to chemicals. The general purpose of this work
was to check the adaptive responses of PFASs toxicity. Furthermore, the ability of three willow
species to accumulate PFASs was also assessed to the purpose of application of
phytoremediation techniques.

To achieve this aim,

1. The effect of SDZ on growth, antioxidant metabolite content and enzyme activities related
to oxidative stress in Arabidopsis thaliana plants grown in Petri dishes for three weeks, were
studied. Furthermore, proteome alterations were investigated by means of a combined
iTRAQ-LC-MS/MS quantitative proteomics approach.

2. A protocol to investigate the phytotoxic effects of PFASs on Salix and maize grown in a
hydroponic system, through photosynthetic measurements was applied. The analysis was
done by Licor Li-6800.

3. A protocol to measure PFAAs content in plants, through Mass Spectrometry (MS) was
applied

4. A novel NMR approach named Comprehensive Multiphase-Nuclear Magnetic Resonance
(CMP-NMR) was applied to assess the metabolites which are influenced by PFASs exposure,
namely PFOA and PFOS on A. thaliana seedlings.

Vi



SUMMARY

The main aim of this PhD project was to study the effects of emerging contaminants in
different plant species, in order to assess their responses and eventually their accumulating
ability. Under this context, the effects of sulfadiazine (SDZ) and perfluoroalkyl substances
(PFASs) and particularly the perfluoroalkyl Acids (PFAAs) were analysed on three different
plant species: Arabidopsis thaliana, Zea mays and Salix. To this purpose, morphological
observations, photosynthetic measurements, biochemical and proteomic analysis as well as
the study of the abundance of metabolites through NMR process were conducted. Arabidopsis
seeds were grown in Petri plates whereas Maize seeds and Salix cuttings were grown
hydroponically in the laboratories at Agripolis, Legnaro.

Among the antibiotics, sulfadiazine (SDZ) belongs to sulfonamides, a group of synthetic
antibacterial agents, that are used in human medicine and are one of the most sold classes of
veterinary antimicrobial compounds. The content of sulfadiazine can remain high in
contaminated soil for months and years so contributing to the spreading of the antibiotic
resistance and can further enter the food chain. However, not much is known about the
effects of antibiotics on the proteome of plants. Hitherto, to the best of our knowledge, there
is no information pertaining to the changes in root proteome of Arabidopsis and its correlation
with the physiological and biochemical effects in response to SDZ. Hence, chapter 2 describes
the alterations on the level of anti-oxidant metabolites and enzyme activities, and on the
proteome occurring in Arabidopsis thaliana roots in response to SDZ. The manuscript of which
was published in Ecotoxicology and Environmental Safety.

Per- and polyfluoroalkyl substances (PFASs), man made chemical pollutants, are widely used
as surfactants, especially for the consumer products. They are ubiquitously found in the entire
globe due to their extensive use and high persistence. Studies and different evidences suggest
that PFAS exposure is directly or indirectly linked to potential risks to human, wildlife and the
whole environment. For the concerns about the potential environmental and toxicological
impact, PFOS has been added to the persistent organic pollutants (POPs) list of the Stockholm
Convention in May 2009 resulting in global restriction of its production UNEP, (2009), whereas
PFOA is expected to be added to this banned list. Therefore, it is important to identify

appropriate technologies to remove PFAS from the environment. Since, physicochemical

Vi



techniques are expensive, and the application of microbial biodegradation is still unfeasible,
the only practical method would be bioremediation techniques involving plants. Thus,
Chapter 3 describes the evaluation of the ability of three different Salix species, i.e. S. eleagnos
L., S. purpurea L. and S. triandra L. grown in hydroponics to carry out the PFAS
phytoremediation process. To this purpose, the effects of these substances on willow plant
growth and photosynthesis and the amounts of PFAAs accumulated by these species were
evaluated. The manuscript of which was submitted to Ecotoxicology and Environmental Safety
on September 12, 2019 and now it is under minor revision.

As PFAAs predominantly exist as a mixture, our study gains significance as it addresses their
combined effects on growth rate, fresh and dry weights at environmentally relevant
concentration. The general trend in uptake and accumulation of PFAAs based on the carbon
chain length and the functional group, differences in the effects of PFAAs on the growth rate
and photosynthesis were observed. But still, effects of PFAAs on photosynthesis still needs
further research to understand thoroughly. Considering that PFASs are taken up by the
transpiration stream it would be interesting to examine its effects of plant-water relations,
which could have a larger impact when plants are grown on soil. While the hydroponic-based
study provided novel insights and indicated the potential of willow plants to uptake and
accumulate PFAAs, their applicability under field condition needs to be demonstrated, which
together with the results would have direct implications for phytoremediation of PFAAs by
willow plants.

Chapter 4 illustrates the significant effects of PFAAs on the growth of maize plants, affecting
the uptake of the nutrient solution for their own development. Moreover, the data presented
here show that the most frequently detected PFAS in the environment, i.e. PFOA and PFOS,
can enter the plants and, consequently, into the human food chain. | could conclude that
PFASs are potentially phytotoxic and can be accumulated by higher plants. Because of these
results, maize may contribute to increase human PFAAs exposure when grown in hot-spot
regions, with possible toxic effects on population. For this reason, it would be considerably
important to continue the studies regarding the effects of these substances on the
environment, plants and humans and it may well be worthwhile to consider the alternatives

to substitute longer-chain PFASs in industrial processes.
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Chapter 5 concerns the application of the novel spectroscopy called CMP-NMR to highlight
significant metabolic changes Arabidopsis thaliana upon exposure to PFOA, PFOS and to a
mixture of PFASs (11 PFAAs). This chapter deals with one published manuscript in which there
is a section describing the growth of 3C glucose labelled Arabidopsis thaliana seedlings. The
protocol mentioned in this paper was optimized and further used for my PhD project. The A.
thaliana seedlings were spiked with PFAAs and grown in the dark in the presence of 3C
glucose as the unique carbon source, and the metabolite changes due to the PFASs treatment
were easily detected by CMP-NMR. Two metabolites (Alanine and Glutamine) were identified

as significantly altered in seedlings treated with the 11 mixture PFASs as compared to control.
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CHAPTER 1
GENERAL INTRODUCTION



1.1 Chemical Pollution

Chemical pollution is due to the presence of chemical substances (organic or inorganic
compounds) in our environment that are not naturally present or are found in amounts higher
than their natural background values. There are many potentially toxic compounds which are
contaminating water, soils, plants, animals and also food. They include inorganic and organic
substances such as metals/metalloids, polycyclic aromatic hydrocarbons (PAHs),
perfluorinated compounds (PFCs), pharmaceutical and personal care products (PPCPs),
radioactive elements and nanoparticles. Some of these occur naturally in the environment,
but most of them have anthropogenic sources. These contaminants may cause direct or
indirect and acute, chronic or latent effects to the human beings, animals and plants and can

cause different effects according to the species, depending on their sensitivity or resistance.
1.2 Antibiotics in the Environment

Antibiotics are defined as chemotherapeutic agents who restrain or prevent the growth of
micro-organisms (Gothal et al. 2015) and that are used for the treatment of infectious diseases
in animals and humans being (Mirzaei et al. 2018). They are usually used in human medicine
and stockbreeding operations to treat infectious diseases. (Cabello, 2006; Lu et al. 2015).
However, in some countries, they are also used in animals like cattle, swine, poultry and fish
as a growth promoter (Cowieson and Kluenter, 2018). After the discovery of Penicillin in 1928
by Fleming, antibiotics have been widely synthesized and used for humans, animals and also
plants health. However, the excessive use of the substances in the daily use is leading to
unwanted release into the environment and natural ecosystem (Kumar et al. 2018). Similarly,
Marti et al. (2014) mentioned the probability of antibiotics entering the environment through
treated and untreated sewage, hospital wastewater and agricultural wastewater, ranging
from nanograms to micrograms per liter (Sharma et al. 2016; Gothwal and Shashidhar, 2015;
Verlicchi et al. 2015). Thus, the contamination in the environment due to antibiotics can
promote the emergence and dissemination of antibiotics resistance (Wei et al. 2011) and
further it could lead to a direct or indirect transfer of these compounds into human and

animals so posing a risk to public health (Xu et al. 2015).



1.3 Sulfadiazine (SDZ) in the Environment and Plants

Sulfadiazine (SDZ) is a synthetic antibacterial agent belonging to the class of sulfonamides,
that contain the sulfonamide group (R1-SO2NH-R2) (Huschek et al. 2008). They are used in
human medicine and are one of the most sold classes of veterinary antimicrobial compounds
in EU countries for their low cost and broad-spectrum antibacterial and anti-coccidian activity
(De Liguoro et al. 2007). Because of the field application of contaminated manure and slurry,
extractable concentrations of sulfonamides up to 0.4 mg kg-1 in soil have been measured
(Karci and Balcioglu, 2009). The extractability of these compounds from soil decreases with
time owing to immobilizing processes, which can involve physical-chemical interactions with
soil components (Forster et al. 2009; Wegst-Uhrich et al. 2014; Wehrhan et al. 2010) as well
as reactions mediated by oxidoreductase enzymes, such as peroxidases and laccases (Bialk et
al. 2005; Schwarz et al. 2010, 2015). However, the total contents of sulfadiazine remain high

in contaminated soil for months and years (Rosendahl et al. 2011; Schmidt et al. 2008).

It has been proved that plants can incorporate various drugs (Boxall et al. 2006; Carter et al.
2014; Carvalho et al. 2014), thus contributing to the entry of these compounds into the food
chain and the spread of antibiotic resistance (Jechalke et al. 2013). Hence, information on the
distribution of antibiotics in manure-applied and wastewater-irrigated soils and their uptake
and accumulation by plants/crops has been accumulating over the recent years (Kang et al.
2013; Pan et al. 2014; Rosendahl et al. 2011; Schmidt et al. 2008). Antibiotics can directly affect
plant physiological processes such as photosynthesis, respiration and root functionality
(Carvalho et al. 2014; Li et al. 2011; Michelini et al. 2012, 2013). Regarding plant growth,
sulfonamides have been shown as either promoting or inhibitory substances (hormesis)
depending on the plant and the concentrations used (Migliore et al. 2010; Michelini et al.

2012; Pan and Chu, 2016).
1.4 Per fluorinated Substances — Background, Structure, Production and Use

Per- and polyfluorinated chemicals (PFCs), specifically Per- and polyfluoroalkyl substances
(PFASs), are a large group of chemicals including oligomers and polymers (The EFSA Journal,

2008), that have been used since the 1950s. In these years, the production of PFCs was started



and they were used in industrial and consumer products like surfactants and surface
protectors (OECD, 2013). Because of their peculiar properties like water and oil repellent and
their stability, they have been widely used in many industries and commercial products, such
as coatings for textiles and papers or firefighting foams. However, some of these properties
are the reason that contributes to making PFASs dangerous to the environment (Felizeter et

al. 2014).

PFASs are resistant to hydrolysis, photolysis, biodegradation and metabolism having an
environmental persistence and bio-accumulative potential which are causing a big problem
for the whole environment (Valsecchi et al. 2017). During the last decade, PFAS has attracted
much attention to their persistent, accumulative, and toxic nature (Blaine et al. 2014; Nzeribe
et al. 2019). Initially, most attention was given to perfluorooctane sulfonic acid (PFOS) and
perfluorooctanoic acid (PFOA) because they are found commonly in the environment, biota
and human, and are mostly studied for their toxicity and ecotoxicity (Lindim et al. 2016; Yang
etal. 2019, Liu et al. 2019). Lately, more attention was also given to other PFAAs, which include

both PFCA and PFSA (OECD, 2013).

From the studies about PFASs of the last years, their presence is very common in all
environmental and biological matrices (air, surface, drinking and ground water, sediments,
arctic ice, soils, birds, polar bears, marine organisms and individuals) (Muir et al. 2019), even
in remote regions, such as the Arctic. Open ocean water is the largest global reservoir of PFAAs

such as PFOA, PFNA, transported by the water currents (OECD, 2013).

1.4.1 Production and uses of PFASs

PFASs is a manmade organic chemicals group which have been extensively produced and
applied in various industries worldwide starting from the 50s. The manufacturing of PFAS is
done by two different processes:

- Electrochemical fluorination (ECF)
- Telomerisation.

The products from the first process contain a sulfonyl group (ECF-products) and there is the
replacement of all the hydrogen atoms by fluorine atoms. In the ECF process, organic feed
stocks are dispersed in liquid anhydrous hydrogen fluoride, and an electric current is passed

4



through the solution. ECF yields even and odd numbered, branched and straight perfluoroalkyl

chains and it is different from the telomerisation that only yields even, linear chains and

ECF (ElectroChemical Fluorination)

CgH{7SO,CI

l e HF

(POSF) CqoF1;SO,F
|

v Y v
CaF 17SO,NH, CoF 705X CgFSO,N(Et)CH,CH,OH

(PFOSA) (PFOS) (N-EtFOSE)

U

Sales Products
products that contain an ethylene group (telomers).

Figure 1.1 Electrochemical fluorination (ECF) process schematic (The EFSA Journal, 2008).

Telomerisation is a technology in which there is a reaction between a perfluoroalkyl iodide
(PFAI) and tetrafluoroethylene (TFE) to produce a mixture of perfluoroalkyl iodides with longer
per fluorinated chains. Then, there are other steps to create a family of surfactant and polymer
products based on fluorotelomer. Among them, Perfluorooctanesulfonyl fluoride (POSF)
(CsF17SO;F) is the most important production intermediate for electrochemical fluorination
and 8:2 FTOH (CgF17C2H40H) for telomer production (Fig 1.1) (The EFSA Journal, 2008; Danish
EPA, 2015; Hekster et al. 2002).

The global annual production volume of perfluorooctanoic acid (PFOA) was 1200 metric tons
in 2004, and perflurooctane sulfonate (PFOS) reached 3500 metric tons just in two years. But,
due to their extensive production and long-term use, PFASs have been globally detected in a
variety of biotic and abiotic matrices (Zhao et al. 2016; Byrne et al. 2018; Zafeiraki et al. 2019;
Ghisi et al. 2018; Bao et al. 2019). The past and recent widespread use of this compounds are
due to their properties: dielectric properties, low surface energy, low friction properties and

resistance to heat and chemical agents. The carbon-fluorine bonds present in the PFASs, has



a high strength, is extremely stable and nonreactive; for this reason, these substances are
present in many products because of their high versatility, strength, resilience and durability
(OECD, 2013). They are used extensively by the textile industry as surfactants and surface
protectors for the treatment of all-weather and waterproof clothing, with the brand name
Gore-Tex® (Walter et al. 2006), umbrellas, bags, (Supreeyasunthorn et al. 2016) sails, tents,
parasols, sunshades, upholstery, fabrics (Janousek et al. 2019), leather, footwear, mats,
carpets (Zille and Raous 2019) and the like to repel water, oil and dirt. Other area in which
fluorinated chemicals are used is the paper industry (Clara et al. 2008; Trier et al. 2011) to
produce waterproof and greaseproof paper. The perfluoroalkyl substances have an important
application also for the Teflon production (Olsen et al. 2015), largely used in the pots for its
non-stick properties (Sajid et al. 2017). PFAS have been used both in food contact applications
such as plates, food containers, popcorn bags, pizza boxes and wraps and in non-food contact
applications such as folding cartons, containers, carbonless forms and masking papers. PFASs
have historically been used as surfactants to lower surface tension and improve wetting in a
variety of industrial and household cleaning products such as automobile waxes, alkaline
cleaners, denture cleaners and shampoos, cosmetics, floor polish, dishwashing liquids and car
wash products (Lorenzo et al. 2015). Furthermore, PFASs derivatives have several uses in
coating, paint and varnishes to reduce surface tension and they can be used as surfactants in
the oil and mining industry. In the photographic industry PFASs related substances have been
used in manufacturing film, paper and plates to reduce surface tension and static electricity
because imaging materials that are very sensitive to light benefit particularly from the
properties of these materials. PFOS was used in X-ray film for photo imaging for medical and
used in film for other industries, such as the movie industry but now PFOS is not longer in use
by the industries. Other applications are common in electrical and electronic equipment:
digital cameras, cell phones, printers, scanners, satellite communication systems and radar
systems. A large use of PFASs is spread in aviation hydraulic fluids: hydraulic oils have been
used in civil and military airplanes since the 1970s to prevent evaporation, fires and corrosion.
The PFASs based fire-fighting foams is effective for extinguishing liquid fuel fires at airports
and oil refineries and storage facilities (aqueous film-forming foams — AFFF - developed in the

1960s and used for aviation, marine and shallow spill fires), which are no longer in use but still

6



PFOS, PFOA and their precursors are still present at significant levels in the environment due
to their past usage. Again, PFASs have been applied as ingredients in some plant growth
regulators, herbicides and ant baits to control leaf cutting ants, red imported fire ants and

termites and as inert ingredients in pesticide formulations (OECD, 2013; UNEP, 2011).

1.4.2 PFAAs: structure and types

The perfluoroalkyl acids (PFAAs) are chemicals consisting of a hydrophobic alkyl chain, with all
carbons bound to fluorine, of varying length (typically C4 to C16) and a hydrophilic end group,
X. Their general structure is given in Figure 1.2 (The EFSA Journal, 2008).

|
CF5t . X

F

Figure 1.2 General structure of perfluorinated alkyl substances (The EFSA Journal, 2008).

They include many compounds, some of them showed in Table 1.1, and they consist in linear
or branched carbon chains with fluorine atoms, belonging to the category of organo-
halogenated group (Buck et al. 2011). These chains are linked, to a functional group, most
frequently: carboxylic and sulfonic groups (these are ionizable groups, able to bring an electric
charge and to solubilize in the water). For this reason, they have an amphiphilic character and

they show at the same time lipophilic and hydrophilic characteristics (Farinola, 2016).

Table 1.1 List of PFAAs (Russo et al. 2016).

Number of carbon | Number of Chemical name of perfluoroalkyl Acronym of the
fluorine atoms

atoms substance name
4 7 Heptafluorobutyric acid PFBA
4 9 Nonafluorobutane sulfonic PFBS

acid

5 9 Perfluoropentanoic acid PFPeA
6 11 Perfluorohexanoic acid PFHxA
6 13 PerfluoroHexane Sulfonate PFHxS




7 13 Perfluoroheptanoic acid PFHpA
8 15 Pentadecafluorooctanoic acid PFOA
8 17 Perfluorooctanesulfonic acid PFOS
9 17 Perfluorononanoic acid PFNA
10 19 Perfluorodecanoic acid PFDeA
11 21 Perfluoroundecanoic acid PFUNnA
12 23 Tricosafluorododecanoic acid PFDoA

In the past, PFASs were often referred to as “PFCs” (per- and polyfluorinated chemicals), but

this term can also be understood as perfluorocarbons, containing only carbon and fluorine

and with properties and functionalities different from those of PFASs. PFASs are divided into

two sub-groups: non-polymeric and polymeric PFASs (see Figure 1.3).

PFASs

Non-

[ polymers

- Polymers - Side-chain fluorinated polymers — Fluorinated urethane polymers

_ Perfluoroalkyl acids (PFAAs)

_ Perfluoroalkane sulfonyl fluoride (PASF) PASF-based derivatives

Per- and polyfluoroalkyl substances (PFASs)

Perfluoroalkyl carboxylic acids (PFCAs)
Perfluoroalkane sulfonic acids (PFSAs)
CnFan+1R Perfluoroalkyl phosphonic acids (PFPAs)

Perfluoroalkyl phosphinic acids (PFPIAs)

CnF2n+1S0O2F CnF2n+1502-R,R = NH, NHCH2CH20H, etc

|_ Perfluoroalkyl iodides (PFAIs)  Fluorotelomer iodoes (FTIs) ﬁcgas'?gg::?:flzes

Ghsar Chranaiaui R = NH, NHCH2CH20H, etc.

- Per- and polyfluoroalkyl ethers (PFPEs)-based derivatives - Polyfluoroalkyl ether carboxylic acids

Polytetrafluoroethylene (PTFE)
Polyvinylidene fluoride (PVDF),
Fluorinated ethylene propylene (FEP)
Perfluoroalkoxyl polymer (PFA), etc

~ Fluoropolymers —

Fluorinated (meth)acrylate polymers

Fluorinated oxetane polymers

- Perfluoropolyethers

Figure 1.3 Non-polymeric and polymeric PFASs (OECD, 2013).

Non-polymeric PFASs contain the “long-chain PFAS”, referred to:



- Perfluoroalkyl carboxylic acids (PFCAs) with 7 and more perfluoroalkyl carbons, such as PFOA

(with 8 carbons or C8 PFCA) and PFNA (with 9 carbons or C9 PFCA);

- Perfluoroalkane sulfonic acids (PFSAs) with 6 and more perfluoroalkyl carbons, such as PFHxS

(with 6 perfluoroalkyl carbons, or C6 PFSA) and PFOS (with 8 perfluoroalkyl carbons or C8 PFSA);

- Substances that have the potential to degrade to long-chain PFCAs or PFSAs, i.e.
precursors such as perfluoroalkane sulfonyl fluoride (PASF) and fluorotelomer based

compounds (OECD, 2013; Ateia et al. 2019; Land et al. 2018).
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SO3H

F
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Figure 1.4 PFOS, PFOA, and PFNA: molecular structures. PFOS has an eight-carbon chain with a sulfonate end
group, PFOA has an eight-carbon chain with a carboxyl end group, and PFNA has a nine-carbon chain backbone
with a carboxyl end group (Jantzen et al. 2016).

Within the polymeric, PFAS are differentiated between:

(i) Fluoropolymers: fluorinated polymers consisting of carbononly backbone with fluorines
directly attached to this backbone, which are not made from perfluoroalkyl carboxylic acids
(PFCAs) or their potential precursors. They are used for processing aids in the polymerization

of some fluoropolymers.



(i) Side-chain fluorinated polymers: fluorinated polymers consisting of variable compositions
of non-fluorinated carbon backbones with polyfluoroalkyl side chains, including PASF- and

fluorotelomer-based derivatives, are potential precursors of PFCAs.

(iii) Perfluoropolyethers: fluorinated polymers consisting of backbones containing carbon and
oxygen with fluorines, which are not made from PFCAs or their potential precursors and are

not involved in the manufacturing of perfluoropolyethers (OECD 2013).

1.4.3 PFASs diffusion in the environment

During the production processes or after usage, PFASs are released into the environment and
(especially PFOA and PFOS) are often detected in significant concentrations in environmental
samples. They are then distributed globally, because of their high chemical stability,
persistence, long range transportation and bioaccumulation given (Fujii et al. 2007) (Taniyasu

et al. 2013). For this reason, they are highly resistance to the environment.

They further can propagate through water exchanges for many years even after the input
source has been removed. It can be assumed that predominant mode of distribution of PFAAs
occurs via the aqueous pathway (Schaefer et al. 2018). PFAAs can be detected almost
ubiquitously, for example, in water, sediments, air, soil, sludge from waste water treatment
plants, biosolid for agricultural application, house dust and organisms such as fishes, birds and

mammals as well as in human breast milk and blood (Ahrens et al. 2009; DeWitt, 2015; Stahl
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et al. 2009). PFOA and PFOS are the most frequently detected species and they have long
residence times in human blood of more than 1000 days (OECD, 2013).

( Production )

\J

( Disposal }

*WWTPs = wastewater treatment plants

Figure 1.5 PFASs exposure in the environment and human beings during the life cycle of PFASs contaminated

products (OECD, 2013).

The historical PFSAs pollution occurred in five locations around the world where chemical
companies manufacture PFASs (see Figure 1.6): in the mid of Ohio valley, USA (Defenbaugh,
2014; Herrick et al. 2017); in Dordrecht, the Netherlands (Méller et al. 2010; Noorlander et al.
2011; Zafeiraki et al. 2015), in North Rhine-Westphalia, Germany (Fromme et al. 2009) and in
Veneto region, Italy in Europe (Mastrantonio et al. 2017); in Shandong Province, China (Zhu et

al. 2014).
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Figure 1.6 Five PFAS pollution hotspots in the world (Greenpeace 2016).

The situation in Veneto region, North East of Italy, was discovered in 2013. The Italian Ministry
of Environment reported the presence of the persistent and hazardous chemicals PFASs in the
ground, surface and drinking water in some areas of Italy (Vicenza, Padova and Verona) which
was attributed to the drains of a factory producing fluorinated intermediates for different
applications including water repellent treatments for textiles and leather. Since then, the
studies in river, vegetables, human blood (Ingelido et al. 2018; WHO 2017) and human semen
(Sharon, 2018) have been widely carried out. The maximum concentrations of PFASs, other
than PFOA and PFQOS, in the Veneto region, were very high: up to 2000 ng/L for all PFASs, up
to 1400 ng/L for PFOA and up to 120 ng/L for PFOS in 2013 (WHO 2017) in the human blood.

One of the main sources of PFAS contamination in Veneto region of Italy was wastewater
treatment plant which was receiving waste discharges from many industries. Miteni, a
chemical company in Trissino, near Vicenza, was the one who was discharging the waste
effluents into the river since long time. They were producing fluorinated intermediates for
different applications including water repellent treatments for textiles and leather (ARPAV,

2017). The waste containing PFASs discharging into the sewage system became high risk to
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human health and the environment. Due to this reason a safety measures were carried out in
July 2013, based on Article 245 of Legislative Decree 152/06. It consisted of three barrier wells
for water extraction, positioned on the southernmost side of the Miteni factory, downstream
from the source, and in purification system consisting of two groups of activated carbon filters.
For this purpose, the Basin Authorities, the regions and autonomous provinces expanded an
additional monitoring program related to some PFAAs (PFOS, PFOA, PFBA, PFPeA, PFHXA,
PFBS) by 22 December 2018.

1.4.4 PFASs in plants

High levels of PFASs have been found in biosolids, landfill leachates, effluents from
wastewater treatment plants (Ahrens et al. 2011; Sepulvado et al. 2011).). Thus, their
migration from soil or contaminated water to plants, can induce phytotoxicity but also pose a
risk to animal and human health through the food chain (Qu et al. 2010; Rankin et al. 2016).
The plant foods are the basic diet for humans and animals, which might be substantial source
of high level of PFASs exposure, particularly when grown in contaminated sites (Gobelius et
al. 2017; Zhao et al. 2016; Krippner et al. (2014)). The study conducted by Stahl et al. (2009)
was the first systematic research showing the transfer of PFOA and PFOS from soil to wheat,
oats, maize, rye grass and potatoes plants. Likewise, Lechner et al. (2011) reported that PFOS
and PFOA were taken up from contaminated soils by plants like potatoes, carrots and
cucumbers, entering the food chain. Indeed, the ways for the plant to be exposed to PFASs
may be mainly through the roots from the contaminated soils but also through the above-

ground parts from the atmosphere could be considered (Zhao et al. 2016).

Another way of PFASs migration to plants could be biosolids. They are widely used in
agricultural soil as ideal agricultural conditioner and fertilizer (Frank 1998). Blaine et al. (2013)
used urban biosolids to grow the maize plants. And found out that maize stover contained
PFAAs, indicating that biosolids could be one of the sources of PFAAs. Not only biosolids, the
contaminated water could be source of PFAAs too. The study by Miiller et al. (2016), used a
contaminated irrigation water in (hydroponic) model plant Arabidopsis thaliana which might
be exposure route for humans. There are several studies on plants like lettuce, tomato,

cabbage and zucchini which was grown in a nutrient solution spiked with 14 PFAAs (Feli
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zeter et al. (2012); Felizeter et al. (2014)). These vegetable plants might enter directly or
indirectly into food chain which could pose potential risks to species consuming plant parts.

(Zhao et al. 2013; Krippner et al. 2014).

It is possible that PFAAs are accumulated from contaminated soil or water irrigation system
to plants. PFAAs are efficiently transported and accumulated in shoots for the continuous
increase in concentrations in the tissues. The accumulation of PFAAs has been studied on
vegetables comprising the C4 to C14 PFCAs, and the C4, C6 and C8 PFSAs (Felizeter et al. 2012;
2014). Plants tended to accumulate the lighter C4 - C7 chemicals in the leaf and higher chain
lengths tended to accumulate in the roots (Blaine et al. 2014). Krippner et al. (2014) also
confirmed that the accumulation was depended on chain length; longer the chain compounds
lower the accumulation rate. And among the functional groups, PFSAs have generally lower
accumulation rates than PFCAs. In this way, the accumulation of PFAAs by plant has giving a
real picture of the potential exposure to humans through food, as many kinds of PFAAs are

present in soil, waters, and consequently in plants.

The uptake and storage occurred much less in storage organs (e.g., tubers, ears) of the plants
than in vegetative compartments (e.g., straw, leaves) (Stahl et al. 2009; Lechner et al. 2011).
Similarly, Yoo et al. (2011) also observed linear relationships between log grass/soil
accumulation factors for C6—C14 PFCAs and carbon chain length in their uptake study on grass
species. However, it is necessary to understand that PFAAs distribution across roots, stem,
leaf, fruit and head varied among species, as seen in Blaine et al.’s (2013; 2013 a) experiments
in cereals. Zhao et al. (2013) mentioned that the plant uptake PFOS with the strong influence
of the environmental factors such as temperature, contaminant concentrations, salinity and
pH value. Moreover, there is a strong correlation between root concentration factors and the
octanol water partition coefficient (KOW), with the observed fact that roots uptake more
contaminants with a higher log KOW, for the affinity to the lipophilic portion of the roots
(Muller et al. 2016).

Some adverse effects on plants by PFAAs has been continuously reported. Qu et al. (2010)
reported the inhibition of wheat seedlings roots and leaves biomass and lower chlorophyll
accumulation at 10 mg/L PFOS treatment. The significant difference was observed on the
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growth of wheat between the control (0 mg/kg) and a PFOA/PFOS soil concentration at 10
mg/kg, regarding to a significant reduction in the yield. Also, the root elongation of lettuce,
pakchoi and cucumber was affected by PFOS and PFOA at the concentration ranged from 99

200 mg/L (Li et al. 2009).

1.4.5 Toxic effects on animals and humans

Toxicological studies on PFAAs, particularly PFOA and PFOS, has been widely studied, with
clear results on animals with less statistical evidence as compare to humans (DeWitt, 2015).
With increasing recognition of toxicity in animals, research on the short- and long-term impact
of PFAAs on human health has increased. These chemicals, in particular PFOA and PFOS, have
a high affinity for proteins. Once ingested these compounds are distributed among tissues and
stored in liver, in kidney, in blood compartments and, with lower concentrations, also in other
organs such as spleen, heart and blood serum, human milk (Eriksen et al. 2009; Sundstrom et
al. 2011). The half life of PFOS and PFOA changes in relation to the animals and tend to
increase from rodents (hours to days) to monkey (days to months) and for the humans it is
longer (months to years) (DeWitt, 2015). PFASs are not metabolized and they are excreted
primarily in urine and then in feces, to a lesser extent. In addition, during pregnancy, both
PFOS and PFOA can cross the placental barrier (in both laboratory animals and humans), with
the result that newborns are exposed to these substances contained in the maternal blood

(DeWitt, 2015; Mamsen et al. 2017).

PFASs has several toxic effects on human beings and animals. Profound developmental toxicity
has been described with gestional and lactational exposure to PFOS, PFOA and PFNA in the
reproduction and development of the rodents (DeWitt, 2015; OECD, 2013). But among the
PFAAs, PFOA was classified as a possible carcinogen for human beings reported by the
International Agency of Research on Cancer (IARC). Even studies done by Grandjean et al.
(2012) mentioned that the elevated exposures to PFCs were associated with reduced humoral
immune response to routine childhood immunizations in children aged 5 and 7 years.
Furthermore, a relationship between elevated PFOA blood levels and the following diseases:
high cholesterol (hypercholesteremia), ulcerative colitis, thyroid diseases, preeclampsia,

testicular cancer, kidney cancer was described (OECD, 2013). Thus, European Community
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included PFOS and PFOA, which are PBT (Persistent, Bioaccumulation and Toxic, Wang et al.
2015), among the priority substances to be monitored for their risks. Owing to the reported
effects of PFOA and PFOS, the production of these two compounds was almost banned in

several countries (Rodea-Palomares et al. 2012).

However, we still can expect some exposure to these PFAAs and to other fluorinated
alternatives in the upcoming years. That’s why It is very necessary to study the effects of
mixture of PFAAs to living organisms. Therefore, | decided to address my studies towards the

effect of eleven different PFAAs on three different model plants.

1.4.6 International and national limits

The European law explicates perfluorooctane sulfonic acid (PFOS) in the directive
2006/122/CE as a dangerous compound. It is persistent, bio-accumulative, toxic for mammals
and has long range propagation potential in the environment. The two PFAAs, PFOA and PFOS,
as well as their precursors, were recommended monitoring of the presence in food by EU in
2010. In order to protect health and the environment, Delegates at the Stockholm Convention
meeting in 2018 agreed to tighten a restriction on the uses of PFQOS, the semi-finished products
and articles containing PFOS (Stockholm Convention 2018, Rome). Stockholm convention has
not set any limitation but still there are few limits in drinking water proposed by European and
non-European states. The limits are listed in a tabular form (Table 1.2). The definitions and
meanings of the reference values may vary depending on the national body control who has
proposed them.

Table 1.2: Reference values in drinking water - Potable water values for perfluorooctanoic acid (PFOA),

Perfluorooctanesulfonic acid (PFOS) and the sum of other PFASs, as proposed by various European and non-
European control bodies.

National control bodies Definition of drinking | PFOA PFOS Sum of other
water reference PFASs
values

Germany Strictly health- Sum FOA+PFO Sum PFOA+PFO -

Trinkwasserkommission - based guide value $<0,3 ug/L (300 $<0,3 ug/L

Drinking water agency, ng/L) (300 ng/L)

2006

United Kingdom Guidance value 5 ug/L (5000 ng/L) 1 pg/L (1000 -

Drinking Water ng/L)
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Inspectorate, 2009

Netherlands

National Institute of Public
Health and Environment,
2011

Maximum
Tolerable Level

0,53 pg/L(530
ng/L)

2017

ng/L)

Italy Performance levels 0,5 pug/L (500 ng/L) | 0,03 pg/L(30 0,5ug/L (500
Ministry of Health, 2014 (objective) ng/L) ng/L)
Italy Performance levels Sum PFOA+PFOS <0,03 pg/L(< <0,3 pg/L (<
Veneto regional council, (objective) <0,09 ug/L (90 30 ng/L) 300 ng/L)

Denmark
Danish Environmental
Protection Agency, 2015

Health-based
quality criteria

0,3 ug/L (300 ng/L)

0,1 ug/L (100
ng/L)

Sweden
National Food Agency, 2016

Action limit

Sum 11
PFASs <0,09
ug/L (90 ng/L)

Sum 11
PFASs <0,09
ug/L (90
ng/L)

Sum 11 PFASs
<0,09 pg/L (90
ng/L)

USA

U.S. EPA - American
Environmental Protection
Agency, 2016

Health Advisory

Sum PFOA+PFO
S <0,07 pg/L (70
ng/L)

Sum PFOA+PFO

$<0,07 pg/L
(70 ng/L)

New Jersey
New Jersey Drinking Water
Quality Institute, 2016

Health-based
maximum
contaminant level

0,014 pg/L
(14 ng/L)

Canada

Health Canada, government
of Canada, Committee of
drinking water, 2016

Maximum
acceptable
concentration

0.2 pg/L (200
ng/L)

0,6 pg/L (600
ng/L)

Australia

enHealth- Environmental
Health Standing Committee
of the Australian Health
Protection Principal
Committee, 2016

Recommended
interim values

5 pg/L(5000 ng/L)

0,5 ug/L(500
ng/L)

About the limits of the PFASs presence in the human body, there are not any international

guidelines and unique detection methods. But there are the limits for the main international

rating institutions:

Table 1.3: PFASs limits in the human body for PFOA and PFOS.
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International institution PFOA PFOS

EFSA (Environmental and Food Safety Agency) | 1,5 ug/KgBW (1500 ng/ | 0,15 ug/ Kg BW (150
Kg BW) ng/Kg BW)

UK COT (UK Commettee on Toxicity) 3 ug/KgBW (3000 ng/ Kg| 0,3 pug/ Kg BW (300
BW) ng/Kg BW)

Trinkwasserkommission (German drinking 0,1 ug/KgBW (100 ng/ | 0,1 ug/ Kg BW (100

water agency) Kg BW) ng/Kg BW)

US-EPA (American Environmental Protection 0,2 ug/KgBW (200 ng/ | 0,08 pg/ Kg BW (80

Agency) Kg BW) ng/Kg BW)

Some Quality standards (SQA) have been developed from the workgroup in which Veneto
region was admitted in August 2016. They selected five most prominent substances found in
the environment and in humans: PFBA and PFBS (both with 4 carbon atoms), PFPeA (5 carbon
atoms), PFHxA (6 carbon atoms) and PFOA and PFOS (8 carbon atoms). Table 1.4 summarizes

the values proposed by the workgroup.

Table 1.4: Quality Standards for some PFASs.

Pollutant SQUA-MA (Environmental Groundwater Groundwater threshold in
Quiality Standard) indoor threshold (ng/l) interaction with surface
surface water (ng/l) water (ng/l)

PFBA 7000 -

PFBS 3000 3000 3000
PFPeA 3000 3000 3000
PFHxA 1000 1000 1000
PFOA 100 500 100

PFOS (priority 0,65
substance)

1.4.7 PFASs pollution in Italy

After the discovery of PFAS pollution in Veneto region in 2013, the engineers from Consiglio
Nazionale delle Ricerche (CNR) started doing many investigations, focused especially on
human exposure. The biomonitoring was carried out between July 2015 and April 2016 on
people from contaminated Veneto territory. Blood sampling was carried out to determine the
levels of PFASs (12 compounds), and a questionnaire was distributed to get some information
about lifestyles and dietary habits (Ingelido et al. 2018). The study found significantly higher

PFOA concentrations in the blood of people living in contaminated areas (median 13.8 ng/ml,
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up to 70 ng/ml in the most exposed municipalities) compared to control group (median 1.64

ng/ml).

Since the national news were speaking a lot about these situations in the current time, people
are aware of PFASs contamination and its effects on human beings. Thus, people are making
slogans like “Zero PFAS” in the Veneto contaminated areas to bring the awareness about this
problem. Even the families are very concerned about their child and asking to use clean water

to cook in the school canteens.

That's why it's important to continue doing research on this topic and it would be more
important to equip the aqueducts connected to the polluted site. The main objective is not
only the investigation which was carried out by the Vicenza Public Prosecutor, but it is also for

the purpose of an effective environmental remediation which explains the occurrence of

PFASs contamination.

Red Area: Maximum Health Exposure Area
Orange Area: Autonomous CatchmentArea
Yellow Area: Attention Area

Green Area: Deepening Area

Shaded Area: Plumen of Contamination

Figure 1.7: Veneto contaminated areas between Vicenza, Padua and Verona provinces.
https://www.aulss9.veneto.it/)

1.4.8 Future alternatives of PFAS
As already mentioned, the long chain PFAAs are highly persistent, bio-accumulative, and toxic

to the environment (Birnbaum et al. 2015; Blum et al. 2015). Due to this reason,
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Perfluorooctane sulfonic acid (PFOS), perfluorooctanoic acid (PFOA), and PFCAs with 11-14
perfluorinated carbons are now regulated in the EU and Canada. For the same reasons there
have been several voluntary actions by the manufacturing industries to phase out these
substances or to reduce their emissions. Long chain PFAAs including perfluoroalkyl carboxylic
acids (PFCAs) with 7 or more perfluorinated carbons, perfluoroalkyl sulfonic acids (PFSAs) with
6 or more perfluorinated carbons, and their precursors, are being replaced by a wide range of
fluorinated alternatives (Scheringer et al. 2014). Since 2002, the use of alternative chemicals
or non-chemical techniques has been studied to replace the long chain PFAAs, particularly

PFOS and PFOA.

The commercially available alternatives to long-chain PFAs have the following possibilities:

J substances with shorter per- or polyfluorinated carbon chains;
. non-fluorine containing substances;
. non-chemical techniques (OECD, 2013).

Firstly, the most common replacements are short-chain PFASs with similar structures, or
compounds with fluorinated segments joined by ether linkages (Blum et al. 2015). The
fluorinated alternatives are various substances with shorter carbon chain developed for the
replacement of many uses of long-chain PFASs, that include homologues of long-chain PFASs,
typically with six or fewer perfluoroalkyl carbons. Other groups are the perfluorobutane
sulfonyl fluoride (PBSF)-based derivatives as replacements of perfluorooctane sulfonyl
fluoride (POSF)-based chemicals in surface treatment and coatings of the mono and
polyfluorinated-ether-functionality compounds (e.g., polyfluoroalkyl ether carboxylic acids).
Finally, we can take a note on the possible other alternatives like fluorinated oxetanes and

other fluorinated polymers (OECD, 2013).

The disadvantage of using short chain PFASs is that they are bioaccumulated by plants
(Scheringer et al. 2014). From several studies we already know that shorter-chain PFASs are
transferred predominantly at higher concentrations to the shoots as compared to long-chain
PFASs (Felizeter et al. 2012; 2014; Krippner et al. 2014). The short-chain PFCA and PFSA
homologues (PFHXA and PFBS) are persistent in the environment as the long-chain
homologues (Wang et al. 2013). Although some short-chain PFAAs, i.e. C < 7 for PFCAs and C
< 6 for PFSAs (Buck et al. 2011), are not considered to be bio-accumulative, owing to their low
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half-life. But they are as recalcitrant to degradation as long-chained PFAAs and are highly
soluble. They have lower sorption to solids, which lead to greater mobility in the environment
(Vierke et al. 2012, Wang et al. 2015). But on the other hand, we need to understand the
potential adverse health effects of short-chain PFAAs exposure, especially regarding low dose
endocrine disruption and immunotoxicity (Birnbaum & Grandjean 2015). The goal should be
to introduce non-persistent alternatives to long-chain PFAAs that can be fully degraded and
mineralized. This may imply on nonfluorinated products because the switch to short-chain and
other fluorinated alternatives may not reduce the amounts of PFAAs in the environment.
Therefore, development of non-persistent alternatives should be strongly encouraged and
PFASs should only be used in applications where they are truly needed and proven

indispensable (Blum et al. 2015; Scheringer et al. 2014).

Some non-chemical techniques, such as biological, physical or natural control methods, can
be used to replace the long-chain PFAAs. For example, foam blankets and other barrier
materials are used for mist suppression in electrochemical metal plating (OECD, 2013). The
other technique could be phytoremediation techniques which may counter the spread of
PFAAs in the environment, as it has been shown that tree plants and constructed wetlands
are able to accumulate these pollutants (Gobelius et al. 2017; Yin et al. 2017). But still

extensive studies are needed on uptake capacity of PFAAs by different plant species.

The function and performance level of PFAAs are difficult to substitute due to their chemical
and thermal stability as well as their hydrophobic and oleophobic properties that provide
unique material benefits (Birnbaum, 2015). But the other big problem is the lack of
information required to assess the safety of alternatives, due to concerns of business
confidentiality. For the future, it would be necessary to provide the following steps, with a
transparent knowledge exchange among the stakeholders (manufacturers of fluorinated

materials, industrial users, regulators, farmers, scientists and the public):

e developing accurate analytical techniques for alternatives;

e developing data analysis for environmental fate, toxicity and bioaccumulation studies;
e developing a new industrial ecology using the latest scientific findings to implement
materials with similar function (Wang et al. 2013).
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e Adaptation of phytoremediation techniques (Gobelius et al. 2017; Yin et al. (2017)

e Growing vegetables in hydroponics in contaminated areas should be avoided

e Addition of unpolluted manure to the contaminated soil for the agricultural purpose
e the use of plant residues, like maize stover, in animal feeds should be avoided (Ghisi

et al. 2018).

1.5 Nuclear Magnetic Resonance (NMR) spectroscopy

Metabolomics is the comprehensive analysis of different metabolites involved in the biological
specimen, which has been used to study the toxicological mechanisms. The current
metabolomics technologies used are going beyond the scope of standard techniques and are
capable to analyze thousands of metabolites without destroying the tissue sample. Among
them, Nuclear Magnetic Resonance (NMR) is the one, the most powerful analytical tool in this
modern era (Simpson et al. 2015). Nearly all the matrices including organic and inorganic can
be studied by some sort of NMR spectroscopy (Simpson et al. 2012). NMR is especially useful
for organic structures for common nuclei like hydrogen, carbon, nitrogen, phosphorus. When
a molecule is placed in a magnetic field, the nuclei resonate at certain frequencies,
characteristic to their chemical environment (Lin et al. 2006). The specific frequency is
referred to as the “chemical shift” and identifies the different types of chemical groups within
a molecule and their bonding environment. Also, the peak area, in a properly acquired
spectrum, is fully quantitative. Thus, in its most basic form one-dimensional (*D) NMR
identifies the types of nuclei present (via chemical shift) which is the most commonly used
nuclei for metabolomics studies (De Graaf 2019) and how many of each type is present (via
peak intensity). Multidimensional NMR on the other hand can be used to identify correlations
that depict how nuclei are connected to form a complete structure. A series of
multidimensional spectra are analogous to a “molecular jigsaw puzzle”, and assuming no
spectral overlap, can be pieced together in one way to produce a single unambiguous chemical

structure (Simpson et al. 2012).

NMR however, is not restricted to simple chemical structures but could be used to solve the
primary structure of proteins as well as their folding, dynamics, 3D solvated shape, and

inter/intramolecular interactions. This has made the technique attractive for many
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metabolomics studies. Similarly, NMR is excellent for kinetic studies to measure the chemical
reaction rates and biological processes (Kaufman et al. 1982). Due to its numerous
advantages, NMR has been widely used in environmental research (Viant et al. 2003). Unlikely,
it represents an effective and reproducible method of determining which contaminants in the
environment have deleterious effects on organisms. Thus, NMR is serving as a powerful tool
in providing in-depth information on the metabolic responses of plants (Kim et al. 2011; Fernie
et al. 2003; ward et al. 2007) and animals (Zhang et al. 2008), and information on the toxic

mode of action of contaminants in the environment.
1.5.1 Types of NMR Spectroscopy as an Environmental tool

The NMR has considerable capability to resolve overlapping signals of a complex structure like
protein or complex environmental matrices such as soil, sediment, water, or air particles.
Thus, combined modern NMR approaches provide a powerful framework to better
understand sustainable agriculture, contaminant fate, bioavailability, toxicity, sequestration,

and remediation.

There are different types of available NMR which has been used to unravel the molecular

complexities found in many environmental samples.

1. Solution-State NMR Spectroscopy, is the spectroscopy providing the highest resolution data
and comprehensive molecular information for soluble components. The NMR probes used
range from 1 mm (~5 pL sample) to 10 mm (~5 mL sample) diameter with the sample size
being 5 mm (~600 pL sample). This technique can be performed in all the natural water
samples without preconcentrating (lam et al. 2008) and the samples can be completely
unperturbed. The disadvantages of this instrument is, the analysis takes at least 24 h, the
water suppression involved is challenging, and only 1D NMR can be collected routinely
(Simpson et al. 2012). 2. Solid-State NMR Spectroscopy, is the type of NMR which is normally
performed on dried samples packed in the rotor. The rotor sizes are 7 mm (~500 mg sample)
and 4 mm (~100 mg sample), where the samples are spun between 5 and 13 kHz at the magic
angle to reduce any unwanted nuclear spin interactions. *H-'H dipole interactions are very

strong in solid state which results in *H NMR with a very wide spectral profile. 13C is the one
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most commonly detected nucleus in the solid state for environmental samples. Samples such
as plant samples which are rich in organic matter are dried and benefited more with little pre-
treatment. Whereas, soils sediments or air particles that have high inorganic contents can
benefit from hydrofluoric acid treatment (Gelians et al. 2001) which dissolves paramagnetic
minerals and concentrates organic matter resulting in high-quality NMR data. In the solid-
state Multidimensional NMR is possible which is useful for the analysis of environmental
samples. 3. Gel-Phase NMR Spectroscopy, used swellable or gel like samples. The probes used
have low power circuitry and are optimized for *H detection and can observe the signals from
structures that are not in the true solid state. One major advantage of this NMR is that the
information from the liquid or gel-like components can be obtained from intact samples. Many
environmental studies have used gel-phase NMR for monitoring the sorption kinetics of
contaminants across the soil-water interface, (Shirzadi et al. 2008) and provide a structural
information on a range of environmental matrices like plants, microbes, and in vivo organisms.
4. Comprehensive Multiphase (CMP) NMR Spectroscopy, a new approach for performing the
NMR on environmental and biological intact samples in natural state, which includes all the
above-mentioned methods into one single approach (Courtier-Murias et al. 2012). Not only
the individual phases; solid, gel, solution also can be studied and fully differentiated in situ,
but interactions and kinetics at interfaces can also be monitored. This technique provides a
detailed insight of contaminants in a soil matrix and as such represents a powerful tool to
assess the efficiency and effectiveness of existing and novel remediation approaches. Due to
its unique abilities to study the samples in their native state CMP-NMR will have a significant

impact on environmental research field.
1.5.2 CMP-NMR in environmental samples

NMR spectroscopy being a powerful tool has been widely used for elucidating the molecular
interactions between biological components in solution, gel and solid phases (Zheng et al.
2012). However, these techniques focus only on analysis in a single physical state (Pautler et
al. 2012). But, to understands the process of chemical sequestration fully, it is important to

investigate and differentiate the molecular interactions from all phases. Thus, CMP-NMR was
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introduced, for the study of kinetic transfer and molecular interactions during contaminant

sequestration for each phase (solid, liquid and gel).

The study done by Masoom et al. (2015) obtained multiple phase kinetics in a whole PFP and
PFOA contaminated soil through CMP-NMR and CPMG-SS techniques. PFP showed more
general partitioning behavior, but its ability to act as a solvent and the properties of the
soil-water interface was changed which was hard to predict without NMR data. Conversely,
PFOA which was found to be selectively bind to soil microbial protein was significance. To
illustrate the capability of '>F NMR soil samples, Courtier-Murias et al. (2012) used
perfluorooctanoic acid (PFOA) and tetrafluoro-1,4-hydroquinone (TFHQ) contaminants for
demonstrating the preliminary application of CMP-NMR. This approach was a great potential
especially for the in-situ study of natural samples in their native state. Likewise, Wheeler et al.
(2015) used (CMP)-NMR and discovered that methanol, fatty acids and/or lipids, glutamine,
phenylalanine, starch, and nucleic acids were more abundant in elil as compare to WT of A.
thaliana. Similarly, Mobarhan et al. (2016) found out nearly 40 metabolites in *3C labelled
living organism named Hyallela Azteca. Multidimensional NMR approach was also used for the
detailed assignment of metabolites and structural components in vivo. This technology is not
limited here, they have been used in intact '3C-labeled seeds (lam et al. 2014) with
multidimensional NMR methods again. In the mobile phase, an assortment of metabolites was
identified; the gel phase was dominated by triacylglycerides; the semisolid phase was composed
of carbohydrate biopolymers, and the solid phase was greatly influenced by starchy endosperm

signals.
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Figure 1.8: Application of CMP-NMR to food chemistry and indicating the feasibility for studying intact
heterogeneous samples in three different phases. Source (Lam et al. 2014)

CMP NMR has also been applied in in-vivo to understand the binding and fate of contaminants
and drugs (Simpson et al. 2007). In many ways it was consider that metabolomics provides an
information on the rapid response of an organism to stress, whereas changes to the structural
components may occur slower over time and reflect the longer-term impacts. An example
could be PFASs; they are ubiquitous in the environment and has been detected in humans,
animals and plants (Kannan et al. 2002; Kannan et al. 2004; Martin et al. 2004). Thus, CMP
NMR could be used on per fluorinated contaminate due to their increasing environmental

importance, distribution and health risk on human being.
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ABSTRACT

Animal manure or bio-solids used as fertilizers are the main routes of antibiotic exposure in the agricultural land,
which can have immense detrimental effects on plants. Sulfadiazine (SDZ), belonging to the class of sulfona-
mides, is one of the most detected antibiotics in the agricultural soil. In this study, the effect of SDZ on the growth,
changes in antioxidant metabolite content and enzyme activities related to oxidative stress were ana- lysed.
Moreover, the proteome alterations in Arabidopsis thaliana roots in response to SDZ was examined by means of a
combined iTRAQ-LC-MS/MS quantitative proteomics approach. A dose-dependent decrease in leaf biomass and
root length was evidenced in response to SDZ. Increased malondialdehyde content at higher con- centration (2 uM)
of SDZ indicated increased lipid peroxidation and suggest the induction of oxidative stress. Glutathione levels
were significantly higher compared to control, whereas there was no increase in ascorbate content or the enzyme
activities of glutathione metabolism, even at higher concentrations. In total, 48 differ- entially abundant proteins
related to stress/stimuli response followed by transcription and translation, meta- bolism, transport and other
functions were identified. Several proteins related to oxidative, dehydration, salinity and heavy metal stresses were
represented. Upregulation of peroxidases was validated with total peroxidase activity. Pathway analysis provided
an indication of increased phenylpropanoid biosynthesis. Probable mole- cular mechanisms altered in response to
SDZ are highlighted.

1. Introduction

manure and sewage sludge as a fertilizer to the soil (Boxall et al., 2002;
Sarmah et al., 2006; Carter et al., 2014; Tasho et al., 2016; Thiele-

Antibiotics are drugs used against infections and inflammations.
Since penicillin was first discovered in 1928 (Fleming, 1944, 1946),
antibiotics have been increasingly used worldwide for therapeutic
purposes in both human and veterinary medicine leading to the dis-
persion of these substances in the environment through contaminated
excreta. Wastewaters, landfills and industrial and hospital effluents are
the major sources of contamination of water resources with such drugs
(Karthikeyan and Meyer, 2006; Manzetti and Ghisi, 2014). Soils are
mainly contaminated through the application of livestock slurry,

Bruhn, 2003).

Among the antibiotics, sulfadiazines (SDZ) are agroup of synthetic
antibacterial agents that contain the sulfonamide group (R;-SO;NH-R)
(Huscheketal., 2008). They are used in human medicine and are one of
the most sold classes of veterinary antimicrobial compounds in EU
countries for their low cost and broad-spectrum antibacterial and anti-
coccidianactivity (De Liguoroetal.,2007). Because of fieldapplication
of contaminated manure and slurry, extractable concentrations of sul-
fonamides up to 0.4 mg kg in soil have been measured (Karci and

ABBREVIATIONS: ABA, Abscisic acid; ASC, Ascorbate; CDNB, 1-chloro-2, 4-dinitrobenzene; EDTA, Ethylene Diamine Tetra Acetic Acid; ER, Endoplasmic Reticulum; EU,
European Union; GGT, Gamma Glutamyl Transferase; GO, Gene Ontology; GSH, Glutathione; GST, Glutathione-S-transferase; iTRAQ, Isobaric Tags for Relative and
Absolute Quantification; LC-MS/MS, Liquid chromatography—Tandem mass spectrometry; MDA, Malondialdehyde; PO4, Phosphate; POD, Peroxidase; SBD-F,
Ammonium 7-fluoro 2,1,3-benzooxadiazole-4-sulphonate; SDZ, Sulfadiazine; TBA, Thiobarbituric acid; TCA, Trichloroacetic acid
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Balcioglu, 2009). The extractability of these compounds from soil de-
creases with time owing to immobilizing processes, which can involve
physical-chemical interactions with soil components (Forster et al.,
2009; Wegst-Uhrich et al., 2014; Wehrhan et al., 2010) as well as re-
actions mediated by oxidoreductase enzymes, such as peroxidases and
laccases (Bialk et al., 2005; Schwarz et al.,2010, 2015). However, the
total contents of sulfadiazine remain high in contaminated soil for
months and years (Rosendahl et al., 2011; Schmidt et al., 2008).

It has been proved that plants are able to incorporate various drugs
(Boxall et al., 2006; Carter et al., 2014; Carvalho et al., 2014), thus
contributing to the entry of these compounds into the food-chain and
spreading antibiotic resistance (Jechalke et al., 2013). Hence, in-
formation on the distribution of antibiotics in manure-applied and
wastewater-irrigated soils and their uptake and accumulation by
plants/crops has been accumulating over the recent years (Kang et al.,
2013; Pan et al., 2014; Rosendahl et al., 2011; Schmidt et al., 2008).
Antibiotics can directly affect plant physiological processes such as
photosynthesis, respiration and root functionality (Carvalho et al., 2014;
Li et al., 2011; Michelini et al., 2012, 2013). Regarding plant growth,
sulfonamides have been shown as either promoting or in- hibitory
substances (hormesis) depending on the plant and the con- centrations
used (Migliore et al., 2010; Michelini et al., 2012; Pan and Chu, 2016).
The comprehensive information on the global changes in transcriptome,
proteome and metabolome in response to antibiotics and related drugs is
vital to understand the stress responses induced and the tolerance and
detoxification mechanisms in plants. Proteomics, being a powerful tool
that yields comprehensive information, it has been ex- tensively
applied to understand the effects of emerging environmental pollutants
and abiotic stress in plants (Mirzajani et al., 2014; Wang et al., 2019).
However, not much is known about the effects of anti- biotics on the
proteome of plants. Hitherto, bthe best of our knowl- edge, there is no
information pertaining to the changes in root pro- teome of
ARABIDOPSIS and its correlation with the physiological and biochemical
effects in response to SDZ. Hence, this sudy investiceies the effeds of SDZ on
growth, changes in the anti-oxidant metabolites and enzyme activities
and the alterations in the proteome occurring in ARABIDOPSIS THALIANA
roots in response to SDZ.

2. Materials and methods

2.1. ARABIDOPSIS seed STERILIZATION AND growth

ARABIDOPSIS Col-O seeds were surface sterilized by 70% ethanol for
2 min followed by 5% hypochlorite solution for 15 min in microfuge tubes. The
seeds were rinsed with sterile water 5 times to ensure that all bleach
residues were removed. Then they were grown for 3 weeks, in sterilized
half-strength Murashige and Skoog medium at 6% sucrose and 1.4%
agarose with SDZ antibiotics at the concentrations 0 uM (Control),
0.5uM, 1uM and 2 uM. The exposure concentration was chosen in
resemblance to the concentrations of sulfonamide measured in soil
(Karct and Balcioglu, 2009). Also in a preliminary experiment, SDZ
oonontration at 5 M was tested but resulted in the death of all treated
seedlings. Based on Rosendahl et al. (2011), the easily extractable
ooncentration of SDZ and its main metabolites decreases ra- pidly in the
environment, with DTso of around 2-3 weeks. Based on this, 21 days
were chosen as exposure time in this experiment. Seeds were incubated
in vertically oriented Petri dishes in a growth chamber
under short day condition (8.5/15.5 h of light/dark cycle) at a tem-
perature of 22/18 °C, at 50% relative humidity and with a light in-
tensity of 120 uE m 2 s™'. Root samples were harvested and stored for
further analysis.

2.2. MDA content DETERMINATION

The level of lipid peroxidation in roots was determined by the
guantification of malondialdehyde (MDA) based on the

spectrophotometric method reported by Heath and Packer (1968) with
some modifications. The root tissue sample from five replicates was
ground in liquid nitrogen and homogenized with extraction buffer (TCA
0.1% (w/v) in H,0) in 1:10 ratio. The supernatant was collected after
centrifugation at 100009 for 10 min. The reaction mix was prepared
withsample extractand Thiobarbituric acid (TBA) solution (TCA 20%
(w/v) in H,O, TBA 0.65% (w/Vv)). The samples were incubated for
15minat 95 °C, cooled down on the ice and centrifuged at 10000 g for
10 min. The absorbance was read at A 532 nm, which was subtracted
with the unspecific absorbance measured at A 600 nm. MDA con-
centration was calculated using the extinction coefficient (157
mM™ecm™).

2.3. EXTRACTION for DETERMINATION of GSH AND ASCORBATE content

The root samples from at least five replicates were harvested,
weighed and ground to a fine powder with liquid nitrogen. Extraction
buffer was 0.1 M HCI and 1 mmol/L Na;EDTA in ratio of 1:4 (w/v).
After homogenisation, samples were centrifuged at 4 °C at 10000 g for
10 min and the supernatant was collected and immediately used for
ascorbate determination and for thiol derivatisation. The ascorbate
content was determined spectrophotometrically by measuring the ab-
sorbance at 1 265 nm, according to the method of Hewitt and Dickes
(1961) that provides total ascorbate, reduced ascorbate and dehy-
droascorbic acid (Trentin et al., 2015).

Thiol derivatisation followed by isocratic separation and determi-
nation by HPLC was carried out as described by Masi et al. (2002) with
some minor modifications. 50 ul of thiols extract was derivatized with
the ammonium 7-fluoro 2,1,3-benzooxadiazole-4-sulfonate (SBD-F)
fluorophore. The derivatized samples were further separated by re-
versed phase HPLC using a Luna 3 p Cig (2) 150 < 4.60 mm column
(Phenomenex), in isocratic conditions with 97% of 75 mM ammonium
formate, pH 2.9 and 3% methanol, at a flow rate of 0.3 ml/min at RT.

2.4. Protein EXTRACTION AND enzyme ACTIVITY ANALYSIS

Proteins were extracted from 150 mg of root samples ground in li-
quid nitrogen and thereafter the extraction buffer (40 mM Tris-HCI pH
8,3% Triton, 1 mM PMSF, 1mM Benzamidine, 1 M NaCl) was added in
1:5 (mg/ul) ratio and homogenized thoroughly with the root powder.

The mixture was incubated for 1 h in agitation, followed by cen-
trifugation at 10,000 g for 12 min at 4 °C. The protein concentration in
the supernatant was quantified by Bradford's method (Bradford, 1976).

The GGT activity was assayed spectrophotometrically according to
Huseby and Stromme (1974), where the release of p-nitroanilide by the
GGT from y-glutamyl-p-nitroanilide (GPNA) substrate was measured.

The reaction mix was prepared with protein extract, solution A (4.6 mM
GPNA in 100 mM NaH,PO, pH 8.0) and solution B (575mM gly-gly in
100 mM NaH,PO, pH 8.0) directly in the cuvette. Therefore, the ab-
sorbance at A 407 nm was measured every 5 min for 1 h.

For GST enzyme assays, total protein extracts were prepared as
described above. The collected root samples were made fine powder and
were homogenized in 1:10 ratio of extraction buffer containing 1% of
Polyvinylpolypyrrolidone. The collected extract was then mixed with
reaction mixture of PO, (200 mM), 1-chloro-2, 4-dinitrobenzene
(CDNB) 100 mM, Glutathione (GSH) (100 mM),
Ethylenediaminetetraacetic acid (EDTA) 100 mM, was then incubated
at 30 °C for 5 min. The absorbance was measured at 4 340 nm (Giaretta
etal., 2017).

The activity of syringaldazine POD was determined by measuring
the increase in absorbance at A 530 mm of the reaction mixture con-
taining leaf extracts with 100 mM Na-K phosphate buffer, pH 6.0,

2.5 mM H,0, and 2 mM syringaldazine (Ranieri et al., 2000).

Data from all the technical replicates of biochemical assays were
tested for statistical significance (at p < 0.05) using ANOVA followed
by Post Hoc analysis with VVan der Waerden (Normal score test) and
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Friedman's test using R studio.
2.5. Protein EXTRACTION for iTRAQ LABELLING AND MS ANALYSIS

The method described in Tolin et al. (2013) was followed to obtain
total root proteins. After quantification, 50 pug of samples were loaded in
a 12% homemade gel. The electrophoretic run was stopped when the
protein extracts entered the running gel, single bands were excised, cut
in small pieces, washed with 50 mM triethylammonium bicarbonate
(TEAB), and dried under vacuum. Protein reduction, alkylation and
trypsin digestion were carried out as described in Resmini et al. (2017).
Peptides were extracted from the gel with 3 changes (50 uL each) of
50% acetonitrile in water and samples dried under vacuum.

2.6. iTRAQ LABELLING

The method described by Tolin et al. (2013) was followed with few
modifications. Labelling was done with an iTRAQ" Reagents 4-plex Kit
(AB Sciex, MA, USA). The iTRAQ experiment was performed on protein
samples derived from roots collected from 1 pM SDZ concentration and
control. Peptides from control and treated samples were re-suspended in an
iTRAQ-compatible buffer (TEAB 0.5 M, SDS 0.1%) to a final
concentration of 2 pg/ul and labelled with the iTRAQ tags according to
manufacturer's instructions. Before mixing the samples, LC-MS/MS
analysis was performed on each sample to assess labelling efficiency. All
peptides were correctly iTRAQ-modified at the N-terminus and at each
lysine residue. Samples were finally pooled and dried under vacuum.

2.7. Strong CATION EXCHANGE FRACTIONATION

Strong cation exchange chromatography (SCX) was performed on a
SCX cartridge (AB Sciex). Labelled sample was dissolved in 500uL of
buffer A (10 mM KH,PO,, 25% acetonitrile, pH 2.9) and loaded onto
the cartridge using a syringe pump with a 50 pul/min flow rate, ac-
cording to Trentin et al. (2015). The cartridge was washed with 500 puL
of buffer A and peptides were eluted in a stepwise manner with 500 pL
of KCI in buffer A at the following concentrations: 25, 50, 100, 200, and
350 mM. Samples were desalted using Cig cartridges (Sep-Pack, Cis,
Waters, Milford, MA, USA) according to the manufacturer's instructions
and dried under vacuum.

2.8. LC-MS/MS ANALYSIS AND DATABASE SEARCH

Each sample was suspended in H,0/0.1% formic acid and LC-MS/
MS analysis was performed with an LTQ-Orbitrap XL mass spectrometer
(Thermo Fisher Scientific) coupled online with a nano-HPLC Ultimate
3000 (Dionex-Thermo Fisher Scientific). Chromatographic and instru-
mental conditions were as described in De Rosa et al. (2015).

Raw files were analysed using Proteome Discoverer 1.4 (Thermo
Fisher Scientific). The software was connected to a Mascot Search
Engine server, version 2.2.4 (Matrix Science, London, UK). Spectra were
searched against an A. THALIANA database (downloaded from UniProt,
version October 2015). Trypsin was selected as enzyme with 1 missed
cleavage allowed. Peptide and fragment tolerances were 20 ppm and
0.6 Da, respectively. Methylthiocysteine, 4-plex iTRAQ (N-term and
Lys) were set as fixed modifications, while methionine oxidation was
selected as variable modification. False discovery rates (FDR) were
calculated by the software with the algorithm Percolator and data were
filtered to keep only proteins identified with at least two unique pep-
tides with high confidence (FDR 1%). The quantification was performed
normalizing the results on the median value of all measured iTRAQ
reporter ratios. The ratios of treated-to-control values were averaged and
subjected to a two-tailed Z-test (p < 0.05). A ratio of treated to control
>1.5 or <0.67 was set as the threshold for increased and de- creased
abundance, respectively.

2.9. BIOINFORMATIC ANALYSES

All identified proteins were functionally categorized based on
UniProt (https://www.uniprot.org/). Pathway analysis using KEGG
Mapper - Search & Colour Pathway (Kanehisa et al., 2017) was per-
formed using UniProt accessions against A. THALIANA database. The
amino acid sequences of the identified proteins obtained from UniProt
were subjected to multiple bioinformatic servers DeepLoc-1.0 (http://
www.cbs.dtu.dk-/services/DeepLoc/) and SignalP (http://www.cbs.
dtu.dk/services/SignalP/) to predict sub-cellular localization and pro-
teins secreted by classical (with signal peptide). SecretomeP (http://
www.chs.dtu.dk/services/SecretomeP-2.0/) was used to predict pro-
teins secreted by non-classical pathways (without signal peptide). In-
tegrated Interactome System (1IS) platform 3 (Carazzolle et al., 2014)
was used to build the protein interactomes with only differentially
regulated proteins limiting to o nly firt neighbours' nodes. Cytoscape
3.5.1 software (Shannon et al., 2003) was used to visualise and analyse
the interactome data output from 11S as reported in Roomi et al. (2018).

3. Results and discussion

3.1. Effects on seedling growth, LEAF BIOMASS AND root length

There was no significant difference in the seed germination per- centage
with respect to the SDZ concentrations studied. The effect of different
concentrations of SDZ (0.5, 1 and 2 uM) on ARABIDOPSIS growth was
evaluated after three weeks of treatment. Morphologically, ter was a
reduction in the overall growth and a considerable decrease in the
number of leaves and root growth in a dose-dependent manner (Fig.
1A). A significant decrease in lateral root growth was also noticed. Root
growth and length were notably reduced in plants treated with 1 uM
and 2 uM SDZ already after 10 days of treatment (Fig. 1B). There was a
noticeable reduction in overall growth with poorly developed roots
during the treatment at the highest SDZ dose (2 pM).

No hormetic effect was observed in the concentration range ana-
lysed. Consistent with our observation, sulfonamide class of antibiotics
have been reported to reduce the root and stem growth, lower the
number of leaves and biomass production in several crops and non-crop
plants (Migliore et al., 1995, 1997, 2010). In addition to observing that
SDZ was mainly stored inside the roots of willow (SALIX FRAGILIS L.) and
maize (ZEA MAYS L.), it was reported to decrease stem length, devel-
opment and also result in death in ZEA MAYs at higher concentrations
(Michelini et al., 2012).

3.2. CHANGES in MALONDIALDEHYDE content

In order to ascertain if the SDZ treatment induced oxidative stress,
changes in MDA content in response to different SDZ concentrations
were measured. MDA is one of the final products of oxidative mod-
ification of lipids, resulting in damage of membrane integrity and hence
considered as a biochemical marker for oxidative stress (Hodges et al.,
1999). There was a gradual increase in MDA content with response to
SDZ concentration. At 2 uM concentration, the MDA content was sig-
nificantly higher compared to 0.5 pM and control indicating lipid per-
oxidation due to oxidative stress after 21 days of treatment (Table 1).
Increased MDA content was also reported in wheat seedlings treated
with SDZ (Xu et al., 2017).

3.3. CHANGES in ASCORBATE AND GLUTATHIONE levels

ROS scavenging system in plants consists of enzymatic and non-
enzymatic antioxidant components (Scandalios, 2005). Ascorbate and
glutathione are non-enzymatic antioxidants that are an integral part of
this system, crucial for the survival of the plant (Mittler et al., 2004;
Foyer and Noctor, 2005). Although ascorbate and glutathione function
invariably in a compensatory and synergistic manner, there is evidence
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Fig. 1. A Effects of SDZ on ArABIDOPSIS THALIANA growth, leaf biomass and root length after 3 weeks of treatment. Boxes are of same dimensions highlighting the dose-
dependent decrease in leaf biomass, root length and lateral root growth. Fig. 1B Effect of different concentrations of SDZ (0.5, 1, 2 uM) on root length in comparison
to control over a period of 3 weeks. Error bars represent standard error (n=5).

that suggests that they are differentially influenced by environmental stimuli and their interdependence and independence in peroxide me- tabolism
have also been elaborated (Foyer and Noctor, 2011). Here we quantified both ascorbate and dehydroascorbate, but we found that ascorbate was 99%
reduced. This supports the notion that sulfadiazine is not altering the ascorbate redox state, at least in our experimental conditions at the concentrations
and exposure times we have used. SDZ did not induce significant changes to the ascorbate levels but the GSH content was consistently higher than
the control at all concentrations (Table 1). These results indicate that the GSH could be one of the major anti-oxidant metabolites in ARABIDOPSIS roots
responding to oxidative stress induced by SDZ.
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Table 1 Changes in the different biochemical parameters and enzyme activities in ARABIDOPSIS roots in response to different concentrations of SDZ in growth medium

after 21 days of treatment.

Treatment MDA (%) Total ASC (mol*g™* GSH (mol*g™ FW) Total Protein (mg GGT (U*mg prot ™) GST (U*mg prot™) POD (umol quinone*min™*mg prot)
FW)
protg™" FW)
Control 100 + 25.92%° 0.66 + 0.22° 50.6 + 9.10° 3.21 + 0.54° 0.013 + 0.003° 22.59 * 3.07° 0.69 +0.15°
0.5uM 89.67 + 22.43° 0.51 + 0.09° 72.10 + 13.64° 3.63 + 0.50°° 0.012 + 0.003° 21.00 + 5.36% 1.25 +0.85%°
1uM 106.79 + 20.52*° 0.63+ 0.22° 74.69 * 12.25° 3.77 + 0.53%° 0.012 # 0.001° 24.84 + 7.06° 1.10 #0.15°
2uM 125.54 + 13.12° 0.55 * 0.16° 78.41 + 10.52° 4.05 + 0.46° 0.013 # 0.003° 23.61 + 7.72° 0.96 +0.24%°

Valuesafter +indicatestandarddeviationanddifferentlettersindicatestatistically significantdifferenceatp < 0.05accordingtoVanderWaerden (Normal

score test) and Friedman's tests.
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Table 2

Summary of the list of proteinsidentified.

d

S.No. Accession” Protein description® Mascot No. Of unique peptides/ % Coverage® Experimental kDa/pl®  Fold Subcellular CS/NCS®  Functional category”
Score® PSMs® change®
loeal
P24102 Peroxidase 22 (PER 22) 614.43 3/29 19.77 38.1/6.0 2.522 EX Cs Stress and stimuli response
Q9LHBY Peroxidase 32 (PER 32) 1131.76 8/58 42.90 38.8/6.67 2.395 EX cs
Q9suUT2 Peroxidase 39 (PER 39) 30.87 3/5 10.43 35.6/6.98 1.767 EX cs
QosmMu8g Peroxidase 34 (PER 34) 144.76 3/9 17.0 38.8/7.64 1.731 EX cs
FAJFY4 L-ascorbate peroxidase S (sAPX) 48.34 2/2 8.38 37.4/9.06 2.128 PL NCS
P42763 Dehydrin ERD14 (ERD14) 159.57 1/6 11.35 20.8/5.48 4.20 NU -
P31168 Dehydrin COR47 (COR47) 69.37 3/7 18.49 29.9/4.77 1.495 NU -
Q9ZVF3 MLP-like protein 328 (MLP328) 1907.37 7/100 60.93 17.5/5.73 1.846 cYy -
Q9ZVF2 MLP-like protein 329 (MLP329) 1061.50 5/43 60.93 17.6/5.55 1.596 cYy -
Q9FIX1 AlG2-like protein (AIG2LB) 85.18 4/5 20.35 20.0/5.10 1.508 Ccy -
QOSIE7 PLAT domain-containing protein 2 (PLAT2) 326.33 4/19 26.78 20.10/5.31 1.569 ER cs
F4JHIO HSP20-like chaperone (HSP20) 275.91 5/13 25 25.3/4.56 1.848 NU -
P31265 Translationally-controlled tumour protein homolog 311.67 7/19 31.55 18.9/4.64 2.051 Ccy NCS
(TCTP)
064517 Metacaspase-4 (AMC4) 240.16 4/7 9.57 45.5/4.82 1.480 cY -
Q8L4AN1 Universal stress protein (USP) 45.37 2/3 8.46 28.1/6.25 1.874 cY -
Q9LXC9 Soluble inorganic pyrophosphatase 6 (PPA6) 181.31 4/5 15.0 33.4/6.01 1.998 PL NCS
Q9LHGY Nascent polypeptide-associated complex subunit alpha-  404.70 6/13 40.89 22.0/4.48 1.494 NU -
like protein 1 (NAC)
Q9FGT8 Temperature-induced lipocalin-1 (TIL) 94.40 2/3 9.68 21.4/6.35 1.453 cY -
Q8RUD6 Rhodanese-like domain-containing protein 19, 33.35 2/2 17.16 19.0/6.79 1.494 Ml -
mitochondrial (HAC)
F4IHK9 Glycine-rich RNA-binding protein 7 (GRP7) 133.59 2/8 23.27 15.5/5.60 1.845 NU -
F4JvCo Glycine-rich RNA-binding protein 8 (GRP8) 233.43 2/10 35.87 10.2/4.79 2.366 CcY NCS
Q9FKAS5 PLD-regulated protein 1(PLDrp1) 387.04 8/16 35.70 43.5/4.78 2.375 NU -
Q9SYTO Annexin D1 (ANN1) 1491.69 22/70 68.45 36.20/5.38 0.64 CcY -
Q9ZVA4 Curculin-like (Mannose-binding) lectin family protein 1060.40 18/36 41.50 49.0/7.65 0.65 EX cs

(EP1GP)
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=P42763
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=P31168
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q9ZVF3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q9ZVF2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q9FIX1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q9SIE7
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=P31265
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=O64517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q8L4N1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q9LXC9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q9LHG9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q9FGT8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q8RUD6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q9FKA5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q9SYT0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q9ZVA4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=P24102

080950 Jacalin-related lectin 22 (JAL22) 479.92
082762 F17H15.1/F17H15.1 (KHdp) 113.41
Q9XI36 Methyl-CpG-binding domain-containing protein (MBD) 45.81
QILYK9 40S ribosomal protein $26-3 (RPS26C) 79.96
023515 60S ribosomal protein L15-1 (RPL15A) 139.01
Q9LZH9 60S ribosomal protein L7a-2 (RPL7AB) 469.74
Q9S9P1 40S ribosomal protein S12-1 (RPS12A) 85.27
ribosomal protein L23a-2 (RPL23AB) 217.17 5/10
(RPL7AA) 492.22 3/30 47.86 29.1/10.13 1.452 CY —
049499 Caffeoyl-CoA O-methyltransferasel (CCOAOMT1) 412.52
QOWP12 Thiocyanate methyltransferase 1, Isoform 2 (HOL1) 528.25
082179 Glycine cleavage system H protein 2 (GDH2) 136.49
Q42599 NADH dehydrogenase [ubiquinone] iron-sulfur protein 54.68
8-A (NADHD)
Q8GUN2 Adenylylsulfatase (HINT1) 58.09
Q8GWS53 Phosphorylase superfamily protein (PSP) 158.57
065398 Lactoyl-glutathione lyase (GLX1) 641.22
082089 Copper transport protein (CCH) 249.09
B3H438 MD-2-related lipid recognition domain-containing 149.35
protein (MRO11.13)
Q8VYM2 Inorganic phosphate transporter 1-1 (PHT1-1) 84.40
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=O80950
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=O82762
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q9XI36
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q9LYK9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=O23515
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q9LZH9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q9S9P1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=P49692
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=O49499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q0WP12
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=O82179
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q42599
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q8GUN2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q8GW53
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=O65398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=O82089
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&amp;db=protein&amp;doptcmdl=genbank&amp;term=Q8VYM2

Table 2 (continued)
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?- Accession, proteins description and functional categorization are based on UniProt; Corresponding gene names from UniProt were used as abbreviations; b - Information obtained from iTRAQ-LC-MS/MS and Mascot
search; c - Subcellular localization (DeepLoc 1.0): EX - Extracellular, PL - Plastid, NU - Nucleus, CY - Cytoplasm, ER - Endoplasmic Reticulum, MI - Mitochondria, LY/VA - Lysosome/Vacuole, CM - Cell membrane; d - Prediction

of classical (CS) and non-classical secretory (NCS) pathway (SignalP and SecretomeP).

3.4. CHANGES in the TOTAL protein content AND enzyme ACTIVITIES of GST AND
GGT

An increasing trend in the total protein content in response to SDZ
treatment was observed (Table 1). Increased as well as decreased total
protein content in crops under abiotic stress have been reported
(Hendawey and Kamel, 2015; Jahanbakhsh et al., 2017). Hence, it is
reasonable to presume that the change in total protein content depends
on the plant species, its inherent varietal tolerance to a specific stress,
type of stress and the duration of stress. Nevertheless, it could be cor-
related in general with the proteome level changes that occur in re-
sponse to stress, whereby the majority of proteins were upregulated
several folds in comparison to untreated control plants. Total protein
content is usually considered as a proxy for plant growth. However,
protein content accounts for the protein concentration in a tissue, which
might be at least partially unrelated to higher biomass. In this study, root
growth was reduced in response to SDZ treatment compared to control,
while the root protein content increased. Higher protein content not
necessarily relates to structural proteins needed for plant growth, it
might account for higher levels of proteins related to stress responses,
as evidenced in the proteome analysis.

Considering the increase in GSH content, the activities of GST - an
enzyme involved in xenobiotic detoxification using GSH as co-substrate
(Dixon and Edwards, 2010) and GGT - an enzyme related to GSH me-
tabolism (Masi et al., 2015) were determined. Enzyme activities of both
GST and GGT expressed on a protein basis did not show any significant
differences between the control and the SDZ treated roots (Table 1).
This could possibly indicate that there were other alternate routes of
detoxifying the ROS induced by SDZ or that these crucial enzymes were
already present in abundance to regulate and maintain the ROS
homeostasis. Hence, there could be only subtle changes in these en-
zymes under such conditions, which might not have been reflected in
the total enzyme activity assay.

3.5. Proteome level ALTERATIONS in ARABIDOPSIS roots in response to SDZ
A quantitative iTRAQ experiment was carried out to understand the

alterations that occur at the protein level in ARABIDOPSIS roots in re-
sponse to SDZ. In total, 48 proteins were found to be differentially
abundant, of which 42 were upregulated and 6 were downregulated
(Table 2). List of all the proteins identified with peptides used for
identification and other relevant parameters used for quantification and
statistical testing is provided as supplementary material (Table S1).
Based on the functional categorization, the differentially regulated
proteins represented stress and stimuli response, transcription and
translation, metabolism, transport and other functions (Fig. S1). Sub-
cellular localization prediction indicated that the majority of the pro-
teins were localized in the cytoplasm followed by the nucleus and ex-
tracellular proteins (Fig. S2). It also indicated that several proteins were
intracellularly transported or secreted by non-classical secretory
pathway (Table 2).
3.5.1. Proteins RELATED to stress AND stimuli response
3.5.1.1. Proteins RELATED to multiple ABIOTIC stress. Two major latex
protein (MPL)-like proteins 328 and 329 (MLP328 and MLP329) found
to be upregulated in our study were reported to be differentially
regulated in response to plant hormones (Yang et al., 2015) and various
other abiotic stresses (Stanley Kim et al., 2005; Chen and Dai, 2010;
Zhang et al., 2018). Similarly, AlG2-like protein (AIG2LB) reported to
be upregulated in response to water deficit and salt stress (Reymond et
al., 2000; Qiu et al., 2017). Further, AIG2-like protein also functions as
a gamma-glutamylcyclotransferase, which is involved in protecting
ARABIDOPSIS plants from heavy metal toxicity by ensuring sufficient
GSH turnover by recycling glutamate to maintain GSH homeostasis
during stress (Paulose et al., 2013).

A PLAT domain-containing protein 2 (Polycystin, Lipoxygenase,
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Fig. 2. Fold change variation for peroxidase enzymes in SDZ versus control roots. Error bars indicate standard deviation.

Alpha-toxin and Triacylglycerol lipase) (PLAT2) was found to be up-
regulated 1.6 folds compared to control and it has been reported that
overexpression of PLAT domain-containing proteins conferred toler-
ance to abiotic stress (cold, drought and salt) (Hyun et al., 2014). An
HSP20-like chaperone (HSP20), which was upregulated (1.8 folds)
primarily functions by avoiding protein denaturation, maintaining na-
tive conformation and reorganizing denatured proteins and hence, is
induced largely in response to heat, cold, salinity, oxidative and os-
motic stresses (Park and Seo et al., 2015). The translationally controlled
tumour protein homolog (TCTP) upregulated in this study was reported
to be differentially expressed and regulated in abiotic stress conditions
such as water limitation, cold and salinity (Lee and Lee, 2003; Vincent
et al., 2007).

Universal Stress Protein (USP) was found to be upregulated and
belongs to a class of stress-responsive proteins shown to be differen-
tially regulated in salt, drought, cold, heat, and oxidative stress (Kerk et
al., 2003; Ndimba et al., 2005; Persson et al., 2007). Inorganic pyr-
ophosphatases (PPA6) are involved in germination, development and
stress adaptive responses. Transgenic overexpression of PPA6 has been
shown to enhance tolerance to abiotic stress (Gutiérrez-Luna et al.,
2018). Similarly, a Nascent polypeptide-associated complex (NAC)
protein and a Phospholipase D (PLD) - regulated protein 1 (PLDrpl)
were upregulated, both of which were strongly induced in dehydration
and salt stress (Karan and Subudhi, 2012; Ufer et al., 2017).A
rhodanese-like domain-containing protein, also known as High

Arsenic Content 1 (HAC) protein, was upregulated. In addition, to being
responsive to arsenate, it facilitates efflux of toxic arsenic from roots
thereby preventing its accumulation and transport (Chao et al., 2014).
Glycine-rich RNA binding proteins (GRP7 and GRP8) upregulated in our
study have been shown to be induced during oxidative stress

(Schmidt et al., 2010) and these GRPs confer stress tolerance in ARA-
bidopsis under dehydration and high salt stress conditions (Kim et al.,
2008). Higher expression of transcripts and upregulation of dehydrins,
specifically ERD14 and CORA47, upregulated in this study, were re-
ported in response to low temperature, salinity and in response to ab-
scisic acid (ABA) (Nylander et al., 2001).

It is interesting that Jacalin-related lectin protein (JAL22) asso-
ciated with response to various abiotic stresses was downregulated in
our study. Similarly, Abebe et al. (2005) reported its downregulation in
response to drought, dehydration and ABA.
3.5.1.2. Proteins RELATED to ROS SCAVENGING. Increased ROS generation
has been reported in response to various abiotic stresses including
antibiotics (Thounaojam et al., 2012; Xu et al., 2017). Increased MDA
content in our study suggests that there was lipid peroxidation induced by
oxidative stress in response to SDZ (Table 1). The proteome analysis
indicated that several proteins related to oxidative stress with direct ROS-
scavenging roles were upregulated in response to SDZ in comparison to the
untreated control.

In total, there were four type Il peroxidases (PODs) (PER 22, PER
32, PER 34 and PER 39) and one stromal ascorbate peroxidase (SAPX)
found to be upregulated, while Annexin D1 (ANNZ1) with POD activity
was downregulated in response to SDZ (Table 2). PODs are one of the
major classes of antioxidant enzymes that directly catalyse the oxida-
tion of certain electron donors concomitant with the disintegration of

H,0,

At the transcriptome level, several type 111 POD genes were highly
expressed in ARABIDOPSIS roots due to oxidative stress in response to
salinity (Jiang and Deyholos, 2006). APX, a class | heme-peroxidases is
one of the key enzymes in the ascorbate-glutathione cycle, one of the
crucial hydrogen peroxide-detoxification systems in plant chloroplasts.
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Hence, is also considered as a marker for oxidative stress (Asada, 1992).
The sAPX identified in our study was upregulated 2 folds compared
to the control (Table 2), supporting our notion of SDZ induced oxidative
stress. Caverzan et al. (2012) reported differential regulation of specific
isoforms of APXs in response to various environmental stress/stimuli.

To obtain an overall profile, fold change values of all the PODs
identified in this study were compared (Fig. 2). In total, sixteen PODs
were identified. Five PODs (PER 22, PER 32, sAPX, PER 39, PER 34)
were found to be upregulated more than 1.5 folds compared to control.
With a less stringent threshold to determine the fold change (= 1.2),
three other PODs (PER 3, APX 1, PER 27) were found to be upregulated,
while other PODs were unaltered and interestingly, not downregulated
(Fig. 2). Thus, it is evident that the expression of several isoforms of
PODs are stimulated in response to SDZ treatment in ARABIDOPSIS roots,
suggesting that PODs could be the major antioxidant enzymes func-
tioning toward mitigating SDZ induced stress.

In addition to PODs, dehydrins ERD14, COR47 and Temperature
induced lipocalin 1 (TIL) were found to be upregulated. Dehydrins are
multifunctional proteins and their role in direct ROS scavenging and
oxidative stress tolerance have been reported (Heyen et al., 2002; Jaffe
et al., 2008).

3.5.1.3. Proteins with cytoprotective function. Abiotic stresses such as
drought, high salinity, high temperature and cold ultimately lead to
reduced free water available in the cell and result in dehydration.
Dehydrins, including ERD14 and CORA47 (upregulated 4.2 and 1.5 folds,
respectively), are primarily induced in dehydration stress conditions
and hence, are considered as molecular markers for identifying
drought/dehydration stress and tolerance in plants (Graether and
Boddington, 2014). Like other Late Embryogenesis Abundant (LEA)

proteins, dehydrins are also accumulated in cells to maintain the cell
volume and prevent cell collapse in response to dehydration (Hanin et
al., 2011).

12S seed storage protein CRU1 (CRAL) belongs to the cupin su-
perfamily of proteins. Although it is predominantly considered as a
nutrient reservoir, upregulation in response to abiotic stress has also
been reported (Wang et al., 2014). Considering that CRA1 had the
highest fold change (4.3), we speculate that this protein could have
similar roles to that of LEA proteins like dehydrins in preventing cell
collapse.

3.5.1.4. Proteins RELATED to PCD. TCTP is a multifunction protein that
regulates several cellular processes. This protein, upregulated in this study,
has been reported to prevent or inhibit the progression of programmed cell
death (PCD) in ARABIDOPSIS plants treated with PCD activators
(Hoepflinger et al., 2013). Coherently, a metacaspase 4 (AMC4) was found
to be upregulated and Curculin-like (Mannose- binding) lectin family
protein (EP1GP) was downregulated in response to SDZ. Both these
proteins are involved in regulating PCD (Hwang and Hwang, 2011;
Watanabe and Lam, 2011). Regulation of these proteins suggests that PCD
mechanisms are being modulated in response to stress conditions induced
by SDZ.
3.5.2. Proteins RELATED to METABOLISM

Caffeoyl-CoA O-methyltransferase 1 (CCOAOMTL), a protein re-
lated to phenylpropanoid pathway was upregulated. It catalyses
monolignol formation, thus involved in lignification. It is also a crucial
enzyme in various other phenylpropanoid metabolite biosynthesis in-
cluding scopoletin and suberin, which were directly associated with
abiotic stress response (Doll et al., 2018; Franke et al., 2012; Koeppe
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Fig. 4. Conceptual overview highlighting the probable molecular mechanisms modulated in response to SDZ in ARABIDOPSIS roots.

et al., 1970).
Elevated levels of glucosinolate could be correlated with the accu-

mulation of osmoprotective compounds (del Carmen Martinez-Ballesta
etal., 2013). Thiocyanate methyltransferase 1 (HOL1), a key enzyme in
the glucosinolate metabolism was upregulated in our study.

A glycine cleavage system H protein 2 (GDHZ2) involved in glyox-
ylate metabolism and glycine degradation and a NADH dehydrogenase
[ubiquinone] iron-sulfur protein 8-A (NADHD) associated with the
mitochondrial respiratory chain complex | assembly were upregulated.
In addition, adenylylsulfatase (HINT1), which belongs to HIS triad fa-
mily protein associated with purine ribonucleotide metabolism and
sulfur metabolism was also upregulated. While a Phosphorylase su-
perfamily protein (PSP) with nucleoside phosphorylase domain related
to nucleoside metabolic process and lactoyl-glutathione lyase (GLX1)
related to methylglyoxal degradation were downregulated.

In addition to ROS scavenging, type I11 PODs identified in this study
could also be involved in several physiological, cellular and metabolic
processes including auxin catabolism, lignification, and suberization in
response to stress (Degenhardt and Gimmler, 2000).

3.5.3. Proteins RELATED t0 TRANSPORT

Copper transport protein (CCH), upregulated in our study, is in-
volved in copper (Cu) homeostasis and transport. It was reported that
this protein was upregulated in response to salt stress and cadmium
exposure (Sarry et al., 2006; Jiang et al., 2007). Xu et al. (2017) ex-
amined the individual and combined effects of SDZ and copper on
wheat seedlings and suggested that amending Cu at specific

concentrations in soil could alleviate SDZ induced stress. Interestingly,
MDA content was lower in plants treated with SDZ and with Cu at lower
concentrations, indicating that Cu could have reduced the oxidative
stress induced by SDZ. The mechanism underpinning the Cu mediated
alleviation of SDZ induced stress is yet to be understood. Nonetheless,
upregulation of this Cu transport protein in our study could be an in-
dication supporting this observation.

An MD-2-related lipid recognition domain-containing protein
(MRO11.13) associated with intercellular sterol transport was upregu-
lated suggesting a probable increase in sterol transport. The significance
of sterols in drought tolerance and regulation of ROS have been es-
tablished in ArABIDOPSIS (Posé et al., 2009). Inorganic phosphate
transporter 1-1 (PHT1-1) is a transmembrane protein, which acts as a
high-affinity transporter for inorganic phosphate and was shown that
the overexpression of this symporter conferred arsenate sensitivity as it
increased arsenate uptake (LeBlanc et al., 2013). Downregulation of
this protein in our study suggests that altered preference in the trans-
membrane transporters could be one of the many mechanisms em-
ployed by plants to avoid or limit the import of hazardous compounds
including SDZ.

3.5.4. Proteins RELATED t0 TRANSCRIPTION AND TRANSLATION

The protein F17H15.1/F17H15.1 (KHdp) upregulated 3.4 folds in
this study consists of a KH domain with putative RNA binding function
and has been reported to be an important upstream regulator of stress-
responsive gene expression in ARABIDOPSIS (Guan et al., 2013). A Methyl-
CpG-binding domain (MBD) containing protein, found to be
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upregulated in our study, was reported as an important factor that
regulates DNA methylation, which is associated with transcriptional
level silencing (Lang et al., 2015).

Structural constituents of ribosomes (RPS26C, RPL15A, RPL7AB,
RPS12A, RPL23AB, RPL7AA) involved in translation were upregulated
indicating a thrust in the protein synthesis, which can be corroborated to
the observed increase in the total protein content (Table 1) and the
upregulation of several proteins (42) (Table 2).

3.5.5. Proteins with other functions

A SOUL heme-binding-like protein (SOUL-1), which was upregu-
lated is regarded as a cytosolic tetrapyrrole-carrier protein associated
with free heme homeostasis (Lee et al., 2012). Upregulation of CRAL -
the 12S seed storage protein in response to SDZ in ARABIDOPSIS roots is
intriguing as these proteins are generally regarded as a nutrient re-
servoir for germinating seeds and its possible role as a cytoprotectant is
discussed above. FAM10 family protein (FAM10) related to chaperone
cofactor-dependent protein refolding, Fasciclin-like arabinogalactan
protein 7 (FLA7) and Neurofilament like protein (NPLP) related sec-
ondary cell wall biogenesis and cytoskeleton structure, respectively
were also upregulated.

3.6. PATHWAY ANALYSIS of the identified proteins

Among the identified proteins, CCOAOMT1 and POD superfamily
were mapped to the phenylpropanoid biosynthetic pathway (Fig. S3),
indicating that this pathway could be induced in response to SDZ.
CCOAOMTL is a crucial enzyme in monolignol biosynthesis catalysing
the formation of feruloyl- CoA (substrate for scopoletin and suberin
biosynthesis) and sinapoyl-CoA (substrate for syringyl lignin biosynth-
esis). Scopoletin accumulates in roots in response to osmotic stress with
proposed function in ROS scavenging and forming a protective barrier
(Dall et al., 2018); while increased deposition of suberin on roots with
protective roles has been reported in drought, osmotic and heavy metal
stress (Franke et al., 2012). PODs are involved in oxidative poly-
merization of monolignols to lignin and a positive association of lig-
nification in response to various abiotic stress has been reported (Le
Gall et al., 2015). Lignification and suberization are one of the primary
responses of the plant, especially in roots, in response to drought,
salinity and heavy metal stress (Franke et al., 2012; Le Gall et al.,
2015). In accordance with the increased lignification observed in the
roots of barley plants exposed to sulfonamide antibiotics (Michelini
et al., 2013), it is probable that lignification and suberization of root
cells could also be involved in the responses to SDZ in ARABIDOPSIS.

3.7. INTERACTOME of the identified proteins

Of the identified proteins, 26 proteins were found to be interacting
with other proteins. Interestingly, several proteins were found to be
interacting with Syntaxins associated with SNARE complex involved in
vesicle fusion and docking - mediated intracellular transport (Fig. 3A).

This, in turn, redirects to the sub-cellular localization data where
several proteins were predicted to be extracellularly secreted and in-

tracellularly transported via the non-classical secretory pathway
(Table 2). In addition, CCOAMT1 catalysing the formation of mono-
lignols interacting with the SNARE complex proteins suggests that the
monolignols could also be trafficked through vesicles to the secondary
cell wall, wherein it is oxidatively polymerised to lignin by peroxidases.

Similarly, it has been indicated that constituents for the suberin
biosynthesis are also transported through vesicles (Barros et al., 2015;
Vishwanath et al., 2015). Multiple upregulated proteins were found to
interact with a polyubiquitin protein (UBQ3) (Fig. 3B) suggesting that
there could be ubiquitination-mediated degradation of these proteins to
maintain protein homeostasis. TCTP1 - amultifunctional protein, which
regulates several crucial cellular processes was found to be interacting
with proteins related to auxin signalling and homeostasis, cell redox

homeostasis, proteins involved in regulation of hormonal induction in
response to stress and other proteins with direct/indirect roles in abiotic
stress (Fig. 3C). Dehydrin ERD 14 was found to be interacting with
crucial enzymes related to carbohydrate and lipid metabolism, a
peroxisomal membrane protein and proteins involved in phosphoryla-
tion, jasmonic acid and ABA signalling pathways (Fig. 3D). Dehydrin - a
multifunctional protein is established to interact with proteins and
enzymes and maintain its native confirmation especially during dehy-
dration and other abiotic stresses. Further, proteins involved in Cu
binding and transport were also found to be interacting (Fig. 3E). In the
interactome, several proteins related to ABA, auxin, jasmonic acid and
brassinosteroid signalling pathways with a known interaction with SDZ-
induced proteins evidenced in the present work were found. This sug-
gests that there could be multiple phytohormonal signalling cascades
operating with probable cross-talks at various levels.

3.8. CHANGES in PEROXIDASE enzyme ACTIVITY

To substantiate the involvement of PODs in response to SDZ and
validate the proteomic results, the total POD enzyme activity was de-
termined. There was an overall increase in the POD activity in all the
concentrations of SDZ with the highest at 0.5 uM (Table 1), supporting
the observed upregulation of PODs (PER 22, PER 32, PER 34 and PER
39) (Table 2; Fig. 2). Increased anti-oxidant enzyme activities were
observed in plants exposed to antibiotics (Xie et al., 2011; Nie et al., 2013)
and increased POD activity was reported in wheat seedlings treated with
SDZ (Xu et al., 2017). It is ascertained that PODs are in- volved in the
responses to SDZ treatment either in ROS-detoxification  or in other
responses such as lignification and suberization. Bialk et al. (2005)
provided direct evidence of PODs-mediated covalent cross- coupling of the
sulfonamide sulfamethazine with phenolic substances. This leads to the
notion if such sequestration mechanisms mediated by PODs would exist in
plants to limit uptake, bioavailability and biological activity of SDZ.

4. Conceptual overview and concluding remarks

Results from this study might be depicted as a comprehensive
conceptual snapshot (Fig. 4). There was a significant reduction in leaf
biomass, root length and lateral root growth. Congruently, Xu et al.
(2017) have reported that SDZ adversely affects the leaf biomass, root
formation and length. As a consequence of impaired root growth and
function, water uptake and balance would be disturbed, mimicking
water deficit-like conditions. This could have resulted in excessive ROS
generation as evidenced by increased MDA content, indicating oxida-
tive stress and in turn ROS-induced lipid peroxidation. This was further
substantiated by upregulation of several proteins related to oxidative
stress and increased anti-oxidants (GSH and PODs). ROS could be one of
the primary signalling molecules inducing a cascade of stress responses
resulting in upregulation of several stress-related proteins. Their crucial
role as stress signalling molecules has been well established (Choudhury
etal., 2017).

Comprehensively, in response to SDZ, several proteins related to
drought, salinity and heavy metal stress were upregulated, many of
which had direct ROS-scavenging roles, notably PODs and dehydrins.
Upregulation of dehydrins (ERD14, COR47) and CRAL - the seed sto-
rage protein with a putative cytoprotective function was also observed.
There was also an indication of phenylpropanoid biosynthesis. The final
outcome of CCOAMT1 and POD is lignification, suberization and ac-
cumulation of stress-responsive metabolites such as scopoletin. Along
with peroxide detoxification and oxidative cross-linking of mono-
lignols, a possible role of POD in cross-coupling SDZ to phenolic com-
pounds as a means of transformation to limit bioavailability and mo-
bility has also been hypothesised. The interactome analysis also
provided an indication of the existing proposed model of lignin
monomers and suberin constituents transported through vesicles to the
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secondary cell wall. Further, there was an upregulation of proteins
in- volved in sterol transport, secondary cell wall architecture and
cytos- keletal organization indicating that there could be
rearrangements in the cell wall, possibly by lignification and
suberization in response to SDZ. Proteins relaed to Cu binding and
transport and proteins asso- ciated with PCD were also upregulated.
We contemplate that these could be a few of the mechanisms among the
intricate, intertwined and multifaceted responses induced by SDZ in
ARABIDOPSIS roots.

SDZ at higher concentrations reduced the overall growth, leaf
bio- mass and root length. Biochemical analysis suggested that there
is oxidative stress in response to SDZ. Taking into considerations the
possible cytotoxic effects of SDZ, the exact mechanism triggering the
oxidative stress upon treatment needs to be determined. Increased
GSH levels ad upregulation of several PODs validated with total POD
en- zyme activity suggest that these could be the major anti-oxidants
re- sponding to SDZ treatment. Proteome analysis indicated that the
major proportion of the upregulated proteins were multifunctional
stress-re- sponsive proteins. It is possible that SDZ treatment triggers
multiple stress responsive pathways in ARABIDOPSIS roots.
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Accumulation and effects of perfluoroalkyl substances in three
hydroponically grown Salix L. species

Nisha Sharma?, Giuseppe Barion?, Inisa Shrestha?l, Leonard Barnabas Ebinezer!*, Anna Rita Trentin?,
Teofilo Vameralil, Giustino Mezzalira?, Antonio Masi?, Rossella Ghisi*

!Department of Agronomy, Food, Natural resources, Animals and Environment (DAFNAE), University of Padova,
Italy

2 Veneto Agricoltura, Padova, Italy

Abbreviations: A, Net CO; assimilation rate; Ci, intercellular CO,; dpt, Days post-treatment; ETR, Electron
transport rate; ESI, electron spray ionization; Fm’, Maximum chlorophyll fluorescence; Fs, Steady-state
chlorophyll fluorescence; Fv/Fm, photosynthesis efficiency; Fv//Fm’, photosynthesis efficiency net of NPQ
losses; FRCF, foliage to root concentration factor; gsw, stomatal conductance to water vapor; MPF, multiphase
flash fluorescence protocol; NPQ, non-photochemical quenching; PhiCO,, molecules of CO, fixed per photon;
PFAAs, perfluoroalkyl acids; PFCA, perfluorinated carboxylic acid; PFASs, perfluoroalkyl and polyfluoroalkyl
substances; PFBA, perfluorobutanoic acid; PFBS, perfluorobutane sulfonate; PFDA, perfluorodecanoic acid;
PFDoA, perfluoro dodecanoic acid; PFHpA, perfluoroheptanoic acid; PFHxA, perfluorohexadecanoic acid; PFNA,
perfluorononanoic acid; PFOA, perfluorooctanoic acid; PFOS, perfluorooctanesulfonate; PFPeA, perfluoro-n-
pentanoic acid; PFSA, perfluorinated sulfonic acid; PFUnA, perfluoroundecanoic acid; POPs, persistent organic
pollutants; Rd, Dark respiration rate; RGR, relative growth rate; SRM, single-reaction monitoring.

Highlights:

e PFAAs treatment tended to reduce the growth rate of willow

e Net photosynthesis and stomatal conductance were increased by PFAAs

e Leaf concentration of PFAAs decreased with increasing C-chain length

e Long-chain PFAAs were preferentially retained in roots

e Higher removal of individual PFAAs was observed in S. eleagnos and S. purpurea
Abstract:
The potential of young rooted cuttings of three Salix L. species plants to accumulate a
mixture of eleven perfluoroalkyl substances (PFASs), in particular, perfluoroalkyl acids
(PFAAs), from the nutrient solution and their effects on plant growth and photosynthesis
were assessed in an 8-day experiment. Willow plants exposed to the PFAA mixture tended
to show a decline in the growth rate after 2 days of treatment, with significant reductions in
S. triandra. Regarding photosynthesis, the gas exchange parameters were affected more
than those related to chlorophyll fluorescence, with significant increase of the net CO2
assimilation rate and parameters related to stomatal conductance. A decreasing trend in the
PFAA concentration in leaves with increasing carbon chain length was observed, whereas
long-chain PFAAs showed higher concentrations in roots. Accordingly, the foliage to root
concentration factor highlighted that PFAAs with shorter carbon chain length (C < 7)
translocated and accumulated relatively more in leaves compared to roots. Removal
efficiency of individual PFAAs for leaves and roots were comparatively higher with S.
eleagnos and S. purpurea than S. triandra, with mean removal values at the whole plant level
ranging around 10 % of the amount initially spiked, suggesting their potential for
phytoremediation of PFASs.
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1. Introduction

Perfluoroalkyl and polyfluoroalkyl substances (PFASs), most notably perfluoroalkyl acids
(PFAAs) such as perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA),
have been detected at elevated concentrations in surface waters, sediments, groundwater
and drinking water near to airports, firefighter training areas and industrial and landfill sites
of several countries (Ahrens et al. 2011; Busch et al. 2010; Higgins and Luthy, 2006; Moody
and Field, 1999; Castiglioni et al, 2015). Soil can also be contaminated by PFAAs, mainly from
the use of contaminated irrigation water and biosolids (Blaine et al. 2014; Sepulvado et al.

2011).

Among PFASs, PFAAs are a unique group of chemicals with a perfluoroalkyl
backbone, typically with carbon-chain lengths ranging from 4 to 14 (linear or branched) and
with a functional group, commonly carboxylic and sulfonic, but also sulfinic, phosphonic, and
phosphinic (Buck et al. 2011). The presence of a hydrophilic moiety and a fluorinated
backbone in the same molecule imparts these compounds with unique properties such as
water and oil repellency and surfactant properties (Huang et al. 2007). It has been clear that
PFAAs behave differently from nonpolar and slightly polar organic micro-pollutants and
neither accumulate in fatty substances nor adsorb to organic matter solely due to
hydrophobic interactions (Key et al. 1997). Furthermore, the high strength of the carbon-
fluorine bond and the large size of the fluorine atom which hides the C-C bonds to
microorganisms, give the fluoroalkyl moieties their high thermal, chemical and biochemical

stability (Krafft and Riess, 2015; O’Hagan, 2008).

The most widely studied PFAAs are the eight carbon compounds perfluorooctanoic
acid (PFOA) and perfluorooctane sulfonic acid (PFOS). These substances have received most
attention because of their persistence (Buck et al. 2011; Parson et al. 2008), toxic effects to
mammals (Stahl et al. 2011), strong tendency for bioaccumulation (Conder et al. 2008;
Haukas et al. 2007) and bio magnification in food chain (Kannan et al. 2005; Kelly et al. 2009;).
PFAAs also showed some interaction with blood proteins and are suspected of causing
several pathological responses, including cancer (De Witt et al. 2015). For the concerns about
the potential environmental and toxicological impact of long-chain PFAAs, PFOS has been
added to the persistent organic pollutants (POPs) list of the Stockholm Convention in May

2009 resulting in global restriction of its production (UNEP, 2009), whereas PFOA is expected
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to be added shortly to this banned list (Stockholm convention, 2018). In recent years,
fluorinated alternatives have come on the market to replace the legacy of long-chain PFAAs
in specific applications. However, short-chain PFAAs and other fluorinated alternatives
possess high environmental stability and mobility, and some of them are toxic, therefore

they are likely to pose global risks to humans and the environment as well (Wang et al. 2015).

The main dietary exposure routes to these substances are considered to be
contaminated water, fish and vegetables (D’Holliver et al. 2010; Tittlemier et al. 2007).
Twelve different PFAAs were detected in 21 samples of food and beverages (Haug et al.

2010), with the most prominent being PFOS and PFOA.

The existing information suggests that PFAS contaminated irrigation water and soil
are a source for their entry into the food chain. Hence, it is important to identify appropriate
technologies to remove PFASs from plant growth matrices. Physicochemical techniques are
expensive, especially if they are to be applied on a large scale and can produce undesirable
by-products and alter soil characteristics. On the other hand, due to the high stability of
perfluorinated compounds, the application of microbial degradation is still unfeasible. It has
been shown that different plant species are able to accumulate PFAAs (Gobelius et al. 2017;
Ghisi et al. 2019 for a review on agricultural plants), thus laying the foundations for the use
of bioremediation techniques. Phytoremediation is an eco-friendly technology, which uses
plants and associated rhizosphere microorganisms to remove, transform, or detoxify organic
and inorganic pollutants in soils, sediments, ground water, surface water and the
atmosphere (Dhankher et al. 2012; Susarla et al. 2002; Sandermann, 1994). In the evaluation
of plant species to be used in phytoremediation processes, phytotoxicity of pollutants is just
as important as plant uptake capacity and understanding plant responses to contaminant
stress defines whether a plant has the potential to transform and tolerate toxic chemicals,

which would enhance phytoremediation (Carvalho et al. 2014; Medina et al. 2003).

Willow (Salix spp. L.) is one of the species commonly studied and used in
phytoremediation projects, owing to their high biomass production, high evapotranspiration
and a pronounced capability of taking up heavy metals and removing organic pollutants
(Marmiroli et al. 2011; Vervaeke et al. 2003). However, to the best of our knowledge, the are
no reports on the accumulation and effects of PFAAs on willow plants. In order to evaluate

the possibility of using willow plants for the phytoremediation of PFAAs, in the present study,
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we investigated the effects of a mixture of 11 PFAAs on biomass accumulation, growth rate
and photosynthetic parameters in an eight-day hydroponic experiment. Accumulation and
distribution of PFAAs among roots and leaves of willow plants were also assessed. Three
willow species, i.e. Salix eleagnos L., S. purpurea L. and S. triandra L. were considered to

examine species-specific effects and differences in accumulation of PFAAs.
2. Material and Methods
2.1 Chemicals

The PFAAs included in the experiment are: perfluorobutanoic acid (PFBA), perfluoro-n-
pentanoic acid (PFPeA), perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA),
perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid
(PFUNnA), perfluorohexadecanoic acid (PFHxA), Perfluoro dodecanoic acid (PFDoA),
perfluorobutane sulfonate (PFBS) and perfluorooctanesulfonate (PFOS) (Sigma Aldrich, St.
Louis, MS, USA). Mass labelled *3C>-PFDA, 3C4-PFBA, 3Cs-PFPeA, 13Cs-PFNA,3C4-PFBS, 13Ce-
PFHXA, !3C7-PFHpA, 3C4-PFOA, 3C4-PFOS, !3Ci0-PFDoA, and '3Ci1;-PFUNA (Wellington
laboratories, Guelph, ON, Canada) were used at a fixed concentration as internal standards

(IS) in mass spectrometry (MS) for identification and quantification of all PFAAs.
2.2 Plant growth and treatment

Cuttings (~¥30 cm in length) of S. eleagnos L., S. purpurea L. and S. triandra L. (15 per species)
collected from the Plant Biodiversity and Agroforestry Center of Veneto Agricoltura,
(Montecchio Precalcino, Vicenza, Italy) were grown in water for three weeks under
greenhouse conditions to induce optimal root and shoot growth. After rooting and with
leaves, 10 plants per species (5 for controls and 5 for PFAA treatments) were carefully
selected for uniformity and transferred for some days to a modified Hoagland nutrient
solution (Hoagland 1933) (one plant per 1 L pot) in a growth chamber (12/12 hrs light/dark
period, 25/20 °C temperature and 300 umol photons m™ s of photosynthetic active
radiation, PAR) to allow them to adapt to the new conditions, before the nutrient solution
was changed and spiked or not with PFAAs. Treated plants were exposed to a mixture of
eleven PFAAs (PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDoA, PFUnA, PFBS, PFOS), each

at 10 pg L* concentration for 8 days.

2.3 Determination of relative growth rate, dry weight and photosynthetic parameters
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Individual plants from control and treated groups were carefully weighed during the
experiment for assessing the relative growth rate (RGR). Nutrient solution volumes were also
measured. Time point before treatment indicated as ‘-1’ was used as the reference to
calculate RGR, 0 was the day of the treatment with PFAAs, whereas 2, 4, 6, and 8 indicate

days post treatment (dpt).
RGR % was calculated according to the formula:
RGR % = [(In Wtx—In Wt.1) / t,- t-1] * 100

where Wt refers to the plant weight at a specific time point during the experiment and Wt.

1 refers to the weight on the day before treatment.

For determining the dry weight, roots and leaves from control and treated plants were dried

in an oven at 50 °C till constant weight was attained.

Photosynthetic gas exchange parameters and chlorophyll fluorescence
measurements were performed on 7 dpt and 8 dpt with Li-6800 (Li-Cor Inc., Lincoln,
Nebraska, USA). Measurements were performed thrice on the middle portion of the
youngest fully expanded leaf for five plants per treatment using the methods described by
Stinziano et al. (2018). Actinic light composition was varied between 100% blue (470 nm)
and 100% red (625 nm). The instrument was configured with flow rate 500 umols™, 400 umol
mol™ CO,, leaf temperature 27°C and 51 % humidity. The negative ¢ PSIl values were set to
0 for the measurement of fully saturated reaction centers. Dark respiration rate (Rd) was
measured at the end of the light response curve and gross CO, assimilation was
approximated as [CO; assimilation rate (A) + dark respiration rate (Rd)]. All fluorescence
measurements were made using the multiphase flash fluorescence protocol (MPF) with a
saturating intensity of 8,000 pmol m=2 s~ with 1000 ms duration and 100 Hz output rate.
Steady-state chlorophyll fluorescence (Fs) was measured at 50 kHz. Maximum chlorophyll
fluorescence (Fm’) was measured at 250 kHz during the saturating pulse, and fluorescence
was detected at >700 nm (Evans et al. 2017). At the end of the experimental period, i.e. on
the 8 dpt, leaf and root tissues from control and treated plants were weighed, rapidly frozen

in liquid nitrogen and stored at -80 °C until analysis.

Within the software MS Excel XLSTAT (Addinsoft, Paris, France), factorial discriminant
analysis (MDA, Multi-group Discriminant Analysis, with Wilks lambda and Pillai trace tests)
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(Coley and Lohnes, 1971) and Principal Component Analysis (PCA) were applied after data
standardization (by subtracting the mean and dividing by standard deviation). Multivariate
data normality was preliminarily verified by the Shapiro test with the public domain software

R 2.9.2 (package mvnorm-R; lhaka and Gentleman, 1996).
2.4 Extraction and determination of PFAAs in leaves and roots by LC-MS/MS

Extraction of PFAAs from the roots and leaves of control and treated plants were carried out
using the extraction methodology described by Gobelius et al. (2017), with some minor
modifications. Briefly, 0.2 g samples were ground to a fine powder with liquid nitrogen, then
100 mM sodium hydroxide in 80 % methanol with 3C PFAAs (internal standard at 3 pg/L final
concentration) was added in 1:5 ratio and mixed thoroughly. Samples were sonicated for 10
min and were incubated with shaking for 60 min, room temperature (RT) and then
centrifuged at 2800 x g for 15 min at RT to collect the supernatants. To ensure maximal
recovery of PFAAs, the extraction was repeated twice with the resultant pellets using the
same extraction solution without the internal standard. To the supernatants, 1M HCI was
added (1:10), mixed thoroughly and centrifuged at 2800 x g, 15 min, RT. The resulting
supernatants from the three sequential extractions were combined and filtered using 0.22

UM RC and further stored at -20 °C until analysis.
2.5 Instrumental analysis

MS analysis was performed with a high-performance liquid chromatograph (Ultimate 3000
UHPLC, Dionex, Sunnyvale, CA, USA) coupled to an electrospray ionization tandem mass
spectrometer (TSQ Quantiva Triple Quadrupole, Thermo Scientific, San Jose, CA, USA).
Separation of PFAAs based on their polarity was carried out using a C18 column Luna Omega
PS (50 x 2.1, L x ID; particle size: 1.6 um; pore size: 100 A, Phenomenex). The mobile phase
was 10 mM ammonium formiate aqueous solution (A) and methanol (B). The gradient
started at 10% B and was maintained for 2 min, then changed to 100% B in 2 min and
maintained for 6 min, then returned to 10% B and equilibrated for 3 min. Flow rate was 0.40
mL/min. The injection volume was 10 uL. The electrospray ionization (ESI) source was set to
negative mode. The optimized parameters for mass spectrometric detection were: vaporized
and ion transfer tube temperature to 300°C, CID argon pressure was 1.5 mTorr, sheath gas

50 (Arb), auxiliary gas 15 (Arb), and sweep gas 2 (Arb). (Xcalibur 3.0 (Thermo Scientific)
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software was used for instrument control, data acquisition and quantification. Data

acquisition was performed in single-reaction monitoring (SRM) mode.
2.6 Quality assurance and quality control

During the whole experiment, from sample extraction to LC-MS/MS analysis, the presence
of any fluorine containing compounds as external potential contaminants was carefully
avoided to prevent artifactual results. The linearity range of each PFAAs was tested with a
standard mixture (Wellington laboratories, Guelph, ON, Canada) spiked with isotope-labeled
internal standard to evaluate the accuracy, limits of detection and limits of quantification.
Also, all the samples were spiked with an isotope-labeled internal standard at a fixed
concentration. Quantification of each molecule was carried out using the corresponding

calibration curve.
2.7 Foliage to root concentration factor and removal efficiency percentage

Foliage to root concentration factor (FRCF) was calculated by dividing the concentration of
PFAAs in foliage by the concentration of PFAAs in roots, both on a fresh weight (FW) basis
(Felizeter et al. 2012). Removal efficiency % of PFAAs was calculated as described by Zhang

et al. (2019) with the equation below.

Removal efficiency % = [Mass of PFAAs in plant tissues/Total mass of PFAAs added initially]
x 100

2.8 Data Analysis

All experiments were conducted with at least 5 biological and 3 technical replicates. All data
were analyzed by One-way ANOVA and Tukey’s HSD test to assess the significance of
treatment effects. Differences at p<0.05 were considered as statistically significant.
Statistical analysis was performed using R studio. Origin 6.0 was used to construct the

graphs.
3 Results and Discussion

PFAAs are one of the most persistent and globally distributed groups of organic pollutants.
Following the alarming reports on the detection of PFAAs, especially PFOA and PFOS in
several cereals and vegetables (Stahl et al. 2009), research in the recent years was addressed
towards bio-accumulation and partitioning of PFAAs in different parts of various vegetable
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crops (extensively reviewed by Ghisi et al. 2019). Nonetheless, little information is available
on the direct phytotoxicity of a mixture of PFAAs on plants and their effects on Salix L. species
have not been reported yet. In the present study, the accumulation and effects of 11 PFAAs
(each at 10 pg L' concentration) on three Salix L. species were investigated. The
experimental set up was based on the considerations that PFAAs exist in the environment
predominantly as a mixture, and the chosen concentrations are in the range of what is
detected in waters in highly industrialized areas (Ahrens et al. 2011; Valsecchi et al. 2015;
Wang et al. 2019).

3.1 Effects of PFAAs on plant growth, shoot and root biomass

Growth analysis indicated that the application of PFAAs had a transient stimulatory effect on
S. eleagnos at 1 and 2 dpt, with a similar trend in S. purpurea and in S. triandra at 1 dpt.
Consistently after 2 dpt, a decline in growth rate was observed across all the species for both
control and treated plants. Significant reduction in growth rate was observed with S. triandra
at 4 and 8 dpt, suggesting that this species could be comparatively more sensitive to PFAAs

and that the effects of these substances can vary depending on the species (Fig. 1).

Some reduction and a decreasing trend was observed with the fresh weight of foliage and
roots in response to PFAAs across the three species. Foliage to root ratio suggested that the
biomass reduction was more pronounced in the leaves than in the roots in S. triandra
compared to the other species, which had no significant deviations from the control (Fig. S1
A, B, C). Similarly, in Arabidopsis thaliana, the fresh weight of leaves and roots and the root
length were significantly reduced with PFOA treatment, although at concentrations i.e.
above 10 umol L™ (equivalent to 4.14 mg L) (Yang et al. 2015). Ding et al. (2011) evaluated
the phytotoxic effects of seven PFASs on lettuce and green algae (Pseudokirchneriella
subcapitata) and reported that perfluorobutanoic acid (PFBA) was more toxic to the
photosynthetic green algae than to lettuce among the other PFASs. This suggests that PFAAs
could vary in their phytotoxicity and have distinctive effects depending on the plant species.
Hence, the observed reduction in fresh weight of leaves and roots in our study could be due
to specific PFAAs, as evidenced in A. thaliana and the green algae or a combinational effect

of the PFAAs dependent on the Salix L. species.
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No significant differences were observed among the dry weights of leaves and roots of
control and treated plants in all the three Salix species considered here, even if a subtle
increase in the dry weight of the roots of S. eleagnos and S. purpurea treated with PFAAs
compared to control was noticed (Table S1). Similarly, Wen et al. (2013) reported no increase
in shoot and root dry weight in maize plants treated with 1 mg L™X PFOS or PFOA, but at higher
concentrations (10 to 200 mg L?) a significant reduction in dry weight was observed.
Contrastingly, an increase in averaged dry weights of roots and leaves of plants treated with
lower concentrations of PFOS (at 0.1 and 1 mg L) (Qu et al. 2010) and PFOA (at 0.02 and 0.2
mg kg?) (Zhou et al. 2016) was reported in wheat seedlings. This suggests that the phytotoxic
effects on growth rate, fresh and dry weights depend on the PFAAs to which the plants are

exposed, their concentration and the plant species.
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Fig. 3.1. Percentage RGR of the three willow species treated with PFAAs in comparison with control over the
course of the experimental duration. RGR was determined with respect to the weight of the plants before
treatment. Error bars represent mean standard error (n=5). *, ** indicate P<0.05 and 0.01, respectively, as
determined with One-way ANOVA.

3.2 Effects of PFAAs on photosynthesis
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The influence of PFAAs on photosynthesis has been poorly investigated and is still not fully
understood. Examining the effects of PFAAs on photosynthesis in this study, it was evident
that the gas exchange parameters were more affected than those related to chlorophyll
fluorescence. Significant increase in net CO, assimilation rate (A) was observed in all the
three Salix spp treated with PFAAs compared to controls (Fig. 3.2A). While intriguingly, the
intercellular CO; (Ci) was reduced in all species with statistical significance in S. eleagnos and
S. purpurea (Fig. 2B). Conversely, other parameters associated with A such as photosynthetic
efficiency (Fv/Fm), photosynthesis efficiency net of NPQ losses (Fv’/Fm’), electron transport
rate (ETR), molecules of CO; fixed per photon (PhiCO;) and non-photochemical quenching

(NPQ) values did not significantly change in treated plants compared to controls (Fig. S2).
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Differences in the photosynthetic parameters in the three Salix L. species at the end of the experimental
period. Error bars represent mean standard error (n=5). Different letters indicate significant differences as
determined by Tukey’s HSD test at p < 0.05.

Interestingly, stomatal conductance to water vapor (gsw) was increased with significant
differencesin S. eleagnos and S. triandra (Fig. 3.2C). In addition, vapor pressure deficit at leaf

temperature (VPD) values were significantly reduced in all the three treated willow species
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(Fig. 3.2D). Contrary to these responses of willow plants to PFAAs, reduced stomatal
conductance in plants treated with organic and inorganic pollutants are frequently observed
(loriet al. 2013; Li et al. 2011; Michelini et al. 2015; Pietrini et al. 2010). This seems to indicate
that PFAAs interact with plants in a different way compared to other pollutants, probably
due to their particular physico-chemical characteristics, and specifically their surfactant

properties.

Regarding Fv/Fm values, one of the widely accepted photosynthetic parameters to indicate
if the plant is under stress, they were not significantly changed in response to PFAAs
treatment (Fig. 3.52) in any willow species at the experimented concentration. This indicates
that the photosynthetic machinery of willow plants doesn’t seems to be impaired by the

exposure of plants to PFAAs in our experimental setup.
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Fig. 3.3. Discriminant analysis (A) and Principal component analysis (B) of the photosynthetic parameters of
the three willow species (average of S. eleagnos, S. purpurea, S. triandra) at 7 and 8 dpt with PFAAs. CTRL
denotes control.

PCA of the photosynthetic parameters highlighted two synthetic variables, of which major
part of variability (90.47 %) was with F1. Variables associated with 7 and 8 dpt with PFAAs
segregated into distinct clusters away from their respective controls indicating an overall
difference in the measured photosynthetic parameters and there were not major variations

among the measured parameters between these time points (7 and 8 dpt) (Fig. 3.3A).

Photosynthetic parameters with high lodging (> 0.35) explaining high fractions of
variability were VPD leaf and A, followed by gsw (Table S2). As indicated by the shift towards
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the opposite quadrants, as a consequence of PFAA application there was a significant
increase in A and gsw and a decrease in VPD leaf values (Fig. 3.3B). Interestingly, a slight
increase in the light-dependent photosynthetic reactions (PhiCO;, Fv/Fm, Fv’/Fm’, ETR) and
a decrease in NPQ and Ci were noticed in response to PFAA treatment. Increased gsw
(lodging value +0.366 in F1) could be associated with the high lodging values (> 0.75)
observed with VPD leaf and A. Increased conductance - related parameters can lead to
increased CO;influx (A) (Fig. 3.2A) and consequently water loss, as indicated by significantly

reduced VPD leaf values (Fig. 3.2D).

It was evidenced that several PFAAs are taken up by the root and translocated to the leaves
through the transpiration stream. As these compounds have a low volatility and are not
degraded, they can remain as residues in the leaves (Blaine et al. 2014; Felizeter et al. 2014).
Conceivably, PFAAs may accumulate in the hypo-stomatal cavity where the xylem sap is
finally directed to, and also as a consequence of water evaporation and transpiration. While
there is no information on this pertaining to plants, the existing hypotheses for the
mechanism of bioaccumulation and distribution of PFAAs in mammals, birds and fishes
include partitioning to membrane phospholipids and interaction with specific proteins (Ng
and Hungerbuehler, 2013, Ng and Hungerbuhler, 2014; Armitage et al. 2012). While being
transported through the xylem vessels and accumulating in the hypo-stomatal cavity, it is
possible that PFAAs may interact with lignocellulosic constituents, phospholipids and specific
proteins. As surfactants; the possibility of PFAAs to alter the surface tension of the
transpiration stream and thus, the xylem hydraulic conductivity may not be excluded;

however, no studies have been carried out to this end.

Considering these inferences, we speculate that PFAAs could alter xylem hydraulic
conductivity and accumulate in the hypo-stomatal cavity altering its surface properties,
which are strongly implicated in the gas exchange parameters. In a possible scenario which
is compatible with our experimental results, lowering the water surface tension would result
in an increased water evaporation rate in the hypo-stomatal cavity, which in turn would
lower the measurable VPD. Conversely, the bundle sheath and mesophyll cells adjacent to
the hypo-stomatal cavity would be in a more hydrated state because of the PFAAs
accumulation and the water-repelling properties of these pollutants, which we speculate

would lead to ABA-mediated stomatal opening. As an effect of increased stomatal
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conductance, there would be a greater CO; influx into the hypo-stomatal cavity leading to
an increase in the measured net CO; assimilation rate. It has been shown that PFAAs tend to
accumulate and get concentrated in the air-water interface (Felizeter et al. 2012; Reth et al.
2011) and hence, their possible accumulation in the hypo-stomatal cavity (air-water
interface in the leaves) could perturb CO, permeability, leading to a lower intercellular CO;
(Ci), which can be also due to the higher rate of CO; assimilation (A) in treated plants.
However, additional experiments are required to confirm the localization of PFAAs to further
establish the underlying mechanism. It seems clear to us, that the effects of these
environmental pollutants on plant growth are likely to involve altered plant-water relation,
affecting the stomatal opening and CO; assimilation. The increase in measurable CO;
assimilation rate (A) should not be interpreted as a direct stimulatory effect on
photosynthesis, and in fact, it is quite paradoxical to the observed reduction in RGR. It could
rather be considered as a compensatory mechanism, where part of the carbon fixed with
photosynthesis could be used by willow plants in adaptation mechanisms to the presence of
PFAAs. For example, the exposure to PFAAs stimulated the antioxidative defense system in
Juncus effusus shoots (Zhang et al. 2019), whereas PFOS stimulated superoxide dismutase

(SOD) activity in Acorus calamus and Phragmites communis (Qian et al. 2019).
3.3 Differential accumulation of PFASs in leaves and roots

The volume of the nutrient solution over the course of the experiment was monitored to
assess if PFASs affect the uptake of the nutrient solution. In all species the nutrient solution
volume decreased during the experimental period, with S. eleagnos showing the lowest
reduction in both control and treated plants. Despite the higher stomatal conductance in
treated plants, the residual nutrient solution volume at the end of the experiment was not
lower compared to controls, and in treated plants of S. triandra the volume was even

significantly greater at 2, 4 and 8 dpt (Fig. 3.4).
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Therefore, it is likely that PFAAs altered the plant-water relations and, alternately, it can be
hypothesized that PFAAs can limit the root permeability to water influx or alter the
hydrophilicity of conductive elements from roots to stomata, thus limiting the uptake of
nutrient solution, which could have contributed to the significant reduction in RGR and leaf
biomass in S. triandra (Fig. 1 and S1A). There is also reported evidence of root exudates
altering the physical and chemical properties of rhizosphere, mediating chelation,
complexation and deposition of pollutants (Kuang et al. 2003; Pilon-Smits 2005), which may

alter plant water uptake and evaporation too.
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Fig. 3.4. Changes in the nutrient solution volumes during the experimental period for the three willow
species. Error bars represent standard error of the mean (n=5). Different letters indicate significant differences
as determined by Tukey’s HSD test at p < 0.05.

There has been mounting evidence that PFAAs tend to translocate and accumulate in various
plant tissues, according to their chain length and functional group (Ghisi et al. 2019 for a
review). In this study a decreasing trend in the concentration of PFAAs dependent on the
increasing carbon-chain length was observed in the leaves of all the three willow species (Fig.
3.5A). Regarding perfluorinated sulfonic acids (PFSAs), they were accumulated to a lower
extent than perfluorinated carboxylic acids (PFCAs) with equal number of carbon atoms.

Among the willow species, significantly higher concentrations of PFBA, PFOA, PFNA, PFDA &
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PFOS were observed in S. eleagnos leaves (Fig. 3.5A). Irrespective of the type of PFASs, lowest

concentrations were always detected in S. triandra compared to the other willow species.

With respect to the roots, PFCAs with higher carbon chain length, i.e. PFDoA followed by
PFNA and PFDA were detected at higher concentrations, with PFUnA as an exception (Fig.
3.5B). Regarding PFSAs an opposite trend was observed in respect to the leaves, with high
concentration of PFOS and low concentrations of PFBS being detected in the roots of all the

willow species.

The foliage to root concentration factors (FRCF) suggests that PFBA, PFPeA, PFHxA, PFHpA
and PFBS translocated and accumulated relatively more in the leaves than in the roots, as
they showed FRCF values higher than 1. PFCAs accumulated more in leaves of all the three

willow species compared to PFSAs (Fig. 3.5C).

Consistent with our findings, highest concentration of PFBA followed by PFPeA was observed
in lettuce leaves, and FRCFs exponentially decreased with increasing chain length of PFCAs
and PFSAs (Felizeter et al. 2012). Similarly, the leaf concentration factor of cabbage, zucchini
and tomato indicated that all PFCAs, except for the long chain ones (C >10) were translocated
and accumulated more in the leaves of these species (Felizeter et al. 2014). Higher root
concentration factors (RCF) (by a factor of 2 to 3) were observed with all PFSAs than the
PFCAs with the same number of fluorinated carbon atoms and hence, the authors suggested
the uptake of PFASs is also governed by the functional group in addition to the carbon chain

length.
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Fig. 3.5. Concentration of PFAAs in foliage (A) and roots (B) and foliage to root concentration factor
(FRCF) (C) of three willow species, on FW basis. Error bars represent standard error of the mean
(n=5). Different letters indicate significant differences within the three willow species, as determined
by Tukey’s HSD test at p < 0.05.

Krippner et al. (2014) also stated that the uptake rate of PFCAs and PFSAs were dependent
on the carbon chain length in hydroponically grown maize plants reporting that a shoot to
root ratio > 2 was observed with PFBA, PFBS, PFPeA, PFHxA and PFHpA, whereas PFOA,
PFNA, PFDA, PFHxS and PFOS were retained more in the roots (shoot to ratio < 1). In
agreement with our results, longer-chain PFASs were more retained in the maize roots and
the shoot to root concentration ratio decreased with increasing chain lengths of PFASs.
Garcia-Valcarcel et al. (2014) investigated the uptake of some PFCAs (PFBA, PFOA, PFDA) and
PFSAs (PFBS, PFHxS, PFOS) in Bromus diandrus grown in nutrient solution reporting that the
uptake and concentration of PFAAs decreased with an increase in the carbon chain length.
Zhao et al. (2016) assessed the uptake of PFCAs (i.e., PFBA, PFHpA, PFOA, PFDoA) in
hydroponically grown wheat plants subjected to different salinities and temperatures.
Considering the dataset of the plants grown with PFCAs and not subjected to salinity and
temperature, the observations coincide with our results and interestingly, PFDoA was

retained in wheat roots as observed with willow in this study (Fig. 3.5B). In a recent study,
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Zhao et al. (2017) have reported the comparative uptake of PFCAs by wheat plantlets grown
in nutrient solution and concluded that with increasing carbon chain length, the RCF
increased while the shoot to root concentration factor (SRCF) decreased. It is interesting that
there is similarity in the uptake and accumulation trend of PFASs, irrespective of the plant
species. The existing hypotheses for the chain-length and functional group-dependent
uptake and translocation of PFASs include (i) a decrease in their ability to cross the Casparian
strip and an increase in their sorption to root components with increasing carbon chain
length; (ii) higher sorption of perfluorinated surfactant sulfonates than their carboxylic

analogues to root surface tissue (Felizeter et al. 2012; 2014).

Significantly higher values of removal efficiency % were observed for S. eleagnos and S.
purpurea leaves compared to S. triandra for PFCAs - PFBA, PFPeA, PFHxA, PFHpA and PFOA,
and only for PFBS among the PFSAs (Fig. 3.6A). Significantly higher values were noticed with
S. eleagnos leaves compared to S. purpurea for PFNA and PFOS. Removal efficiency %
associated with roots indicated a similar trend only for PFBA, PFPeA, PFOA and PFNA,
wherein significantly higher values were observed with S. eleagnos and S. purpurea
compared to S. triandra. Interestingly, higher values were observed for PFHxA, PFHpA and

PFBS with S. purpurea roots compared to the other willow species (Fig. 3.6B).

The removal efficiency of total PFASs by the whole plant ranged from 6 to 11 % and there
were no significant differences noticed between the willow species; however, S. purpurea
followed by S. eleagnos had higher removal efficiency compared to S. triandra (Fig. 6C).
Zhang et al. (2019) assessed the removal efficiency of hydroponically grown Juncus effusus
plants treated with PFPA, PFBS, PFHxA, PFHpA, PFHxS, PFOA and PFOS (spiked at different
concentrations) over a period of 21 days and concluded that the concentration of PFASs in
the growth medium and the exposure time are the major factors affecting removal
efficiency. Albeit the concentration of PFASs spiked in our study was much lower, we inferred
that the removal efficiency of total PFASs by S. eleagnos (9 %) and S. purpurea (11 %) were
higher compared to J. effusus plants (6 %) grown for 7 days at the concentration denoted as
1X concentration (Total PFAS concentration: 4635 pg L?). This suggests that willow plants
could possess higher removal efficiency under hydroponic experimental conditions and

hence, could be a potential candidate for phytoremediation of PFAS-contaminated sites;
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however, systematic studies are required to assess their efficiency to uptake and accumulate

PFASs from contaminated soil.
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Fig. 3.6. Removal efficiency % of individual PFAAs - Foliage (A) & Root (B) and of total PFAAs (C). Error bars
represent standard error of the mean. Different letters indicate significant differences within the three willow
species as determined by Tukey’s HSD test at p < 0.05.

Concluding remarks

As PFASs predominantly exist as a mixture, our study gains significance as it addresses their
combined effects on plant growth at an environmentally relevant concentration. Results
from our study suggest that PFAAs in combination had a species-specific effect on the growth
of the three willow species. Interesting effects of PFAAs on the photosynthesis were
observed but the perspectives discussed require further research to thoroughly understand
them. The general trend in uptake and accumulation of PFAAs depending on the carbon
chain length and the functional group also evidenced in our study could be interesting for
future development of uptake/phytoremediation models. Considering that PFAAs in the
nutrient solution are taken up by roots and then distributed in the plant through the
transpiration stream, it would be interesting to examine their effects on plant-water
relations, which could have a larger impact when plants are grown on soil. While our

hydroponic-based study provided novel insights and indicated the potential of willow plants
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to uptake and accumulate PFAAs, their applicability under field condition needs to be
assessed. However, taking into consideration the great ability of willow to adapt to wetland
conditions, this would have promising implications for future phytoremediation projects

targeting PFASs.
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Highlight

e Seed germination was inhibited due to mixture of PFAAs in the dose dependent manner.
e  Mixture of PFAAs affected the root growth and biomass of the maize seedlings
e The depletion trend of each PFAASs in the nutrient solution was acting differently.

Abbreviation: PFAAs, Polyfluoroalkyl substances; FW, Fresh Weight; DW, Dry Weight; RGR, Relative Growth
Rate; Dpt, Days Post Treatment; PS Il, PhotoSystem 2; PFASs, per- and polyfluoroalkyl substances; PFDoOA,
Tricosafluorododecanoic acid; PFOS, Perfluorooctanesulfonic acid; PFBS, Nonafluorobutane-1-sulfonic acid;
PFOA, Pentadecafluorooctanoic acid; PFBA, Heptafluorobutyric acid; PFPeA, Perfluoropentanoic acid; PFHXA,
Undecafluorohexanoic acid; PFHpA, Perfluoroheptanoic acid; PFNA, Perfluorononanoic acid; PFDeA,
Perfluorodecanoic acid; PFUnA, Perfluoroundecanoic acid; PFDoA Tricosafluorododecanoic acid; A,
Assimilation Rate; E, Transpiration Rate; Gsw, Stomatal Conductance; Fv'/Fm', Photosynthesis efficiency net of
NPQ losses; ETR, Electron Transport Rate; NPQ, Non-photochemical Quenching; PhiCO2, Molecules of CO2
fixed per Photon; PhiPS2, Photochemistry Il; VPD leaf, Vapor pressure deficit at leaf temperature.

Abstract

Per -and Polyfluoroalkyl substances (PFASs) have been recognized as emerging pollutants and are
found ubiquitously in the environment including humans, animals and plants due to their multiple
uses in industry and consumer products. A large number of investigations has been carried out on
PFAAs effects, fate and accumulation by plants., The aim of the following study was to determine the
effects of mixture of 11 PFAAs on the growth of Maize (Zea mays) and depletion of PFAAs in nutrient
solution. Maize, a staple food cultivated widely through the world for human consumption and
animal fodder, was taken as a model plant for this study which was grown hydroponically spiked with
mixture of 11 PFAAs at 100 pg/L each. The effects of PFAAs on plants were studied by the growth
parameters (fresh weight (FW), dry weight (DW) and relative growth rate percentage (RGR), the
measurements of gas exchange characteristics, fluorescence parameters, and depletion of PFAAs in
the nutrient solution. The total plant biomass (g) of PFAAs treated maize seedlings declined as
compared to control (without treatment) demonstrating that PFAAs are toxic to plants. Likewise, the
photosynthesis parameters were altered, as well as the concentration of PFAAs having shorter
carbon chain were less abundant in nutrient solution, which suggests that they have entered into the
plant system.
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1. Introduction

Per- and polyfluoroalkyl substances (PFASs) have a unique physicochemical property such as
water, oil and grease-repellence and high thermal stability. Due to this reason, PFASs are
being widely used in various industries such as textile coatings, paper treatments, pesticides
and fire-fighting foams, and have led to their widespread occurrence and persistence in the
environment. They do not degrade in the environment (Liu et al. 2013) and thus can be found
ubiquitously in air, water, soil, sediment, sludge from wastewater treatment plants, biosolids
for agricultural application, and house dust (Prevedouros et al. 2006; DeWitt 2015; Ahrens,
2011). However, some of the properties of PFAAs are contributing to make them problematic

environmental contaminants.

The strong C—F chemical bond makes PFAS extremely resistant to thermal (Moody et al.
2003), chemical (Yang et al. 2015) and biological degradation (Zhao et al. 2011), which results
in bioaccumulation in the environment and persistence in human tissues for years. PFAAs
have been detected in human blood and breast milk, (Karrman et al., 2010) which is of
concern because some PFAAs have been proven or are suspected to have adverse effects on
animal and human health. Few studies have been done on how humans are exposed and still
little is known so far about PFAAs exposure. Although human exposure to PFAAs may occur
through different pathways, dietary intake seems to be the main route of exposure to these
compounds (D’Hollander et al. 2010; Domingo et al. 2012). Because of the interest that this

topic generates in both public opinion and the scientific community.

In recent years, several researchers have determined the concentrations of PFASs in
foodstuffs, whereas some studies have also assessed the dietary intake of some of the most
well-known PFASs, mainly PFOS and PFOA. In 2011, the state-of-the-art regarding human

health risks of the dietary exposure to PFASs were assessed (Ericson et al. 2008).

Most of the studies focused on PFAAs, especially PFOS and PFOA, even though some studies
have shown that other PFAAs might be even more abundant in the environment. There are
very few data published on hydroponic uptake of PFAAs on crops. Even though hydroponic
conditions are an artificial system, they can provide interpretable results regarding the
depletion of PFAAs from the nutrient medium without any soil component interference
(Ghisi et al. 2018). The limitation of hydroponic studies is that they do not include any effects

of soil on modulating chemical availability.
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The maize being one of the most important food crops in the world (Shiferaw et al. 2011),
was used (Zea mays, B73) as a model plant for our experimental work. In a recently published
study, nutrient solution experiments were performed on maize plants for studying the
uptake mechanism of PFAAs differing in chain lengths and functional group (Krippner et al.
2014). Also, Felizeter et al. (2014) studied PFAS accumulation in lettuce, tomato, cabbage
and zucchini plants grown in a nutrient solution containing a mixture of PFASs. These plants
tended to accumulate molecules with shorter carbon chain length in the leaf and higher
chain lengths in roots. Other studies have been carried out to investigate the toxic effects
(Stahl et al. 2009), uptake and accumulation of PFAAs by plants (Wen et al. 2013), and the
toxic effects on a freshwater alga by flow cytometry and photosynthesis efficiency (liu et al.
2008). However, detailed photosynthesis and proteomics studies on the effects of PFAAs on

maize plantlets have not been reported yet.

The aim of the present study was to investigate the effects of PFAAs on Zea mays L., as it is
a major crop in the Veneto region, which is one of the four major PFAAs contaminated sites
in the world. The experiments were conducted with maize plants grown in a hydroponic
system to investigate the phytotoxic effects, morphological alterations of root system and
depletion of PFAAs from the nutrient solution. The comparison was carried out between
plants grown in a nutrient medium spiked by mixture of PFAAs and control (no spiking of

PFAAs).
2. Materials and methods

2.1 Chemicals

The PFAAs included in the experiment are perfluorobutanoic acid (PFBA), perfluoro-n-
pentanoic acid (PFPeA), perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA),
perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid
(PFUNnA), perfluorohexadecanoic acid (PFHxA), Perfluoro dodecanoic acid (PFDoA),
perfluorobutane sulfonate (PFBS) and perfluorooctanesulfonate (PFOS) (Sigma Aldrich, St.
Louis, MS, USA). Mass labelled *3C,-PFDA, '3C4-PFBA, 13Cs-PFPeA, 3Cs-PFNA,3C4-PFBS, 13Ce-
PFHxA, 3C;-PFHpA, 3Cs-PFOA, 13C4-PFOS, 13Ci10-PFDoA, and 13Ci1-PFUNA (Wellington
laboratories, Guelph, ON, Canada) were used at a fixed concentration as internal standards

(IS) for identification and quantification of all PFAAs.
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2.2 Surface sterilization of seeds and germination test

The maize (B73) seeds grown in the University of Padova farm “L. Toniolo” in Legnaro city,
were used for the experiment. The Zea mays (B73) seeds were thoroughly washed with tap
water for 2 to 3 times, followed by 70 % ethanol. The surface sterilized seeds were further
soaked overnight in the water. The plants were further grown for seed germination test and

for PFAAs exposure experiments.

A germination test was conducted to check the effects of the PFAA on seed germination and
to decide the concentration for the hydroponic treatment. The sterilized B73 maize seeds
were placed in Petri dishes with an absorbent paper. 20 seeds were carefully stowed in each
Petri dish with 6 mL of % strength Murashige and Skoog Nutrient Solution spiked with eleven
PFAAs (PFBS, PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFOS, PFNA, PFDA, PFDoA, PFUNA) at three
different concentrations (10 pg/L, 100 ug/L, 1000 ug/L) and one without any treatment
(control). Petri dishes were sealed with parafilm and were placed in a germination chamber

at 25 °C for three nights.

At 4 days post treatment (dpt), 20 germinated maize seedlings from each treatment were
randomly selected. First, seedlings were carefully removed intact from the paper; second,
the seedlings were evenly spread apart in a water layer on a transparent tray (30 cm x 20
cm) and lastly, all the separated germinated seedlings were imaged at a resolution of 400
dpi (dots per inch) with an EPSON Expression 11000 XL PRO scanning system. Root images
were analyzed for the total root length (cm), root surface area (cm?), root volume (cm3) and

the diameter(mm) by using WinRHIZO software V5.0.

The total length and the average diameter of the roots was determined by the following

formulas:
Length = (number of pixels in the radical skeleton / Image Resolution
Diameter = [(projection area / Total Length)] * (1 / Image Resolution)
2.3 Plant Culture and Exposure Experiments

Based on the results from seed germination experiment, the concentration of PFAAs was
decided for growing the maize plantlets hydroponically. The sterilized seeds were rolled into

wet paper and put in a beaker, incubated at 25 °C for three nights. The germinated seeds
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were transferred to 50 ml falcon tube with tap water, and then to % strength MS Nutrient
Solution under controlled conditions (70 % humidity, 25+1 Temperature and 350 pE m?2 s,

10 hours of light) until plantlets reached an optimal growth for the PFAAs treatment.

One set of plants (10 plants) were transferred to full strength MS nutrient Solution spiked
with eleven PFAAs (PFBS, PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFOS, PFNA, PFDA, PFDoA,
PFUNA) at 100 pg/L each. The other set (10 plants) were transferred only with full-strength
MS medium without any PFAAs for the comparison. The treated and control plants were
harvested at 8 dpt. Also, 500 pL of nutrient solution was collected from each falcon at the
following time intervals: 0 dpt, 4 dpt, and 8 dpt, to evaluate the depletion of PFAAs from the
nutrient solution through HPLC-MS/MS. Based on the depletion kinetics, the concentration
of each PFAAs was estimated which might have been taken up by the plants during the

treatment.

The control and treated maize plants were randomly selected and separated into leaves and
roots. The separated radicles were placed in a water layer on a transparent tray for imaging

from WinRhizo scanner in the same way as above.
2.4 Determination of relative growth rate and dry weight

Randomly, 20 plants were selected from control and treated groups and were carefully
weighed during the experiment for assessing the relative growth rate (RGR). The plants were
separated into foliage and roots to determine the physical parameters by an EPSON
Expression 11000 XL PRO scanner, as mentioned above. The volume of the nutrient solution

was also measured at the same time.

Time point before treatment denoted as ‘-1’ used as the reference to calculate RGR, 0 was
the day of the treatment with PFAAs, whereas 2, 4, 6, and 8 indicate dpt.

RGR % was calculated according to the formula:
RGR % = [(In Wtx—In Wt.1) / t,- t.1] * 100
where Wty refers to the weight at a specific time point during the experimental duration and
Wt_; refers to the weight on the day before treatment.

10 plants were selected again for determining the dry weight. The roots and leaves from
control and treated plants were dried in an oven at 50 °C till a constant weight was attained.
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2.5 Leaf Gas exchange and Chlorophyll fluorescence measurement

Photosynthetic gas exchange parameters and chlorophyll fluorescence measurements were
performed on 8 dpt with Li-6800 instrument (Li-Cor Inc., Lincoln, Nebraska, USA).
Measurements were performed thrice on the middle portion of the second fully expanded
leaf for five plants per condition (control and treatment) using the methods described by
Stinziano et al. (2017). Actinic light composition was varied between 100% blue (470 nm)
and 100% red (625 nm). The instrument was configured with flow rate 500 umols™, 400 umol
mol™ CO,, leaf temperature 27°C and 51 % humidity. The negative ¢ PSIl values were set to
0 for the measurement of fully saturated reaction centers. Dark respiration rate (Rd) was
measured at the end of the light response curve and gross CO, assimilation was
approximated as [CO; assimilation rate (A) + dark respiration rate (Rd)]. All fluorescence
measurements were made using the multiphase flash fluorescence protocol (MPF) with a
saturating intensity of 8,000 pmol m=2 s~ with 1000 ms duration and 100 Hz output rate.
Steady-state chlorophyll fluorescence (Fs) was measured at 50 kHz. Maximum chlorophyll
fluorescence (Fm’) was measured at 250 kHz during the saturating pulse, and fluorescence
was detected at >700 nm (Evans et al. 2017). At the end of the experimental period, i.e. on
the 8 dpt, leaf and root tissues from control and treated plants were weighed, rapidly frozen

in liquid nitrogen and stored at -80 °C until analysis.

2.6 Protein Extraction from Root Tissues and iTRAQ labeling

The protein was extracted from root tissue following the protocol from Lan et al. (2011) with
few modifications. The protein pellets were extracted using protein extraction buffer
composed of 8 M urea and 50 mM triethylammonium bicarbonate, pH 8.5. The protein was
collected, and protein concentration was determined by Bradford protein estimation assay.
The protein quality and quantification of both the control and treated roots were also carried
out by Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) following
the method of Laemmli (1970) in a Mini Protean Il cell (Bio-Rad). The protein intensity of
maize roots will be assessed before iTRAQ labeling. The 2.3.02 version of the Mascot
software (Matrix Science) will be used to simultaneously identify and quantify the proteins.
In this version, only unique peptides used for protein quantification will be chosen, which is

more precise to quantify proteins.
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2.7 Chemical analysis: HPLC-MS/MS

For further PFAAs analysis, the nutrient solution from both the conditions (Control and
Treatment) were collected at time “0”, at 4 dpt and at 8 dpt for the uptake of PFAAs by plant
system. The nutrient solution from 0, 4 and 8 dpt were filtered and injected in the MS for

analysis.

Reversed-phase HPLC was used to separate the different PFAA compounds based on
polarity. Chromatographic separation was done using Ultimate 3000 UHPLC (Dionex, Italy)
equipped with RS pump, RS autosampler and RS column compartment. The stationary phase
was Phenomenex Luna_Omega PS Cig (Length, 50 mm; internal diameter, 2.1 mm; particle
size, 1.6 um; pore size, 100 A). Gradient elution was performed using 0.1% formic acid in
water as 1%t eluent and methanol as 2" eluent. The mobile phase flow rate was maintained

constant at 0.40 mL/min. The injection volume was 5 pL.

MS analysis was performed by using TSQ Quantiva (Thermo Scientific, Waltham, MA, USA).
The working optimized ESI parameter values were: lon source type H-ESI, spray voltage, 2.5
kV, sheath gas flow rate, 50 (arbitrary unit, arb); aux gas flow rate, 20 (arb); lon transfer tube
temperature, 300°C; Vaporazer Temperature, 350 °C. Data were processed using the

accompanying software Thermo Xcalibur 2.2 Qual browser (Thermo Scientific).
2.8 Data Analysis

All experiments were conducted with at least 10 biological replicates. All data were analyzed
by One-way ANOVA and Tukey’s test to assess the significance of the treatment effects.
Differences at p<0.05 were considered as statistically significant. Statistical analysis was

performed using R studio. Origin 6.0 was used to construct the graphs.

2. Results and discussion

3.1 PFAAs effects on Maize seed germination

PFAAs inhibited seed germination in a dose dependent manner. The germination rates and
the root lengths were decreased in a dose dependent manner with the concentration of
PFAAs (figure 4. 1C). Morphologically, the radicles of the treated plants were deformed and
smaller as compare to untreated one (control) at 4 dpt. Physiological effects increased in a

dose dependent manner with the concentration of PFAAs. The seed germination was highly
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affected here at the higher concentration (1000 pg/L) of PFAAs, which might be due to

physiological stresses.

From the EPSON scanner, the total length, the surface area, the total volume and the
diameter of the radicles were determined. There was a trend of decrement with an increase
in concentration of PFAA from 10 pg/L to 1000 ug/L for length, surface area and volume but
there were not any differences in diameter of treated radicles as compare to control (figure

4.2B & C).

Since seed germination is a critical stage in plant development (Seneviratne et al. 2017,
Talukdar 2011), the effect of environmental pollutants on plants should be investigated in

detail at this stage.
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Figure 4.1: The Mean values of projected area, volume, diameter (B), root length and surface area (C), of maize
seedlings from the EPSON Expression 11000 XL PRO scanner (A). The maize seeds were germinated in Nutrient
Solution spiked with mixture of PFAAs at 0 pg/L, 10 pg/L, 100 pg/L and 1000 ug/L. The error bars represent the
standard error (n=15-20). The different letters indicate significant differences as tested by Tukey-HSD test at
p < 0.05 done between control and treated plants for each parameter separately.

3.2 Effects of PFAAs on maize growth

The relative growth rate percentage of the treated maize plants, hydroponically grown was
significantly different from control (ANOVA, Tukey test, p > 0.05) (Figure 4.2); the growth

started to decline slowly from 4 dpt of the treatment. The negative effect on RGR following
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the treatment was further confirmed by dry weight and fresh weight of the maize leaf and

root.

In facts, following PFAAs exposure, differences in the biomass of both shoots and roots (FW)
were significant, compared with the control. This suggests that maize growth was hindered
by the PFAAs treatment at 100 ug/L. As mentioned by Zhao et al. 2016, the decreased
biomass could be due to cell damage in roots and shoots plantlets by high level of PFAAs
contaminants. Yet, we know from Wen et al. (2013), that PFOS and PFOA significantly
inhibited the maize root growth at higher concentration (10 mg/l). Since roots are the first
point of contact with the nutrient solution containing PFAAs, they could be affected more
than the shoots. As the growth of roots was inhibited, the uptake of nutrients might also be

restrained, and resulted in decrease of the plant biomass.

Also, the dry weight of a sample was determined after drying to constant weight at 50 °C
overnight in an oven. No significant differences were detected among the roots and leaves
of the treatment with control plants (Table 4.1). Krippner et al. (2014) also detected no

significant differences among the plant dry weights of PFAAs treatment.
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Figure 4.2: Effects of mixture of PFAAs on the relative growth rate in maize plants. Plants were grown in nutrient
solution containing 11 PFAAs at 1.1 ppm for 8 dpt. “0” dpt represents the day of the treatment and 8 dpt is
the end of the experiment. Error bars represent the mean standard error (n=18-20). Asterisks indicate the
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significant differences between the treatments and the control (p < 0.05) at each dpt, as determined with One-
way ANOVA

Table 4.1: The dry and wet weight of the maize roots and leaves treated with mixture of 11 PFAAs with control
in nutrient solution for 8 dpt. The data show the mean * standard error (n=4-5). The different letters indicate
significant differences as tested by Tukey-HSD test at p < 0.05, between control and treated plants.

WET WEIGHT (g) DRY WEIGHT (g)
Weight of the Weight of the Weight of the Weight of the
Roots Leaves Roots Leaves
Control 0.262 +0.01° 0.4258 +0.02° 0.0176+0.002° 0.0431+0.002°
Treatment 0.196 +0.01° 0.3467 +0.01° 0.0147+0.001° 0.0354+0.0032

3.3 Morphological Changes in Maize roots under PFAAs treatment

It can be seen from the Table 4.2 that the root growth parameters of the maize plants were
significantly inhibited under PFAAs treatment. Compared with the control, the treatment
decreased the root length, root surface area and root volume by 47.47 %, 46.96 % and 46.19
% respectively. There was an increase in root average diameter by 3.7 %, yet not statistically

different.

This negative effects by nearly 50 % on maize root length, area and volume could be related
to the acute toxicity of PFAA on radicles. Toxic effects have been mentioned also by Joensen
et al. (2009), Lau et al. (2007) in wildlife and humans and thus, the number for environmental

monitoring studies has been increasing (Wen et al. 2016).

PFOS and PFOA toxicity in 3 different plant species was also previously demonstrated (Mei-
Hui, 2008). Several other studies on phytotoxicity of PFOS and PFOA in aquatic species and
plant species have been reported too (Hekster et al. 2003). However, the effects of a mixture
of PFAAs on maize plants has not been reported yet, which may be more environmentally
relevant given the simultaneous presence of several PFAAs species in contaminated sites.

Table 4.2: The dry and fresh weight of the maize roots and leaves treated with mixture of 11 PFAAs at 100 pg/L

each with control in nutrient solution. The data show the mean + standard error (n=4-5). The different letters
indicate significant differences as tested by Tukey-HSD test at p < 0.05, between control and treated plants.

Root Root Average
Root Length (cm) | Root Surface Area (cm?) | Volume(cm3) Diameter (mm)
Control 139.457 £13° 26.208+2.6° 0.394+0.04° 0.598+0.02°
Treatment | 73.250 +10.6° 13.899+1.6° 0.212+0.02° 0.620+0.03®
% -47.475 -46.967 -46.193 +3.715
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3.4 Effect on Gas Exchange and chlorophyll fluorescence responses to PFAAs

The presence of physiological stress conditions under PFAAs treatment can be assessed by
the estimation of photosynthesis related parameters, notably. Gas exchange parameters like
Net photosynthesis rate (A), stomatal conductance (gsw), transpiration (E) and some
fluorescence variables were monitored. We clearly observed that gas exchange parameters
of treated plants were affected more than the parameters related to the fluorescence (Table
4.3) at 8 dpt (end of PFAAs treatment). Among them, A and phiCO; has increased significantly
in treated plants compared to control. Net photosynthesis increased by 31.3 % and phiCO;
by 40.1 %. Interestingly, vapor pressure deficit at leaf temperature (VPD) values were
significantly decreased (Table 4.3). The observed increased level of VPD leaf and A. can be
relate to parameters which can lead to increased CO; influx (A) and consequently water loss,

as indicated by significantly reduced VPD leaf values.

Table 4.3. Photosynthetic parameters of the Maize (Zea mays) plants treated with mixture of 11 PFAAs and
Control (without treatment). The data show the mean + standard error (n=4-5). The different letters indicate
significant differences as tested by Tukey-HSD test at p < 0.05, between control and treated plants. The column
with percentage (%) indicates the increased percentage of PFAAs treated plants comparing to control.

Gas exchange variables Control Treatment %
Assimilation Rate (A) (umol m?s7) 6.68+0.33° 8.78+0.65° +31.3
Transpiration Rate (E), (mol m?s7?) 0.00076+0.00° | 0.00095+0.00° | +25.3
Stomatal Conductance (gsw) (mol m?2s7?) 0.033+0.00° 0.04040.00° +22.6
Fluorometer variables

Fv/Fm 0.708+0.00° 0.717+0.01° +1.2
Photosynthesis efficiency net of NPQ losses (Fv'/Fm') | 0.439+0.01° 0.446%0.01° +1.7
Electron Transport Rate (ETR) (umol m2s?) 58.172+1.94° | 63.518+3.69° +9.1
Non-photochemical Quenching (NPQ) 1.659+0.03° 1.542+0.08° -7.0
Molecules of CO2 fixed per Photon (PhiCO,) 0.020+0.00° 0.029+0.00° +40.1
Photochemistry Il (PhiPS; 0.276+0.01° 0.301+0.02° +9.18
Vapor pressure deficit at leaf temperature (VPD leaf) 2.393+0.04° 2.19240.03° -8.35

3.5 Physiological effects of PFAAs exposure at proteomic level

To understand the effect of PFAAs on the plant metabolism, proteomic study will be carried
out to show the alterations induced by the mixture of PFAAs treatment on metabolic
pathways. The work of protein extraction, quantification and purification from maize root
has already been concluded, whereas the MS experiments are currently being carried out at
the Proteomic Center of the University of Padova.
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3.6 Uptake of PFAAs in plants

Along the observation period, the PFAAs containing nutrient solution had a slightly different
decrement from the control, as shown in Figure 4.2. In facts, the initial level of the nutrient
solution in the falcon tube at day 0 was 50 mL for the control, but at the end of the treatment
the final mean level value was 38.25 mL. Regarding the treatment, the final mean volume

value was 40.36 ml.
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Figure 4.3 Uptake of the nutrient solution during the experimental period by the maize plants. Error bars
represent standard error of the mean (n=20). Different letters indicate significant differences as tested by
Tukey-HSD test at p < 0.05, between control and treated plants at each dpt.

The Tukey-HSD test gave a statistically significant difference with a P value equal to 0.0329
(< 0.05), which means that the absorption rate of the nutrient solution by the control differs
from treated plants. The PFAAs, taken up by the roots via the transpiration stream (Felizeter
et al. 2014), inhibit the root uptake of nutrient solution. The water together with PFAAs, is
taken up by the roots and is translocated to the leaves, where the water transpiration results

in local accumulation of PFAAs.
3.7 Depletion of PFAAs in Nutrient Solution

HPLC-MS/MS analysis shows that depletion of each PFAA occurs from the nutrient solution
during the observation period. The treated plants were spiked with mixture of 11 PFAAs, and

among them two were not detected at all (PFUnA and PFDoA). As we can see in the Figure
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4.4 A, each compound has a different decrement trend from 0 dpt to 8 dpt, which indicates
that the plants could absorb a different amount of each PFAAs in a different way. Each
compound was taken up by the plant in uneven way, which might be due to the difference

in molecular characteristics of each PFAAs.

From the very beginning of the treatment, PFOS, PFNA and PFOA were three compounds
which continuously decreased from 0 dpt to 4 dpt and at 8 dpt but PFDA was the one which
showed abrupt decrease from 4 dpt in the nutrient solution. A higher percentage (36.40 %)
of PFOS was monitored in the nutrient solution at the end of the experiment (8 dpt).
Similarly, the results by Krippner et al. (2014), mentioned that PFOS was taken up
significantly at higher rate by maize plants than all the other ten PFAAs examined. The
second compound was PFNA, where 53.70 % was remained in the nutrient solution. The
order of percentage of each PFAAs compound remained in nutrient solution was PFPeA >

PFHxA> PFBA> PFBS> PFHpA> PFDA > PFOA > PFNA>PFOS.

110
100 4 A B

90
80
7]
60-.

50-

40 i 900
5] PFHpA 500 i .
] ——PFOS 100 -
1 PFOS PFNA PFOA PFBS PFBA PFBeA PFExA PFHpA PFDA
20 4 PFOA

10_‘ — PFNA

| ——PFDA

1 e 1 ¥ I

0 4 8
Days Post Treatment (dpt)

Percentage in the Nutrient Solution(%)

0

Figure 4.4 Depletion trend of each studied PFAA at 0, 4 and 8 dpt, in the nutrient solution (A) and estimated
concentration of each PFAAs taken up by plants (B).

The percentage that was possibly taken up by the whole plant from the nutrient solution was
calculated, based on the percentage of each PFAAs compound that were not detected in
nutrient solution (Fig 4.4 B). The possible amount of each PFAAs expected to be found in the
plant system (roots and leaves together), was expressed in ng/g FW. As expected, the higher
concentration of PFOS was calculated in the plant, estimated value with 3071.25 ng/g FW.

Likewise, the order of the concentration of each PFAAs was in the following order: PFOS >
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PFNA> PFOA> PFBS> PFBA>PFBeA> PFeXA> PFHpA> PFDA. The uptake rates of PFAAs by
maize plants are very much different, which might be due to carbon chain length of each
PFAAs. Similar findings were observed by Felizeter et al. (2012), who mentioned that the
concentration of PFAAs in shoots decreased with increasing chain length of PFCAs and PFSAs.
Similarly, leaf concentration factors of cabbage, zucchini and tomato indicated that all PFCAs
except the long chain ones were translocated and accumulated in the plants (Felizeter et al.

2014).

3. Conclusions

The basic growth parameters such as relative growth rate of the plants, biomass of the maize
plants, photosynthetic efficiency measurements such as fluorescence and gas exchange
measurement and the depletion of PFAAs in nutrient solution were studied in maize plants
grown hydroponically with a mixture of PFAAs at 100 pg/L each compared with control (no
PFAAs). Proteomics studies are in progress to highlight the effects of PFAAs at metabolic

level.

The results of this study showed that mixture of 11 different PFAAs at a concentration of 100
ug/L each have significant effects on the growth of maize plants, affecting the uptake of the
nutrient solution. Moreover, data showed that PFAAs having higher carbon number like
PFHXA could not enter the plants and remain in the nutrient solution. But at the same time
PFAAs having small carbon number might have entered into the plant system, thus affecting
the plant’s growth. | could conclude that PFAAs in combination are potentially phytotoxic
and could be accumulated by plant system, if they are grown in PFAAs contaminated area.
As a result, the maize plant, as well as crops, may contribute to increase human PFAA
exposure, with toxic effect for human beings and animals, when grown in hot-spot regions,

like Veneto region in Italy.
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Summary

NMR is a unique technology having many applications in the plant science. The main
advantage of NMR is to identify the metabolites by comparing the NMR data with references
or by structure elucidation using two-dimensional NMR without the need for any separation.
The metabolite fingerprint provided by NMR is a convenient, and an effective tool which
could be used to compare the groups of samples and for discriminating between groups of
related samples. Likewise, here in my study (part of the thesis), | introduced the novel
spectroscopy approach called CMP-NMR which is based on metabolomics to elucidate the
significant metabolic changes in the metabolome of Arabidopsis thaliana upon exposure to
PFOA, PFOS at 10 ppm separately and 11 mixture of PFASs with the control (no PFAAs

exposure).

First, a protocol was optimized in collaboration with Prof. Simpson at the University of
Toronto (Canada) for growing Arabidopsis thaliana heterotrophically in the dark and in
presence of 3C—glucose as the sole primary carbon source. The results of this work have
been presented in the paper “Focusing on the important” through targeted NMR
experiments: an example of selective 13C-?C bond detection in complex mixtures” published

in “Faraday Discussion” journal (Jenne et al. 2019), where | am co-author.

The optimized protocol was further used to obtain a list of metabolites that are differentially
abundantin A. thaliana seedlings upon exposure to PFAAs in the mixture and with individual
PFAAs as compared to control. First, the seedlings were sterilized by a chlorine gas method
and were grown in the nutrient solution in presence of 3Cs-glucose and spiked with PFAAs
at three different conditions: i) PFOA at 10 ppm; ii) PFOS at 10 ppm; and iii) mixture of 11
PFAAs at 11 ppm. The sterilized seeds were transferred to the dark for 14 days at 21 °C. The
presence of 13Cs-glucose as the sole carbon source resulted in all metabolites in the seedlings
to be labeled with 3C, which enables the study by CMP-NMR spectroscopy. Hence, two
metabolites (Alanine and Glutamine) were identified which were significantly altered in the
mixture of 11 PFAAs as compared to control. This result indicates that amino acid
metabolism is a possible target of PFAAs in plants. A possible explanation is that the plants

are under stress due to PFAAs exposure and are adapting to cope with the pollutant.
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Current research is attempting to address more complex questions than ever before.As
such, the need to follow complex processes in intact media and mixtures is becoming
commonplace. Here, a targeted NMR experiment is introduced which selectively detects
the formation of 2*C—'2C bonds in mixtures. This study introduces the experiment on simple
standards, and then demonstrates the potential on increasingly complex processes
including: fermentation, Arabidopsis thaliana germination/early growth, and metabolism in
Daphnia magna both ex vivo and in vivo. As signals from the intact *2C and **C pools are
themselves filtered out, correlations are only observed when a component from each pool
combines (i.e. new C-2C bonds) in the formation of new structures. This targeted
approach significantly reduces the complexity of the mixtures and provides information on
the fate and reactivity of carbon in environmental and biological processes. The experiment
has application to follow bond formation wherever two pools of carbon are brought
together, be it the incorporation of *C enriched food into a living organism’s biomass, or
the degradation of *C enriched plant material in soil.

Introduction

Questions in science research are becoming increasingly complex, with biological and
environmental relevance always at the forefront of discussion. Almost every natural sample,
including soils, atmospheric particles, plants, aquatic dissolved organic matter, and animals,
can be thought of as complex mixtures. Often, isolation or fractionation can reduce
complexity and make mixtures more amenable to a wider range of instrumental analyses.
Conversely, it can be argued
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that it is ofen the synergism between components and phases in anbsamples such as soil
and living organisms that gives rise to the overall structure and function, and therefore must
be kept intact.!

Nuclear Magnetic Resonance (NMR) spectroscopy is unique in that it is highly versatile
and can be applied to liquids, gels, and solids. Thus it has applications to study both intact
mixtures/systems or extracted/isolated sub-components.* NMR spectroscopy combines very
high resolving capabilities and a diverse range of experiments to measure structure,
dynamics, and interactions, while being non- invasive, and non-destructive.3® The high
resolving potential of NMR spectros- copy is often underestimated, but summarized
beautifully by Hertkorn et al. The authors estimate 1D *H and **C NMR spectroscopy have
peak capacities of ~3000 and 30 000, while 2D *H-3C increases to ~2 000 000 and 3D
NMR to
~100 000 000.” On extrapolation to 7D NMR spectroscopy, which has recently been
demonstrated on disordered proteins via sparse sampling approaches, the peak capacity can
potentially reach on the order of 10'8.371° Of course, in most environ- mental and biological
samples, the limiting factor is a lack of sensitivity when dispersing signals into a larger
number of higher dimensions. However, as NMR sensitivity continues to increase and sparse
sampling approaches improve," NMR experiments of high dimensionality become more
feasible, and will therefore likely become central to the next generation of complex mixture
research.’ Arguably, one of the most impressive applications to date on environmental
systems is by Bell et al."* Humic substances in soil have been described by many as the most
complex known mixture.**Bell etal. combined selective labellingand 4D NMR spectroscopy
to gain exquisite information on the lignin derived components from soil, with the approach
identifying many of the exact structures for the ftrst time.*

When performing mixture-based research there are two avenues that can be
pursued, namely targeted and non-targeted analysis, for which NMR spectroscopy has strong
capabilities in both. However, many analytical approaches are avail- able for targeted
analysis, while NMR spectroscopy’s high reproducibility, non- destructive, and non-
selective nature (i.e. any compounds containing an NMR active nucleus can be detected)
make it uniquely suited for non-targeted anal- ysis.'®> Deciding on a targeted or non-targeted
approach is most commonly driven by the research question itself. For example, if the
question is “what is the molecular composition of aquatic organic matter?”, it would make
sense that  a researcher applies the highest resolution molecular tools available and tries
to evaluate what components make up the mixture as a whole in a non-targeted fashion.*¢~
8 Conversely, if the goal is to follow the fate of speciftc contaminants in soil, then having
an NMR nucleus such as *°F allows targeted monitoring of the contaminant and its
interactions, providing information speciftc to the target of interest.” The study of Bell et
al. was successful in identifying novel structural units because the *C enrichment targeted
the lignin components in the soil organic matter.'® In turn, this reduced the overlap with
carbohydrates and allowed a wealth of new information to be uncovered. In both of the
targeted examples above, a speciftc NMR nucleus (**C or *°F) was introduced to provide the
selectivity. In the current study, a slightly different approach is explored. Instead of
monitoring a label selectively, the ftltering is built into the NMR experiment itself. Here, a
new experiment is developed that speciftcally targets the formation of **C—*2C bonds, where
13C-13C bonds and 2C—2C bonds are not detected by the experiment. This experiment could
have widespread implications for any studies
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that bring two separate pools of carbon together and complements other exper- iments that are
currently used for isotopic tracing by NMR spectroscopy.>°~>* For example, in 2006 a year-long
study was performed following the fate of *C plant biomass as it degraded using HR-MAS
NMR spectroscopy.*® While humic substances are now thought to be largely complex
mixtures,®**> at the time humic substances were thought to be chemically distinct, and formed
from crosslinking components within soil organic matter.2® As such, one of the goals of the 2006
study was to see if new bonds were formed. However, as the study followed just the fate of the
13C enriched plant biomass, and as the material was so complex, while it was possible to see
general changes (i.e. carbohydrates degraded fast, aliphatics accumulated, etc.), it was not
possible to deftnitely see if crosslinks formed between the **C enriched plant biomass and other
components in the soil.>® If this were to be repeated with the experiment introduced here, it
should  be possible to target only the new bonds between **C and *2C, which would help
unravel how molecules are degraded, and if any novel recalcitrant structures do form within soil
during humiftcation. Additionally, the approach could have huge implications for monitoring
and understanding the transfer of carbon in food webs. For example, Daphnia magna is a
keystone aquatic species (a key food source for many ftsh) but it cannot synthesize many lipids
and sterols de novo, and is reliant on algae for nutrition.?” As such, D. magna is one of the most
studied species in ecology, yet details as to the individual molecular species, their sources, and
their impact on growth are still not fully understood.2® We anticipate that by utilizing targeted
experiments that focus on *C—*?C bond formation, then detailed studies, that for example
feed *3C enriched Daphnia with 12C algae (or vice versa), could provide insight on exactly how
these organisms utilize food, and likely provide a better understanding of the biochemical
pathways involved. Another example of a speciftc NMR experiment tailored for selective
detection would be the amino acid-only experiment developed to selectively observe amino
acid-proftles in living organisms.*®

This study introduces the selective *C—2C experiment, ftrst on simple stan- dards, and
then demonstrates its potential on processes of increasing complexity, including
fermentation, plant growth, and Daphnia metabolism both ex vivo and invivo. We anticipate
that due to the versatility of NMR spectroscopy, many more targeted experiments can be
developed in the future that examine speciftc components or processes within complex
environmental samples.

Experimental
Ethanol fermentation

Tenmilligramsof1-*C-glucose (SigmaAldrich) weredissolvedintoal.5mL90: 10 waterand
D,Osolution. Baker’syeast (produced by ACHFood Companies Inc.)was added to the mixture,
which was then vortexed for 30 seconds, and allowed to settle. The remaining suspension was
then placed into a 5 mm NMR tube (Norell Inc. NJ, USA) and monitored inside the NMR
instrument over 24 hours.

Daphnia magna culturing

D. magna was cultured from a colony originally purchased from Ward’s Scientiftc and
maintained at 20 °C, with a water hardness of 124 mg CaCOs; per L, and pH
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7.5-8.5, consistent with local freshwater conditions. The cultures were kept under a 16 : 8
light/dark cycle. The species were fed 99% *C enriched Chlamydomonas reinhardtii
(purchased from Silantes, GmbH)>3° as their sole food source for 14 days starting at birth, to
produce enriched *C organisms. The daphnids were fed three times a week, and at the same
time the water was changed to ensure sufficient oxygen content. The D. magna was also
provided vitamin B, (Sigma Aldrich, 2 mg L—1) once a week to help with growth. Prior to the
NMR studies, the organisms were placed in clean, aged water (dechlorinated via bubbling
for one week) for 30 minutes to clear off residual algae. During the NMR experiments, the
food source was switched to unenriched Chlamydomonas reinhardtii cultured in the lab
using Bold’s Basal Medium and following the Ministry of Ontario’s standard operating
procedure for algae culturing.

Sterilization and growth of Arabidopsis thaliana

Thewild-typeColumbia(Col-0) Arabidopsisthalianaseeds(originallyfromTAIR, OH, USA)
were sterilized by a chlorine gas method. This method does not affect the seed viability, but
removes microbial contaminants present on the seed surface.?' The seeds were placed in
Eppendorf tubes and with the cap open, were added to the desiccator. 100 mL of bleach and
6 mL of concentrated HCL (both from Sigma Aldrich) were placed inside the desiccator
separately in a beaker. All the processes were performed inside the fume hood. After six
hours of s#don, the seeds were collected and stored in the freezer. The sterilized wild-type
Columbia (Col-0) Arabidopsis thaliana was grown in sterilized Murashige and Skoog (MS)
growth medium containing 1% (w/v) glucose. For the NMR experi- ments, uniformly
labelled *Cs-glucose at 99% *C enrichment (Silantes, GmbH) was used. The seeds were
then cold-stratifted for three days. The plates with sterilized seeds were transferred to the
dark for seven days at 21 °C. Seedlings were collected on day zero, day one, day three, and
day seven for NMR analysis.

Sample preparation and extraction of D. magna and A. thaliana

20 fully labelled D. magna were removed from the culture, flash frozen with thitrogen, and
lyophilized. The remaining organisms were switched to natural abundance *°C algae as their
food source, and sampling was repeated every 24 hours for four days. Metabolites were
extracted following the protocol by Nagato et al.?* using 3.2 mg of dried sample in 65 mL
of buffer and placed in 1.75 mm capillary tubes (Hirschmann, Eberstadt, Germany) for 2D
NMR analysis.

The A. thaliana samples were extracted using the protocol above prior to measurement,
using 3.2 mg in 65 mL of buffer, and also in 1.75 mm tubes.

NMR spectroscopy

NMR experiments on extractions. NMR experiments on extractions were per- formed
using a Bruker Avance 111 500 MHz NMR spectrometer equipped with a 'H-BC-*N TXI
1.7 mm microprobe fttted with an actively shielded gradient. The selective *3C—2C experiment
is discussed in the main text. Data were collected with 98 increments, each with 16 scans (1-
13C-glucose, 1,2-*C-glucose, and fermentation), and 64 increments with 832 scans (plants), and
896 scans (daphnids), 2048-time domain points, a recycle delay of one second, a 30 ms or 80
ms (see main text) TOCSY mixing time, a 1J *H—'°C coupling of 145 Hz, and GARP-
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4 for decoupling. Presaturation (~100 Hz bandwidth) was applied during the recycle delay
to help reduce large water signals when required. The 90° pulses were determined in each
sample. Data were processed with a sine-squared function phase shifted by 90° in both
dimensions and a zero-ftlling factor of 2.

In vivo flow system. A low-volume flow system was utilized for these qgments. This was
accomplished using the system and method created by Tabata- baei Anaraki et al.>* 40 Daphnia,
all 14 days old (fed only *C algae from birth), were placed in a high-precision, thin-walled 5
mm NMR tube (Wilmad-LabGlass, NJ, USA), with a Teflon plug (machined in-house) placed
in the bottom of teNMR tube to prevent the daphnids from swimming outside the coil region.
The to p plug was created out of Teflon to keep the injection capillary glass and D,O capillary
in place (created in-house), and to keep all the daphnids within the coil region, maximizing the
signal. The flow rate was set at 0.25 mL min—?, and tereservoir contained oxygenated water and
unenriched algae. This enables the daphnids to survive and remain in a low-stress environment
in the instrument by providing consistent food and oxygen. The entire system was placed inside
the NMR spectrometer and kept at 5 °C to slow down the movement of the daphnids, enabling
better water suppression and a more stable signal. Separate in vivo NMR experiments were
conducted for 24 hours on fully enriched **C Daphnia, and Daphnia after being fed *2C algae
outside of the instrument for nine days.

Invivo NMR experiments. Experiments were performed onaBruker Avance 11 HD 500
MHz (*H) NMR spectrometer using a *H—*C—*>N TCI Prodigy cryoprobe fttted with an
actively shielded z-gradient. The external D,O capillary lock (~5mL) was integrated into the

flow system and all experiments were run locked. Teic-t2c experiment was performed as
with the extracts, with the exception that the reversed editing block was removed to increase
the SNR and reduce relaxa- tion. Presaturation (~100 Hz bandwidth) was applied during
the recycle delay to help reduce the large water signal. 90° pulses determined in each
sample and a TOCSY mixing time of 30 ms was used. A total of 128 increments were
collected, each with 480 scans, 2048-time domain points, and a recycle delay of one second.
The INEPT transfer was based on *J *H-'°C coupling of 145 Hz. Data were pro- cessed
with a sine-squared function phase shifted by 90° in both dimensions anda zero-ftlling factor
of 2.

Spectral assignments. Compound identiftcation and assignment were done using
AMIX (analysis of MIXtures software package, version 3.9.15, Bruker BbSpin), in
combination with the Bruker Bio-reference NMR databases version 2-0- 0 through 2-0-5.
Spectra were calibrated against the Bruker Bio-reference NMR databases using tyrosine and
p-glucose resonances for reference. Assignment was performed using a procedure
previously described.3+3>

Results and discussion

Basic pulse sequences and spectra

Fig. 1 shows the basic sequence used for the selective detection of *C—*2C bonds. In practice,
sequences A and B are acquired in an interleaved fashion such that slice one of the 2D is
the result from sequence A, and slice two is the result of sequence B. The data sets are split
after acquisition to yield separate data sets. A6A is essentially a “reference” for B it is important
to collect the data sets at similar time points which is the purpose of interleaving the
acquisition.
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Fig. 1 The basic qualitative sequence. (A) A reverse HSQC spectrum. Narrow rectangles
indicate a 90° pulse, whereas wide rectangles indicate a 180° pulse. Unless otherwise
stated, pulses are applied along the x-axis. Open trapezoids represent smoothed chirp
pulses for inversion with a pulse length of 500 ms, a sweep width of 60 kHz, defined with
1000 points and with a 20% smoothing of the amplitude on either end. The pulsed field
gradients are indicated as filled sine envelopes and are 1 ms in length. The amplitudes of
the gradient pulses have the following ratio: G; ¥4 60%, G, Y2 40%, Gs ¥4 31%, Ge ¥4 19%,
G7 Y4 23%, and Gg ¥4 13% (with 100% being 53.5 G cm™?). The pulsed field gradients are
applied along the z-axis followed by a gradient recovery delay of 200 ms. The following
phase cycling was used for the pulse sequences: ¥, %0, f, % 1, f3 % 0 2, ¥, % 0 000222
2,f, 00002222, fg 0022,f; 0123,F 1122 and frec 2020020 2.(B)

Ya Ya Ya Ya Ya
An adiabatic TOCSY which consists of 16 adiabatic processes (ca-WURST, 300 ms, 27.3
KHz pulses) with the following phase cycle, 002202202200 20 0 2, precedes this
sequence, and the additional pulses in panel B are appended. In this part of the sequence
the following phase cycling was used: f; ¥0, f, 4, fy @123, Fp 12422 and fec 0
220200 2. The bottom panel shows the results of these sequences on 1-*C-glucose.
Sequence A leads to panel 1 in which only the one bond *H-*3C bonds are detected. Panel
2 shows the result of data collected after the TOCSY block in B. At this point the data
resemble an HSQC-TOCSY experiment (note this data is not actually collected but is
included for clarity). Panel 3 shows the result of sequence B. In this case, the *H-**C bonds
are subtracted, leaving only the signal from *H-'2C that is in the same spin system as a **C.
In practice, the data collection is interleaved with sequence A being collected for the first
slice and then sequence B being collected for the second slice and so on. The data are
then split at the end of the experiment to give panels 1 and panels 3.

The result of sequence A is a standard reverse HSQC spectrum where the CH, moieties
are reflected around the carbon offset (O,P).3® The advantage is that in complex samples
the editing improves the spectral dispersion and helps reduce overlap especially in the
aliphatic region where the chemical shift oapbetween CH/CH,/CHj3 is common. The added
dispersion will become clearer in more complex samples shown later in the manuscript
(see Fig. 4 as an example).

Fig. 1 (inset 1) shows the results from sequence A on glucose labelled with °C at the 1-
position (1-**C-glucose). As position one is a C—H group, the result from
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sequence A in this case is the same as a conventional HSQC spectrum and two cross peaks
arise, one from a-glucose and one from b-glucose. In Fig. 1(inset 2) the adiabatic TOCSY
block is activated, and protons attached to *3C are now allowed to mix with all other
protons in the sample (both those attached to *3C and those attached to '2C). The result is
similar to an HSQC-TOCSY experiment, with relays along the horizontal plane. Readers
should note that the dataset in Fig. 1 (inset 2) is not actually recorded using sequence B,
but is included as an additional step to make it easier to visualize how the experiments
work (i.e. progressing from Fig. 1 (inset 1) through (inset 3)). An adiabatic TOCSY?®’ is used
as it shows superior mixing in complex natural samples over MLEV and DIPSI.33® The result
of the full sequence B is shown in Fig. 1 (inset 3). After the TOCSY block and additional **C
ftiter is applied between Fig. 1 (inset 2) and (inset 3), the signals from any protons attached
to *3C are cancelled. The final result is the *H atoms attached to *2C are selectively detected.
It is important to note that for peaks to occur in the ftrst place they must be in the same
'H—'H spin system as a **C nucleus. If a molecule contained only *H-*2C then the protons
would not be selected by the ftrst block. If a molecule contains all *3C then the last ftlter would
cancel the signals such that they are not detected. As such, the experiment selectively
detects *C—'2C in proximity (albeit via their attached protons as *2C is NMR inactive). The
maximum number of bonds between the *3C and *?C that can be detected is determined by the
TOCSY mixing time. In this ftrst example, 80 ms are used, as such, correlations from the *C
labelled 1-position relay around most of the glucose ring and a number of short (COSY), and
long (TOCSY) correlations are seen. However, if the TOCSY mixing time is reduced to 30
ms, mainly COSY type interactions are emphasized. In complex samples this can reduce
crowding in data and make it a little easier to interpret. Conversely, additional long range
TOCSY correlations can be useful in aiding spectral assignment.

Fig. 2 shows the results of sequence B performed on 1-**C-glucose using a 30 ms mixing
time for comparison to Fig. 1, such that only the COSY correlations to 2¢ show. The result
being that only the *>C atoms directly adjacent to **C atoms are selected. When the results of
sequence A (Fig. 2A) and sequence B (Fig. 2B) are overlaid (Fig. 2C), the one bond *H-C
cross peaks are blue while correlations to the **C adjacent are shown in red. We ftnd this
differential colouring approach
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Fig. 2 Examining the process of monitoring **C—*2C bonds using 1-**C-glucose. (A) 2D
reverse HSQC spectrum thatonly detects *3C atoms (i.e. the result from sequence 1A), the
glucose molecule contains the labelled carbon atom in blue. (B) 2D **C-*2C sequence
with a 30 ms TOCSY mixing time that selectively detects COSY-like relays and subtracts
the signals from *3C (i.e. the result from sequence 1B). (C) The overlaid spectra of 2A and
2B. °C atoms are show in blue while relays to *>C atoms are shown in red. With a 30 ms
TOCSY mixing time, if a blue cross peak is seen on the same row as the red cross peak it
means they are directly bonded in the molecule.
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very convenient for visualizing data sets, if a red and blue cross peak appear on the same
horizontal row, this indicates a *C and 2C unit are directly bonded. Interpretation from
assigned NMR databases is easy, as HSQC cross peaks are commonly labelled with the
corresponding structural position (H1/C1, H2/C2, etc.). In the example shown in Fig. 2, ftrst
the blue cross peaks (one bond corre- lations of *H—*3C) are identifted and then, using the
assigned molecular structure, the cross peak (and thus chemical shifts) of the adjacent *H—
12C unit is found. Ifthe molecule selected for assignment is indeed correct, then the proton
chemical shift of the relay should match the proton chemical shift at the same position ithe
molecule of interest. In the case of 1-*C-glucose, the relays match exactly with the proton
chemical shi 8l of carbon 2 in both a-glucose and b-glucose as epected. If assigned
molecules are not available in a database, then assignments could be performed by referring
tothe HSQC and COSY (or TOCSY whenalonger mixing time is used) data in combination.
The one bond correlation would be identifted from the HSQC data and the chemical shift of
the proton relay from teCOSY data. Whichever way the assignment is performed, the
experiment gives a convenient approach to monitor the formation of **C-*2C bonds.

A simple process: fermentation

To demonstrate the concept further, 1-**C-glucose was allowed to ferment in the presence
of baker’s yeast (Saccharomyces cerevisiae) to form ethanol over 24 hours inside the NMR
spectrometer. Fig. 3A shows the overlaid one-bond/relay data before the experiment began,
which is essentially identical to that shown in  Fig. 2C. After 24 hours of fermentation,
ethanol has formed. In Fig. 3B, it can liseen that the CH; group in the ethanol molecule has
been derived from the *C
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Fig. 3 Following the simple process of fermentation. 1-3C-glucose was mixed with baker’s
yeast (Saccharomyces cerevisiae) for 24 hours inside the NMR spectrometer to monitor the
formation of 1-*C-ethanol. Carbons 1 and 2 in glucose are used to form ethanol through
fermentation. (A) The same overlaid spectrum from Fig. 2C prior to the fermentation
reaction. (B) 24 hours after the addition of yeast. 13C is seen in blue, and the *2Crelays are
in red. In this case, ethanol is formed with the methylene group from *2C and the methyl
group from C. (C) Simplified fermentation process with 1-*3C-glucose.
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labelled 1-position (blue contour), while the CH, group is from *2C (red contour). This is
consistent with the well understood process of fermentation of glucose. Under anaerobic
conditions, glucose breaks down to form ethanol, with the help of ATP and NADP/H.
Through this process the six-membered ring breaks, resulting in two 3-carbon pyruvate
derivatives, which are then broken down into 2-ethanol. Through this process, the result is
a 3C atom in the 1 position, and a *2C atom in the 2 position.?®#° A simplifted mechanism
of the fermentation process can be seen in Fig. 3C.

A complex process: Daphnia magna ex vivo

Fig. 4 demonstrates the approach in a much more complex system. In this case, Daphnia magna
have been fed 99% *3C enriched algae two weeks from birth such that the overwhelming
majority of carbon in their biomass is *C. After this tey were fed '?C algae (natural abundance
13C) for 96 h. During this time, it is expected that **C—*2C bonds will form as their new *2C food
is incorporated into their *C biomass. A TOCSY time of 80 ms is used in this example such
that both long- and short-range correlations are observed. Samples were taken every 24 hours
over four days and extracted using a phosphate buffer. Fig. 4A shows the result after 96 hours.
The CH; groups in the reversed HSQC spectrum are flipped around the carbon offset (100 ppm
in this case) and appear in the lower right quadrant of the data set. The CH; and CH groups
appear as they would in aconventional HSQC experiment. The data are highly complex, and
the full analysis is beyond the scope of this paper. However, ftve regions of interest have been
highlighted.

Region one is consistent with a relay from the adenine group to the ribose ring in the
energy molecules (i.e. ATP, ADP, and AMP). This indicates the adenine is coming from the
older 3C carbon pool while the ribose has been synthesized from the *2C biomass introduced
over the last 96 hours.#"#* In this case, the adenine and ribose link via a quaternary N center
and protons on each side of this (one from adenine and one fromribose) TOCSY correlate due
to the 80 ms mixing. This has been conftrmed by cross-checking the TOCSY spectra of the
energy molecules (ATP, ADP, AMP) in Bruker bio-reference databases, which all show this
correlation.?> The formation of energy molecules from carbon coming from different pools
isconsistentwith the glycolysis and glycogenesis pathways used by
D. magna for energy formation. These are major energy-creating pathways in crustaceans,
producing vital ATP and NAD/H.*3 Pyruvate is formed from the breakdown of the glucose
contained within the algae, and given the cyclic nature of the tricarboxylic acid (TCA) cycle,
these pyruvate molecules can come from either labelled or non-labelled algae. These pyruvate
molecules then form into new energy-containing molecules that are used by D. magna. This
process has been studied extensively using cell flux analysis with E. coli and S. cerevisiae. Um
adding labelled glucose into the system, energy metabolism can be monitored and is seen to
occur via the glycolysis/glycogenesis pathway.>44746 By our estimate, this may be the ftrst
time this process has been examined directly in D. magna.

Region two is consistent with relays from **C enriched lipids to *2C lipids containing
double bonds. Daphnia are known to assimilate most of their lipids from their diet and
cannot synthesize many essential fatty acids from scratch.?”47749 As the food source is
changed to unenriched algae, the Daphnia
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Fig. 4 Sequence applied to Daphnia magna extracts. The organisms were enriched for two
weeks from birth with 99% 3C enriched algae. They were then switched to natural
abundance *2C algae and monitored for four days. Samples were taken every 24 hours and
extracted using a phosphate buffer. (A) Overlaid 2D NMR spectrum of the 96 hour sample.
Blue is the *C remaining in the organisms and red is the '2C relays to the new bonds
formed. There are five regions of interest highlighted in green. (1) Adenine from *C bonding
with 2C ribose from the algae used in energy formation, (2) **C lipids containing *2C
unsaturation indicative of lipid synthesis, (3) protons in the 3C lipid chains relaying to **C
adjacent to oxygen atoms, (4) carbohydrate components including a mix of carbon
enrichment in glucose as it moves through the TCA cycle and glycogenesis, and (5) a
mixture of glutamate and glutamine amino acids. (B) 1D *H projections for all the time points
showing the uptake and use of *2C in the Daphnia. EM ¥ energy molecules, AA ¥ amino
acids. C ¥ carbohvdrates. and L ¥4 lipids.

begin to form lipids from the new food source. Acetyl CoA, derived from pyruvate and the
degradation of glucose, is used as a primer for the carbon chain, and elongated by the
repeating condensation of malonyl-CoA yielding lipid pools.>>°* As well, some dietary fatty
acids are able to be desaturated in the carboxyl direction, as opposed to the methyl direction
and then elongated to form poly- unsaturated fatty acids.>® The correlation between **C and
2C in the lipid chains suggests existing lipids are being modifted with units derived from
the new 2C food source. Region three is consistent with protons in the *3C lipid chains
relaying to the 12¢ atoms adjacent to an oxygen atom, such as in a phospholipid head or
even an ester group. This follows the above explanation where the formation of phos-
pholipids to lipids occurs through dietary routing, which is the process of linking
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together multiple fatty acid or lipid chains through digestion, where the chains can be from
different carbon pools.>®

Region four is carbohydrates including glucose breakdown and formation. As the
experiment uses an 80 ms TOCSY spinlock, coupling around the entire hexose ring is
expected. As such, the correlations indicate that *2C and *°C are being brought together to
form the carbohydrates. This is consistent with the process explained above for the
breakdown of glucose through glycolysis and then the re- formation through glycogenesis.
As there will be pools of *C pyruvate and *2C pyruvate, the glucose can get re-formed with
12C theoretically in any position, resulting in **C—'2C relays observed within glucose.>*

Region ftve is consistent with a-protons in amino acids relaying to the side chains. The
peaks are the closest match for a mixture of glutamine and glutamate. This is consistent with
studies in rat brains, which quickly assimilate glucose into glutamate.*®53 After this,
glutamine can be formed from the glutamate by gluta-mine synthetase.>*5° The fact that **C
and *2C are found in the same system suggests that both *2C and *3C are feeding the
glutamate—glutamine cycle, which produces amino acids containing both isotopes.5®
Glutamine and glutamate are used by Daphnia magna to aid in glucose metabolism, similar
to a wide range of species.>®

While the 2D NMR data contains a wealth of information down to the exact bonds
involved in key processes, the H projections represent a complementary source of
information. As explained above, the only *H signal remaining at the end of pulse sequence
B is relays to *H—'2C that are in close proximity to **C. As such, the *H projection essentially
gives a simple visual as to the fate of >C as aprocess progresses. Consider, for example,
the **C Daphnia feeding on *2C algae. At the start of the experiment, the Daphnia are fully
13C enriched so no signal is expected in the 3 C—*2C experiment or its *H projection. However,
overtime as the

Daphnia utilize the 12C, new molecules are formed bringing together both 13C and **C, and a
signal will appear in the **C—'2C experiment. In turn, the *H projection shows the fate of the
2C and what types of molecules it has become incorporated into. Fig. 4B shows the *H
projections over time as the Daphnia utilize 2C. At time zero the spectrum is essentially
blank, as expected. However, some smallsignals are present consistent with an adenine
group. Prior to lyophilizing, the Daphnia were transferred and stored in aged water (which
itself contains an algal back-

ground) for ~30 min. It is likely the Daphnia used this *>C to start making adenine, the
precursor required for energy molecules such as ADP/ATP/AMP.

A er 24 hours of exposure to the unenriched food, *2C has been impoainto a range of
structural categories. Signals from energy molecules have become much stronger, and key
ribose signals around 6 ppm start to appear indicating a portion of both the adenine and
ribose units are being made from *2C substrates and are being brought in proximity to *3C.
In addition, a range of amino acidand carbohydrate signals also appear. It is important to
remember that to appear in the spectrum a **C atom and a *2C atom must be bonded together
somewhere in the molecule, as such the experiment selectively detects new molecules that
had to have been synthesized de novo from the food source. After 55 hours the spectral
proftle is relatively similar with the exception of carbohydrates that have
~doubled in intensity, consistent with the newly introduced C biomass being combined with
13C likely for energy via glycolysis.*>*® After 96 hours a distinct broad signal is noted around
1.2 ppm, consistent with (CH,), in lipids. This
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indicates the Daphnia are modifying **C lipids using **C from their food source. This is
particularly interesting; as mentioned above, Daphnia cannot synthesize many lipids and
they rely on their food to assimilate many essential fatty acids. In addition, the lipids
incorporated from their diets are key for reproduction. As Daphnia reproduce asexually, the
lipid content is required for egg formation, and spikes immediately prior to birth, which is on
average every 2—3 days.”” Daphnids without proper lipid content stop producing viable
offspring, and will often sto convert to sexual reproduction.®® Thus, the use of lipids in
Daphnia is key to their survival. Further, as Daphnia are keystone species, the stable
reproductive cycles are imperative for many species’ survival. Daphnia are found in almost
every fresh water body worldwide, and are the food source for many other aquatic
species.*35%6° Therefore, the use of lipids is not only key to Daphnia survival, but also has
many potential negative consequences to higher trophic levels (i.e. ftsh and higher
predators) based on available food sources. As such, the *3C—2C experiment introduced
here speciftcally targets the modiftcation of existing **C lipids by *2C, and could be quite
important in uncovering a better understanding of lipid modiftcation and utilization in key
species such as Daphnia.

Working in reverse: 3C¢-glucose in Arabidopsis thaliana

Fig. 5 depicts the germination and early growth of 2C Arabidopsis thaliana seeds in the dark
using 3Cs-glucose as the sole carbon source as previously described.®* This study has been
designed as the reverse of the Daphnia study, such that the process begins with '2C, and *C
is added into the system. As the plants are stored in the dark, photosynthesis does not occur,
and the seeds grow via **C sorption through their husk and later uptake via roots after initial
germination. In tisituation, the question becomes “what does the plant synthesize from the
12C stored in its seeds?” As the original biomass in the seeds is the only source of C, the
only way structures can appear is if the carbon from the seed biomass is combined with *C
derived from the glucose, forming a new structure. Afterae

80 70 6.0 50 4.0 3.0 20 1.0
1H (ppm)

Fig. 5 Arabidopsis thaliana grown in the dark with **Ces-glucose as the primary carbon
source. (A) One day of growth with *3C in blue and an absence of relays due to the lack of
new bond formation. (B) Seven-day growth of the plants with *3C in blue and *2C relays in
red. Three areas ofinterestare highlightedingreen. (1A) at*C—b*?C glutamate relays, (1B)
a'?C-b®C glutamaterelays, an essentialamino acidin plants, (2) relays from glucose from
glycolysis and the TCA cycle, and (3) the formation of energy molecules derived from the
glucose and TCA cycle.
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day of germination/growth, no new signals are seen (see small inset, Fig. 5A). However,
after one week of growth, the plant extract shows three main types of signals arising from
several different pathways. There are three sections that are worth highlighting in Fig. 5B.
In region one, the new peaks arise from the synthesis of glutamate. This amino acid is
crucial for the health of plants as it is used for assimilation and dissimi- lation of ammonia
that is then transferred to all other amino acids in the plant.®? As well, glutamate has been
shown to be the precursor to chlorophyll synthesis in developing leaves.®* Glutamate, like
many of the metabolites under examination, is formed through the TCA cycle in plants and
animals, therefore it also has implications in regards to energy formation.5%%3 Given the
importance of this amino acid to plant health, it is expected that its formation would occur
relatively quickly in the growth of Arabidopsis. In this experiment a*C—b*?C (peak 1A) and
a'?C—b®3C relays (peak 1B) are seen for glutamate, indicating *2C and **C pools are likely
brought together from isotopically different sources via the TCA cycle. Region two
represents relays from the **C portions of glucose to *2C at the 1- position. As a TOCSY
mixing time of 80 ms was used for the plant study, long range interactions around the ring
will be observed. Plants, like all living things, use glucose as an energy source for ATP
formation, and without light, the glycolysis process occurs much like in Daphnia. The
glucose gets broken down into two pyruvate molecules, and then moves through the TCA
cycle to form ATP.*+% However, pyruvate can also move ‘backwards’ through
gluconeogenesis to reform glucose, but the two pyruvates can be from different carbon
sources.
This results in a glucose molecule with C1-3 with one isotope and C4—6 as another.
Region three represents energy molecules such as ATP/ADP/AMP with a *C adenine
connecting to a '2C ribose ring. Much like in the Daphnia, the plants utilize the glucose
through the TCA cycle to create energy molecules.*#4> The results here indicate that a
portion of the energy molecules is created when adenine derived from the *C¢-glucose is
combined with ribose derived from the seed (*C).

Daphnia magna in vivo

To further test the applicability of the **C—'2C experiment, the sequence was applied to a
flow system containing living Daphnia raised on **C from birth. Tremain difference here is
that the editing step has been removed from the sequence in Fig. 1B such that the CH, groups
are not flipped around the *C offset. The reason for this is that in intact samples, such as
living Daphnia, relaxation is very fast. Therefore, it is prudent to reduce the pulse sequence
length as much as possible. When the CH; edited step was removed, it was found the signal
intensity doubled over the edited version in vivo. Due to the additional signal, the non-
edited version was applied to the in vivo system.

Fig.6Ashowsaconventional HSQC experimentfor reference, whichrepresents all the *H—
13C bonds in the sample. Fig. 6B shows the result of the 3C—*2C experiment of the Daphnia
grown solely with °C algae since birth. As the organisms contain only *3C, no signals appear
in the *C—-'?C experiment. Note, the vertical streak centered around 5 ppm is the
breakthrough of residual water due to the fact that the organisms are swimming in 100%
pure H,O and 90% of
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Fig. 6 Testing the *3*C-*2C sequence on an in vivo sample of Daphnia magna. In this case,
the Daphnia were cultured from birth for two weeks using 99% enriched **C algae, and
then switched to natural abundance *2C algae for 9 days. (A) 2D HSQC spectrum of day
zero Daphnia (i.e. not *2C fed), (B) **C—'2C spectrum at day zero, no relays were detected
dueto the lack of 2C in the system (note the streak at 5 ppm is residual water), (C) **C-*2C
relays of Daphnia after nine days of exposure to 12C algae as the food source. Relays have
started to appear due to the assimilation of the new food into their biomass. (D) An
expansion of the lipid region highlighting the new bonds that are formed.

their bodies are also water, making perfect water suppression incredibly difficult. Fig. 6C
shows the same culture of organisms after nine days of being fed C carbon. As can be seen,
12C has been incorporated into the original **C biomass at various sites. Interestingly, despite
the complexity of the system, all the correla- tions are relatively easy to assign based on the
literature,%*~®® and arise from the modiftcation of lipids (see Fig. 6D). Various structures can
be identifted, mostof which appear twice with the relative locations of the *C and 2C
switched. This suggests that the Daphnia can utilize the *>C and **C pools in similar ways.
For example, it indicates the organisms can modify **C lipids from their own biomass with
12C from their new diet. It also suggests they can modify *3C lipids from their new diet using
12C derived from their own biomass.

As discussed previously, Daphnia are limited in the lipids they can make, thus lipid
incorporation from their diet is very important.*®57:58 The expectation is that modiftcation
of their food source and lipids from their own biomass will result in new peaks formed using
this sequence. For example, as the organism digests the algae, the lipids are broken down
into single chain fatty acids that can then be desaturated and elongated using carbon already
in the system.>® Such lipids can be utilized to make more complex chains of lipids with
additional carbon coming from either the diet (*2C) or biomass (**C) pools.®®7° This would
occur relatively quickly and in higher concentrations compared to other metabolites due to
the energy requirement from the lipids, and the inability to synthesize them inter- nally.
This experiment is a powerful approach for providing information on
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a complex in vivo system for processes such as lipid modiftcation that are currently not well
understood.>®

The future potential for quantiftcation

The ability to quantify the ratio of 2C/*3C at a given position in a molecule would be
extremely useful in constrained metabolic models, and tracing pathways.”*7* Using the
sequence outlined in Fig. 1B, itis not possible to quantify the 12C/*3C ratio as the intensity
of the cross peaks depends on both the efficiency of the TOCSY transfer and the
abundance of 2C inthe peaks. Unfortunately, arigorous implementation of a quantitative
approach is beyond the scope of this paper and would likely take years of research to
implement thoroughly in complex systems. That said, it is worthwhile to consider the
future potential for quantiftcation on a standard that paves the way for development and
further discussion.

Fig. 7 shows two pulse sequences that when used in combination, in theory, should permit
quantiftcation of site speciftc *C/*2C ratios. The result of Fig. 7B is in fact identical to Fig. 1B
(i.e. relays to *>C remain, while **C is subtracted). Fig. 7A is derived from Fig. 7B with the
goal to keep the pulses, durations, and timing identical between the two sequences. After the
TOCSY proton nagdisation is excited and the CH coupling evolves for 1/2J, either block A or
B is executed. In the case of B, the ftrst 3C 90° pulse converts the magnetisation into
unobservable zero and double quantum coherence. The remaining proton mag- netisation can
again evolve into CH antiphase magnetisation, which then is also converted into unobservable
magnetisation by a second *C 90° pulse, thus enhancing the efficiency of the ftlter. For block
A, the position of the second 90° pulse (of B) is changed (moved to the beginning). These two
13C 90° pulses now act as a 180° pulse and reverse the J evolution so that at the end of block A
all the magnetisation is back in phase and no ftltering takes place. The net result is that the
sequence in Fig. 7A now allows both protons attached to both *H-**C and
tH—12C signals to pass, while the sequence in Fig. 7B blocks the *H—13C signals. As
the timing in both sequences is identical, Fig. 7A acts as a reference for the sequence shown
in Fig. 7B. As such, we will refer to the sequence in Fig. 7A as the “quantitative reference”
while we will refer to the sequence in Fig. 7B as the “'?C- only sequence.” The TOCSY
transfer in both will be identical, as such, the difference in signal intensity between the
reference and the 2C-only sequence will be from the subtraction of the *C signal. The
concept is best explained on a standard. Fig. 7, panel 1 shows the result from 99% 1,2-
13C-glucose. Two horizontal bands appear, the upper band representing correlations
between the 2-**C position and protons around the ring, with the lower band representing
correlations between the 1-3C position and the ring protons. As there is no X ftlter, both
protons attached to 2C and *°C appear in the spectrum. Fig. 8A (top spectrum) shows the
proton projection from the experiment. Conversely, Fig. 7, panel 2 shows the result with
the X ftlter turned on, such that the *C signals subtract. The corresponding projection is
shown in Fig. 8A (bottom spectrum). Fig. 8B shows the spectra superimposed and it is clear
that the intensities from the protons on *2C are near identical in both experiments, while
those from *°C are completely suppressed. As such, the ratio between the two spectra
indicates that the **C positions are essentially fully labelled (99%) while the *2C positions
are essentially 3C free. In reality, of course, the 2C position will be at natural
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Fig. 7 The basic quantitative sequence. Block B produces the same result as Fig. 1B in that
the 13C signals are subtracted to leave only relays to *H-'2C. (A) is derived from (B) with the
goal to keep the pulses, durations and timing identical between the two sequences. By
reorganizing the X filter element (block B) to become a spin-echo on carbon, and elimi-
nating the carbon phase cycling (i.e. fs  @jn block A), block A essentially does nothing and
allows signals from both *H-2C and *H-*C to pass. The data from A and B are collected in
an interleaved fashion. The narrow rectangles indicate a 90° pulse whereas the wide
rectangles indicate a 180° pulse. Unless otherwise stated, pulses are applied along the x-
axis. The open trapezoids represent smoothed chirp pulses for inversion with a pulse length
of 500 ms, a sweep width of 60 kHz, defined by 1000 points and with a 20% smoothing of
the amplitude on either end. The pulsed field gradients are indicated as filled sine envelopes
and are 1 ms in length. The amplitudes of the gradient pulses have the following ratio: G
60%, G, 40%, Gs¥31%, Gs %49%, G; 28%, and G4 13% (wjth 100% beingi83.5 G cm—
1. The pulsed field gradients are applied along the z-axis followed by a gradient recovery
delay of 200 ms. The following phase cycling was used for the pulse sequences: T, %0, f,%
1,f:%02,¥,%00002222,F,%00002222,Fs%0,Fs% 0123, f10% 1, and frec % 0
2022020. The adiabatic TOCSY is comprised of 16 adiabatic processes (ca-WURST,
300 ms, 27.3 KHz pulses) with the following phase cycle,002202202200200 2.
Sequence A results in spectra one, where both the *C and *2C are acquired. In this case,
1,2-13C-glucose was used. Sequence B subtracts the **C informa- tion leaving only the **C,
as can be seen in spectra two. This allows for quantification by examining signal loss
between (A) (the control) and (B) (the *C-only spectrum), the difference being the % *C at
a specific site.

abundance and should contain 1.1% *C. Looking at the peaks, there is a very slight
reduction that is consistent with a 1% reduction in signal at the “>C- position”, but the
accuracy and reproducibility of this would need to be the subject of a much more extensive
study. Future work would need to focus on standards with different levels of **C enrichment
to assess how well ratios can be determined and the errors associated with such
measurements, before measurements in complex systems would be meaningful. The goal
here is simply to introduce one possible route towards isotope ratio quantiftcation in
products that are formed when *2C and **C are bonded together in a complex process, that
is a natural extension of the qualitative experiments introduced in the main body of this
work.
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Fig. 8 Asimple example of the potential for quantification on 1,2-**C-glucose. (A) The top
spectrum is the *H projection from the quantitative reference (both protons on *2C and *C
appear), and the bottom is the *2C-only sequence (only *H on *2C are observed). (B) The
superimposed spectra show the **C signals completely cancel, resulting in the red *2C
signals. This theoretically allows for quantification by measuring the signal loss in the *2C-
only sequence relative to the reference which represents the % *C at that specific position
within the molecule.

Conclusions

A new method for examining new bond formation using targeted 2D NMR spectroscopy
has been explored. With this new sequence, **C—*?C bond formation can be selectively
observed. To show the concept, processes from simple fermentation to complex metabolic
examination in Daphnia magna and Arabi- dopsis thaliana were examined both ex vivo and
invivo. The results provide insight into how these species utilize food and energy sources
and synthesize new molecules such as glutamate, ATP, and lipids. Quantiftcation is briefly
arwered, and the sequence is modifted to provide site speciftc **C/*C ratios within a simple
standard. However, additional further characterization with partially labelled standards is
required to determine the error of such measurements before application to complex
systems.

In summary, the approach provides a unique insight into the fate and reac- tivity of
carbon in environmental and biological samples. After detailed getinterpretation, it should
be a useful tool for understanding how organisms utilize, store, and transform carbon.
Similarly, in environmental research, the trans- formation and fate of organic matter are of
widespread interest. If an enriched substrate (for example, *C enriched plant biomass, *C
enriched biochar, or a **C enriched contaminant) is introduced in soil, sediment or water,
the experiment should identify when these materials become functionalized, or degraded
and recombined with *2C from their environment. In turn, this should provide better insight
into carbon sequestration, carbon cycling, humification, and contaminant fate.
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1. Two metabolites glutamine and alanine were more abundant in PFAAs contaminated A.
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2. The mixture of 11 different PFAAs was more toxic to seedlings as compared to individual PFOS
and PFOA treatment
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Abstract:

Nuclear magnetic resonance (NMR) spectroscopy, has become a key method for high
throughput comparative analysis in plant metabolomics. In the recent year, Comprehensive
Multiphase-Nuclear Magnetic Resonance (CMP-NMR) was proposed as new approach
presenting great potential for the in-situ study of natural samples in their native state without
sample destruction (Courtier-Murias et al. 2012). This new technology gives unique
opportunity to observe the stress biology and acclimation response in plants by identifying
different compounds, toxicity, its mode of action, contaminate fate and the remediation
(Simpson et al. 2012). PFAAs contamination has been so far studied mainly for effects on

humans but few papers deal with effects on plant metabolism. The overall aim of my study
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was to assess which metabolites can be influenced in A. thaliana, by perfluoroalkyl acids
(PFAAs) exposure. In this context, three experimental setups were established using
Arabidopsis as a model plant. PFOS and PFOA at 10 ppm each separately, and a mixture of 11
different PFAAs at total 11ppm concentration, were compared with the control conditions
without any treatment. The plates with sterilized seeds were transferred to the dark for
fourteen days at 21 °C and grown in the presence of 13C glucose to increase NMR response;
finally, plants were collected and prepared for NMR analysis. The CMP-NMR approach allows
the monitoring of soluble compounds as well as the metabolites present in the cell wall and
in non-soluble part of the tissues. Obtained data were compared in control versus the

different treatment groups (PFOS, PFOA and PFAAs MIX).

The overall results indicated that the annotated metabolites levels are not modified when
plant seedlings are treated with PFOA, PFOS at the selected concentration and in the proposed
experimental conditions. On the other hand, the mixture of the 11 different pollutants showed
the significant modification of Alanine and Glutamine levels with an increase of 30 and 10-fold

compared with the control.
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1. INTRODUCTION

Perfluoroalkyl acids (PFAAs) are the group of highly persistent environmental contaminants,
globally distributed (Liou et al. 2010, Zhi et al. 2015). They are considered one of the persistent
organic pollutants (POPs) (Ji et al. 2012), which consist of the presence of different positions
being linked to fluorine by C-F bonds and a functional acid group in the chain (Buck et al. 2011).
Due to these physiochemical properties, they are used in industries like building materials,
textiles (Be€anova et al. 2016), consumer products like shampoo, clothes, shoes and food
packaging products (ye et al. 2015, Xia et al. 2001) and fire fighting foams (Moody et al. 2000)
for decades. The most widely detected PFAAs in the environment are perfluorooctane
sulfonate (PFOS) and perfluorooctanoate (PFOA) (Hekster et al. 2003, Jin et al. 2009, Xiao et
al. 2013) posing toxic effects to the plants (Li et al. 2009, Ghisi et al. 2018) and high risk on
human health (reviews in OECD, 2002, Mazzoni et al. 2019). Due to its hazardous effects to
organisms (Giesy and Kannan 2001), their long persistence, potential accumulation in food
webs, United Nations Environment Programme (UNEP) has listed PFOS and PFOA and its

related substances as persistent organic pollutant (POPs) under the Stockholm Convention.

PFOS and PFOA consists of a hydrophobic alkyl chain and a hydrophilic end-group. PFOS
belongs to the perfluoroalkyl sulfonic acids (PFSAs), whereas PFOA belongs to the
perfluoroalkyl carboxylic acids (PFCAs). These two compounds are the two common
perfluorinated compounds (PFCs) detected in lakes (Yeung et al., 2013), fish (Suominen et al.
2011), animal (Zafeiraki et al. 2016), soils (Li et al. 2010), human beings and plants (Ghisi et al.
2017) at the range of ng/L—ug/L but also in mg/l range near the PFASs contaminated sites.
However, toxicity effects of PFOS, PFOA and PFAAs mixture on the plants are very
intermittent. Thus, analyzing the metabolites in response to PFAAs contamination exposure
in the model plant comparing to control (without PFAAs exposure) may provide some
understanding of this chemical. Therefore, developing high- throughput analytical methods

could measure the PFAA exposure responses in the plants may be essential.

Nuclear magnetic resonance (NMR) spectroscopy, being a powerful technique has become a
key method for high throughput comparative analysis in plant metabolomics. For the plant
metabolites, there has been high resolution NMR like *H NMR. Further, this technology has
also been used in human samples. They have been powerful tools for plant sample also. Thus,

a novel NMR approach named Comprehensive Multiphase-Nuclear Magnetic Resonance
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(CMP-NMR) possessing a great potential for the in-situ study of natural samples in their native
state without sample destruction (Courtier-Murias et al. 2012). This new technology has
helped to understand the stress biology and acclimation response in plants by identifying
different compounds, toxicity, its mode of action, contaminate fate and the remediation
(Simpson et al. 2012). Thus, this spectroscopy is used in PFAAs treated plants to study liquid,
gel and solid state of intact '3C labeled Arabidopsis seedlings where all the organic
components are explored. To overcome the poor sensitivity of the instrument, the seedlings
were uniformly labeled with 13C and to ensure the complete labeling of all the metabolites
the plants were grown in complete dark, excluding all the photosynthetic metabolic pathways.
Thus, due to experimental conditions, seedlings were forced to uptake the '3C for synthetizing
13C enriched metabolites that can be analysed with high sensitivity by NMR allowing the
observation of the possible metabolic changes induced by the different studied PFAAs plant

exposure.

Arabidopsis thaliana is taken as a model plant in the plant research era due to its small and
complete genome sequence, easy cultivation and high- level seed production (Wixon, 2001).
Thus, it has been widely used to monitor the toxicity and accumulation and translocation of
PFOA individually at 181 - 1811 uM PFOA-F, exposure in the agar plate which affected the
shoot and root growth (Yang et al. 2015). And even Jun et al. (2005) discussed the future role
of stable isotope labeling using A. thaliana for the NMR based metabolomics approach. There
has been considerable research on PFASs on soil, food, animals, humans and plants to study
its effects, accumulation and translocation. However, up to our knowledge no studies have
considered the metabolic changes induced in A. thaliana seedlings grown in the presence of
single or mixture of PFASs. Here, | introduced CMP NMR to determine the effects of eleven
different PFAAs in plant as in the open environment | encounter with many kinds of PFAAs.
The study focuses on the stress metabolites on plants which might be due to PFAAs treatment.
And | believe that this is only work reported till now which gives molecular interactions of 11
different PFAAs with individual PFAAs separately (PFOS and PFOA) comparing with control
(seedlings without PFAAs treatment). CMP-NMR was chosen for my experiment to understand
the various phases, which might provide full information on the membranes, as-well as to
explore and eventually to annotate and identify a wide range of metabolites due to PFAAs

stress on seedlings.
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There have been few studies carried out in toxicological profile of PFAAs on plants; however,
little information on the histological alterations and accumulation patterns has been
compared for different PFAAs at different exposure levels. Here, | proposed to use the CMP-
NMR, a new NMR technology to study the effects of PFAAs on A. thaliana seedlings at
molecular level using both single and mixture of PFAAs and considering that the exposure of
the pollutant in the seeds during the germination stage thus aiming to observe the possible

metabolic modifications without the destruction of the sample.

2. Methods and Materials

2.1 Chemicals and Standards

The PFAAs included in the experiment are perfluorobutanoic acid (PFBA), perfluoro-n-
pentanoic acid (PFPeA), perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA),
perfluorononanoic acid (PFNA), perfluorodecanoic acid (PFDA), perfluoroundecanoic acid
(PFUNnA), perfluorohexadecanoic acid (PFHxA), Perfluoro dodecanoic acid (PFDoA),
perfluorobutane sulfonate (PFBS) and perfluorooctanesulfonate (PFOS) (Sigma Aldrich, St.
Louis, MS, USA). H,0,, methanol and high purity water purchased from Sigma Aldrich Co

(USA). Standard solutions of test compounds were prepared in methanol.
2.2 Plant growth and experimental setup

The sterilization of wild-type Columbia (WT, Col-0) Arabidopsis thaliana were initially sterilized
by a chlorine gas method. 100 ml of bleach and 6 ml of concentrated HCL were placed in the
desiccator with the cap open Eppendorf containing seeds. After six hours, the seeds were
removed and stored in the freezer until use. The seeds were grown in sterilized Murashige
and Skoog (MS) growth medium containing 1% (w/v) glucose, a uniformly labelled *3Cs-glucose
at 99% 3C enrichment (Silantes, GmbH). The seeds were then cold-stratified for three days,

transferred to the dark for fourteen days at 21 °C.

The experiment was conducted in 12 well culture plate containing sterilized MS medium which
were spiked with PFOS at 10 ppm, PFOA at 10 ppm and third condition was 11 different PFAAs
(PFBA, PFPeA, PFHpA, PFOA, PFNA, PFDA, PFUNA, PFHxA, PFDoA, PFBS and PFOS) at 11 ppm.

2.3 Nuclear magnetic resonance spectroscopy
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The CMP-NMR samples were prepared as described in previous studies Wheeler et al. 2015,
Ning et al. 2018). Briefly, 20mg A. thaliana seedlings were carefully picked and placed into a
4mm zirconia rotor. 30 L of deuterium oxide (D20, Cambridge Isotope, MA) was added as the
lock solvent, as well as to swell the sample. The rotor was then sealed with Kel-F insert and

plug screws and was left being swollen for 12 hours.

All experiments were performed on a 500MHz Bruker Avance Il spectrometer with a 4mm H-
D-C-N CMP probe fitted with actively shielded gradient along the magic angle direction. The
rotor was spun at 6666 Hz and the relaxation time (T1) was measured using inversion
recovery. All samples were run with a recycle delay 5 times that of the measure T1. Phase
differentiation was performed as described previously (Courtier-Murias et al. 2016) by using

various delays and gradient to selectively detect compounds in the targeted phase.

3. Results and Discussion

The effect of PFAAs on growth of 14 days A. thaliana seedlings under PFAAs exposure was
assessed in terms of weight of the seedlings. The observation on the PFAAs treatment resulted
in reduction of the growth attributes of seedlings; the weight was declined by 31.9 % in sample
of 11 different PFAAs mixture, 18.9 % in seedlings treated with 10 ppm PFOS and 1.18 % in 10
ppm PFOA as compared with untreated group (control). Both Post hoc analysis and Tukey test
revealed the significant differences between seedlings treated with mixture of 11 PFAAs and
seedlings treated with PFOS as compared to control (Graph 5.1). The results were consistent
with the several other studies reporting that, PFOS is more toxic than PFOA to plants and
aquatic invertebrates (Li et al. 2009); to a zooplankton community (Sanderson et al. 2004) and
to the rats (Cui et al. 2009). But still uptake, accumulation and effects of each PFAAs

compounds on plants might have different mechanisms as compared to aquatic animals.
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Graph 5.1: The weight of the PFAAs treated A. thaliana seedlings after 14 days. Error bars represent standard
error of the mean (n=10). Different letters indicate significant differences as tested by Tukey-HSD test at p < 0.05.

3.1 2D H-13C correlation Heteronulclear Single Quantum Coherence (HSQC) NMR of

Arabidopsis thaliana seedlings treated with PFAAs

The detail overview of the metabolite profile of the seedlings was observed from the 2D H-
13C heteronuclear single quantum coherence (HSQC) NMR, this measurement allows to
observe the chemical shifts of directly bonded *H and 3C nuclei (Wheeler et al. 2015; McGill
et al. 2017). As such, HSQC mostly emphasizes in the mobile components (dissolved, and
dynamic solids such as gels and swollen materials), thought of as a high resolution (theoretical
peak capacity as a measure of resolution per unit is reported as ~2000 000 for HSQC)
fingerprint of the H-C framework in a complex mixture. The result presented here is a
‘fingerprint’ of a wide range of metabolites from the contaminated seedlings (Table 5.1. and
Figure 5. 2), indicating that the seedlings contained similar profiles of metabolites. Some of
the metabolites identified here in the spectra are consistent with previous NMR studies of
plant extracts (Wheeler et al. 2015; McGill et al. 2017) and living organism (Mobarhan et al.
2016). In total 13 metabolites, including amino acids such as alanine, arginine, glutamine,
tyrosine as well as carbohydrates and nucleotide, were identified via 2D-NMR (Table 5.1). But
as expected there were few metabolites, like galactose, glutamine, alanine, tyrosine and

uridine, which were in higher abundance.
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Table 5.1: Proton (*H) and Carbon (*3C) Chemical Shift Assignment of Amino acids and carbohydrates of a Single

13C-Labeled A. thaliana Seedlings.

AMINO ACID
SN Annotation Intensity 2 (ppm) f1 (ppm)
1 Alanine 3372627,8 4,05 54,6
2 Alanine 14711691 1,48 19,37
3 Arginine 3480217,5 3,17 44,34
4 Arginine 8719626 3,03 42,24
5 Glutamine 19186286 2,46 33,82
6 Glutamine 18212240 2,15 29,36
7 Glutamine 7978999,5 3,81 57,48
8 L arginine 2692028,5 1,91 26,36
9 Tyrosine 265470,9 7,17 133,64
10 Tyrosine 304175,2 6,87 118,52
11 Tyrosine 7084984,5 2,94 37,54
CARBOHYDRATES
SN Annotation Intensity H (ppm) 13C (ppm)
1 D galactose 9605732,0 4,66 99,13
2 D galactose 6613024,0 5,25 95,15
3 D galactose 5676318,5 3,94 72,10
4 D glucosamine 648151,70 4,85 96,59
5 D glucosamine 9268337,0 3,48 78,98
6 Fructose 682612,4 4,07 84,33
7 Fructose 2855100,0 3,97 79,56
8 Fructose 2559819,5 4,11 78,26
9 Glucosamine 9757071,0 3,41 72,80
10 Glucosamine 17632888,0 3,74 64,03
11 Glucosamine 13686978,0 3,89 63,85
NUCLEOTIDE
SN Annotation Intensity H (ppm) 13C (ppm)
1 Uridine 699938,9 7,83 144,8
2 Uridine 459598,8 5,89 105,32
3 Uridine 3306161,5 4,14 87,2
4 Uridine 1446599,5 4,35 76,95
5 Uridine 945390,0 5,91 91,6
OTHER METABOLITES
SN Annotation Intensity 'H (ppm) 13C (ppm)
1 Histamine 131163,2 8,65 136,83
2 Histamine 66887,0 7,29 120,46
3 Methyl adenine 10765,9 8,18 154,28
4 Choline 1415391,8 4,05 58,23
5 Choline 10457860,0 3,18 56,87
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Figure 5.2: Heteronuclear single-quantum coherence (HSQC) spectrum showing color-coded soluble/mobile

species as determined by AMIX Bruker Bio reference spectra database.

Table 5.2: Table indicate the area fold changes of annotated constituents calculated as follows (average of
treatment-average of controls)/average of controls. Significance of differences were calculated by paired t test.
List of metabolites were collected but upon the combined inspection, the metabolites PFOS, PFOA and PFAAs
mixture was compared with control, then the metabolites were chosen based on statistical analysis, p< 0.05.

SN | Control VS 11 PFAAs Mix Control VS PFOA Control VS PFOS
Area fold | SD P value Average SD P value | Areafold | SD P
changes | Error fold Error changes | Error value
changes
1
Alanine 38.428 30.2 | 8.00E-08 | 0.052 0.4 0.85 1.377 1.8 0.81
2
Glutamine | 10.853 4.4 2.70E-08 | 0.075 0.3 0.89 -0.202 0.2 0.42
3
Glutamine | 9.946 3.7 2.40E-08 | 0.070 0.3 0.94 -0.190 0.2 0.44

3.2 Biological significance

Almost 13 metabolites were identified in the current study related to PFAAs treatment on A.

thalaiana seedling. Some of the metabolites identified here in Arabidopsis were observed in

some other metabolomic studies (Wheeler et al. 2015) and are further confirmed by HSQC.

Glutamine and Alanine were the two significant abundant metabolites in the seedlings treated

with PFAAs mixture as compare to control. The HPLC method was further used to confirm the
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amino acids that were detected from NMR. By comparing the results obtained by HPLC with

NMR, Alanine, Glutamine and Tyrosine were detected by both tools.

Basically, during the germination, the seeds accumulate a large amount of glutamine or
asparagine (nitrogen-containing compounds) reported by Tavener et al. (1972); McGill et al.
(2017) observed that there is an increase of glutamine in seedlings. HPLC results indicated
that, there was less asparagine (fold change by 0.5) as compared with seedlings treated with
PFOS (increased by 0.66-fold change) and PFOA (increased by 0.30-fold change) while there

were no observed changes of asparagine.

HPLC results indicated that, there was less fold change of asparagine in the seedlings treated
with mixture of PFAAs as compared to seedlings treated with PFOS (increased by 0.66-fold
change) and PFOA (increased by 0.30-fold change). Thus, glutamine might be involved in the
complex mechanisms that alters the TAG metabolism in the seedlings that were treated with
the PFAAs contaminates. This was further explained by the high fold changes of phenylalanine
by 2.6 in the plants treated with mixture of PFAAs from HPLC. It is known that phenylalanine
is primarily deaminated by phenylalanine ammonia-lyase producing an amine group releasing
ammonia, which have a toxic effect on the plant. And the mechanism by which plants deal
with this amine group is through the amination of glutamate to form glutamine (Peng et al.
2011; Veregin et al. 1986). Likewise, the significant highest fold change of glutamine from
CMP- NMR in mixture of PFAAs treated seedlings could be explained by increased nitrogen
availability due to phenylalanine deamination and corresponding amination of glutamate, in

the process to detoxify the chemical compounds by the plants.

Plants also have the enzymes that play an important role in the metabolism of the chemical
contaminants as in animal liver to detoxify the chemical. The process of detoxifying the
chemical compounds by the plants is called “green liver” (Sandermann Jr, 1992). And
according to Coleman et al. (1997) after uptake of these chemical pollutants, the enzyme
related to chemical transformationsincluding phases I, Il and Il of the contaminants take place
in the plants. The phase | involves the reactive groups, resulting hydrolysis and redox-based
conversion of pollutants into metabolites. In the phase Il metabolites related to glutathione,
sugars, or amino acid takes place and at the end the phase Ill, the metabolites that cannot be
transformed further are either stored in vacuoles or incorporated into cell walls (Ohkawa et

al. 1999; Dietz and Schnoor, 2001). However, there are not yet evidences that such a
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detoxification mechanism operates in plants for PFAAs. Here | observed that PFAAs having a
lipophilic property, are taken up by plants and translocated to the plant tissues, especially on
roots and leaves. Thus, PFAAs toxicity is related with their accumulation in organs and tissues,

which might have caused various adaptive responses in the PFAAs treated seedlings.

Roots need oxygen to produce energy, and sustain root growth; In facts, oxygen is an
indispensable substrate for many biochemical reactions in plants, including energy
metabolism (respiration). It seems relevant, to this regard, to remind that PFAS are
surfactants, and for this property they have been used in industries for decades. In particular,
PFAAs are widely used in fire-fighting foams, because they are able to produce a “stable
bubble blanket” (Nature, 2019), which prevents oxygen reaching a fire. Thus, here in my study
PFAAs might act as a bubble blanket for roots, which is not allowing enough oxygen to reach
cells for respiration, acting as a barrier. If there are any changes in oxygen accessibility, then

a drastic metabolic rearrangement is observed (van Dongen et al. 2009).

During the plant lifetime, roots are exposed to oxygen concentration which varies from the
fully aerobic state (normoxia) to oxygen deficiency (hypoxia) or the total absence of oxygen
(anoxia). And under hypoxia or anoxia, which may be caused by eutrophication and organic
pollution (Goldberg, 1995; Wu et al. 2002), there is an activation of a series of rapid and
profound molecular and metabolic responses to endure the stress (Banti et al. 2013). The huge
fold changes of alanine that were observed from CMP-NMR in the seedlings treated with a
mixture of 11 different PFAAs could be due to low oxygen availability, consistently with data
reported in literature (van Dongen et al. 2009) showing an increase in alanine content in
Arabidopsis roots under hypoxia conditions. Plants respond to chemical pollutants with a
variety of detoxification pathways as well as adaptive responses to secondary stress effects.
The observed increase in the level of metabolites alanine and glutamine following PFAAs
exposure suggests that in A. thaliana seedlings amino acid metabolism is altered, probably as

a consequence of reduced oxygen permeability in roots.

3.3 CMP-NMR on PFAAs contaminated A. thaliana seedlings

The NMR spectroscopy has been an effective means for investigating the metabolism of plant
at the molecular level. Most of the studies related to plants used plant extracts for the

metabolite identification and structural elucidation. Here, CMP-NMR Spectroscopy has
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provided a metabolic profiling of the different phases in the PFAAs treated A. thaliana

seedlings, by using intact samples previously labeled with 3C glucose.

To this regard, CMP-NMR has an advantage since intact seedlings were placed directly in the
instrument, thus preventing any possible loss of metabolites due to the extraction process.
The use of CMP-NMR to study metabolic alterations in seedlings, could give us an extra

dimension to understand the effects of environmental pollutants like PFAAs on plant

physiology.
4. Conclusion:

The study illustrated the ability of CMP-NMR based metabolomics as a novel tool to elucidate
significant changes in the metabolome of Arabidopsis thaliana upon exposure to individual
PFAAs (PFOA, PFOS at 10 ppm) and mixture of 11 PFAAs at 11 ppm compared with the control.
The plants were forced to feed on the 13C-glucose so that all the metabolites were labeled
and the changes induced by PFAAs treatment could be easily detected by CMP-NMR. This
study was carried out to test the toxicity of combined PFAAs on plants, and to understand the
effects of PFAAs exposure at metabolic level. The identified metabolites (Alanine and
Glutamine) which were significantly changed point to metabolic rearrangements which might
be due to restricted oxygen availability in roots. This study also demonstrates that the toxicity
of a mixture of different PFAAs may differ from the single PFAA, and that a combination of
PFAAs, which is also more relevant from an environmental point of view, should be considered

in studies aimed at assessing the toxicity of this class of emerging pollutants.
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Concluding Remarks

Chemical pollution is one of the most serious pollutions of all the environmental problems and
poses a major threat to the health of human beings and the global ecosystem. The World
Health Organization has estimated the burden of disease from selected chemicals at 1.6
million lives in 2016, which is likely an underestimate. There are many chemical contaminants,
which are extremely dangerous to humans, animals and plants. Among many, here in my
study, | chose two man-made chemical pollutants (SDZ and PFAAs) which are widely used by

human beings directly and indirectly.

SDZs are a group of synthetic antibacterial agents that contain the sulfonamide group, used in
human medicine and are one of the most sold classes of veterinary antimicrobial compounds
in EU countries for their low cost and broad-spectrum antibacterial and anti- coccidian activity.
It has been proved that plants uptake and accumulate chemical pollutants from contaminated soil
and wastewater and there by, introduce them into the food chain. Following which, these
compounds affect plant physiological processes such as photosynthesis, respiration and root
functionality. Thus, to understand the stress responses, induced and the tolerance and
detoxification mechanisms in plants by SDZ, a powerful tool, Proteomics was used to
investigate the plant metabolic alterations. SDZ treatment reduced the overall growth, leaf
biomass, root length of the model plant Arabidopsis thaliana. And proteome analysis
indicated that the major proportion of the upregulated proteins were multifunctional stress-

responsive proteins.

As PFASs predominantly exist as a mixture, our study gains significance as it addresses their
combined effects on plant growth at an environmentally relevant concentration. Therefore, it
is important to identify appropriate technologies to remove PFAS from the environment.
Phytoremediation being one of the most economical and effective ways to remove
contaminants from environment, the potential of Salix L. species was addressed. And the
trend of uptake and accumulation on plants was dependent on carbon chain length and the
functional group of the contaminant. The PFAAs had a species-specific effect on the growth
rate and leaf biomass of the plant. Regarding photosynthesis, the gas exchange parameters
were affected more than those related to chlorophyll fluorescence. The hydroponic based
study done in Salix is the novel insights in my study which could be adapted to wetland

conditions for future phytoremediation projects targeting PFASs.
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It was clear that the contamination of PFAAs was toxic, they are accumulated by plants and
could enter into the food chain of human beings in a plant-based diet, especially plants from
a contaminated area. Thus, a study was carried out to monitor the effects of PFAAs in the crop
plant Zea mays as it is one of the most important food crops used worldwide, fast-growing
and easy to handle cereal plant. Also, it is a major crop in the Veneto region, which is one of
the four major PFAAs contaminated sites in the world. The mixture of 11 PFAAs at a
concentration of 100 pg/L each has a significant effect on the growth of maize plants, affecting
the uptake of the nutrient solution. It was clear that PFAAs are potentially phytotoxic and
could be accumulated by the plant system if they are grown in PFAAs contaminated area.
Thus, we could conclude that a cereal crop like maize may contribute to increase human PFAA
exposure, with toxic effect for human beings and animals, when grown in hotspot regions, like

Veneto region in Italy.

After exploring the plant physiological effects of PFAAs exposure on plants, | further carried
out the experiments to identify the metabolites that were altered due to PFAAs treatment. To
understand the acclimatization response in plants, A. thaliana was chosen as it is easy growing
plant and has been sequenced completely and is thus suitable for a metabolomic study. The
metabolite fingerprint of the sample was provided by using novel NMR technology called
CMP-NMR, an effective tool which was used to compare the PFAAs exposed sample with
control. The list of metabolites was obtained, among them, two (Alanine and Glutamine) were
abundant in the mixture of 11 PFAAs exposed A. thaliana seedlings. This demonstrates that
the plants have activated some molecular and metabolic responses to tolerate PFAAs stress.
Thus, | could conclude that PFAAs toxicity caused various adaptive responses in the PFAAs

treated seedlings.
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